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I NTRODUCT I ON 

This report is written to document progress made during the first 
year of our study for the Eastern Gas Shales Project. The report is 
organized to meet the needs of readers who have varied interests in the 
project. The first portion of the report, ranging from objectives through 
finances, gives a general overview which highlights our progress and pro- _ 
blems for the first year. The second portion of the report, by individual 
task invest igators, is designed primarily for scientists interested in 
technical details of the first years work. The third portion of the report 
consists of appendices of data compiled by the principal investigators. Each 
appendix serves as a data bank for each task. These data can be used for 
analysis by other scientists with the permission of the principal investi- 
gator responsible for its compilation. 
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OBJECT I VES 

The general objective of our project under contract E(40-I)-5194 
is to study the structural parameters of the Devonian shales that effect 
gas production in eastern Kentucky and West Virginia. 

To that end our program is specifically designed to: 

I. Collect, compile, and analyze geologic data to construct 
regional structure maps of eastern Kentucky and West Virginia. 

2. Determine if structural types and styles effect production, 
and determine if minor structures as mapped in outcrop could 
influence production characteristics. 

3. Determine if shallow seismic surveys can detect near-surface 
faults and fracture zones, and if such structures can be detected, 
to further determine how fractures relate to both production 
from the shale and to lineations observed on remotely sensed data. 

4. Determine if a relationship exists between groundwater movement 
and shale gas productivity. 

Through the integration of our work with others it is our ultimate 
goal to discover if relationships exist between Devonian shale gas pro- 
duction and geologic structure. If such a relationship is established, 
we will attempt to develope a method or methods for selecting favorable 
sites to dri I I shale wells that have a greater potential for gas produc- 
tion than the norm for that region. 

In order to attain the stated objectives we have designed several 
tasks which have been organized into five study groups. Four of these 
groups : regional structure studies, fracture studies, structural type 
studies, and product ion studies, are carried under ERDA’s Resource 
I nventory Tasks. Oregroup, geophysical studies, is carried under Shale 
Characterization Tasks. 

In essence, the regional structure and fracture studies are designed 
to provide a regional or basin structure data base for the entire pro- 
ject. The structural type studies seek to document, by analytical field 
work, details of structures which are either producing gas at the present 
time or which we feel are prospective. The production studies wi 11 seek 
out and study those gas fields where detailed well production records 
are available that permit ,thorough analysis and documentation of the geolo.- 
gic parameters that influence gas production from the shale. The geophysical 

studies are charged with the task of developing inexpensive geophysical 
techniques that can locate shallow fracture zones of high permeability. 
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SCHEDULE OF Ml LESTONES 

I. Resource Inventory Mi lestones Due Date 

Start Project July I, 1976 

Complete col lect ion of existing 
lineament, joint and stress data 
for Kentucky and West Virginia 
and gain access to remote sensing 
image ry . 

Comp lete structure con tour maps 
for’ Berea sandstone, Onondaga’, 
top of the Ordovician and Pre- 
Cambrian Basement. 

July 1, 1977 

Complete I ineament overlays uti - July 1, 1977 
lizing lineament data available 
from the U.S. Geological Survey 
and other agencies and sources. 

Complete oil and gas pool maps. July 1, 1977 Completed 

II. Shale Character izat ion Mi lestones 

Select areas of major faults or September 1, 1976 
fractures for seismic and resistivity. 

Complete planning and grid layout November I, 1976 
for conducting seismic and resis- 
tivity surveys over faults and 
fractures. 

Select areas to conduct ground 
water studies. 

January I, 1977 

Status 

October I s 1976 

In progress 

Completed: Berea, Onondqga 
Precambrian, Greenbrier 
(Data unavailable for tc$ 
of the Ordovician. (see 
Fig. 2). 

Data unavai lable 

Comp I eted 

Completed 

Completed 
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EDUCATION 

The two principal investigators hired during the first year of the 
project have made satisfactory progress toward advanced degrees in Geology. 
This fall, all six principal investigators employed by ERDA under this 
grant are enrolled half-time in graduate studies leading toward advanced 
degrees in geology. In addition, several graduate students have been paid 
on an hourly basis for their part-time work in the project. It is diffi- 

cult to estimate the long term benefits that other University students 
will derive from use of equipment purchased with ERDA funds. We know that 

it will be significant. 

EQUIPMENT 

During the first year of the project the following major pieces of 
eqUipMIlt were squired: 

1. One Bison seismograph Model 1580 and one Bison earth resistivity 
meter model 23508. 

2. Equipment truck for geophysical equipment. 

3. International Imaging Systems multi-spectral camera (on loan from 
NASA-Clear Lake-Johnson Space Center). 

4. International Imaging Systems multi-spectral color additive viewer 
model 6000 (on loan from NASA-Clear Lake-Johnson Space Center) . 

During the second year of the project the fol lwoing major pieces 
of equipment will be purchased: 

1. Multi-spectral edge enhancer. 

2. Portable drill rig for mounting on seismic truck. 

3. Portable recording and di rect reading al t imeters. 

4. Mounting of mu1 t i-spectral camera in WVU-Cessna aircraft. 

5 
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FINANCES 

The responsibility for financial accounting for this grant lies 
with the comptroller of West Virginia University. Detai led financial 

reports are forwarded to ERDA by the comptrol ler’s office as separate 

reports. 

In general, our spending has been as budgeted with the exce tion 
of salaries. The late starting data for the project (October 1977 P re- 
quired delay of hiring certain personnel a Therefore, we have spent less 
in salaries than expected for the first year. However 9 al 1 personnel 

planned to be hired will be hired; therefore, these first year salary 
funds will eventually be spent as salaries but on a delayed basis. 

A possible revision to our planned budgetary needs may be found 
in funds required for computer expenses. The West Virginia Board of 
Regents has revamped computer time charges so that much of our work which 
would have been carried as no-expense items will now be billed to the grant 
on a cost basis. We wi 1 I estimate the cost of our ccmputer needs based on 
the new rate schedule covering our usage over the next six months. We 
wi 11 then revise our budget for the upcoming year. 

Another expected increase in cost for the next year wi 11 be in 
the amount of overhead as the University has increased this figure from 
the current 58.8% to 62% for the coming year. 
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PUBLICATIONS 

During the past year several articles were published by the 
project director relating to the Devonian shales grant. The following 
are titles of papers published: 

Shumaker, Robert C. and Overbey, W. K., 1976, Devonian Shale Production and’ 
Potential : edited proceedings volume ERDA, MERC S -7612, 271 P. 

Shumaker, Robert C., 1976, A Digest of Appalachian Structural Geology:in Shumaker 
R. C., and Overbey, W. K., ed., Devonian Shale Production and Potential, 
ERDA, MERC sp-76/2, p. 75-93. 

Wheeler, R. L., Shumaker, R. C., Woodfork, L. D. , and Overbey, W. K., 1976, 
Gas from Devonian Shale; Geotimes, v., p. 18, 19. 

Shumaker, Robert C., 1977, Analysis of Structural Geologic Parameters that 
influence Gas Production from the Devonian Shale in the Appalachian 
Basin; Enhanced Oi 1 Gas Recovery and improved Dri 11 ing Methods, Un iver- 
sity of Tulsa and Oil and Gas Journal ed., Proceedings v. 2, paper G 13, 
p. 1-6. 

Shumaker, Robert C., 1977, Devonian Shale Research Undertaken by West Virginia 
University, West Virginia Geological Survey Newsletter (in press). 

During the upcoming year several papers will be presented by members 
of our staff at scientific meetings. Three papers have been accepted for 
the First Eastern Gas Shales Meeting to be held in Morgantown, West Virginia 
in October, and an abstract has been accepted by the Geological Society of 
America for a paper to be presented at its southeastern regional meeting in 
the spring of 1978. 
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PROGRESS and PROBLEMS - A SUMMARY 

The major portion of our efforts for the first year of the contract 
centered on recruiting, hiring of personnel, ordering equipment, and plan- 
ning and initiating specific tasks designed to accomplish the objectives 
of the project. 

Satisfactory progress was made in recruiting and hiring of personnel 
so that each task of the project is now in progress by at least one principal 
investigator. As of the date of this report, two positions remain open, 

one in structural geology and one in geophysics. 

We consider overall technical progress to be quite satisfactory in 
that we have initiated each task specified in the contract, and we have 
completed all contractually specified deliverable items for which data is 
available. 

Regional Structure and Fracture Tasks 

The regional structura 1 tasks, designed to compile structure for 
the project area (Figure 1) have not only been completed on schedule, but 
we have completed structure maps on more horizons than the number required 
by the contract. A total of thirty eight(38) quadrangle maps (Figure 2) 
covering part or al 1 of the project area were completed (Appendix A). 

Field work was initiated in eastern Kentucky to document the regional 
fracture pattern. The principal investigator, hired in mid-May, worked 
dilligently to collect some one hundred and fifty four (154) data stations 
across most of eastern Kentucky (appendix B). 

The only major problem in regard to these tasks related to the lack 
of time which the project director, who is also a principal investigator, 
had for comparative analysis of structural data. The estimated 20% figure 
for the project director’s time to manage the grant was far too small. Over 
50% of his time is spent directing the project. 

. 
trve structural analysis which he intended to do 

Product ion Studies 

As a result, the compara- 
has suffered. 

Production studies started in January of 1 977 with the hi ring of our 
f i rst product ion geologist. The Mount Alto (Cottageville) field was selected 
as the initial study area (Figure 1). Availability of data and ERDA’s in- 
terest in this field were instrumental in its selection. The first half year 
has largely been spent visiting with various companies that have drilled 
wells within the field to borrow and organize the data and to initiate our 
analysis. Variability in the quantity and quality of production data will 
complicate this analysis, but we are presently attacking this problem. Plans 
call for completion of the field study late in the spring or early in the 
summer of 1978. W e are several months behind schedule because of health problem: 

within the family of the principal investigator. However , we expect to com- 

plete this study on time. 

8 
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A second production geologist, hired this fall, is presently in 
the process of selecting a field study area. We feel that the production 

of Devonian shale gas in eastern Kentucky, the primary producing area, 
takes top priority on our 1 ist of important producing areas to be studied. 
However , while the prominence of the Big Sandy field may be a good reason 
for selecting it as our next study area, of determinant influence is the 

availability of quality production data to support a meaningful analysis. 
By mid-winter we should have selected the second field for analysis, and 
by early spring we should be into the data collection phase of the study.’ 

Groundwater Studies 

Because’Cottageville is the site of our first gas production study, 
it is a logical choice as the site for our initial groundwater study. 
Field work started there this summer, and it is to be completed this fall. 

The analysis will be based on volumetric and water quality data collected 
in the field. The final report for the Cottagevi lie area is scheduled 
for completion in late spring of 1978. The second groundwater study area 
wi 11 be selected and intiated next summer. Again, a 1 ikely area would be 
the s te of our second production study. 

Field Structure Studies 

Study of surface structural types was in 
the hi ring of two structural geologists. Study 
this fall and analysis wi 11 begin this winter. 

itiated this September with 
areas wi 11 be selected 
Field studies will start 

next s umme r . Our efforts .wi 11 be made in conjunction and coordination with 
the U. S. Geological Survey as they will be making similar studies in ad- 
jacent states. We are presently recruiting a third geologist for this 
task. 

Geophys i ca I Tasks 

In geophysical tasks, we have purchased, designed, and built seismic 
and resistivity equipment. We are approximately four months behind schedule; 
a circumstance caused by the delay both in delivery of the equipment truck 
and in certain design problems of filtering equipment. We expect to be 
back on schedule by the end of-March, 1378. During this past year, several 
innovative ideas of the principal investigator have been implemented to 
modify commercial seismic equipment to correct noise problems and to enhance 
real high-frequency reflection events. 

A second geophysicist was scheduled for hiring this falL But at the 
1 ast minute, the applicant,who had been offered and tentatively accepted 
the position, decided to decline the offer. This circumstance wi 11 requi re 
modification of plans and an additional recruiting effort to be made this 
coming fall. 

P ans call first for the field testing of the seismic system this 
faJl and early winter, then design of a software package for data display 
this CM ng winter, and finally, field investigation of designated producing 
areas is scheduled for next summer. 

3 
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BETA I LED REPORT ON RESOURCE INVENTORY TASKS 

REGIONAL STRUCTURE TASKS - Robert C. Shumaker 

The primary task of this group is to collect structural data and 
to construct maps that will provide a regional structural framework for 
eastern Kentucky and West Virginia (Figure 1). Naturally, it is important 
that the regional structure background be available for the primary pro- 
ducing area of the Devonian shale gas so that shale project geologists 
can evaluate the effect that geologic structure has on production and in 
order that they can compare structure with the mapped results of other 
geologic or geochemical investigations. The standard 1:250,000 map scale 
of the compilation will facilitate such comparisons. As of this date we 
have compiled the following subsurface structure maps: 

Prei iminary structure maps on the top of the Precambrian basement, 
prel iminary structure maps on the base of the Onondaga Limestone, preliminary 
structure maps on the top of the Greenbrler Limestone, and preliminary struc- 
ture maps on the top of the Berea Sandstone. Maps (scale 1:250,000) showing 
the general outline of gas production from the Devonian shale have also 
been compiled for eastern Kentucky and West Virginia (see Appendix A). 

The status of our mapping program is shown in Figure 2. According 
to the milestones of our contract (page 4), we were to complete structure 
maps on the Berea, Onondaga, Ordovician, and Precambrian basement by July 1, 

1977. Data for the Ordovician map was not available, so we could not con- 
struct that map. However, we completed the other maps on time. Reduced 
copies of the overlay sheets can be found in Appendix A. These maps wi 11 be 
issued at the scale of l:25O,OOO, on a topo-cultural base when the printing 
contract for the shale project is let. 

In addition to these maps specified by the contract, we have completed 
the following maps because the data was readily available for their construction, 
and we felt that they would be useful to the project structural analysis: 
structure on top of the Greenbrier Limestone, surface structure form-line maps, 
surface drainage maps. 

In as much as we are a leader in generating maps for the project, we 
were a driving force in initiating standardization of legends and drafting 
procedures. Progress has been made on this effort by Scientific Applications 
Incorporated, and the project is approaching a standard map format. 

In looking through the maps we have completed, it will be noted that 
the structure maps of the Berea, Greenbrier, and Onondaga lack contours for 
an interpretation of the Kentucky portion of our project area (see Appendix A). 
We simply di,d not have sufficient well data, formation tops, to complete the 
Kentucky portion of the project area. We felt it inappropriate to estimate the 

structure for that area. The only published structure map for eastern Kentucky 
is a page-sizad and rather generalized map on the Pennsylvanian Fire Clay Coal 
published by MacFarland in 1939. The Fire Clay map is far less detailed than 

our surface structure form-line map, so we did not use the Fire Clay map. We 
have pl,otted on our work maps that wei 1 information which is available through 



Petroleum information Corporation microfiche file data. This data is a 
start, but it is too widespread to make a meaningful interpretation of shallo:~ 
structure at the 1 :250,000 scale. We hope that far more we1 1 data wi 11 become 
available during the life of the project either through the Kentucky Geological 
Survey or through Petroleum Information Corporation which will then permit 
us to extend our detailed structure maps into eastern Kentucky to give a more 
complete regional picture for that portion of the basin. 
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Nearly all of the maps in Appendix A come from pub1 ished sources. 
The Prel iminary Basement Structure Map is a new interpretation, however, 
the position and trend of the faults shown on these maps are essentially the 
same as those shown by Shumaker (1974). The depths-to-basement and well loca- - 
tions are more accurate than those shown by Shumaker (1974). The new data on 
which the maps (Appendix A) are based were supplied by Edward Wi lson of the 
Kentucky Geological Survey and Dudley Cardwell of the West Virginia Geologic 
and Economic Survey. We thank these gentlemen for their assistance. 

The major portion of offsets shown along the faults disappear at the 
base of the Cambrian formation. However, in Kentucky, faults do extend through 
the entire section to be exposed at the surface. The Warfield Fault of south- 
western West Virgin ia is the only basement fault exposed in the western part of 
that state. Even though minor movement has occurred on many of the faults 
through time it is clear that the major activity along them occurred during 
Cambrian time. In the Kentucky portion of the map, the position of the 
faults is determined by either the position of the surface trace of that 
fault or by numerous control we1 Is. In West Virginia we primarl ly use the 
total magnetic intensity map published by the West Virginia Geologic and Economic 
Survey along with a few basement test wells to postulate the location of 
faults. We have made this speculative interpretation in West Virginia because 
we believe that the shape of the basement and the location of basement faults 
may be important to shale gas production. We base this proposition on several 
observations and reasoning: First, the structural low visible on the basement 
map, which is primarily a Cambrian age structure, is also visible on the 
Devonian shale isopach maps. Thus, at least the thickness of the shale was 
affected by the buried trough. As detailed stratigraphic and geochemical data 
become available it would not be surprising to see more precise interrelation- 
ships established between shale stratigraphy and basement faults. Seconda r i 1 y , 
the basement may have affected Devonian shale in regard to fracturing. Base- 
ment faults have been active throughout much of the Paleozic time perhaps both 
by minor periodic and episodic movements. We have mentioned the subtle effect 
of what are presumed minor fault movement during the Devonian to affect shale 
sedimentation. We feel that such minor movements may also have been important 
in determining areas in which fractures within the shale might remain open to 
pass fillids and hydrocarbons. Such fractures could be mineral ized to impart a 
fracture porosity to a unit that would otherwise be tight. Only as more precise 
production data and structural data become available wi 11 we be able to compare 
these data and estimate the effect that minor minor basement fault movements 
have had on shale product ion. 

11 
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A third influence which basement faults or configuration might have 
on shale production relates to the offset of detached bedding plane thrust 
within the shale. Basement faults thatoffset detachment surfaces within the 
shale could localize upward movement and ramping of the thrust plane at the 
point of offset to form a structure with attenuat fracture porosity in the 
shale. The suggestion of an interrelationship between basement structure and 
detached structure is visible by comparing maps on the several structural 
horizons in the area of Devonian shale production. For instance, compare 
shallow structure on the Berea (Figure 3) or the Greenbrier (Figure 4) with 
deeper structure on the Onondaga (Figure 5) and the structure of the basement 
(Figure 6). Note that the structure configuration visible on the Greenbrier 
or the Berea, which is the top of the shale, is considerably different than that 
shown for the Onondaga, which is the base of the shale. There are several more _ 

structures shown on the Berea than on the Onondaga and the Basement. Therefore, 

the Devonian shale unit of structural disharmony. We in tend to assess the 

importance of such deformation on shale product ion (Figure 7 ) if the data 
qua1 ity permits such. 

Normally, geologists think that joints form as a result of regional tee- 
tonic force.s, and that they occur in sets of regular trends that extend across 
wide areas and through the entire sedimentary section. However, the origin of 
specific joints and fracture patterns if often in doubt. Occassionally, unique 
fractures occur in distinct lithological units. This may be the case for the 
basal portion of the Devonian shale. Beyers and Trumbo (1976) logged mineral ized 
fractures in the basal portion in a core from the Coombs well of eastern Kentucky. 
The dipmeter for that we1 1 showed anomolous readings on the same interval and 
gas flowed into the well presumably from fracture porosity at that same depth. 
Inasmuch as the Pine Mountain Thrust is detached in the basal portion of the shale 
only thirty miles to the east, it seems likely t6 us that the basal shale was 
a zone of abnormal high-pressure during the late Paleozoic deformation. Such 
over-pres.sured shale zones are undercompacted, and they form avenues for the 
migration of formation fluids. The rocks of these zones may contain a unique 
stress field and unique physical characteristics wiich permit the rocks to frac- 
ture more readily than surrounding sediments. *Presumably, if the Pine Mountain 
Thrust moved northwestward as i ts trace and ramp trend suggest, then the tectonic 
stress during the late Paleozoic was from the southeast. Tens ion t ractures formed 
by such movement should have a southeast-northwest trend, and this is precisely 
the dominant trend of mineralized fractures logged in the core taken from the 
Hazard we1 1. This trend is at a large angle to the northeast trend of induced 
fractures that reflect the present stress field within the rocks. We know that 
there are other reasons why fractures could form within a fixed stratigraphic 
interval, so it would be premature to regard the suggested interpretation as any- 
thing more than preliminary. However, we feel that it is important that this 
interpretation be considered by geologists within the project to evaluate its 
worth . If the fractures are related to tectonic over-pressuring then the area1 
extent of the prospect shale is limited. 

Plans for the upcoming year call for continued construction of subsurface 
maps. Al ready we intend to co1 lect tha data and construct maps for the base of 
Silurian and the base of the Knox - Beekmantown Dolomite. Data collection should 
be complete by December 1977, and a preliminary structure map will be completed by 

the end of May 1978. As indicated above, if the data become available we would 
like to extend existing preliminary map series (Appendix A) into eastern Kentucky. 

a 
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FRACTURE TASK - Br i-an R. Long 

Task 5 under the ERDA grant has begun with a field survey of joints 
in Devonian shales and associated lithologies in eastern Kentucky. The 
survey encompassed 130 quadrangles located east of a north-south line 
running from Maysville.to Middlesboro, Kentucky to the state line. Generally, 
the Kentucky portion of Figure 1 approximates the study area. 

The Survey consisted of co1 letting one or more data points per 
quadrangle throughout the survey area. Each data point includes a latitude- 
longitude location, a generalized description of lithologies present, bed- 
ding attitude, outcrop trend direction and joint set information. 

The joint set information noted in the survey includes strike and 
dip of the joints arranged in rough trend sets, the average bedding thickness 
in which a trend set is found, the set’s average vertical and horizontal 
extent, frequency of jointing, relative roughness of the joint surfaces and 
notations for systematic, non-systematic sets and other information. 

Data collected from the survey has not been processed to data, 
however , a preliminary computer listing of locations, strike, bedding 
thicknesses, joint frequency and roughness can be found in subsequent 
pages of this report. 

. 

Future work in Task 5 should include the consideration and investi- 
gation of several possible joint trend correlations. These should include: 

1. Lateral and vertical joint trend directions within units of the 
same general age. 

2. Lateral and vertical joint trend directions within general litho- 
logies (shales, 1 imestones, etc.). 

3. Joint trend directions around known natural gas or oil pools. 

4. Systematic and non-systematic joint trend variations. 

5. Lateral and vertical joint trend directions in specific Devonian 
shale units. 
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6. 

7. 

8. 

Joint corre lation with structural contours. 

Joint corre lation with outcrop trends. 

Compilation of existing fracture data for the project area. 

Other areas of possible future work include the correlation between 
jointing and faults of different size and type. 

Future field work is planned in Kentucky and possibly parts of 
West Virginia, Ohio and Pennsylvania. This field work will emphasize collec- 
tion of joint data around oil and gas fields and the vertical and lateral 
variation of joints in the Devonian shale units. 

PRODUCT I ON TASKS - E. B. Nuckols 111 

Product ion search and evaluation of the Cottageville Gas Field 
near Ripley, West Vriginia was started in January 1977: The field is located 
near the West Virginia-Ohio border in the West Virginia counties of Mason 
and Jackson. The purpose of the study is to evaluate and characterize natural 
gas production from Devonian organic rich shales. Devonian shale production 
in northwestern West Virginia (Figure 8) may not be truly from shale but 
from middle and upper Devonian siltstone and sand-siltstones. The only true 
“shale” producing field may be the Cottageville field. 

Geologic Setting 

The Devonian age formations that underlie the Cottagevil le gas field 
are approximately 2,300 feet thick. The Middle and Upper Devonian shales 
comprise the upper 2,100 feet of the total Devonian section. The upper 
contact of the Devonian shales is placed at the base of the Mississippian 
Age Berea Sandstone, and the lower contact is at the top of the Onondaga Lime- 
stone. Within this predominantly shale sect ion are found 1 ight grey to 
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brown-black shales, and 1 ight to medium grey siltstones and sandstones. Of 
the di fferent 1 i thologies, the dark organic rich shale zones occupy approxi- 

mately 350 feet of 15 percent of the entire shale section. These highly 

organic shale zones, which are in three stratigraphically distinct portions 
of the shale section, are easily recognizable on gamma-ray and density logs 
(Figure 9). The upper two organic zones (Zones I I and I I I) are found with- 
in the Huron Shale member of the Ohio Shale. These two zones are mainly 
composed of dark brown-black organic rich shales, but occasionally they have 
light to medium grey shale and siltstone interbeds. Separating the lower 
and upper organic rich shale zones of the Huron are lithologies of shale and 
siltstone with an occassional thin organic shale bed. Within the Cottage- 
ville gas field, these two zones have an average combined t hi ckness of 250 
feet, and they are the main reservoirs of Devonian shale gas production. 
Below the two organic zones found in the Huron is a third organic zone found 
in the Olentangy Formation. Like the younger organic shales, this organic 
rich shale has interbeds of light to medium grey shale and siltstones. The 

lowest organic shale has an average thickness of 100 feet, but it rarely 
has produced any gas within the Cottageville area. This is mainly due to 
the fact that it usually has not been drilled. 

Production Characteristics 

Drilling for shale gas in the Cottageville area began October 9. 1929, 
when Cities Service spudded their first “shale” well. This well proved to 

be a meager beginning for the shale field as their well had a natural open 
flow of only 4.6 Mcf and a 213 Mcf final flow after stimulation by “shooting”. 
At that time, a well with such a small flow could hardly compete with the 
shallower “plays” in the Berea and lnjun sands which annually produced wells 
with natural flows of several mi 11 ion cubic feet of gas. However, as the 

field developed, wells with open flows up to 3.4 million cubic feet of gas 
were drilled, and this encouraged additional developmental drilling. 

The primary target for drilling has been the highly organic rich 
shale zones of the Huron Shale member of the Ohio Shale (known to drillers 
in Ohio as the Big and Little Cinnamon). A typical drilling program involves 
setting a string of casing just below the Berea Sandstone. The Berea Sand- 
stone and shallower Salt sands of this area produce large volumes of saltwater 
and therefor , must be cased off to insure a completion in the Devonian shale 
sect ion. After the casing is set, the well is usually drilled to a point 
just below the lower organic shale zone (Zone I I) of the Huron Shale. At 
that depth, the formation is usually tested and a decision is made whether 
to produce the well naturally if there is sufficient natural flow, or to 
stimulate the well by shooting if there is no flow of gas or a flow up to 
several hundred thousand cubic feet of gas. Shooting a well means that cani- 
sters of 80% gelled nitroglycerine are lowered into the bore hole and then 
detonated. Historically, this has proved to be the best method of stimulating 
shale wells with small natural flows. Some variation in shooting techniques 
have been tested. One such variation has been “tamping” the shot with pea 
gravel to contain the explosion. The tamping is designed to retain more 
energy to fracture the shale. Until the late 1960's, drilling within the 
field was done exclusively by cable tool drilling rigs so that wells which 
were stimulated by shooting open hole,without tamping the shot, ran the 
risk of being clogged by rubble from the shot. If the shot went smoothly, 
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the hole would “b 1 ow” itself c 
stimulation was very critical, 

lean. This clean-up aspect of production 
because a shot that did not clean the hole 

stood the chance of losing a part or even all of its production potential. 
With the adoption of air rotary drilling, wells could either be “tamped” 
or shot natural ly, and then careful reentry techniques could be used to 
successfully clean out the remaining rubble. 
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After some fourty-eight years of in-field drilling, approximately 
one hundred and three shale wells have been drilled in the Cottageville 
field. Consolidated Supply Corporation has drilled more wells than any 
company (43); Columbia Gas Transmission Corporation and Cities Service have 
drilled 17 and 16 respectively. The highest natural flow encountered was 
3480 Mcf., and the highest stimulated flow was 1981 Mcf (this well had only 
a natural flow of 36 Mcf). With the passage of time, rock pressures have 
generally decreased as the number of we1 1s dri 1 led to the reservoir increased. 
The highest initial rock pressure taken was 1000 pounds per square inch 
early in the history of this field. 

At the present time, wells encounter rock pressures of 150-300 pounds 
per square inch. Several. wells have good production histories, but one in 
particular has produced over 952,500 Mcf in twenty-six years. Found below 
are a few statistical averages concerning production within the field: 

NATURAL OPEN FLOWS (81 we1 1 s) 180.2 Mcf 
FLOWS AFTER SHOT STIMULATION (90 wells) 355 Mcf 
ROCK PRESSURE TEST (77 wells) 639.6 lbs/psi 
ACCUMULATIVE PRODUCTION (77 wells) 10.08 Bcf 
AVERAGE ACCUMULAT I VE PRODUCT I ON’ PER WELL 137.7 Mcf 

Specific well results for individual wells can be found in Appendix 
As of this time, approximately 85% of al 1 product ion and production related 
data has been inspected. The remaining 15% of the we1 1 data to be inspected 
by November 1977. Of this 15% it seems probable that we will not be able 
to obtain half of the data. 

Effect of Reservoir Fracturing 

Of the three organic rich shale zones within the Devonian shale sec- 
tion, only the Huron organic shales have been extensively drilled and stimu- 
lated. The primary gas reservoir in the Cottageville gas field is the lower 
organ ic shale zone of the Huron member (Mart in and Nuckol s, 1974). Stimula- 
tion of this organic shale zone by shooting has greatly increased the volume 
of gas produced from this field. However, the gas probably comes from 
naturally occuring open fractures that were either penetrated by drilling or 
that were interconnected to the well bore by shooting. 

In 1975, Consolidated Gas Supply Corporation and the Energy Research 
and Development Administration entered into an agreement to core and analyze 
the organic shale section from two wells (Figure 10) in the Cottageville 
field. The first core was taken in a we1 1 near the Jackson-Mason County 1 ine 
(Figure lo ). C oring of the lower Huron shale was interrupted when an initial 
gas flow of approximately 3.5 MMcf was encountered. This flow finally stabi 1 ized 
at 1007 Mcf. Close inspect ion of the core revealed natural fractures with 
secondary deposits of dolomite and calcite along the fracture plane 
the zone that encountered the large gas flow. A core was taken in a second 
well drilled in the northwest portion of the field. Unlike the first core, 
there were few natural fractures in the organic shales, and the well tested 
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dry. Detailed laboratory analysis of both cores revealed low matrix 
porosities of less than 3% average and low permeabi 1 it ies of less than 
-01 millidarcy. In as much as the rock of both cores are 1 ithological ly 
similar, we presume that the main difference in permeability relates 
directly to the mineralized fractures. This was the first diredt evi- 
eence that fracturing is critical to production, a conclusion that most 
geologists and engineers has presumed to be true. 

Production characteristics of the field may indirectly indicate 
fracture trends in the reservoir. It would be expected that the trend 
of open fractures would be reflected by linearity of many producing para- 
meters. To test this assumption preliminary isopressure, isoflow, and 
isoproduction maps were drawn to see if there were any prominent linear 
trends. 

An isopressure map (Figure 11) was constructed from well-head 
pressures taken immediately after completion of a well but prior to 
the we1 Is initial production. There are two important modifying factors 
that complicate interpretation of the data and resulting map. First, the 

well-head pressures were taken at various times after completion of the 
we1 Is. Shut-in times ranged from a few hours to fourteen days. We1 1s that 
were shut-in for only a few hours probably did not reach their full poten- 
tial rock pressure. Secondly, registration of true formation pressure may 
be altered by rubble in a well bore from the shot or caving shortly after 
the withdrawal of dri 11 ing equipment. This rubble may block off some 
production and reduce the initial rock pressure test. A less important 
factor in analyzing initial rock pressure test is the possibility that not 
all of the gas is being produced from the zone of interest, and that gas 
could be coming from a shallow zone with less pressure. From the i sopres- 
sure map (Figure 11) a 1 inear trend of approximately N 40” can be seen. A 
general linear trough of low pressures trends through the axis of the field, 
but there are two areas of high pressure in the north central portion of 
the field. Flanking this trough on either side are areas that are inter- 
preted to be at their “virgin” rock pressures. The two high pressure areas 
in the north central portion of the field were drilled early in the develop- 
ment of the field. The figures in these two areas may be indicative of 
vi rgin rock pressures. Low “bu 1 ge” areas of low rock pressures normal to 
the axial trend of the field are thought to reflect the more recent dril ling 
activity in these areas. Prel iminary inspect ion of init ial rock-pressure 
data indicates a linear relationship be.tween field rock pressure and time. 
As wells are drilled rock pressures decline. At the present time, drilling 
encounters pressures that are only 35 to 40 percent of originil field pres- 
sures. We intend to more thoroughly investigate the relationships between 
field production and decl ining reservoir pressure. Of major interest wil 1 
be the extent of linearity with the passage of time. 

An isoflow map (Figure 12,) was constructed from open flow data. 
The data on this preliminary map does not discriminate as to whether the 
well produced naturally or whether it has been stimulated. Open flow tests 
should also be affected by the amount of time permitted between the test 
and the time the well was completed. Natural open-flow tests on several 
wells were taken immediately after the well was stimulated by shooting (less 
than three hours). Other tests were taken several davs after completion. 
We hope to norma ison between wells. lize the data for more accurate cornpa; 
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The area of highest flow is in the southern part of the field just north 
of the Jackson-Mason county 1 i ne . The northeast-southeast 1 inear trends 
seen in the isoflow ma? (Figure 12) may/again reflect the trend of open 
fractures in the reservoir. 

An isoproduction map (Figure 13) was drawn based on inspection of 
production records of Consolidated Gas Supply Corporation, Columbia Gas 
Transmission Company and Cities Service. Certain of the wells have been 
abandoned while others have just been completed, so the amount of data 
varies greatly from well to well, This map, like the isopressure and iso- 
flow maps, shows a general linear trend of N 40” E. Unlike the other map 
configurations, there are two definite areas of better product ion; one 
area being in the southern end of the field, near the Jackson-Mason County . 

1 ine, and the other to the north. The exact significance of this obser- 
vat ion is not known, We can only presume that there we1 Is encountered 
more open fractures . 

These preliminary production related maps will be revised and 
reevaluated as more data becomes avai lable. To characterize the field in 
greater detai 1 structural, i sopach, and product ion related maps will be 
made. Three different horizons wi 11 be considered for structural con- 
touring; the top of the Mississippian Berea Sandstone, the bottom of the 
Devonian Huron Shale, and the top of the Devonian Onondaga Limestone. lsopach 
maps of each of the organic shale zones wi 11 be constructed, but the con- 
struction of an isopach map of the organic shale of Zone I may not be prac- 
tical due to limited data. From production data, decl ine curves wi 11 be 
made and compared to see if significant groups of wells exist from these 
curves. We also hope to more precisely determine what effect treatment has 
had on production characteristics and at what point in the 1 ife of the 
wells should data be selected to make meaningful maps for display and analy- 
sis. In addit ion to the above maps, several cross sections will be made 
that relate stratigraphy to product ion. All of the above maps and illustra- 
tions wi 11 be completed as of February 1, 1978 and a final report will be 
completed by April 1, 1978. 

GROUNDWATER TASK - D. Scott Jones and Henry Rauch 

The area of study 1 ies in the western portion of Jackson County West Vir- 
ginia (Figure]bLlt is bounded on the west by the Ohio River, and to the north 
and east by the towns of Ravenswood, Sandyville, and Ripley. The field area 
extends southwestward through the town of Cottageville, terminating at the 
Jackson-Mason County 1 ine. The final portion of the area of study consists 
of a two mile wide strip of land which is centered upon Route 77 and extends 
southward from Ripley to the town of Kenna. The entire region is included 
within five 7 l/2 minute quadrangle maps, namely: 
Ripley, Cottagevi 1 le, and Kenna. 

Ravenswood, Sandyvi 1 le, 

Geologic Setting 

Western Jackson County lies within the Appalachian Plateau geologic 
Elevation ranges from over 1000 feet in the Eastern portions of the region 

province. 
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to 550 feet along the Ohio River. The Permo-Pennsy 1 van i an Dunkard Group 

composed mainly of cycl ic sequences of basically horizontally-bedded 
sandstone, siltstone, grey and red shale, 1 imestone and coal underlies a 

large portion of the study area. The remainder is made up of Quaternary 

al 1 uvium-- sand, gravel, silt, and clay which is found along the Ohio 

River. 
Purpose and Scope 

The overal 1 objective of this study is to determine if water we11 
data are useful in de? ineating zones of increased fracture permeabi 1 ity 
and hence future locations for high yielding Devonian shale gas wells. TO 
meet this objective, water well data from this study will be compared 
statistically to high altitude satellite imagery to lineaments mapped by 
others, to. low-altitude photo 1 ineaments mapped by Mr. Jones and to zones 
of high-yielding gas wells as determined by others; water-well data to be 

studied in detai 1 are well yield (in ga1 Ions per minute or gallons per 
minute per foot of drawdown) as we11 as selected well water quality para- 
meters. This study will in addition, provide a basis for improved future 
groundwater exploration in Jackson County with respect to anticipated well 
yield and groundwater qua? ity for new well sites. 

Methods of investigation 

Selection of Wells 

Approximately eighty we1 1s and one spring were selected for study 
between May 17, 1977 and September 18, 1977. All were selected by scattered 
sampling throughout the region under study. The selected spacing between 
we? 1 locations along the study area’s roadways was about one mile (see Figure 8). 

Physical Well Data 

Physical well data for each well were derived from several sources. 
Information concerning we? 1 use, well depth, well diameter, water depth, 
depth of casing, and we1 1 yield were obtained from the we1 1 owner or driller 
or through actual measurement by Mr. Jones. We? 1 elevation and topographic 
setting were found through the use of selected 7 l/2 minute quadrangle maps. 
These .physical well data are listed in Table 1. The major aquifers supplying 
water to a we? 1 will be determined and reported at a future date. 

Field Water Sampling and Analysis 

In obtaining well water samples for chemical analysis, a spigot 
(usually outside the house) was turned on, allowing the water to run for 
several minutes to obtain fresh ground water samples. The 1 owest temperature 
of the water was then recorded using a Celsius thermometer. Next, the 
specific conductance of the water was determined using a Beckman Solu Bridge 
Speci f i c conductance meter. Two water samples were taken from each well in 
one-liter plastic bottles. One sample was treated with S-10 drops of con- 
centrated HCI to prevent the precipitation of dissolved iron, while the other 
sample was treated with an organic liquid biocide to destroy any living 
organisms that might have been present in the well water. Organisms, especially 
algae, are capable of changing the concentration or nitrate and certain other 
water parameters. During later water sampling, a mercuric chloride biocide 
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was substituted, and added to the acidified samples instead. The samples, 

particularly the unacidified ones, were stored in an ice chest unti 1 they 
reached the geochemi stry 1 aboratory for further analys is . 

Laboratory Chemical Analysis 

The following laboratory them i cal analys is were performed on each 

well-water sample; in room 206 White Hall : West Virginia University. 

(1) pH PH was measured with a Beckman Electromate pH meter. 

(2) HCOJ-’ Bicarbonate was determined by the alkalinity titration method 
similar to that used by the U.S. Geological Survey (Brown, et al: _ 

1970). Twenty-five ml of each unacidif ied samples were titrated 
by hand with a standard HCI solution (0.0158N). The pH of the 
solution was constantly monitored, especially in the 4.0-5.0 pH 
range. The end inflection points of plotted titration curves 
were then determined, which nabled the calculation of alkalinity 
and hence bicarbonate (HC03 -7 ) concentrations. 

(3) Ca+2 Both calcium and total hardness were determined by EDTA titra- 
- tion, using a modified procedure modified after that recommended by 

the Hach Company. Twenty five ml of each acidified sample were 
titrated for each hardness test. 

(4) Cl’? The dissolved chloride concentration was determined by titra- 
tion with Hg(N03)2. using a technique modified after that recom- 
mended by the Hach Chemical Company. Twenty five ml of the 
unacidified samples were titrated for each test. 

(5) Na H The concentration of dissolved sodium was determined by atomic 
- absorption analysisofacidified samples, using an EEL atomic absorp- 

tion spectrophotometer and prepared NaCL standard solutions. This 
analysis technique is recommended by Brown, et al (1970). 

(6) so4-2 Dissolved sulfate concentration was determined using 25 ml acidi- 
fied samples and a turbidimetric analysis technique as modified 
after the recommended Hach company ’ s procedure; the Hach 
DR-EL calorimetric unit was used in this analysis. 

(7) Total iron The total iron content of each acidified sample, originally 
containing both dissolved and suspended colloidal iron oxyhydro- 
xides,was analyzed using the bipyridine method as modified after 
the Hach company’s procedure. The Hach DR-EL calorimeter 
and 25 ml samples were used. 

(8) N03-’ The concentration of dissolved nitrate was determined by a 
I modified Hach Chemical Company cadmium reduction analysis method 

and the Hach DR-EL color.imeter. Thirty five ml samples, pre- 
viously treated with a biocidal agent, were analyzed. 
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Photo-l ineament Mapping 

Photo-lineaments are being mapped from low-altitude black and white 
aerial photography onto 7 l/2 minute topographic maps of the study area; the 
photography was obtained from the U.S. Agricultural Stabilization and Con- 
servation Service and the West Virginia University Library. Such photo- 
1 ineaments are between one quarter mi le and one mi le long, and are defined by 
linear or nearly linear streams, valley depressions and soil tonal streaks. 
This definition is in accord with that recommended by Lattman (1958) and 
Lattman and Parizek (1964); these authors believe that such 1 ineaments often 
represent subsurface zones of concentrated fracturing and fracture permea- 
bi lity, as evidenced in surface outcrops and in association with higher 
water-well yields in Pennsylvania. 

Statistical Data Analysis 

All well yield and well water chemistry data will be analyzed for 
statistical trends and associations with the photo-lineaments mapped by 
Mr. Jones as well as with photo-lineaments and satellite imagery lineaments 
mapped by Eberhard Werner, E. B. Nuckols, and others for the study area. 
Following this analysis, possible associations of gas well yields with water 
we11 yield and ground-water chemistry will be explored by E. 8. Nuckols; 
this final phase will test the ultimate usefulness of the hydrogeologic well 
data to Devonian shale gas exploration in the Cottageville area. Non-parametric . 
statistical tests will be employed in the data analysis. 

Results and Discussion 

Physical Well Data 

Table 1 lists the physical we11 data collected for sixty nine wells 
that were inventoried for this study. A general overview of this table 
reveals some notable trends. A11 wells are less than 500 feet deep, while 
most are domestic wells less than 300 feet in depth. Most we? 1 locations 
range between 600 and 900 feet in elevation above sea level. Reported we? 1 
yields are extremely variable, ranging from 0.3 to 105 gallons per minute; 
the media well yield is 3.0 gpm, and almost all wells yield adequate supplies 
for domestic purposes. 

Chemical Water Well Data 

Table 2 presents the results of chemical analyses of about sixty five 
sampled water we? 1 A general data overview reveals that most well waters 
have a high specific conductance andh ence a high concentration of total 
dissolved solids. However, very few wells are apparently polluted with nitrate, 
sulfate, i ron, chloride, or sodium. Only eight wells contain excessive iron 
(over 0.10 mg/l), one we? 1 contains excessive sulfate (over 250 mg/l) one 

we? 1 contains excessive chloride (over 250 mg/l), and one we? 1 contains 
excessive nitrate (over 45 mg/l). Well water qua? ity is in general good, 
except for the noted cases and also a few wells containing especially hard water. 
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GEOPHYSICS TASK - Keith G. Kirk 

The objectives of our geophysical investigations are to determine 
the feasability of using shallow penetration resistivity and seismic sur- 
veys to detect near surface faults of small offset, fractures, and fracture 
zone s ; and then to determine if a relationship exists between such fractures 
and lineations observed on remote sensing imagery. 

In order to accomplish these objectives we are developing a new 
seismic technique that has the potential of locating faults of small dis- 
placement and fracture zones at a low cost compared to normal seismic investi- 
gations. This technique is known as the Shallow High-Resolution Reflection 
Prof i 1 ing method. 

Most of the first year of the project has been spent acquiring 
equipment; designing, building, and testing special seismic amplifiers and 
filters; and designing and testing a seismic impact source capable of 
generating sonic signals of sufficient strength and high frequencies. 

Shallow High-Resolution Reflection Profiling Technique 

In the past ten years advances in digital electronics have led to 
a new generation of seismographs. These signal-enhancement dynamic digital 
seismographs have enabled a signal resolution increase up to sixty fold when 
compared to analog models. 

Theoretical ly, these new instruments using high frequency reflections 
are capable of detecting beds or fault displacements as small as six inches. 
Unlike their analog counterparts, these new digital instruments are capable 
of investigating shallow as well as deep structures. This capability opens 
up new areas of seismic investigation. These include appl ications to the 
coal industry, site evaluation capabilities for the engineering geologist, 
but most important for the project, a capabi 1 i ty of detecting fractures and 
minor structures for the exploration for natural gas and oi 1. 

During the first quarter of the 1976-1977 fiscal year various pieces 
of seismic equipment were studied for applicability to the high resolution 
work. It was determined that a Bison model 1580 signal enhancement seismo- 
graph has the greatest capabi 1 ity to accompl ish the objectives of our research 
project considering the budget constraints. We felt that this instrument 
could be modified to record the high frequency response necessary for high 
resolution investigations. 
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Shallow high-resolution reflection profiling (SHRRP) is a new and 
st i 11 developing technique, and for this reason much of the equipment 
necessary for the method had to be designed and built at West Virginia 
University. The design, construction and testing of the equipment has 
taken most of the first years work load. 

A very important piece of equipment that was designed, built, 
tested, and then modified and rebuilt was the special analog filter and 
amp1 ifier. This system enables high-frequency seismic signals to be re- 
ceived by the seismograph. 

High-frequency recording is an absolute must if the detailed in- 
vest igations requi red in this task are to be accompl ished. Figure 18 
illustrates the dependence of resolution on velocity and frequency. One 

can readily observe that as higher frequencies are used much better reso- 
lution is obtained for a given velocity. Figure 18 further i 1 lustrates 
this concept as it shows that for given velocities of 8000 and 12000 ft/sec 
the resolution varies as a function of frequency alone. Note that as 
frequency increases thinner and thinner beds can be identified, and thus 
interpretations of minor offsets are easier to identify. 

From this it can be concluded that one simply must use the highest 
frequency possible to obtain the best resolution. Even though this is 
true, there are several ‘complicating factors that must be resolved before 
high-frequency waves can be recorded. 

One problem to be overcome is wave attenuation, which is frequently 
dependent . Experiments have shown that various earth materials, in our 
case sed i men t s , wi 11 pass or filter out certain frequencies. Shales and 
clays attenuate a given frequency the least, whi le fine grained sands attenuate 
a given frequency the most. Field observations have shown that there can 
be as much as 100 decibels difference between clay and sand in the frequency 
range of 100 to 500 hz. Figure 15 shows an idealized attenuation curve 
for the earth. The high frequency work that is being performed at West 
Virginia University is in the range of 100 to 500 hz. It can be readily 
observed from figure 15 that between these two frequencies the attenuation 
varies between -24 and -150 decibels. Unfortunately, the greatest attenua- 
tion in the earth is occurring in those frequencies which we find most 
useful for high resolution work. 

In order to resolve this problem we had to attenuate the stronger 
low-frequency (4-90hz) seismic signals and enhance the weaker high-frequency 
signals (loo-500hz). Solving this problem has occupied most of our time 
this year. But we have found at least a partial answer. A special seismic 
amplifier was designed that would filter out low frequency waves and differen- 
tially amplify the high-frequency waves. Several breadboard models of this 
amplifier were constructed and tested before a final design was found to be 
satisfactory. The response curve for this amplifier is shown in Figure 20 . 
Note that careful attention has been given to constructing a response curve 
that closely approximates the inverse earth attenuation function, so that 
the net result is that frequencies between 100 and 500 hz will have a straight 
1 ine response. That is to say that these frequencies will all arrive at the 
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seismograph with approximately equal amp1 itudes, The amplifier as designed 
has the capability of changing the response curve to fit the attenuation 
curve at a given field location. Figure )g shows a schematic diagram for 
a single channel of the amp1 i fier. Six channels are incorporated into the 
final design which is presently under construction. 

An additional problem encountered is that commercially available 
geophones are generally designed to pick up the low frequencies which the 
earth transmits most effeciently. This problem has been solved with the 
introduction of the Mark Products L-100 series geophones. Figure 16 i llus- 
trates the frequency response of this new generation geophone. Note that 
the attenuation of the higher frequencies is somewhat accounted for by the - 
slope of the response curve. 

Another problem that had to be solved was to determine what seismic 
source could be used to generate high frequency waves. Traditionally, 
exp 10s i ve sources have been used to generate high frequency waves. However, 
setting explosives charges is both time consuming and expensive, SO it was 
decided to experiment with an impact source in order to keep down expense 
and to speed up the field survey procedure. Spectrum analysis was run using 
the Mark Product L-100 geophone on an impact source to determine what fre- 
quencies were produced by such a source. As expected, the impact source 
generated primari ly low frequency waves, but as can be seen from the results 
of the spectrum analysis (Figure 16), frequencies up to 800 hz are obtained. 
As a result of these experiments a hydraulic impacter was designed and built 
to be mounted on the front of the geophysics vehicle. This impacter is a 
modified post driver that has the capability of impacting the ground with 
30,000 lbs of force 10 times/minute. Not only does this impacter generate 
the desi red frequencies, it also is an integral part in the signal enhance- 
ment process that is critical to the success of the SHRRP tecnnique. 

S i gna 1 Enhancement 

As the size of electrical components have decreased over the years, 
it has become practical to actually take small computers into the field and 
incorporate them into the new generat ion seismographs. These new seismo- 
graphs are no longer the analog machines of the fifties and sixties, but 
they are now digital instruments that open up many new areas to seismic in- 
vestigation. For the purposes of this research, the most significant improve- 
ment in this new generation seismic equipment is in field stacking, which 
is known as s ignal enhancement. Signal enhancement of deeper reflection 
permits recognition and correlation of coherent events and a cancellation of 
random events which reduces background noise. 

In the case of the Bison seismograph used for this research endeavor, 
(see Figure 17) the seismic wave train is received and stored in an active 
digital memory. Each time the earth is impacted at a given station the 
reflected signal is added digitally to the active memory for each separate 
channel. This process discriminates against random background noise by en- 
hancing the desired reflection from the target bed. Figure 17 i 1 lustrates 
the signal enhancement process. Notice that initially the target reflection 
is indistinguishable from the background noise, but as the number of impacts 
increase, this reflection becomes prominant and easily identifiable on the 
seismic record. Generally, without this enhancement capability, the weak 
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high-frequency reflections would not be identifiable. 

Another problem encountered during initial field tests of the 
seismograph was that of ground roll with noise. The traditional method 

of eliminating this noise is through the use of mu1 iple geophones for 
each channel in order to discriminate against the low-frequency high 
amp1 itude surface roll wave train. Experimentation during the thi t-d 

quarter of 1977 showed the multiple gcophone array solution to the ground 
roll problem is unworkable for our equipment. This is because of the 

extreme difference in the wave lengths involved between ground roll and the 
signal we desire to record. The typical ground roll wave may have a wave- 
length of several hundred feet while the wavelengths desired for the high 
resolution work may be on the order of a few feet. In order to el iminate 

the ground roll problem the mult lple .g&ophons traces are normal ly strung 
out about one half wavelength between the two outermost geophones. This 
often means that the geophones arrays are separated by more than one whole 
wavelength of the high-frequency waves. The net effect of this procedure 
is to cancel out both the low frequency ground roll and the high frequency 
waves ; a highly undesirable situation. Experimentation during the third 
quarter has shown that the best approach to the problem was to dispense 
with a multiple phone array and use one high-frequency geophone per channel. 
The low-frequency ground roll was el iminated by the geophone response and 
by the seismic amplifier response. Both discriminated against low-frequency 
waves. 

Resistivity Program 

A second approach to locating fractures will be through the use of 
resistivity surveys. During 1977, resistivity equipment was purchased and 
tested. A special switching box was designed and built that permits the 
use of the tripotential method of resistivity profiling that past research 
has shown to be extremely effective in locating shallow fracture zones 
(ref Kirk 1977). 

Field Test Sites 

AS part of the last years activities three sites were chosen to 
test the two geophysical techniques just described (Figure 1 >. 

The site where the initial testing of the whole system will be 
performed is near Washington D.C. This site is located at the proposed 
location of a Washington Metro Subway Station. It was chosen because there 
are known fractures in the rock at the site and, because as part of a re- 
search project sponsored by the Department of Transportation, a large battery 
of geophysical tests will be performed by other universities and by industry. 
This information will be used to calibrate the geophysical equipment and to 
compare resistivity and SHRRP with the other techniques that wi 11 be used 
to locate the known fractures at the site. 

The second test site is near Warfield West Virginia. The actual 
survey wi 11 be run across the Warfield Fault. This area was chosen because 
of the wealth of well data available and because detailed photo lineament 
analysis has already been performed in this area by ERDA as part of a pro- 
ject involving deviated wells. 
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The third site is located near Morgantown, West Virginia where a 
prominent photo lineament shows dramatic expression as a fracture zone in 
the Greenbriar 1 imestone. This fracture zone is approximately twenty feet 
wide and will be used to test the limits of the technique in locating frac- 
t ure zones. 

Summary of Progress 

To summarize, the geophysics portion of the contract has accompanied 
the following in the 1976-1977 fiscal year: 

1. Purchase of necessary equipment. 

2. Testing of equipment w 

3. Design and construction of special seismic amplifier. 

4. Testing of seismic amp1 ifier. 

5. Design of hydraulic impacter source. 

6. Testing of hydraul ic impacter source. 

7. Solution of ground roll problem. 

8. Design and construction of tri-potential resistivity switching circuit. 

9. Selection of three sites to test equipment. 

Plans for fiscal 1977-78 

It is presently anticipated that the entire first quarter wi 
spent performing the field tests at the three field sites mentioned 
The second quarter wi 11 be analyzing the test data. This wi 11 invo 
developing some soft ware to analyze the seismic data. Also during 

1 be 
above. 
ve 
the 

second quarter a digital fi ltering software package wi 11 be developed as 
part of the data analysis phase of the research. 

The third quarter will be spent planning the summers field work and 
initiating field work in the Cottageville area. The fourth quarter will be 
entirely in the field collecting additional data from areas that will be 
selected based on analysis of our test sites and those studies made by other 
task groups. It is likely that emphasis will be placed on investigating 
1 ineaments and sites of high shale gas product ion. 

The primary study area wi 11 be at the Mount Alto (Cottagevi Ile) 
West Virginia gas field (Figure 1 ). This field, producing natural gas from 
the Devonian shale, has recently been studied by a detailed three dimensional 
seismic reflect ion program performed by Geophysical Services Incorporated. The 
results of their work, which will be available by mid October of 1977, will 

ist ivity is of the qua serve as a standard for analys 
interpretat ions. 

1 ity of our SHRRP and res 
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Prel iminary Structure Maps 
reduced copies of 1:250,000 mylar overlay sheets 

and 

Prel iminary Devon ian Shale Gas Production 
reduced copies of 1:250,000 mylar overlay sheets 
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Kentucky Fracture Data 
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TASK 5 DATA 

The joint set data collected for task 5 has been arranged alphabetically 
by quadrangle. Locations within each quadrangle are presented as latitude and 
longitude in degrees, minutes and seconds. columns under each latitude and 
longitude location include from left to right: 

Column I: 

Column 2: 

Column 3: 

Column 4: 

Column 5: 

Column 6: 

Column 7: 

Strike: positive values such as “56” should be read as N 56 E. 
negat i ve values such as “-56” shou Id be read as N 56 W. 

Li thoiogy: the following abbreviations have been used: 
COL = coal 
SST - sands tone 
RSH = brown shale 
0s-l = black shale 
GSH = grey shale 
LST f 1 imestone 

Bedding thickness: 1 isted in feet 

Vertical dimension: 1 isted in feet 

Horizontal dimension: listed in feet 

Frequency: distance between joints in feet. For example, “2.0” 
should be read as one joint every two feet. 

Roughness : 1 i sted as “R” i s rough,. ‘5” is smooth a 

NOTES : 

Information for Adams Quadrangle is available but has not been printed. 

Blank columns indicate information that seas not observable in the field. 
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P 

After St imu- 
Flow (Mcf lat ion (Mcf) 

4.6 
0 

8: 
0 
0 

3i.4 
0 

3t.s 
7 
0 
0 
0 
0 

10 

213 
350 
103 
84 
39.5 

0 
29.8 
21 
0 
0 

6:: 
18 

1'8; 
158 
72 

172.9(16) 2028.3(17) w3(10) 

10.170 119.3 665.5 

o;t ~. : . 197! .,“L--‘, 
N.V.U.Dept. of 
Geology & 
Geography 

Initial Rock 
Pressure (lbs/psi) 

860 
8% 
800 
860 
860 

NT 

3:: 
NT 

a:To 
625 
NT 
NT 

3E 
295 

4 



COTTAGEV ILLE GAS FIELD 

JACKSON COUNTY 

Permit # 

5;: 

597 
613 
621 

654 
657 
676 
682 
687 
691 
693 
694 
696 
697 
698 
699 
700 
701 
702 
703 
704 
705 
706 
707 
709 
715 
716 
717 
721 
722 
723 
724 
727 
728 
729 
731 
732 
733 

Ccmmenced 
Drilling 

SUB-TOTAL: 

oi-31-31 
04-05-48 
04-24-48 
06-q-48 
08-03-48 
01-25-49 
01-17-49 
08-03-49 
09-22-49 
11-10-49 
12-12-49 
1 Z-08-49 
01-50-50 
04-12-50 
12-19-49 
01-30-50 
04-08-50 
02-28-50 
04-21-50 
02-28-50 
03-03-50 
02-15-50 
06-20-50 
02-16-50 
04-07-50 
02-15-50 
04-19-50 
05-11-50 
05-12-50 
03-23-51 
04-26-50 
05-29-50 
05-17-50 
07- -50 
09-20-50 
06-19-50 
o6-29-50 
07-13-50 
06-14-50 

Natural 0 en Initial Rock 
Flow (Mcf 7 

After Stimu- 
lation (Mcfl Tressure (.I bs/psi) 

830 
445 

5F.6 

ai 

g 

? 
7 
133 
36 
? 
7 
5 
? 
? 
7 
? 
.8 

7 

900 

3; 

215 

1; 
7 
9 
15 
0 

25 
7 

629 
746 
14 
? 
5 

14.9 

133 
133 
1309 
736 
NS 

5% 
231 
381 
1852 
582 
560 
822 ( 
152 
200 

700 
460 
582 
348 
NS 

1981 

3;: 
267 
233 

1100 
412 

528 

582" 
140 
959 
NS 
762 
539 
138 

875 
700 

8; 
860 
790 
800 
750 
817 
800 
800 
790 
775 
760 
805 
765 

7EI 
735 
780 
650 
775 
715 
770 
750 
690 
680 
588 
740 
675 
740 
/ 
7: 

1000 
460 
680 
865 
680 
68.5 

4915.7(26) 19362.9(35) 27740(37) 
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Geography 

NS = Not Stimuiat?d 

NT = Not Taken 



I JACKSON COUNTY continued 

t 
Permit d 

742 
743 
745 
746 

H 

747 
750 
752 
755 

I 3:: 
759 

I 760 
761 
762 
763 
764 
765 
766 

3 767 768 
772 

. 774 i 

3 = 775 
776 

- 777 
778 
779 
780 

v 
; 783 
& 784 

785 
787 
789 
790 

f 

1202 
" 1365 

R 
$ SUB-TOTAL 

Commenced Natural Open After Stimu- 
Drillirig flow (Mcf) lation (Mcf) 

07-12-50 
07-06-50 
12-15-50 
og-11-50 
08-25-50 
08-10-50 
08-16-50 
12-09-50 
08-1850 
08-07-50 
og-06-50 
09-15-50 
09-21-50 
08-16-50 
09-20-50 
06-16-50 
og-02-50 
09-29 -50 
10-18-50 
09-i g-50 
10-04-50 
09-29-50 
og -28-50 
10-28-50 
10-26-50 
01-06-51 
10-31-50 
12-26-50 
12-26-50 
03-31-51 
12-15-50 
11-25-50 
11-04-50 
11-11-50 
01-25-51 
12-12-50 
03-31-51 
07-09-57 
04-i4-70 
03-14-74 

.9 
163 

82; 
23 
49 
7 
? - 
61 
18 
0 
15 
21 
28 

31 10 

3: 
4.6 
0 
4 
2 
12 
1.8 

3: 
3480 

30 
0 

140 
4 
0 

728 
15 
6 
2 

153 

11; 

33 
7 

283 

7;; 
365 
133 

66:~ 
762 
63 
15 

152 
539 
640 
413 
246 

4" 
38 

269 
321 
203 
184 
440 
405 
377 
179 
376 
33 
71 
NS\ 
311 
286 
622 
337 
207 

0 
100 
273 

690 
660 
350 
520 
755 
565 
NT 

6: 
685 

NT 
NT 

6;; 

SNoTa 
610 
NT 
NT 

4: 
375 
375 
380 
667 

s"o'5 
385 
430 

4y3.L 
435 
NT 

4: 

665 
480 
NT 
NT 

151 

9119.3 '(36) 10150(34) 14008 (27 1 

- Ll.‘. __ . _ v - -- , 

Oct. 1977 
W.V.U.Dept. of 

Initial R60R106Y 4 
Pressure Q@bs#@Q 



UGR File R~co@/~~;~.A 
Oct. 1977 J 

JACKSON COUNTY continued W.V.U.Dept. of 
Geology 6 

Commenced Natural Open After Stimu- 
Geography 

Initial Rock 
Permit # Drilling Flow (Mcf) lation (Mcf) Pressure (lbs/psi) 

ij69 06-24-75 1007 
1';': 

190 
1371 11-11-75 0 424 
1373 05-12-76 29 298 230 

SUB-TOTAL: 1036(3) 409 (2) 844 (31 

GRAND TOTAL: 
(Jackson Co.) 15071.0(65) 29921.9(73) 42592 (67) 

GRAND TOTAL 
MASON and JACKSON COUNTIES: l52439(81) 31950.2(90) 

AVERAGE 

. 

188.196 355 .oo 

49247 (77) 

693.57 
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Plans for the upcoming quarter include writing reports for several 

ERDA meetings and the preparation of illustrations for these meetings. 
if time permits, we wi 11 start structure maps on base of the Knox and 

the top of the Ordovician. 

Fracture Mapping 

This phase of our program was initiated during mid-May with the hiring 

of a geologist to accumulate, compile, and analyze fracture data for 

the contract area. In June we started to co1 lect fracture data in the 

northeastern Kentucky area. This area was selected because of its 

importance in Devonian shale production and the paucity of published 
fracture data for that area. Data is being collected, where feasible, 
on at least a one station per 7.5’ topographic quadrangle basis. Frac- 1 

ture patterns from coal, shale, and limestone are being collected where- 
ever possible. Thus far data has been collected from 0utcrop.s in at 

least f i fteen quadrangles from northeastern Kentucky (see Fig. 1,contract 
area of eastern Kentucky). 

Plans for the upcoming quarter include continued field work to collect 
fracture pattern data in the Big Sandy Devonian shale gas field area 
of eastern Kentucky. Preparation of data for computer storage and plot- 

ting will be initiated during the latter part of the upcoming quarter. 

Groundwater Investigations 

This program was initiated during mid-May with the hiring of a geologist 
to accumulate, compi le, and analyze groundwater data for the Mount Al to 
(Cottageville) Devonian shale gas field. Plans for the upcoming quarter 

include continued investigations compilation of data in a format and map 

scale that faci 1 itates comparison of water production data with gas pro- 
duct ion data. 

Production Studies c 

During this report period construction of structural, isopach and base 
maps for the Cottagsville field was modified from hand plotting of data 

to a computer plot program. This was due to the construction of a more 

detail and accurate base map of Jackson County, West Virginia being t 

generated by the West Virginia Geological Survey. The Cottageville gas 
field lies mainly within Jackson County, WV (80%) with the remaining 
portion in Mason County. The computer base map wi 11 have locations (by 
UTM coordinates) of all wells that penetrated the Devonian Shale section. * 
Projected completion of this map is in mid-July. 

Data collection for individual wells within the gas field continues and 
is now approximately 60% complete. We are completing a data sheet for 

eash we1 1 with the following type of data collected: 

(1) Permit number and company number 
(2) Date dri 1 led and operator 

(3) Ground elevations, and accurate location 
(4) Formation Tops for the Greenbrier Limestone, Berea Sandstone, 

Organic shales, and Onondaga Limes tone. 
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Quarterly Progress Report 

ERDA Contract No. E(40-1)-5194 

April 1 - June 31, 1977 

Objectives 

Co 11 ect , compile and analyze geological data and prepare geological 

structure maps for eastern Kentucky and western West Virginia. 

Determine if structural types and styles and surface lineations for 

productive areas of the Black Shales differ from those in nonproduc- 
tive areas. 

Identify and define along with other contractors those geologic para- 
meters that control gas production from the shales. 

Determine the feasibility of using shallow penetration resistivity 

and seismic surveys to detect near surface faults and fractures and 
demonstrate their relationship to lineations observed on airborne 
imagery. 

’ Determine if a relationship exists between ground water movement and 
shale gas productivity. 

Develop a method for selecting areas for drilling shale wells that 
have a potential for gas production. 

Regional Structure Maps 

The status of the regional structure map program (s/tale 1:250,000) is 

indicated in Figure 2. All of the maps listed should be considered to 
be preliminary because they are completed with the data on hand during 

the start of the project. Some of the data is very complete, but other 

data is not. As the Eastern Gas Shale Program develops and as additional 
data becomes avai lable, these maps will be revised and expanded into 
areas of incomplete coverage. We trust that other workers wi 11 notify 

us if we have missed data or have incorrectly interpreted data, and that 
pertinent work not included for West Virginia and eastern Kentucky will 
be brought to our attention. 

During the last quarter several structural maps of the scale of 
1:250,000 have been completed for al 1 or part of the contract area. These 
include a preliminary structure map on the top of the Basement for the 

ent i re contract area, a preliminary strucuure map on the base of the 
‘. Onondaga for West Virginia, a preliminary structure map on the top of the 

Big Lime for West Virginia, and a preliminary structure on the top of the 
Berea for southwestern West Virginia. 
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(5) Thickness of each organic shale zone 

(6) Gas and oil shows throughout the Devonian shale section 

(7) Detai 1 yearly production histories 

(8) Rock pressure tests 
(9) Electrical logs 

(10) Types of stimulation (amount and zones stimulated) 
(11) Natural open flows and flow after stimulation 

From this data, the fol lowing maps will be generated: 

(1) Structure maps on the top of the Berea Formation, Organic shale 
Zones and Onondaga Format ion 

(2) I sopach maps of the Organic Shale Zones 

(3) Natural open flows 
(4) Cumulative production 
(5) lsopressure 
(6) lsotime map of drilling operations. 

In addition to these maps we intend to compare and illustrate production 
decl ines for individual wel Is, compare natural production and production 
before and after stimulation vs. production graphs. Diagrams illustrating 

shale sections that were stimulated and where gas shows occured are being 

prepared for the annual review in October. From Consol idated Gas Supply 
Corporation, Columbi., Gas and Cities Service detail production data was 
obtained for al 1 company we1 Is drilled in the Cottagevil le area. Additional 

production data from Cabot Corporation, Spartin Gas Company, Star Gas Com- 
pany, Union Gas Company, Patrick Petroleum and the Carl E. Smith Company 
are still to be obtained. 0 

Plans for the upcoming year call for expanding detailed production studies 
into other producing field areas within West Virginia and/or eastern 
Ken tucky . The areas selected for such detailed analysis wil 1 largely be 

determined on the basis of the availability of well production data from 
gas company records. 

C 

Geophysics Section 

In the third quarter most of the geophysical equipment put out for bid 

during the second quarter was received. The delivery of the field 
vehicle has been delayed by a strike at the manufacturing plant, and it 
is not scheduled to arrive until the first week of July. The delay will 

place us three months behind in our operation. . 

Much of the work in the third quarter has been devoted to testing the 
newly purchased seismic and resistivity equipment, A speci al swi tch i ng 

box has been designed and built for the resistivity meter to fascilitate 
rapid switching between various electrode arrays. 
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The bread-board single channel seismic filter and amplifier has been 
assembled and extensively tested. As a result of problems encountered 

during tests, some redesign of the circi try for this instrument was 

necessary. Analysis of data printout showed that excessive noise inter- 

fered with the real high frequency seismic response. We determined that 

the noise was related to “high line” interference and its associated 
harmonics. The problems has been substantially reduced by shielding the 
geophone cables. 

Laboratory experiments were run during the third quarter in an attempt to 
simulate and to define the frequency output of the seismic “thumper” we 
have designed. Spectrum analysis was performed, and resu 1 ts suggest 

that frequen.cies of upwards to 500 hz can be generated with the thumper. 
The higher frequencies, however, have a relatively low amplitude. 

Tests were also performed using smaI1 explosive charges as an .energy 
source. It was determined, by spectrum analysis, that high frequencjes 
of relatively high amplitude are readily achievable with this type of 
energy source. 

The use of a PDP-I1 micro data processor has been obtained in order to 

-reformat the data from the seismic digital’recorder and make it compatable 

with the University computer. The software package for this micro-processor 
is still under development. 

The advertisements placed in Geot imes and Geophys i cs to recru i t an experi - 
enced geophysicist have resulted in several applications for this position. 
Screening and interviews have taken place, but, thus far, a suitable 
candidate has not been found. Screening arid interviewing wi 11 continue 

during the fourth quarter with hopes of putting someone “on board” during 
the first quarter of 1978 fiscal year. 

Plans for the upcoming quarter include assembly of the field model of the 
multi-channel seismic fi 1 ter and amp1 ifier by mid-July in time to al low 
installation into the equipment truck. 4 

Because of the unexpected delay in receiving delivery on the field vehicle 
the first part of the fourth quarter wi 11 be spent assembling and integr.ating 

the field equipment into a concise and efficient package. It is expected 

that the first full scale test runs of the entire system wi 11 be spent 
assembling and integrating the field equipment into a concise and efficient 
package. It is expected that the first full scale test runs of the entire 
system will begin in mid-August or early September. . 
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QUARTERLY REPORT : ERDA CONTRACT EY-76-c-05-519’+ 

October - December 1977 

Objectives 

Collect, compile and analyze geological data and prepare geological 
structure maps for eastern Kentucky and western West Vi.rginia (fig. 1). 

Determine if structural types and styles and surface lineations for 
productive areas of the Black Shales differ from those in non- 
product i ve. areas. 

Identify and define along with other contractors those geologic 
parameters that control gas production from the shales. 

Determine the feasibility of using. sha3 low penetration .resis.tivi.ty 
and seismic surveys-to detect near-surface faults and fractures and 
demonstrate thei r -relationship to 1 ineat ions observed on airborne 
imagery . 

Determine if a relationship exists between ground water movement and 
shale gas productivity. 

Develop a method for selecting areas for drilling shale-wells that -- 
have a potential for gas’production. 

Summary of Progress 

During the f i rst quarter three separate reports summarizing work or 
integrating results of our work with that of others were prepared in 
rough draft form for submission to DOE-MERC. One report, by J.N. DeWys 
and R.C. Shumaker, summarizes the results of a pilot study that utilized 
analytical techniques applied to production data from the Cottageville (fig. 1) 
(Mount Al to) field. The major emphasis of this report is on the tech- 
niques used in analyses of production data, but it also introduces 
several inovative techniques that are useful in comparative analyses 
of production and geologic data or interpretations. The second report, 
by R.C. Shumaker, sumarizes the fracture data from several descriptive 
reports concerning EGS project cored wells. The report introduces and 
describes the concept of a “porous fracture facies”. that is important 
to shale gas production, and in it the author briefly discusses the 
imp1 ication of such 6lanketpl ike fracturing to production,exploration 
and of the di rection of the Eastern Gas Shale program. A third report, 
prepared jointly for our program and that of another agency by D. Scott 
Jones, summarizes the results of his field work and data analysesland 
how it relates ground water productivity studies to air photo linears 
mapped in the Cottageville (Mount Alto) field area. 
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Even though our contractual tasks do not include fracture analyses of 

shale cores, we studied certain cores from West Virginia, Virginia, and 
Kentucky in order to supplement published descriptions prepared by DOE 
and West Virginia Geological Survey personnel. We considered this 
diversion from our planned program necessary for a better definition 
and understanding of the interrelationships of fractures and gas 
product ion. The work on these wells included statistical presentation 
and analyses of all structual data including fractures, slickensides, 
and mineralized zones within the shale of the lower productive zone. 

The geophysical equipment assembled during October and November, was 
field tested at the first test site located outside Washington, D.C., (fig. 1) 
during December. The system worked well, but road traffic noise at the 
site 1 imited the effectiveness of recording seismic data. 

Comprehensive geologic analyses of structural, stratigraphic and pro.- 
duct ion data for the Cottageville Field continues. A preliminary week ’ 
long visit was to the Kentucky - West Virginia Gas Company in 
Prestonsburg, Kentucky to arrange for a comprehensive study of the 
Kentucky portion of the Big Sandy Field. This working relationship 
with Kentucky - West Vi rglnia-Gas is of fundamental importance to a 
study of data-from -the heart of the Devonian Shale producing area. 

Surface fracture analyses of eastern Kentucky centered first on 
encoding of- fracture data co1 lected during last summer, and then on 
preliminary computer analyses. of that data; We have started the . 
tedious job of grid locating data points which is required for 
computer display of analyses. 

. 

Personnel 

Recruiting for a third structural geologist for the surface structure 
tasks of our program,--and-a. second geophysicist for the geophysical 
tasks was initiated this past quarter. The recruiting for a geologist 
to undertake the task of a geologic analyses of the unconformity near 
or at the base of the Devonian shale has 
eation of the avai labi 1 i ty of pertinent 
Kentucky. 

been postpons 
geologic data 

d pending- de1 in- 
for eastern 

Our secretary-bookkeeper resigned as of December 30, 
interviewing perspective employees to f i 11 that posit 

977. We are now 
on. 

. 

Travel 

Travel by contract personnel beyond the normal field work included a 
trip to Toronto, Canada to pick up the Winky Drill Rig, two t:ips -to 
Washington, D.C. to cover geophysical investigations of the test site 
(see below), a recent visit to Prestonsburg for discussions with 

Kentucky - West Virginia personnel leading to the study of the Big 
Sandy Field (see below),and a trip to Lexington, Kentucky to the 
Kentucky Geological Survey to undertake a microstructural study of the 
Hazard and Mart in County shale cores. 
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H 
Three papers were pub1 ished in the proceedings volume of the Fi rst 
Eastern Gas Shales Symposium: 

I 
L I. Kirk, Keith G.; Geophysical Methods Used to Locate Zones of 

Secondary Poros i ty . 

I r- 
2. Nuckols, E.B.; Production Characteristics of Devonian Organic 

Shales in the Cottageville Field Near Ripley, West Virginia. 
. 

3. Shumaker, R.C., ark, Keith G., Nuckols, E.B., Long, B.R.; 
Analyses of Structural Geologic Parameters that Lnfluence Gas 
Production from the Devonian Shale of the Appalachian Basin. 

I 
There are three manuscripts (noted above) in preparation for 
submittal to DOE-HERC this coming quarter. 

I Finances 

I 
A separate report-will be submitted by the:Comptrol ler of West Virginia 
University concerning the exact status of our finances. 

I 

I 

I 

I 

I 

I 

I 
5 k 

In studying our expenditures through tb.e first quarter, it was found that 
we have underestimated’the cost of supplies used in preparation of reports, - 
and.more specifically-in. reproduction-of -illustrations to be included in 
these reports. Our projected increase in this budget item for the 
upcoming yea,r is $1000 to cover these additional costs. 

. 
Secondarily, the project director underestimated the amount of typing and 
the personnel required to clear this typing during peak load times. For 

instances next year it will be impossible for our secretary and our 
draftsmen to prepare the annual report for 8 to 10 project personnel in 
the time between their return from the field and when the work is due 
October 1, 1978. We expect that- we will increase -this category of our 
budget by $750 to hire temporary help for assistance in typing and 

drafting during peak load periods. 

A third financial problem which must be resolved during the upcoming 
quarter is the unexpected high bid cost for modification of the 
University aircraft for multispectral aerial camera. The low bid for 
this job was $6000 whereas our estimation some two years ago, based 
on incomplete data,was that the cost would be from $500 to $1000. Either 
we must receive additional funds for this job or divert funds set aside 
for other equipment. A separate but less agreeable alternative would be 
to cancel this program entirely. We intend to place this job out for 
bids again if other companies can be located that would bid on this work. 
A final decision on this matter will be made in conjunction with the TPO 
during the next quarter. 
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1. REGIONAL STRUCTURE - R. C. Shumaker (Project Director) 

Most of the Directors time was spent in administrating the Contract. 

A comparison of published descriptions of shale cores taken in the 
contract area show a general coincidence of mineralization, slickensides, 
fractures of a unique origin, and gas production. This coincidence led 
the director to gradually develope the concept that a “porous fracture 
facies” within the lower organic shales is critical to gas production 
from the shales of southern West Virginia and eastern Kentucky. The 
evidence on which this concept is based is presented in a brief report 
written at the end of the quarter. In this manuscript, a hypothesis 
is developed that minor thrust moves_ent or differential shortening 
across the shale created much of the fracturing found associated with 
p roduct ion. 

The dri 11 ing of a cored we1 1 through the Pine Mountain Thrust (see 
Tom Wi lson’s report, below) seemed to be a rare opportunity to compare 
the- deformation associated- with proven thrust movement in the shale. 
with the porous fractures--found in the cores. co1 lected in the foreland 
and postulated to be created by minor thrust movement or differential 
shortening. 

Because. of the -importance- that -these-findings-might have on the Eastern 
Gas Shale Program, the decision was made to divert a portion of our 
effort to describe and analyze the Structural features found in the 
shatccores--of cur project-area-even-though such work- is not a part o’f 
our original task description. Two project investigators from our 
surface structures task confirmed and amplified the published des- 
criptions of -the Wise County, Virginia, and the Lincoln County and 
Collegeville, West Vi rgin ia cores, (see below Jan Dixon.) 

Work will be completed with a thorough description and analysis of the 
structural features found in these cores, and the preliminary manuscript 
concerning the origin of the “porous fracture facies” wi 11 be submitted 
during the upcoming quarter. 

Some progress was made during the past quarter by the project director 
in spotting tops of the Conasauga for construction of a structural 
contour map on that horizon for the project area. It is my intention 
to complete these maps during the upcoming quarter. 

2. STRUCTURE TYPES - Jeanette M. Dixon 

A structural cross-section (one to one scale) was drawn from the Hazard 
North quadrangle, Perry Co., Kentucky southeast through the Keokee 
quadrangle, Harlan Co., Kentucky and Lee Co., Virginia for the purpose 
of determining the structural setting of the Big Sandy gas field. 
Information was obtained by the. following: (1) USGS-Kentucky state 
geologic maps were used for topography and outcrop location information, 
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(2) geologic maps and we1 1 logs%&&e~~e~g~~r format ion thi cknesses, 
and (3) logs from wells near the 1 ine of section were used for formation 
depths. 

Preliminary studies of sl ickensides of two Lincoln County we1 1 cores and 
two Cottageville well cores were made. The Cottageville wells studied 
were almost void of slickensides. The 111340 well had only five slicken- 
sides and the fl2041 well had no slicks. The poor condition of the 
cores prevented measurement of orientations of the slicks. Twenty-one 
sl ickensides were found in the Lincoln County we1 1 #20402. These 
slicks showed preferred orientations of N40-50 W and N20 E. The 
a20403 well had twenty-eight slickensides with a preferred orientation 
of NO-20 W. 

Detai led studies of the nature of movement and characteristics of the 
slickensides in the Lincoln County we1 1s and the new Mason County we1 1 
cores will be made in the month of January. Analysis and computer work 
for these wells wil I be done in February. 

Thomas H. Wilson 

An investigation of the distribution and orientations of slickensides 
and natural fractures comnonly observed in cores through the Devonian 
shales has been undertaken. The ultimate aim of this work is to 
determine the tectonics producing these structures and to predict 
the&occurrence.- 

Survey personnel have described in detai 1 the occurrance of fractures 
and slickensides in the Wise, Martin and Marietta wells. Kulander, Dean 
and Barton, 1377 described in detail the characteristics and occurrence 
of induced and natural fractures and slickensides in the Nicholas Combs 
No. 7233 We1 1, Hazard, Kentucky. 

This investigator has examined the Wise County core available at 
MERC and has recently been to the core 1 i brary of the University of 
Kentucky in Lexington to make observations of the Nicholas Combs 
No. 7239 core and Martin County core. 

Approximately 4000 natural and induced fracture orientations 
logged by survey personnel at the HEX core lab have been keypunched 
onto computer cards. Using the computer, sperical projections of poles 
to fracture surfaces were then Mel1 is contoured on an equal area net. 
The data is separated on the basis of depth and natural or induced 

fracture characteristics for the purpose of comparison. Specifically, 
changes in the orientation of natural and induced fracture surfaces with 
depth are investigated. Initially, the core data is broken into equal ly 
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spaced intervals which are later grouped together on the basis of 
similarity in orientation. All sl ickensided surfaces are plotted 
separately. 

Some statistical tests have been done on changes of strike with 
depth for the induced fractures. The distributions of strikes for the 
induced fracture surfaces are commonly unimodal with small standard 
deviations so that the nonparametric Mann-Whitney U test is employed 
to determine statistical differences in the mean strike of these 
surfaces. 

Results of this work are as follows: 

1. Wise County We1 1 - The strikes of the induced fractures from 
this well generally range from N40W to N60W. Frequency distributions of 
induced fracture surfaces for each 50 foot interval of the core show 
significant changes in the mean strike, and thus significant changes in 
the residual stress in the rock (Overbey, 1969; Komar et. 2.. 1973) 
between the intervals at 4820 to 4870 and 4870 to 4920, The induced 
fracture surfaces have bimodal dip distributions with peaks at roughly 
&NW and &SE. Figure-2 shows... the general pattern formed by the poles to 
induced fracture surfaces. The two clusters result from the bimodal 
plunges of the uniformly trending poles. In the interval 5312 to 5337 
the strike distribution becomes bimodal and a polymodal clustering of 
poles to these surfaces can be seen (see figure 3). 

in the interval 5355 to 5435 the intensity of induced fracturing 
decreases rapidly with a simultaneous increase in the intensity of natural 
fracturing. The induced fracturing again increases in intensity below 
this interval . 

This division of the acre on the basis of induced and natural fracture 
intensity was used to examine whether there are any systematic changes 
in the-clustering of the poles-to natural fracture surfaces projected 
onto the equal area net. Mellis contoured spherical projections of the 
poles to natural fractures in these three divisions are shown in figures 
4, 6 and 8. 

In figure 4 (4870-5355) two clusters of poles with trends roughly N05E 
(a cluster of 4) and N85 ( a cluster of 9) correspond to planes striking 
~85W and N85W respectively. The acute angle of intersection between 
these two planes is bisected by a line trending N45W which corresponds 
roughly to the trend of sigma 1 which produced the Pine Mountain thrust. 
Such fractures forming an acute angle with sigma 1 are shear or diagonal 
joints. However , it should be noted that slickensides were not logged 
for these surfaces and that confidence limits were not calculated for the 
separation angle between these two clusters, they may in fact be 
tensional joint sets. Also, poles to slickensided surfaces (see figure 51 
do not show clusters in these areas of the net. 

in figure 4, another cluster of 5 poles can be seen at the center of the 
net representing horizontal fractures. Their surfaces were not 

slickensided, but were mineral iced and may represent fractures developed 
durinq conditions of hiqh fluid overpressure, when sigma 3 is vertical. 
The o&urrence of horizontal sl ickeniided suifaces in th is interval 
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(see figure 5) indicate that conditions of high PFutiJD8$&rlgp7r7essure were 
local in nature. Also, the horizontal fractures occurred in groups of 2 
and 3 which were widely separated in space. One final aspect of this upper 
division is that the intensity of fracturing is very low with only 30 
natural fractures occurring in 344 feet of core. 

In the zone from 5355 feet to 5435 feet, natural fracturing is most intense. 
The poles to the fractures (see figure 6) form a be1 t across the equal 
area net. This pattern of natural fractures is identical to the model 2 
proposed by Wi 11 iam K. Overbey Jr. for fractures generated by 1 ow-angle 
thrust faulting (see figure 10, Overbsy, 1976). In this model it can be 
seen that a large number of fractures have poles plunging NW, and that 
the majority of fractures wi 11 be oriented parallel to the thrust sheet 
in agreement with the sperical projections of the poles to natural fractures 
in this division. Whether the significant proportion of fractures having 
poles plunging to the SE is inconsistant with this model is not known. 
Poles to slickensided surfaces (figure 7) lie in a belt, identical in 
orientation to that of the natural fractures, which is clustered in the 
same relative proportions. On the basis of the intensity and orientation 
of natural fractures and slickensided, it is suggested that the interval 
between 5355 feet to 5435 feet is the dgcolement in the Pine Mountain 
Thrust sheet. This zone corresponds to an 80 foot interval within the 
176 feet of Brown shales which begin at 5300 feet (personnal comunication, 
J. Schwietering). It should be noted that the interval below 5475 (the 
base of the Brown shales) to the top of the Onbndago at 5676 feet (as 
inferred from the gamma ray log) was not cored, so that similar zones 
of fracturing may be present .in this interval of 203 feet. 

The natural fracturing in the remaining 40 feet of the core (below 
5435 feet) sh own in figure 8 exhibits no preferred trend. The orientations 
of poles to these surfaces indicate with few exceptions that these 
fractures are highly inclined to vertical and may have developed in 
response to tension resulting from dewatering along the surface of 
detatchment. The poles to slickensided surfaces (figure 7) occur in 
a 1 foot interval from 5435 - 5436 feet and should have been included in 
the division above. 

This investigator has measured the trends of -s I i ckens ides from the 
Wise County core finding the average trend .to be N45W in rough agreement 
with the direction of movement for the Pine Mountain thrust sheet. 

A reexamination of the slickensided surfaces is planned for this core. 
Trend and plunge of slickensides will be measured, along with the strike 

. 

and dip of the slickensided surfaces providing the slicks do not trend 
perpendicular to the strike of the surface. Also, attempts will be 
made to determine the relative direction of movement along these surfaces. 

2. Nicholas Combs No. 7233 and Martin Cores - Data co1 lected 
at the core 1 ibrary of the University of Kentucky in Lexington has not 
yet been examined in detai 1. In the interval 2623 - 2647 feet from the 
Nicholas Combs core, the slickensides trending NE, noted by Kulander, 
Dean and Barton, 1377 were observed. The slicks plunge NE and SW with 
trends perpendicular to the strike of the fault surfaces. Where relative 
movement indicators were observed they indicated, with one exception, 
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This is a contour of the poles to natural fractures occurring 
in the interval 5356-5435 feet. 
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This figure is a contour of the poles to SI ickensiddd. surfaced 
in the interval from 5356 feet to 5435 feet. 
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Poles to natural fractures occurring from 5435 feet to the bottom 
of the core at 5475 feet are contoured. 
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This is a contour of poles to slickensided surfaces occurring 
in a one foot interval 5435 feet to 5436 feet. The orientatS6ns 
of the slickensides and the class near to the above interval 
indicate that they should be included with those slickensides 
occurring between 5356 and 5435 feet. 
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downward movement of the hanging wa 1 1 . Th i s sug@$tSDB%etl%% movement 

is the result of compaction from loading associated with a local 
depositional irregularity. 

The Nicholas Combs and Martin cores are in poor condition for 
examination, and much of the cores have been removed by various observers 
for more extensive analysis, making adequate data collection difficult. 

The fracture logs provided by the survey for the Martin County cores 
are presently being examined. 

3. Marietta Core - Spherical project ions of poles to fracture 
surfaces were plotted for each 10 feet of this core. The survey’s 

fracture log of this core did not differentiate between induced and natural 
fractures or slickensided surfaces, so that little can be said about these 
structures. It was noted in an earl ier report that the poles to natural 
fractures have a more scattered appearance .on the equal area net than to 
poles to induced fractures. However, some irregularity is also observed 
in the induced fractures and thus it is not reliable to conclude that 
those fractures whose poles fall outside clusters typical of the induced 
fractures are natural. As an example, a spherical project ion of induced 
fractures in a ten foot interval from the Gse County well is included to 
illustrate this scatter (figure 1.0). 

-Future W&k-wil be as follows: 

1. As mentioned earlier, the Wise County core wi 11 be reexamined measuring 

trend and plunge of sl ickensides as was done’for the Nicholas Combs and 
Martin County cores. 

2. Samples of horizontal natural fractures containing fibers will be 
thin sectioned and examined under the petrographic microscope for effects 
of high pore fluid pressure. 

3. Spherical projections of the fractures in the Martin County core will 
be completed and examined. 

;a b. f l&i 

m 

P &L 

4. Core induced fractures showing considerable scatter, as mentioned 
in the discussion of the Marietta We1 1, wi 1 I be plotted separately to 
determine if they form clusters and whether these clusters have any 
tectonic significance. 

5. Of ultimate Concern to this work is the relationship between fracturing 
and petroleum product ion. The characteristics of fracturing in the Brown 
shale is of major interest in itself. Since the Brown shale is the main 
reservoir in 27 named fields in southwestern West Virginia (Patchen, 1977), 
it is hoped that fracture logs from the Brown shale gas fields can be 
obtained so that an examination and comparison of the characteristics of 
fracturing and faulting in this shale, and their cause, can lead to a 
more efficient and complete extraction of petroleum from the Brown shales. 
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This contour of poles to induced fracture surfaces 
illustrates the scatter in orientation which is occa- 
sional ly seen. 
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3. PRODUCTION STUDIES - E. B. Nuckols 

Continued-product-ion studies of the Cottagevi 1 le Gas Field-near-Ripley,-. 
West Virginia , were concentrated in two major areas; (1) geologic map 
preparation (structure and isopach maps} and (2) computer analysis of 
gas product ion character i st i cs. Of these two areas of concentration, 
the major area of study was on geologic map preparation. 

The following prel iminary geological structure isopach and product ion 
maps have been delivered to the Morgantown Energy and Research Center: 

1. Base Map showing location of all Devonian shale gas we1 1s in the 
Cottagevi 1 le Gas Field 

2. Structure on the top of the Mississippian Berea sandstone 

3. Structure on the bottom of the Middle Devonian Huron shale 
member of the Ohio Shale 

4. Structure on the top of the Middle Devon ian Onondaga Format ion 

5. lsopach of the upper organic shale zone (Zone I I I) in the lower 
port ion of the Huron shale 

6. lsopach of the lower organic shale zone (Zone II) in the lower 
portion of the Huron shale 

7. lsocontour of initial reservoir pressure (rock pressure) after 
completion of shale well 

8. lsocontour of initial gas test flow rate after completion of 
drilling 
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9. lsocontour of final gas test flow rate after stimulation or 
natura 1 flow 

In addition to the above maps, three additional maps have been completed 
but have not been submitted to MERC for inspection. These maps are: 
(1) lsopach of total Devonian shale section, (2) lsopach of the lower 
portion of the Huron shale member (portion of the shale section that 
produces gas) of the Ohio Shale and (3) Base Map with the location of all 
gas we1 1s in the Cottagevi lle study area. 

In early December, Mr. Jerry Craig of HERC was contacted to see if a 
computer study of production characteristics could be accompl ished. Upon 

receiving a go-ahead from him, production data from 62 wells in the 
Cottagevi 1 le Field was submitted. The following computer analysis 
studies are now being performed: 

e 

1. Production decline curve analysis with exponential curve fit c43 
we1 1s) 

2. Product ion decl ine (exponential curve f.i t) to economic 1 imi t 
(2400 MCFtyear) for potential gas reserves. 

3. Statistical analysis of reservoir pressure squared.vs. cumulative 
product ion 

4. Statistical summary.of production decline, grouping’gas wells 
according to initial gas flow rates and gas flow rates after stimulation 

5. -Slope characteristics of production decline curves at five year 
increments 

These computer studies are due to be completed by the end of January and 
will be integrated into the overall gas field analysis. 

In the upcoming second quarter of FY 78 the following areas of investigation 
wi 11 be investigated: 

1. Map shotiing. production status of Devon ian shale gas we1 1s 

2. Gas show maps - indication map of what shale horizon is producing 

3. Penetration map showing shale zones penetrated and total depth 
dri 1 led 

4. lsocontour map of production decline curve characteristics _ 

5. Graphical representation of init ial pressure vs. time (we1 1s 

6. St rat the length of the gas field 

7. Strat 1 to gas field trend 

with production data only) 

igraphic cross section along 

igraphic cross section norma 
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In addition to the above studies, geophys i ca 1 wot%t6;Dkphys i ca 1 Serv i ce 
Inc. (under contract by Consolidated Gas Supply Corporation and MERC) 
in the Cottageville Field will be integrated into the field analysis. The 
availability of new data recently released by Devon Corporation and a 
somewhat more comprehensive study of production characteristics has 
delayed integration of production and geologic data for an analysis of 
their interrelationship. By the end of the second quarter the analysis 
should be complete and writing of the final report should be underway. 
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J. Negus de Wys 

A paper entitled”Pilot Study of Gas Production Analysis Methods 
Applied to Cottageville Field,“’ comprising 44 pages, 6 tables, 26 figures, 
and I2 transparencies, is in final stages of completion. This report will 

be submitted to MERC for publication in the orange cover report series. 
The report is authored by J. Negus de Wys and R. C. Shumaker. 

A week-long visit to Kentucky - West Virginia Gas Company in Prestonsburg, 
Kentucky was extremely productive. The company was most cooperative in 
supplying assistance and- data. 

Three hundred wells logged through the Devonian have been plotted on a base 
map qvering IO counties in Eastern Kentucky. Electric logs (Gamma Ray, 
Neutron, Density, etc).. have--been pulled -for al l-wells and are presently .. 
being correlated.. -Stratigraphic picks-will Tnclude tops and bottoms-of.the 
Bedford, Cleveland, Three Lick, Huron, and Olentangy. 

Information -en -the- Big -Lime -wi l-l-be I-nc-luded-where possible.- .I sopachmaps.- 

will then be prepared and compared with those of Linda Provo. 

Additional wells will’be obtained from Ashland and Columbia, who are al so 

cooperating in this study. 

Production data and drillers logs for Litcher County are being studied. 
This will be the basis for the proposed production study of the field, 
as far as how the data wi 11 be represented. 

A’proposai is being drawn up for logging of wells already in existence 
in areas of the eastern Kentucky field where electric flogs are scarce 
or nonexistent. Such additional information will greatly enhance the 
value of this study. 

Well samples have been requested for all counties for microscopic exam- 
inat ion. Lithologic descriptions will be compared with drillers logs 
and existing descriptions in the I iterature. 

t 
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4. SUB-CROP MAPS 

This task is not scheduled to commence until August 1~78. 

5. FRACTURE ANALYSIS - Brian R. Long 

I 

lr 

I 

The task 5 Fracture Study involves the compilation and analysis of 
surface fracture trends in the eastern Kentucky area. Field data has 
been arranged into computer data sets for the plotting of fracture 
trends as individual Rose diagrams or as Rose diagrams plotted on 
variable map scales. Data point locations were converted from 
latitude - longitude to Universal Transverse Mercator grid coordinates 
for compatibil ity with computer mapping programs. A 1 imited number 
of data points were piotted by quadrangle as individual Rose diagrams 
and included fracture trends of all lithologies. 

I 

I 

During the next quarter existing computer programs wi 11 be used to 
plot fracture Rose diagrams individually or on a map of any scale. 
Maps or individual Roses will be plotted in relation to lithology, 
bed thickness, joint dimensions, and frequency of jointing. Correlation. 
of fracture trends with locations.of existing-gas and oil pools will 
also begin during the next quarter. 

1 I :- STATUS OF SHALE CHARACTERIZATION TASKS 

1. GEOPHYSICAL STUDIES - Keith K’irk 

Research has continued to progress on the geophysical tasks. This 
progress has been somewhat slower than anticipated because of unexpected 
equipment difficulties with the final interfacing of the many Pieces of 

equipment that; in total, make up the geophysical research vehicle. Also, 
the second geophysicist position has yet to be filled. Additional re- 
cruiting has taken place -during the first quarter, and several appl icants 
are presently being reviewed for the vacant posit ion. It is anticipated 
that a decision wi 11 be made during the second quarter, and the second 
geophysicist will be on board by the third quarter. 

The first field testing of the total system was skedualed for early fall. 
Because of equipment interfacing difficulties, testing was pushed back 
unti 1 late November. This testing uncovered additional interfacing 
problems that have just recently been solved. 

September~ was spent designing and building two special purpose heavy 
duty bumpers for the geophysical research vehicle [GRVl. The heavy duty 
front bumper was designed to hold the hydraulic impacter which is used 
as the seismic energy source to generate the shock impulse for the 
seismograph. The heavy duty rear bumper was designed so that the portable 
dri I1 rig could be mounted on the rear of the GRV. The portable rig 
arrived and was installed in late September. Learning to properly operate 
this rig occupied the first two weeks of October. 



B 
H 
I 
I 

” 24 

4 k 

Fag= 13 UGR File K04S/7SQl 
wu Dept. of Geology and Geography 
Oct.-Deco 1977 

During the third week of October the hydraulic impacter was removed from 
its temporary installation on the testing apparatus and remounted on the 
GRV. Once this was done the seismograph, analog filter, digital recorder 
and chart recorder were installed in the GRV, and the initial testing of 
the total system started. 

As testing began it was discovered that there was a electrical noise 
problem that severely limited detection of high frequency signals. 
Further testing indicated that this electrical noise was generated pri- 
marily from two sources. These were: the noise associated with the 
engines electrical system in the GRV, and noise associated with the 
harmonics of 60 cycle.A;C. power lines. These sources of noise were 
enhanced by the 128 decibel gain of the seismic amplifier. The answer 
to this noise problem involved a two stage solution. 

A new power supply was designed and built to power the geophysical 
instruments. The power supply was highly filtered to eliminate the 
problem of the elctrical noise generated from the GRV electrical system. 

in order to eliminate the problem of the 60 cycle harmonics much of the 
geophysical -instruments had .to be rewired with shielded electrical cable. 
This rewiring. included rewiring -the geophones and geophone leads, the 
electronics of the hydraul ic impacter-, and the connections between al I 
of the geophysical instruments. After these problems were solved testing 
again began in late November. 

As testing of the total system progressed into early December it was 
discovered that the rechargeable batteries which supply power to a portion 
of the system were sensitive to temperatures below freezing. This problem 
again necessitated the refurbishing of a portion of the power supply and 
the installation of a heater in the GRV. 

After these problems were solved testing of the total system resumed. 
Initial results in sedimentary terrains show reflections are obtainable 
from depths up to 3000 feet with frequencies as high as 150 hz. 

It has been noted that impacting of the ground in loosely compacted soils 
does not permit the transmission of high frequency impulses to pass into 
the subsurface. In fact, testing of the system at the first test site 
(figure 1) on metamorphic rocks in Maryland, where a thick saprol ite 
exists, has shown that only frequencies less than 28 hr could be effectively 
transmitted into the ground with the hydraulic impacter. 

It has been discovered that this problem can be circumvented in two ways. 
If the loose soil is saturated, high frequency waves can be transmitted. 
This however is not a viable solution since all field work cannot be 
scheduled to follow a hard rain. Another solution is to use the drill 
rig to auger a ho1 e to bedrock, and then impact a steel post against the 
bedrock with the hydraul ic impacter. This solution is only viable in 
areas of thin over burden. 
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Even though the hydraulic impacter is a relatively effecient and safe 
means of inputting energy into the ground several problems have developed 
in regard to i ts use. Extensive use of the impacter has caused the 
loosening of many of the mechanical parts on the GRV and has greatly 
reduced the effeciency and reliability of the GRV’s front suspension 
system. This unexpected problem will necessitate the rebuilding the 
suspension system with extra heavy duty parts. It is expected that 
additional funds will be requested as funds were not budgeted to install 
a heavy duty suspension system into the GRV. We intend to evaluate 
this problem-as a different,type of energy source, such as a down hole--- 
sparker or accetal ene “poppeP, may be a more suitable energy source for 
the system. 

At this time it is difficult to make exact work plans for the second 
quarter of f i seal 1978. This is true because the field work involved 
with the geophysical evaluat.ion is dependant on the weather during the 
winter months. Weather permitting, field testing will continue at the 
next two s3.tes (figure 1). 

During the expected-inclement: weather the problermof. an alternative energy 
source for hydraulic impacter will be evaluated and the soft ware 
necessary to display the-collected-field- data-will-be studied. If time 

permits-,the rough design of the-acetalene “popper” will be made, and if 
money permits a “popper’L will be bui It to determine if it is less costly 
alternative to rebuilding the front suspension system of the GRV. 

We will be interviewing geophysicists during the second quarter this 
can fill the vacant position. It is hoped that this postion can be 
filled to assist in the many tasks involved in the program. 
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co-authored by: 
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QUARTERLY REPORT: ERDA CONTRACT EY-76-C-05-5194 

January - March 1978 

Objectives 

Collect, compile and analyze geological data and prepare geological structure maps 
for eastern Kentucky and western West Virginia (fig. 1). 

Determine if structural types and styles and surface lineations for productive areas 
of the Black Shales differ from those in non”productive areas. 

Identify and define along with other contractors those geologic parameters that 
control gas production from the shales. 

Determine the feasibility of *using shallow penetration resistivity and seismic 
surveys to detect near surface faults and fractures and demonstrate their rela- 
tionship to lineations observed on airborne imagery. 

Determine if a relationship exists between ground water movement and shale gas 
productivity. 

Develop a method for selecting areas for drilling shale wells that have’a potential 
for gas production. 

Oreanization 

In order to attain the stated objectives, we have designed several tasks which have 
been organized into five study groups. Four of these groups - regional structure 
studies, fracture studies, structural type studies, and production studies - are 
carried under the U. S. Department of Energy Resource Inventory Task. One 
group - geophysical studies - is carried under Shale Characterization Task. 

Summary of Progress 

Results of our efforts during the winter months came to fruition in the completion 
of the reports (see publication section below). 

The report by de Wys and Shumaker describes an innovative approach to analysis 
of shale gas production from the Cottageville Field of Jackson County, West 
Virginia. The reports by Shumaker, Wilson, et al. cover analysis of slickensides 
found in the shale cores collected during the first two years of the Eastern Gas 
Shales program in our contract area. Slickensides were generally considered to 
be compaction features, but our analysis clearly shows that most are related to 
regional tectonics. Regional analyses and possible ramifications of this discovery 
to the Eastern Gas Shales program are discussed in the second report by R. C. 
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Shumaker. Wilson, Dixon and Shumaker give detailed results of our structural 
analyses for each core. The report by Kirk presents the results of geophysical 
tests run at the first test site. 

During this quarter, the Governor of West Virginia, Jay Rockefeller, 
froze all contract purchases and hiring for all grants. This action was taken 
because of the United Mine Workers’ strike. Special requests and justifications 
for exemptions were prepared and submitted to the State to cover the hiring of 
three individuals under this contract to fill the vacancies in the geophysical and 
the structural tasks. We are awaiting State reaction to these requests. 

Requisitions to install the multispectral camera and to purchase a density 
slice an&edge enhancing viewer have been delayed until the freeze is lifted. Thus 
far, the effect of the strike has been to make progress more difficult, but it has 
not materially delayed our program. Should the freeze continue through the third 
quarter, it could materially affect the program since this is a time of field work 
and data acquisition. 

Personnel 

Recruiting for a third structural geologist carried under Structural Type Studies 
was completed and an offer made to a qualified individual. A second geophysicist 
for Geophysical Studies has been hired and, if approved by the State, should be 
working by June. During the quarter, we, in conjunction with the Technical 
Progress Officer, decided to intensify our study of.fractures found in the shale. 
This effort is an outgrowth of our recognition’of the “porous fracture facies” 
described in the reports listed .below. This intensification required assigning 
one geologist from the Structural Types Task and one from the Unconformity Task 
to the Fracture Studies Task. 

Through our efforts , additional geologic and production data will be avail- 
able for eastern Kentucky gas production; so we intend to expand our program in 
that area (see production task below). 

Travel 

Travel by contract personnel beyond normal field work included a trip to Washington 
D. C. to report results of our geophysical investigation of site I (figure 1) to the 
Department of Transportation. The report covering our investigation of that site 
is included below (see Geophysical Task). We also visited the Mining Enforcement 
and Safety Administration Office in Pittsburgh to inspect and evaluate the optical 
analysis system they use to evaluate remote sensing data. 
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Five papers have been prepared for publication- 

For the proceedings volume of the Geological Society of America, Southeastern 
Section Symposium entitled: Western Limits of Detachment and Related Structure 
in the Appalachian Foreland: 

Shumaker, R . C . , 1978, Porous Fracture Facies in Devonian Shales of Eastern 
Kentucky and West Virginia 

Wheeler, R. L., 1978, Cross-strike Structural Discontinuities: Possible 
Exploration Tool in Detached Forelands 

Wilson, T. H., Dixon, J . M. ) Shumaker, R. C a , 1978, Fracture Patterns From 
Oriented Cores of the Devonian Shale in the Appalachian Basin 

For publication in the DOE-MERC orange series: 

de Wys, J. Negus and Shumaker, R s C *, 1978, Pilot Study of Gas Production 
Analysis Methods Applied to Cottageville Field 

. For publication in the proceedings volume of the Department of Highway Conference 
on geophysical evaluation of the Forest Glen metro site: 

Kirk, Keith G . , 1978, High Resolution Seismic Survey at Forest Glen, 11 p. 

Finances 

A separate report will be submitted by the Comptroller through the West Virginia 
University Grants and Contracts Office concerning the exact status of our finances. 

The minor problems concerning finances outlined in our last quarterly report 
were discussed and resolved in concert with our Technical Progress Officer. 

I. STATUSOFRESOURCE INVENTORY-TASKS 

1. REGIONAL STRUCTURE - R. C . Shumaker (Project Director) 

As noted in the previous quarterly report, we diverted a major part of our effort 
from structural type studies into an area that needed study; detailed structural 
analysis of oriented shale cores. The results of these efforts are detailed in 
two reports written this quarter: 

1. Shumaker, R. C., 1978, Porous Fracture Facies in the Devonian Shales 
of Eastern Kentucky and West Virginia 

2. Wilson, T. H., Dixon, J. M., Shumaker, R. C., 1978, Fracture Patterns 
From Oriented Cores of the Devonian Shale in the Appalachian Basin 
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The essence of results of these studies indicates that slickensides are not 
random as thougnt by many workers in the project, but they occur on oriented 
fractures within the productive porous facies of the highly organic portions of the 
shale. These fractures may provide the key for determining the origin of all 
fractures within the productive zone. More work is required to establish the 
interrelationships of fractures in the porous zone. During the upcoming summer 
data will be collected from cores, field work in the Devonian shaIes of Kentucky, 
Ohio, and Virginia to determine the extent and nature of fractures within the pro- 
ductive portions of the Devonian shale section. Interrelationships of mineralized 
vertical fractures and slickensided shear fractures of the porous fracture facies 
will be studied in more detail. 

Tops for all wells penetrating the base of the Cambrian Knox dolomite wece 
spotted on the l:25O,OOO base maps and interpretive contouring was started this 
past quarter. Contour interpretation will be completed during the upcoming quarter 
on this structural map. 

2. STRUCTURAL TYPE STUDIES - T. H. Wilson 

Analysis of fracture and slickenside data provided by the West Virginia Geological 
Survey from several cored wells in the Devonian shale has been compIeted. The 
results of this analysis have been prepared as a manuscript to be included in the 
proceedings volume of the Southeastern Section Symposium of the Geological 
Society of America on Western Limits of Detachment and Related Structure in the 
Appalachian Foreland The paper, entitled: Fracture Patterns From Oriented 
Cores of the Devonian Shale in the Appalachian Basin, is authored by T. .H. Wilson 
J . M. Dixon, and R. C. Shumaker. 

A detailed statistical analysis of bedding orientation data collected from the 
Middle Mountain syncline has been completed. Several maps constructed from this 
data will be used to examine the internal structures of the syncline, and to define 
the width of the Parsons structural lineament in this area (figure 1). Work has 
begun on a manuscript which will discuss the use and interpretation of bedding 
orientation data. This manuscript will not be completed until additional informa- 
tion can be gathered from the Middle Mountain area. 

The Ph.D. dissertation, covering the work I am to accomplish under the 
contract was presented orally to the committee members for their consideration. 
The proposal was accepted. 

J eanette M. Dixon 

The analysis of slickensides found in the cores from Cottageville wells #11940 and 
12041, Lincoln County wells #20402 and 20403, and Mason County well D .X. #3 has 
been completed. Detailed results will be made available in the Report by Wilson, 
T. H., Dixon, J. M., and Shumaker, R. C. 

Preliminary field work has been done in preparation for the fracture study 
in the Parsons area. This study will begin full time in May, 1978. Methods for 
measuring joint frequency and operator variability are being tested. 
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3. FRACTURE STUDIES - Brian R. Long 

The fracture study has progressed during the last quarter in the visual and statis- 
tical display of joint data collected in the study area of eastern Kentucky. Visually 
the joint strike data has been plotted by computer as rose diagrams on the 1:250,000 
base map scale. Separate map plots have been completed for coal, limestone, 
sandstone, and shale lithologies within the study area. In addition, designations of 
systematic and cross jointing sets have been added to the plots where available. 
During the next quarter comparisons of the joint strike roses and structural features 
will begin. 

Statistically the data has been subdivided into lithologic groups and several 
tests to determine possible relationships between bedding thickness, joint frequency 
and strike direction have been attempted. First) scatter plots and contingency 
tables were made to better visualize these possible relationships. Second, linear 
and nonlinear regression has been run to test the relationships. Results are far 
from conclusive due to the need for further data set corrections and further testing. 
To date, little correlation between bedding thickness and frequency has been found 
in shale. The limestones and sandstones have shown approximately 50% correlation 
between bed thickness and frequency. No correlation has yet been found between 
frequency and joint strike direction; however, testing in this area is not complete. 
During the next quarter these and other tests will be continued. 

4. PRODUCTION STUDIES - E. B. Nuckols III 

Production analysis of the Cottageville Gas Field near Ripley, West Virginia, was 
concerned with computer analysis of production data and the final gathering of all 
readily available well and production data. Early in the quarter, Mr e Alan Cevtnick 
of MERC was asked to run certain production analysis tests on production data 
obtained from Consolidated Gas Supply Corporation, Columbia Gas, and Cities 
Service. The following type of production analysis was completed: 

1. Production decline: declines for 41 wells with extrapolation to economic limits 
and potential gas reserves. 

2. Decline curve analysis was grouped into summary form e 

3. Decline curve slopes were computed for five year intervals s 

In addition to the production analysis, a well status map of shale wells was completed 
along with a graphical representation of pressure decline for shale wells in the gas 
field. 

A final compilation of data was made during this quarter, with the obtain- 
ing of drilling ~ completion, and other drilling particulars from the Devon Corporation. 
With this additional data acquisition, there will be a termination of data collection. 
All existing data on hand will now’be analyzed and be organized into a final report. 
During the upcoming quarter, all analysis will be made and a rough draft of the 
final report will be completed. 

.-< 
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1. Negus de Wys 

Cottageville Production Study - The final copy of “Pilot Study of Gas Production 
Analysis Methods Applied to Cottageville Field” was submitted to MERC. 

Eastern Kentucky Gas Field - Maps from a trend study have been obtained. Maps 
showing 1) total wells in the field, 2) gas wells with > 2 MMcf initial open flow, 
3) gas wells with 7 1 MMcf initial open flow, and 4) gas wells with 7500 Mcf initial 
open flow are included. 

Release by five companies of a seismic basement structure map is being 
negotiated. 

Samples from one well in each of ten counties in the study area have been 
located and are being shipped to West Virginia University. Microscopic lithologic 
examinations, examination of the Foerstia zone in Middle Huron, and geochemical 
analysis will be performed on these samples. 

Arrangements have been made with Dr. Renton for the elemental and 
mineralic identifications using XRF and XRD. 

Ge ophysical logs are being correlated. A base map with a grid of cross 
sections has been completed. The first cross section running NW-SE on the 
eastern edge of the field is nearing completion. 

Arrangements have been made with the West Virginia Geological Survey for 
digitization of the nearly 5000 gas producing wells in the field. This is preliminary 

. to computer analysis of production and geological geochemical data. A computer 
card data input sequence is being developed by a computer programmer., 

A library computer search strategy has been developed with the main sets 
being Paleoecology, Geochemistry, and Devonian Shales. This search will be run 
by the University of Utah facility and cover all search bases from 1965 to the 
present in foreign and U . S. literature. Titles and abstracts are being requested. 

Request has been made.for personnel assistance commencing in June for 
proper coverage of a task which has gene from 300 to 5000 data points. This 
increased data base will insure higher integrity of results. 

II. STATUS OF SHALE CHARACTERIZATION TASKS 

GEOPHYSICAL STUDIES - Keith G. Kirk 

The second quarter of 1978 was spent performing initial field testing on the 
High Resolution Seismic (HRS) system, analyzing the results of these tests, 
developing seismic modeling programs and designing and constructing a new seismic 
energy source. 
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The field testing took place at a Department of Transportation test site in 
Forest Glen, Maryland o The system was tested under extremely adverse conditions 
that included high noise and excessive earth attenuation problems. In order to 
properly analyze this data, seismic modeling programs were set up and the data 
was analyzed. A report briefly summarizing the results of the initial testing is 
appended to this quarterly report. 

Experience at the test site led to the development of a new energy source 
that more efficiently transmits the high frequency seismic waves to the subsurface. 
The energy source is an acetylene canon that is placed down a shallow bore hole 
and fired electrically six times per minute. ;Thij, ‘instrument has .beenconstructed 
and will be tested very early in the third quarter. 

The majority of the third quarter will be spent collecting the field data and 
analyzing same. 



UGR File KU48/78QZ 
Jan.-Mar. 1978 
KVU Dept. of Geology and Geography 

HIGH RESOLUTION 

SEISMIC SURVEY 

AT 

FOREST GLEN 

Submitted to; 

United States Department of Transportation 
Federal Highway Administration 

Submitted by: 

Keith G. Kirk 
Department of Geology and Geography 

West Virginia University 
Morgantown WV. 26505 



UGR File +CO48/T'SQZ 
Jan.-Mar. 1978 
WVU Dept. of Geology and Geography 

TABLE OF CONTENTS 

Introduction----~-~-‘-2--- t-.-95-~9”~‘~-“‘,~ ..--* ““,‘“‘“y~-=’ 1 

Discription of Field Work ----T--~a------~v->+----~--~- 8 

Analysis of Field Data -C-~-C---~-~-‘-~---t-------m 9 

Sumna ry -----------~-‘---‘---~-----~---~--.-~-~ --------I 1 

-i - 



. 

UGR File #CD48/78Q2 
Jan.-Mar. 1978 
WVU Dept. of Geology and Geography 

LIST OF FIGURES 

Figure 1 Resolution as a function of velocities 

ccmmon to the Forest Glen site. ------------------- 2 

Figure 2 Generalized earth attenuation curve --------------- 3 

Figure 3 Amp1 ifier response curve for a given 
gain setting. -c------------------________c_____^^__ 5 

Figure 4 Geophone respnse curve. ---------l-f-~------------- 6 

Figure 5 Simplified example Of signal enhancement 
process. ----P---P---T-T’ ------‘------------------- 7 

Figure 6 Synthetic seismogram taken from velocity 
data from test hole T-3. --~-~YYTz---Y-~-----.-~--Y-~~ 

-ii- 



-- 

-. 

UGR File #CU48/78~2 
Jat-l .-Mar. 1978 

KVU DTt* of Geology and Geography 

INTRODUCT I ON 

This research was funded by contract to the Department of Energy-MERC. 
The field work from which this report follows was performed from December 

15 to December 21 D 

Transportation. 

A shal 
at West Vi rgin ia 

as a geotechn ica 

(HRS) as used in 

I 1977 under a separate contract to the Department of 

ow high resolution reflection seismic system developed 

University was used in order to evaluate its usefulness 
site exploration tool. The high resolution seismics 

this investigation is a surface technique. Energy is 
imparted to the subsurface by impacting the ground with a hydraulically 
driven ram that strikes the ground with 30,000 lbs. of force. This 
energy source is capable of generating frequencies upwards to 350 Hz. 

The energy once imparted to the subsurface travels down until 
it encounters a velocity boundary. At this boundary the energy is -parti- 
tioned and a portion of the energy is reflected back to the surface where 
it is detected; a portion passes through this velocity boundary to be 
partitioned and reflected off of the next velocity contrast and so forth. 

The time from which the energy is imparted into the ground 

until it returns to the detectors at the surface is the critical para- 
meter that is measured to determine the depths to the various velocity 

boundaries. These velocity boundaries correspond to material boundaries 

in the subsurface. 

Theoaccuracy which is achievable by the HRS method of subsur- 

face investigation is largely dependent on the frequency of the energy 
that is imparted into the ground. Figure 1 illustrates the relationship 
between velocity, frequency, and obtainable resolution. Velocity is an 
uncontrollable variable and varies from site to site. It can be readily 

seen that the smallest resolvable bed is inversely dependent upon the fre- 
quency. That is to say, the higher the frequency that can be transmitted 

through the ground and detected, the more reliable is the depth determi- 

nation to the various earth layers. This is also, of course, dependent 
on an accurate determination of the velocity distribution within the sub- 
surface. This factor will be addressed later in this report. 

There are several problems inherent in transmitting and detect- 
ing high frequency seismic waves within the earth. Before these problems 
are discussed, one must first define what is meant by 
mic waves. Generally, frequencies over 100 Hz are con 
quenc/ in terms of seismic exploration. 

The first problem with using high frequency 
ation tool is that the earth acts as a natural fi 1 ter 
ties: Figure 2 illustrates a generalized graphical di 

high frequency seis- 
sidered high fre- 

waves as an explor- 
for these frequen- 

splay of the atten- 
uation cause,d by average earth conditions as a function of frequency. 
It can be seen from this diagram that earth attenuation has an exponential 
dependence on frequency. This relationship presents problems in the 
detection of high frequency signals. It follows that given an energy 
source that transmits energy equally over a given range of frequencies 
that, at the detector, the low frequency arrivals will be received at a 
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Figure 1 Resolution as a function of frequency for velocities 

common to the Forest Glen site. 
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much higher amplitude than the high frequency waves. This usual ly means 

that the high frequency signals are lost amongst the low frequency waves. 

In order to alleviate this problem a combination analog filter 

and amplifier is used whose filter and amplification function can be ad- 
justed to approximate the inverse of the earth attenuation function shown 
in Figure 2. The response of this filter at one of its available gain 
settings is shown in Figure 3. 

Signals are detected with special purpose sensors or geophones 

that are designed specifically to detect high frequency waves. The 
response of one of these sensors is shown in Figure 4. Note that the 
sensors in and of themselves discriminate against the low frequency waves 
because of thei r unique response curves. 

Once the signals are detected by the sensors another problem 
exists. This problem is that these high frequency signals are often of 
very low amp1 itude. Analog methods of signal amplification are not appli- 
cable here because the large degree of amplification required introduces 
too much noise into the system, and further the amp1 ified background 
noise often masks the high frequency signals. For this reason an in-field 

digital stacking procedure is used to enhance the low amp1 itude high fre- 
quency signals and at the same time discriminate against random back- 
ground noise. 

In order to accompl ish this, each channe 1 of the se i smograph 
that receives a signal from a sensor has associated with it an active 
digital memory. 

This digital memory is used as follows to enhance or amplify 
the signal received from the sensors. Each time the ground is impacted 

and the resultant signal is received at the sensor the signal is stored 
in the active digital memory. Multiple impacts of the ground at the 
same point permit the signal from each of these impacts to be added to- 

gether digitally within the active memory. This in effect allows the 
random background noise that often exists at many sites to be discrimi- 
nated against and at the same time enhance the desired signals. A sim- 

plified example of this signal enhancement process is shown in Figure 5. 

Note that after the initial impact, the reflection is not readily dis- 
cernible from the background noise but as the impacts are added together 
the reflect ion becomes much more apparent. 

Once the signals from each channel of the seismograph are en- 
hanced to an easily recognizable form they are played onto a digital 

recorder for later processing back at the computer center at West 
Virginia University. This data is then processed as any other seismic 
data. 

In order to obtain an accurate determination of depth to the 
various boundaries of the different earth materials it is crucial that 
an accurate determination of the velocity distribution in the subsurface 
is known. Often it is difficult to obtain accurate velocity information 
at small construction sites where space constraints 1 imit the length of 
the geophone sp read. For thi s reason at such sites it is necessary that 
the velocity data be obtained by down hole velocity logging techniques. 

t4- 
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Figure 5 Simplified example of signal enhancement process. As the 

number of impacts increase the target reflection becomes 
more apparent. 
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At the Forest Glen site this velocity logging was performed by Birdwell. 

It is this velocity data that was used to interpret and model the seismic 
reflection data in this report. 

DESCRIPTION OF FIELD WORK 

The field work from which this report follows was performed on 

December 15 thru December 20. The Forest Glen site presented some dif- 

ficult problems with regard to obtaining useful seismic data. The two 

biggest problems were the large amount of background noise and the large 
attenuation of high frequency seismic waves. 

The interfering background noise at the Forest Glen site was 
extremely severe‘because of the close proximity of the site to Georgia 
Avenue and to a lesser degree the Washington Beltway (U.S. Route 435). 

After one day of unsuccessful data collection due to this background 
noi se, it was decided that the only plausible solution to this noise pro- 
blem was to work in the evening. We found that the traffic was reduced 

to an acceptable level between the hours of 1:00 AM and 6:00 AM provided 
that tests were performed during interludes in passing vehicles. The 

first evening’s work uncovered another noise problem that has been noted 
by other seismic investigations in urban areas.. A high frequency 

(approximately 2000 Hz) signal was observed when the geophones were 
placed in close proximity to Georgia Avenue. It is not completely certain 

what the source of this high frequency noise was; however, past exper- 

ience has, shown that this type of noise is often associated with a leak- 
ing water main, the high frequency noise being generated at the leak. 
This necessitated keeping the geophones as far away from Georgia Avenue 
as possible. 

The second major problem associated with the Forest Glen site 

is that the unconsol idated material, in this case a saprolite overlying 

the bedrock strongly attenuated the high frequency components trans- 
mission to the subsurface. The fi rrt evening’s work was only able to 

de.tect frequencies less than 37 Hz which is far too low for high resolu- 

tion work. Another inconvenience was a continuous rain throughout the 

entire field program. This inconvenience actually aided in the trans- 
mission of the high frequency waves. 

During the fourth evening of field work the ground apparently 
became saturated to the point where high frequency waves could be trans- 
mitted. At this time, frequencies up to 154 Hz were transmitted and re- 

ceived by the HRS system. This frequency (154 Hz) was the highest fre- 

quency that the earth materials transmitted successfully at the Forest 
Glen site. One hundred fifty-four Hz was a much lower frequency than 
khat was originally anticipated that could be used at the site. It had 

been anticipated that 350 Hz could be used here but this estimate was 
incorrect. 

Because of space constraints and obstructions such as trees 
and trailers along with the high frequency noise problem associated with 
Georgi a Avenue, the only successful seismic line was that line that ran ’ 

from the southeast corner of the site to the northwest corner. 
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ANALYSIS OF FIELD DATA 

The first step in the analysis of this data involved modeling 
the velocity data obtained from the Birdwell logging services that were 
performed at the site. This modeling procedure was compl icated by the 
fact that the Birdwell velocity data did not include velocity informa- 
tion for depths less than 100 feet in the case of hole T-3. A prelimi- 

nary refraction survey by West Virginia University resulted in near sur- 
face (less than 30 feet) velocity information; a data gap of approxi- 
mately 60 feet exists. For this reason an accurate determination of the 

depth to the reflection horizon is impossible. However, a reasonable 
determination of the depth to the reflecting horizon was possib.le based 
on the comparison between the modeled data and field data. It was 

assumed, based on the logging data and the refraction data that the 

average velocity for the first 100 feet of unconsolidated material was 
4500 feet/second. This would result in a two way travel time of 44 
mi 11 i seconds. 

The field data showed the strongest reflection at a two way 

travel time of 57 ms. A reflection also occurred at 167 ms. A synthe- 

tic seismogram was prepared for well T-3. Programs developed at the 
Morgantown Energy Research Center were utilized for this purpose. The 
synthetic seismogram is shown in Figure 6. The major reflection occurs 

at approximately 53 to 60 ms. This reflection is caused by the high 

reflection coefficient that occurs at 119 feet depth on the modeled test 
hole T-3. This reflection coefficient corresponds with the reflection 
coefficients at 47 ms on Figure 6. This 119 foot depth appears to cor- 

relate with the transition point in the gamma-gamma density logs provid- 
ed by the Tennessee Val ley Authority for T-3. It should be noted that 

T-3 is a deviated hole and the true depth to this zone is less than 113 
feet. However , the significant factor is that the density contrast at 

this point was detectable at shallow depth by the HRS system even under 
the extremely adverse conditions encountered at the Forest Glen site. 

The 53 ms reflect ion horizon appears to deepen as one moves 
along the seismic 1 ine from the northwest corner of the site to the 
southeast corner. Correcting for normal moveout the i’eflected horizon 

arrives 7 ms later at the southeast corner of the site than at the north- 
east corner. From examining the available boring data, it appears as if 
this reflection horizon is caused by the physical transition between the 
weathered rock and the highly jointed rock as indicated on drawing 
F-G-82B. 

The reflect ion at 167 ms occurs below the depth of invest iga- 
tion and since there is no available velocity data at this time interval 
a depth determination cannot be made. 
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S UMMA RY 

The HRS survey performed at the Forest Glen test site was not 

extremely successful in detailing the subsurface. Primarily this was 

for two reasons, the large quantity of noise at the site and the uncon- 
solidated materials’ large attenuation of the high frequencies that are 

required for the high resolutc’on work. The maximum detectable frequency 

was 154 Hz. It had been expected that at least 350 Hz could be used at 
the site. The 154 Hz frequency 1 imited the resolution of the survey. 

The noise at the test site prevented all but one successful 
seismic 1 ine. This line showed a strong reflection at 53 milliseconds. 

The reflection corresponds to a depth of approximately 120 feet based 

on a synthetic seismogram generated from the velocity data of deviated 
bore hole T-3. An accurate determination of the depth to this reflec- 
tion is not possible since there is a 60 foot gap in the available 

velocity data. 

The reflecting horizon associated with the 53 ms reflection 
deepens from the northwest corner of the site towards the southeast 
corner. 

It would appear that from this test data that the HRS system, 
that has proved so effective in the sedimentary terrain of West Virginia, 

has limited application in igneous terrains due to the occurrence of 
thick saprolites that attenuate the high frequency waves to a large 
degree . 

Seismic surveys can be successfully performed in urban areas 
provided the data is collected late at night to minimize the effects 
of noise created by traffic. 

, 
c 
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QUARTERLY REPORT: ERDA CONTRACT EY-76-C-05-519’+ 

Apri 1 - June 1978 

1.0 EXECUTIVE SUMMARY 

The following are significant events which occurred during the third 
quarter of the contract year, 1977-1978. 

Regional structure - All regional structure maps (Table 1) for which 
data is readily available and as listed in our contract have been 
completed in rough draft or preliminary map form. We are making 
arrangements through DOE-MERC for the printing of the Preliminary 
Map Series to be distributed to EGSP contractors. The complete 
series will have 32 different map quads covering our contract area 
(Figure 1) published at 1:250,000 scale. Publication of these maps 

will, for the first time, make all regional structure data avail- 
able at the scale of the USGS base for comparison with other shale 
parameters being posted at the same scale. 

Production studies - Our production study of the Cottagevil le gas 
field is drawing to a close. We have submitted to DOE-MERC one manu- 
script (de Wys and Shumaker, in publication), and a second more 
comprehensive study (Nuckol s, in preparation) wi 11 be complete early 
next quarter. After review and approval, it will be submitted to 
DOE-MERC for pub1 icat ion. 

Attached is a copy of a completed report by Jones and Rauch on 
ground-water quality and productivity in the Cottagevi lle area. 
Correlations between low-altitude photolineaments and water well 
productivity has been established in that area. Preliminary results 

which show relationships among certain well parameters, short linea- 
ments, and shale gas productivity are being further investigated, and 
results wi 11 be reported at the EGSP October meeting. Progress is 

encouraging in this area of our program , and it warrants an expanded 
effort next year. Thus far, no coincidence is apparent between 
lineaments as mapped on high-altitude or satellite imagery and the 
northeast trending line of highly productive wells located along the 
axis of the field. During the quarter a second field, the Midway- 
Extra shale gas field was selected for study, and data wi 11 be col- 
lected there during the upcoming quarter. 

During the next quarter, we wi 11 be moving our high-resolution experi- 
mental seismic equipment into Cottageville field to investigate 
shallow structure adjacent to certain of the highly productive gas wells. 
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With the completion of this seismic study, we will have documented 
the relationships of production and geology within the field. 

It would seem to be an appropriate time to plan for a work 
conference of contractor scientists who have studied the fie)dto 
appraise and to integrate the results of the several individual 
studies. This group should assess if further research is warranted 
or if drilling additional wells in or adjacent to the field is advisable. 

Emphasis in our production studies is now shifting to collecting 
geologic and open-flow product ion data in the large Eastern Kentucky 
shale gas field. Our analysis of this field, clearly the foremost of 
its kind in the United States, if not the world, is fundamental to 
resource evaluation goals of the EGSP program. The avai labi 1 ity of 
data from Kentucky-West Virginia Gas Company will form the basis for 
understanding the origin and nature of gas occurrence and production 
for this unknown giant. The level of funding for this study may deter- 
mine the level of our understanding of shale gas production. The study 
plan will parallel and enlarge on that established for Cottageville, 
but clearly the field is very different from Cottageville if for no 
other reason than its size, over 100 times the size of Cottageville. 
We expect that Eastern Kentucky wi 11 hold many surprises concerning 
inter-relationships of stratigraphy, structure, geochemistry, and gas 
occurrence and product ion. 

Geophysical studies - Progress on this program has been delayed by a 
number of mechanical malfunctions and certain design problems associated 
with our experimental system. Inasmuch as this research and develop- 
ment program involves newly designed equipment, such delays, while 
frustrating, must be expected. The delays have centered primarily on 
(1) modification of equipment and (2) testing of the reliability of 
an effective high-frequency seismic energy source. We expect to have 

problems associated with our newly designed acetylene “popper” 
resolved. Howe ve r if the problems persist we wi 11 revert to dynamite 
shooting for the field program this summer. We are presently shooting 
our second test site to evaluate the resolution capabi 1 it ies of the 
system and to locate fractures at test site II (Figure I). This test 
area is the DOE-MERC underground coal gasification site in Wetzel 
County, West Vi rgin ia. As digitally recorded seismic data is received 
from the,field site, we must reformat that data and develop programs 
to display the results in typical cross section form. Upon completion 
of shooting the second site, we will move to the Warfield test site 
(Figure 1, Site III) and then to the Cottageville Field area for the 

most critical test of the system. As indicated above, we wi 11 shoot 

across the trend of highly productive wells to determine if subsurface 
fractures can be di rect ly detected. 
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Fracture studies - During the past quarter, results of our preliminary 
study of fractures found in oriented cores were submitted to DOE-MERC 
for pub1 ication (Shumaker, and Wilson, et al.). The essence of these -- 
preliminary results is that shale gas production from eastern Kentucky 
and southern West Virginia cones, not from the entire shale section, 
but from zones or layers of more intense fracturing which are generally 
found associated with the lower shales and most often the organic rich 
portions of the shale. The association of mineralized fractures, 
sl ickensides, and more numerous natural fractures in a “fracture facies” 
suggest that the facies developed as a result of differential shortening 
across over-pressured organic-rich beds within the Devonian shales. 
Our efforts now center on further documentation and analysis of 
fractures as they are found both in cores and in the field. It is our 
intent to integrate the fracture analysis of each core with local shale 
gas production and geology, and then integrate those results into the 
broader structural framework to test the validity of the fracture 
facies-differential shortening interpretation presented above or to 
develop a better interpretat ion; or perhaps even to delineate the areas 
where a particular type of fracture porosity occurs. At the present 
time, we are studying the Devonian shale outcrops in eastern Kentucky, 
and we wi 11 be studying the Pine Mountain Thrust area in the beginning 
of next quarter to determine if the same types of fractures occur in 
those areas as were found within the cores last winter (Shumaker, and 
Wilson, et al.). In addition, we should complete reports on the 
fractureslogged in the Mason County, West Virginia, core and the DOE-MERC 
core. All of these reports wi 11 go on open file, and they wi 11 be 
summarized for the EGSP meeting at Morgantown in October. 

Surface studies - Intensive geologic analysis of selected surface 
structures that might have productive subsurface analogues started 
during this contract year. This past quarter field work was initiated 
for studies in three topical areas: (1) deformat ion of rocks equiva- 
lent to Devonian shale in the Middle Mountain sync1 ine of the Valley 
and Ridge province, (2) testing approaches to the analysis of fracture 
density in the Plateau portion of West Virginia across the Parsons 
1 ineament, and (3) late stage deformation of folds which creates 
open fractures within fold 1 imbs within the Plateau and Valley and 
Ridge provinces. 
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2.0 CONTRACT OBJECT IVES 

Co1 lect, compile and analyze geological data and prepare geological 
structure maps for eastern Kentucky and western West Virginia. 

Determine if structural types and styles and surface 1 ineations for 
productive areas of the Black Shales differ from those in non- 
productive areas. 

Identify and define along with other contractors those geologic 
parameters that control gas production from the shales. 

Determine the feasibility of using shallow penetration resistivity 
and seismic surveys to detect near surface faults and fractures and 
demonstrate their relationship to 1 ineations observed on airborne 
imagery. 

Determine if a relationship exists between ground water movement and 
shale gas productivity. 

In conjunction with other contractors develop a method for selecting 
areas for drilling shale wells that have a potential for gas 
production. 



3.0 TECHNICAL PROGRESS 
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3.1 Work Package 2100-2-l STRUCTURE CONTOUR MAPS Robert C. Shumaker 

3.1.1 Current status of work and scheduled deliverables 

We are to complete preliminary structure maps as 1 isted in the 
contract. We have completed all maps for which data are avail- 
able and they are ready for printing . 

3. 1.2 Problem areas and suggested improvements 

None 

3.1.3 Work plan for next quarter 

We are awaiting details for printing, and when notified, we 
wi 11 send the prel iminary structure maps for printing. 
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3.1 Work Package 2100-2-2 STRUCTURE STUDIES Jeanette M. Dixon 

3.1 .l Current status of work and scheduled deliverables 

Field work for the development and application of measuring 
systematic-joint intensity has been initiated. The Parsons 

1 ineament in western Tucker County is being investigated. 
About 90% of the data has been co1 lected. There are no 
scheduled de1 iverables. 

3.1.2 Problem areas and suggested improvements 

A field assistant for obtaining and recording data would be 
valuable for this type of project. 

3.1.3 Work plan for next quarter 

Field work wi 11 be completed and analysis of data wi 11 be 
initiated for the next quarter. 
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3.1 Work Package 2100-2-2 STRUCTURE STUDIES Thomas H. Wilson 

3.1.1 Current status and deliverables 

Field mapping and the collection of bedding orientation data 
within the lower Middle Devonian shales of the Middle Mountain 
syncline have been completed. 

Work has begun on a manuscript titled “Bedding Orientation 
Contours--their Use and Interpretation,” authored by T. H. 
Wilson and R. L. Wheeler. 

j-l.2 Problem areas and suggested improvements 

Car troubles forced a week’s vacation in June or 6 lost days 
of field work. 

3.1.3 Work plan for next quarter 

Additional observations of internal structures within the 
Middle Mountain sync1 ine wi 11 be made in conjunction with 
the ongoing fracture studies. A geologic and structure map 
of the area are scheduled for completion in September. 

It is hoped that the manuscript on bedding orientation con- 
tours wi 11 be completed this quarter. 



- 11 - 

3.1 Work Package 2100-J-2 FRACTURE DENSITY AND ORJENTATlON Thomas H. Wi lson 

3.1.1 Current status and de1 iverables 

The manuscript “Fracture Patterns in the Appalachian Basin” 
authored by T. H. Wilson, J. M. Dixon, R. C. Shumaker, and 
R. L. Wheeler has been completed. Only minor changes are 
expected at this point. The manuscript wi 11 be pub1 ished 
in the Proceedings volume of the Geological Society of 
America’s Southeastern Section Meeting on Western Limits. 

An examination of space relationships and geometry of 
fractures found in the lower Middle Devonian shales within 
the Middle Mountain syncline has begun. This study should 
lead to a better understanding of the relationships between 
fracturing and major cross-strike structural discontinuities 
and be of benefit to the future exploration and extraction of 
petroleum. With this project still in the design stage, no 
reliable estimate of completion date can be given at this 
time. 

3.1 .2 Problem areas and suggested improvements 

None 

3.1.3 Work plan for next quarter 

As indicated, only minor changes in the “Fracture Patterns in 
the Appalachian Basin” manuscript are expected. 

During this coming quarter, I am planning to make detailed 
fracture studies along four 3-4 mile long cross sections through 
the Middle Mountain syncline, where lower Middle Devonian 
shales are exposed and intersected by the Parsons structural 
1 i neament . The cross sections wi 11 be arranged one northeast 
of the lineament, two within, and one southeast of the 
I i neamen t . It may not be possible to do the cross section 

‘southeast of the lineament since the shales appear to plunge 
out within the lineament and fracture patterns in the under- 
lying Devonian Oriskany exposed southeast of the 1 ineament 
may be of no comparative value--on the basis of structural 
complexity and 1 ithology. This could take 8-10 field weeks 
and thus is not scheduled for completion until next summer, 
or possibly, during this fall, 1978. However , th i s project 
is at best in the exploratory and design phase. An al ternate 
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Thomas H. Wilson 

plan being considered is to examine fracture patterns along 
the flanks of the syncline which expose the Needmore through 
Mahantango Formations. This approach, would for the most 
part ignore the internal structural complexity within the 
sync1 ine-- internal structure which in part define the 1 inea- 
ment. Some compromise wi 11 end up being made; but in any 
event, the project wi 11 be time consuming, and predictions 
of a completion date unrealistic at this time. 
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3.1 Work Package: 2200-l -2 FRACTURE STUD I ES Brian R. Long 

The fracture analysis has been concerned with the statistical 
comparisons of possible fracture domains in eastern Kentucky shale. 
Maps showing visually determined major joint sets and their residuals 
have both been completed. Statistical tests comparing the shale rose 
composite diagram to a uniform distribution have also been completed. 
During the next quarter work wi 11 begin to separate the fractures into 
formational age groups. These groups will be used to determine differ- 
ences in fracture orientation due to age and rock properties. 

Field work has begun to gather fracture data in the Devonian 
shales specifically. During the next quarter this work, gathering of 
data for fracture domain boundary determination and a possible detailed 
study of production areas, wi 11 be completed. 
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3.1 Work Package: 2200-l-2 FRACTURE DENSITY AND ORIENTATION Mark Evans 

3.1.1 Current status and deliverables 

Work is -10% complete. There are no scheduled deliverables 
for this quarter. 

o Mason County core fractures and MERC #I core fractures have 
been 1 ogged, descr i bed, and photographed. 

o Rose plots and stereographic projections have been completed 
for both cores. 

o Work has begun on a fracture report for the Mason County core. 

3.1 .2 Problem areas and suggested improvements 

The $100.00 per month limit on computer use may not be sufficient. 
$125.00 per month would be better. 

3.1.3 Work plan for 

3.1.3.1 Compl 

3.1.3.2 Conti 

next quarter 

ete Mason County fracture report. 

nue statistical analysis on MERC # 1 fracture report. 

3.1.3.3 Complete MERC # 1 fracture report. 

Lincoln County cores. 

ineral ization in the fractures 

3.1.3.4 Start fracture study on two 

3.1.3.5 Take a closer look at the m 
of the cores being studied. 
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3.1 Work Package 3200-s-l PRODUCTlOlL STUDIES E. B. Nuckols If 1 

Production characterization of Devonian Shale in the Cottageville Gas 
Field has been completed. A final report has been initiated and will be 
delivered to MERC approximately August 1, 1978. Upon completion of this 
report and some details following it, I will be terminating my University 
involvement with the Eastern Gas Shales Program (approximately mid-August). 

Some difficulty is being experienced in completing all the necessary draft- 
ing for the final report. This problem may cause a delay in the arrival 
of final drafted maps unti 1 sometime later in August. 

During the last quarter all structure maps and structural cross sections 
were completed. Close examination of structure maps and cross sect ions 
with production maps has shown a strong correlation between structural 
changes and gas production. Maximum gas production in the Cottagevi 1 le 
Field falls along a flexure arm found on Berea, Huron and Onondaga structure 
maps. It is my be1 ief that fracturing above these flexure areas has been 
the producing mechanism for Devonian shale gas in the Cottageville Gas 
Field. 
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J. Negus de Wys 

3.1 Work Package: 2100-1-l CROSS SECTIONS 

3.1 .l Current status of work; -20% completed 

Scheduled deliverables: none 

0 Log correlation: 40 logs 

e Data posting and compilation from correlated logs completed. 

l Three preliminary cross sections in two modes completed and 
reviewed by Kentucky-West Virginia Gas and Kentucky 
Geological Surveyi 

o Drafting of preliminary cross sections in progress. 

a~ Well samples from 10 wells obtained and prepared for 
lithologic and geochemical study. 

l Martin County and Perry County cores examined and sampled 
in Lexington for comparison with well cuttings. 

o Protosalvinia zone identified in Martin County and Perry 
County cores. 

B Meetings attended per monthly reports. 

3.1.2 Problem areas and suggested improvements 

3.1.2.1 I could use a better microscope, light source, and 
camera setup to great advantage! 

3.1.3. Work plan for next quarter 

3.1.3.1 Correlate more logs! (300 in all to be correlated) 

‘3.1.3.2 Complete 4 more cross sections. 

3.1.3.3 Meet with U.S.G.S. for review of cross sections. 

3.1.3.4 Draft cross sections. 

3.1.3.5 Initiate lithology study on well cuttings. 

3.1.3.6 initiate API unit counts per unit for facies maps. 
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J. Negus de Wys 

3.2 Work Package: 2100-l-2 ISOPACH MAPS 

3.2.1 Current status of work: ~10% completed 

Scheduled de1 iverables: none 

l Log correlation, data tabulation, and calculations on 40 logs 
completed. (300 tota 1) 

l Base maps drawn and blue-l ine working copies reproduced. 

3.2.2 Problem areas and suggested improvements 

3.2.2.1 The separation of the Cleveland Black Shale from the 
gray shale facies appears rather difficult to justify 
in the northeastern part of the field. The gray, in 
my opinion, could be undifferentiated Chagrin and 
more similar to the Three Lick below. A geochemi ca 1 
approach may help in the solution of this problem. 
For the present I suggest that I map the Cleveland 
(Black)-“Undifferentiated Chagrin” (gray) as one 
unit. The Chagrin Three Lick would also be mapped 
separately and not included in the unit suggested 
above. The rationale behind this suggestion is that 
there is a rather large area of the field where the 
intertonguing is sufficiently great as to cause any 
“top” pick for the gray to be rather arbitrary. 

A separation could be done at a later date when 
further analysis has been completed. 

3.2.3 Work plan for next quarter 

3.2.3.1 Continue log correlation, data tabulations, calculations. 

3.2.3.2 Plot data on maps. 
. 
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J. Negus de Wys 

3.3 Work Package: 2100-2-l STRUCTURE CONTOUR MAPS 

3.3.1 Current status of work: -‘20% completed 

Scheduled deliverables: none 

o Three preliminary structure maps completed and have been 
reviewed by Kentucky-West Virginia Gas and Kentucky Geological 
Survey . Drafting is in progress. 

o A three-dimensional stratigraphic-structural model is being 
const rutted. 

3.3.2 Problem areas and suggested improvements 

3.3.2.1 Release of basement seismic map being negotiated. 
Still lack one company’s release. 

3.3.2.2 A study of top of the Sunbury has been suggested by 
Ernie Jenkins. This study could be done from 
dri 1 lers’ logs on almost 5000 wells, and would give 
a fair indication of area structure. The p resen t 
study is using 300 electric logs and the top of the 
Be rea. 

3.3.3 Work plan for next quarter 

3.3.3.1 Correlate additional logs required for four more 

cross sect ions. 

3.3.3.2 Construct cross sections. 

3.3.3.3 Construct fence diagram of all sections completed. 

3.3.3.4 Construct three-dimensional model. 

. 



- 19 - 

J. Negus de Wys 

3.4 Work Package: 3200-4-J OIL AND GAS MAPS 

3.4.1 Current status of work: 15% completed 

Scheduled de1 iverables: none 

o Two pattern recognition maps completed at 4 level breakdown 
of initial open flow data and 2 level breakdown on+000 wells. 

o Drafting of same in progress. 

o Nearest neighbor trend analysis initiated on four-level break- 
down. 

0 -5000 points (wells) digitized by location by West Virginia 
Geological Survey. 

0 Initial open flow data for ‘5000 we1 1s punched on cards. 

o Checking of data in progress. 

o Programmer working with SYMAP program for computerized map 
print out. Trial map run successful. 

o Gas occurrence noted on 60 temperature logs. To be included 
on cross sections. 

3.4.2 Problem areas 

150 wells in the field have been treated. Kentucky-West 
Virginia Gas will supply a list of wells. These will be 
removed from program. 

3.4.3 Work plan for next quarter 

3.4.3-l Continue trend analysis. 

k3.4.3.2 Obtain first SYMAP computer map printout of contoured 
initial open flow data. 

3.4.3.3 Adjust map program as deemed necessary for desirable 
results. 

3.4.3.4 Initiate hand contouring of data. 

3.4.3.5 Attend Sclumberger log interpretation school. 

A ;‘: ;; ;‘; ;: ;: A 
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J. Negus de Wys 

ABSTRACTS AND REPORTS THIS QUARTER 

Abstract and Report on Pi lot Study of Cottagevi 1 le Product ion for 
Tulsa DOE meetings in August 

Abstract and Report on Eastern Kentucky Gas Field(s) for Tulsa DOE 
meetings in August 

Oral Report on Pilot Study of Cottageville Production given at MERC 
Stimulation Symposium 

Abstract and Final Draft of Pi lot Study of Cottagevi 1 le Production to 
MERC for Technical Series publication 

Abstract of study and conclusions on Pilot Study of Cottageville 
Production for Eastern Devonian Gas Shales Symposium to be held at 
Lakeview in October 

Abstract of study of Eastern Kentucky Gas Field(s) for Eastern Devonian 
Gas Shales Symposium to be held at Lakeview in October 

NEXT QUARTER 

1. Sl ide preparation for Cottagevi 1 le production 

2. Slide preparation for Eastern Kentucky paper 

paper in 

in Tulsa 

3. Report and slide preparation for paper on Cottagevi lle 
October 

Tulsa in August 

in August 

at Lskeview in 

4. Report and slide preparation for paper on Eastern Kentucky at Lakeview 
in October 
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Keith Kirk 3.1 Work Package 2100-1-l SEISMIC 

3.1.1 Current status and de1 iverables 

The third quarter of 1978 was spent testing the new acetylene 
energy source, performing site preparation tasks at one of 
the test sites and collecting data at that test site. Near 
the end of the third quarter the second geophysicist position 
was finally filled. So work now is progressing on this task 
at a faster rate. 

The preparation and data collection took place at the test 
site in Wetzel County, West Virginia. The data collected at 
this site will be analyzed during the fourth quarter. 

3.1.2 Problem areas and suggested improvements 

Several equipment problems developed during the third quarter 
The acetylene cannon energy source that- was developed and bui 
during the last part of the second quarter was tested and two 
problems were discovered. The first problem is associated wi 

it 

th 
the electronics of the cannon. I n order to f i re the cannon an 
electrical high voltage coi 1 is energized prior to cannon 
detonation. After detonation a high voltage oscillation occurs 
through the common ground to the equipment. This causes an 
artificial wave form to be introduced into the seismic record 
that is difficult to distinguish from a reflected arrival. 
This problem has been partially solved by extensive shielding 
and capacitive filtering of the energy source. 

The second problem associated with the acetylene cannon is that 
when the cannon fires in a water fi 1 led hole, the vacuum that 
is created shortly after the gas mixture is ignited causes a 
rapid influx of fluid into the firing chamber. This in turn 
causes the cannon to misfire. Several approaches have been 
tried in order to solve this problem; none of them have been 
successful in solving it. This leads to a third problem and 
that is the absence of an effective energy source. Temporarily 
this problem has been solved by using explosives as the primary 
energy source unti 1 the problems with the acetylene cannon can 
be solved. 
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Keith Kirk 

3.1.3 Work plan for next quarter 

NOW that the second geophysicist position is filled and the geophy- 
sicist is on line, two phases of work will progress during the 
fourth quarter. These are the data collection phase and data analy- 
sis and display phase. 

The data co1 lect ion phase using an explosive energy source wi 11 take 
place at the remaining two test sites. This data collection will be 
in conjunction with Task 3200-2-3 (Surface Resistivity). 

The data analysis and display phase has already started taking place. 
Software programs wi 11 cant inue to be developed to analyze the 
seismic data and programs wi 11 be developed to plot the data so that 
it is presentable in a usable display form. 
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3.1 Work Package 3200-2-3 SURFACE RESIST I VITY Keith Kirk 

3.1.1 Current status and scheduled de1 iverables 

Work is on schedule, surveys have been completed over select 
areas of the groundwater study area (Task 3200-l-2). This 
data is being analyzed as part of the groundwater task. There 
are no deliverables scheduled for this quarter. 

3.1.2 Problem areas and suggested improvements 

None 

3.1.3 Work plan for next quarter 

Next quarter wi 11 be spent co1 lect ing data over selected s i tes 
in Logan County, West Virginia, and in the Cottagevi 1 le Gas 
Field. 

9; ;‘: 1 , 2; ;: 2 t: ’ :: 
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3.1 Work Package 3200-l-2 SUBSURFACE GEOLOGY Henry Rauch 

Subtask - Jdeatify 3 areas in which to conduct ground water studies. 

3.1.1 Current status of work and scheduled de1 iverables 

A ground water study has been completed in the Cottagevi Jle 

study area, and a second such study has been organized in 
the Midway Extra gas field area, in northern Putnam County. 

3.?.2 Problem areas and suggested improvements 

There have been no problems in selecting and planning ground 
water studies to date. Our only problem is a time delay of 
one month in initiating field work on the Midway Extra study, 
due to a necessary summer geology course taken by the student 
investigator involved. That delay is not a significant one 
with regard to the whole time scale of this project phase. 

3.1.3 Work plan for next quarter 

We plan to accomplish all field work related to the ground 
water study in the Midway Extra area. A brief progress report 
wi 11 appear in the annual report of October 1, 1978. 

3.2 Work Package 3200-2-3 SURFACE RESJSTIVITY 

Subtask - Conduct resist ivity surveys over ground water study areas 

(defined under 3200-l-2). 

3.2.1 Current status of work and scheduled deliverables 

A’11 resistivity surveying has been completed with regard to 
photo1 ineaments in the Cottageville study area. Four 
resistivity surveys have been conducted across three photo- 
1 ineaments. There are no de1 iverables scheduled for this 
quarter. 
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Henry Rauch 

3.2.2 

3.2.3 

Problem areas and suggested improvements 

No new problems have developed recently. The Bison resistivity 
meter has not worked out as well as expected for resistivity 
surveying. 

Work plan for next quarter 

Initiate and complete resistivity surveying across selected 
1 ineaments in the Midway. Extra study area. A brief progress 
report wi 11 appear in the annual report of October 1, 1978. 

3.3 Work Package - 3200-5-l STRUCTURE/PRODUCT I ON CORRELAT ION 

Subtask - Correlate all data and attempt to establish a relationship 
between geologic features, 1 ineaments, fractures, ground 
water ‘I;, and oi 1 and gas production. 

;‘; “Ground water” has just been added to this task for the 
first time this quarter. 

3.3.1 Current status of work and scheduled deliverables 

Data comparisons and statistical tests have been performed to 
test for associations between ground-water data and Devon ian 
shale gas production for the Cottageville study area. Tests 
to date indicate that short photolineaments of certain 
orientations and ground water quality (but not yield) are 
related to production rates from nearby gas wells in the 
Cottagevi 1 le area. The only de1 iverable item (which was 
unscheduled) is an abstract by D. Scott Jones and Henry W. 
Rauch. This abstract was delivered in June, and it summarizes 
dssociations of ground water data and gas production as known 
at that time. 

3.3.2 Problem areas and suggested improvements 

None 
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Henry Rauch 

3.3.3 Work plan for next quarter 

A paper wi 11 be prepared for MERC’s EGSP conference, 
regarding correlations between ground-water data and gas 
production in the Cottagevi lle study area. This paper will 
also be a deliverable item (under item #13) for this 
quarter. 

We will also proceed with an initial analysis of ground 
water and gas production data for the Midway Extra gas 
field study area. We wi 11 report briefly on progress 
to date. 

3.4 Work Package - 3200-5-3 LINEAMENT/STRUCTURE CORRELATION 

Correlate fractures and lineaments derived from photo analysis with 
results of ground-water tests to determine if any relationship 
exists between ground-water product ion and the occurrence of 
lineaments. 

3.4.1 Current status of work and scheduled de1 iverables 

Work for the Cottagevi 1 le study area is now complete, and 
a report meeting the requirements of deliverable item #13 - 
second part is located in an Appendix to this quarterly 
report. The report is titled “A Hydrologic Study of Water 
Well Yields and Ground-water Quality Related to Stratigraphic 
and Structural Settings in Western Jackson County, West 
Virginia,” by D. Scott Jones and Henry W. Rauch. 

3.4.2 Prob 

, None 

lem areas and suggested i mp rovemen t s 

3.4.3 Work plan for next quarter 

Another de1 iverable item (under #13 - second part) wi 11 be 
delivered during the next quarter concerning the Cottagevi lle 
study area. This de1 iverable is the same paper mentioned under 
3.3.3 above, regarding the EGSP conference in October, 1978. 
We will proceed with an initial analysis of ground water and 
lineaments for the Midway Extra study area. There wi 11 be a 
brief report on progress, but no de1 iverable items for next 
quarter. 



Abstract for Second Eastern Gas Shales Symposi urn, October, 1978 

influence of Photolineaments on Water Well and Gas Well 
Yields in the Cottagevi lie Gas Field Area of Jackson 

County, West Virginia 

By 0. Scott Jones and H. W. Rauch 

Photo1 ineaments were mapped from low-alt i tude black and whi te 
photographs and from large-scale topographic maps for the Cottageville 
gas field, for comparison with water wells and Devonian shale gas wells. 
Short straight photolineaments less than one mile in length are signif- 
icantly associated with both water we1 1 and gas we1 1 yields, respectively 

. 
measured in gallons per minute and in MCFPD (initial open flow) units. 
Water wells located within 100 feet and especially within 50 feet of 
such a lineament have significantly higher yields than more distant wells. 
Gas wells have significantly greater yields when located within 0.5 miles 
of a short straight photolineament oriented west-north-west (WNW), or 
N 60% - N 90%. Median yields are 88-353 MCFPD for the WNW lineament 
wells, and 15-17 MCFPD for wells near lineaments having other orientations. 
On the other hand, gas wells have significantly lower yields when located 
within 0.5 miles of a curvalinear photolineament over one mile in length 
or within 0.25 miles of a straight Landsat lineament defined by aligned 
stream meanders. Also, Landsat lineaments have no significant influence 
on the yields of nearby water wells. 

In conclusion, short straight photolineaments have certain positive 
associations with both water well and gas well yields, whereas Landsat 
lineaments have no associations or negative associations with water and 
gas well yields, for the Cottagevi Ile gas field area. 
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QUAR'I'K RLi REPORT : ERDA CONTRACT EY-76-c-05-5194 

July - September 1978 

EXECUTIVE SUMMARY 

The following are significant events which occurred during the fourth 
quarter of the contract year, 1977-78. 

General Introduction 

Our staff' s major effort this past quarter was toward presenting the 
preliminary results oft our research to other scientists within the 
program. WL* presented orally and wrote two papers for the Enllanced 
Oil and Gas Kecovery and Improved Drilling Methods Meeting at Tulsa, 
Oklahoma. Five papers were written and are to be presented orally at 
the Second Eastern Gas Shales Symposium in Morgantown in October. In 
addition, six poster displays and a three-dimensional model of the 
Eastern Kentucky shale gas field were prepared for presentation at 
the poster session of the same EGSP meeting. The contract director 
is in charge of arrangements for the scientific papers at the poster 
session of the bGSP meeting. 

These efforts combined with fourth quarter and annual reporting respon- 
sibilities for our contract accounted for na-lch of our work effort; 
this particularly applies to the efforts of the project director. 

Because we I~.Ivc? completed one year of research effort at full staff 
level, we dr'e now beginning to see more tangible results of our efforts 
toward obtaining the objectives of the contract. Certain tasks appear 
to have promise toward the ultimate goal of "developing a method for 
selecting areas for drilling shale gas wells that have a potential for 
gas production." At present, the most promising of our tasks in this 
respect, th:li. is selecting well sites, include: Regional Structure, 
thru detailed s!lallow structure map preparation; Ground water, by 
lineament-water quantity and water quality mapping; and Geophysics, 
thru detailed shallow seismic and resistivity surveying techniques. 
While the first results from these three programs are encouraging, 
they are preliminary, and they must be viewed with a certain degree of 
caution concerning wide application of results. This is true because 
the primary study site of our program thus far is limited to one area, 
the Cottagevillt Field area (Figure 1). We are still studying that 
area, and tile universal techniques developed at this site may not have 
application to all other areas. For instance, early study of produc- 
tion within the large eastern Kentucky gas field already shows that 
the controls on production are somewhat different from those in the 
Cottageville field. While we are enthusiastic and encouraged, we also 



realize that broad application of these developing techniques would be 
hazardous. However, once they are fully evaluated at Cottageville and 
at Midway Extra (Figure 1), they should be tested by the drill in 
similar geologic situations elsewhere. 

Our other research continues to be both fruitful and promising; from 
the shale characterization viewpoint, from the viewpoint of under- 
standing shale production, and from the viewpoint of developing addi- 
tional exploration techniques or rationales. These task efforts are 
presently not as promising as those listed above for well site selec- 
tion, but I want to emphasize that work on these tasks is generally 
not as far along in the planned research program. They are, of course, 
still a fundamental part of the overall program, and therefore they 
are no less important to attaining our ultimate goals. 

1.0.2 Regional Structure 

We have completed the preliminary map compilation (see Table I>, and 
we have shifted the emphasis of our effort from compilation to 
detailed analysis of structures along the periphery of the Devonian 
shale producing area; specifically between the Cottageville and 
Midway Extra fields. We are now moving toward the exploratory use of 
delineated regional structural trends. As a result of our initial 
production studies at the Cottageville (deWys and Shumaker, 1978, 
Nuckols manuscript in preparation) and at the Midway Extra (Schaefer, 
manuscript in preparation) fields, we noted an interrelationship 
between shale gas production and subdued basin structure. This 
discovery is being investigated further because each field appears to 
be a slightly different variation of the same theme. We are compiling 
well data to construct detailed shallow structure maps for the non- 
producing area between these two fields (Figure 1). This effort should 
ultimately lead to selection of shale gas prospects. 

1.0.3 Production Studies 

During this past quarter we submitted a preliminary draft manuscript 
of a production study on the Cottageville - Mount Alto field (Figure 1) 
by E. B. Nuckols III to the U. S. Department of Energy - METC. After 
review, revision, and if approved, it will be resubmitted in final 
form to METC. 

Steady progress continues on our investigation of the large Eastern 
Kentucky gas field. Initial open flow data is now in computer format 
and several programs have been applied to these data. Preliminary 
computer and hand contoured maps have been produced for comparative 
analysis. We have started on lithologic and geochemical analysis of 
well cuttings during this past quarter. The geochemical program is 
an independent University study. 



1.0.4 

1.0.5 

In another Liniversity sponsored research study, William SchaeTer has 
demonstrated an interrelationship between shale gas production and 
geologic structure within the Midway Extra gas field of West Virginia. 
Plans call for submission of a master's thesis final manuscript to 
the Department OF Geology by the end of the fall semester 1978. 

A positive statistical association among ground water production linea- 
ments, and shale gas production within the Cottageville field was pre- 
sented in our last quarterly report. Work is progressing on a similar 
comparative study of the Midway Extra gas field area. This work is in 
the data gathering stage. 

Geophysical Studies 

Test site two (Figure 1) was shot by shallow seismic and resistivity 
methods this past quarter with the following encouraging results: 
50th methods recorded an anomaly associated with an interpreted 
fracture zone. 'This fracture zone was first selected as a surface 
lineament in an independent photo study. We are encouraged that the 
system will define shallow fracture zones, and that these zones reflect 
fracture porosity. We hope that this relationship will also reflect 
fracture porosity in the deeper Devonian shales. To test this hypothe- 
sis, we have moved to Cottageville and are now collecting geophysical 
data there. We are also attempting to further define the depth capabi- 
lity of the system at that site. 

We have temporarily abandoned the use of an acetylene popper in favor 
of a dynamite energy source for the shooting program. We will contin- 
ue to work on improving the design of a less hazardous popper during 
this coming quarter, and we will further investigate the feasibility 
of using other surface sources [or our program. Work is also progress- 
ing on a computer plotting system for the digitally recorded seismic 
data. We expect that an in-house capability will be available by the 
end of next quarter. This capability will not only reduce plotting 
time, but it will increase our capability for analysis of the basic 
data. (See .li so Dr. Russell Wheeler, West Virginia University, 
contract nf.1. CY-77-C-21-8087.) 

Structural Studies 

Steady progress was made this past quarter on surface structural study 
of the effects of tile Parson's lineament on Devonian silts and shales 
within the Middle Mountain Syncline of West Virginia. 

Study of methods for determinating surface joint (fracture) intensity 
in covered terrain is also progressing on schedule. Results of last 
summer's field work is being tabulated for computer analysis of the 
data. This study is in a data analysis phase. 



2.0 CONTRACT OBJECTIVES 



2.0 CONTRACT OBJECTIVES 

Collect, compile and analyze geological data and prepare geological 
structure maps for eastern Kentucky and western West Virginia. 

Determine if structural types and styles and surface lineations for 
productive areas of the Black Shales differ from those in non- 
productive areas. 

Identify and define along with other contractors those geologic 
parameters that control gas production from the shales. 

Determine the feasibility of using shallow penetration resistivity 
and seismic surveys to detect near surface faults and fractures and 
demonstrate their relationship to lineations observed on airborne 
imagery. 

Determine if a relationship exists between ground water movement and 
shale gas productivity. 

In conjunction with other contractors develop a method for selecting 
areas for drilling shale wells that have a potential for gas 
production. 



3.0 TECHNICAL PROGRESS 



3.1 Work Package 2100-l-l CROSS SECTIONS 

3.1.1 Current status of work and deliverables 

J. Negus de Wys 

Current status of work: 30% completed 

Scheduled deliverables: None 

0 Log correlation: 60 logs 

l Data posting from correlated logs completed. 

l Thirteen preliminary cross sections completed. Three of the 
traverses are represented in three modes. All are shown in 
stratigraphic-structural cross sections using the Top of the 
Berea as the datum level. All sections have been reviewed by 
Ernie Jenkins of Kentucky-West Virginia Gas and by Wally Dewitt 
and Laurie Wallace of the U.S.G.S. in Reston, Virginia. See 
Figure 1 for locations of cross sections. 

0 Drafting of preliminary cross sections has been completed. 

0 Samples prepared for lithologic-.geochemical studies are being 
studied. Microscope/camera request is being processed. 

l Protosalvinia samples from Martin County and Perry County cores 
are being studied. Photographs have been made. Sections and 
macerals are being prepared. 

a Meetings attended per monthly reports. 

l International Devonian Symposium in Bristol, U. K., attended on 
University support. 

3.1.2 Problem areas and suggested improvements 

None. API counts postponed. 

3.1.3 Work plan for next quarter 

l Progress in lithology studies. 

l Attend log interpretation school which has been arranged for 
October 26, 1978, with Schlumberger. 

l Correlate additional logs. 

a API counts to be initiated with additional log correlation and 
carried on simultaneously. 

* * * * * * 



3.2 Work Package 2100-l-2 ISOPACH MAPS J. Pjegus de Wys 

3.2.1 Current status of work and deliverables 

Current status of work: - 30% 

Scheduled deliverables: None 

l Log correlation and data tabulation on 20 additional logs 
completed. (Total: 60) of 300 total to be done. 

3.2.2. Problem areas and suggested improvements 

None 

3.2.3 Work plan 

e Continue 

0 Plot data 

for next 

iog corre 

on maps. 

quarter 

lation. 

* * * * A * 

3.3 Work Package 2100-2-l STRUCTURE CONTOUR MAPS J. Negus de Wys 

3.3.1 Current status of work and deliverables 

Current status of work: 30% completed 

Scheduled deliverables: None 

l Three dimensional stratigraphic-structural model completed with 
7 cross sections showing relationship of structure to an initial 
open flow 3-D histogram on the base. 

0 Data being plotted on base maps as logs are correlated. 

3.3.2 Problem areas and suggested improvements 

e Release of basement seismic map negotiated with four companies. 
The fifth will discuss this with us at the Lakeview meetings. 

l Kentucky-West Virginia Gas has given permission for a structure 
study to be carried out on two horizons using data from about 
4750 driller's logs. A student will work with Kentucky-West 
Virginia Gas for three months next summer in the Prestonsburg 
office to accomplish data retrieval. 



3.3 Work Package 2100-Z-l STRUCTURE CONTOUR MAPS - continued J. N. de Wys 

3.3.3 Work plan ror next quarter 

0 Continue log correlation and data plotting. 

t seismi c map release. 0 Complete negotia tions for basemen 

* * * * * 

3.4 Work Package 3209-4-l OIL AND GAS MAPS J. Negus de Wys 

3.4.1 Current status of work and deliverables 

Current status of work: 30% completed 

Scheduled deliverables: None 

0 Initial open flow map of 4 level breakdown completed and drafted 
(one of pattern as a result of levels; one of overall pattern as 
a function of highest 3 levels). 

e SYMAP completed: computer drawn map of initial open flow data 
on 4,750 points. 

l ADMINMAP completed: computer drawn map oE initial open flow 
data of 4,750 points. 

l Trend analysis map of entire field run. Section study in 
progress. 

l Hand contouring of 4,700 points with initial open flow in 
progress (70% complete). 

l Gas occurrence from well logs (60) posted on cross sections and 
3-D blade 1. About 30 logs must be examined to complete this 
correlation with cross sections. 

l See Figures in Annual Report of initial open flow patterns and 
maps. 

3.4.2 Problem areas and suggested improvements 

None 
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3.4 Work Package 3200-4-l OIL AND GAS MAPS - continued J. N. de Wys 

3.4.3 Work for next quarter 

l Complete trend analysis. 

l Initiate cross sections of SYMAP and ADMINMAP computer drawn 
maps of initial open flow to relate to stratigraphic structural 
cross sections. 

l Complete iland contouring of initial open flow data. 

l Attend Schlumberger log interpretation school October 26, 1978. 

* * * * * * 

ABSTRACTS AND REPORTS THIS QUARTER 

o Report on Cottageville Pilot study of gas production given at Department 
of Energy meetings in Tulsa in August. 

0 Slides and reports for Lakeview October meetings: 

1. Cottageville Pilot study of gas production (conclusions); and 

2. Status report of Eastern Kentucky Gas Field(s) study (stratigraphic- 
structural cross sections, initial open flow patterns, and planned 
studies in this ongoing three-year study) 

i\iext Quarter 

l Deliver report on Eastern Kentucky study at Lakeview meetings, October. 

l Poster session at Lakeview meetings in October on comparison of portions 
of SYXAP, ADMINMAP, and hand contour mapping of initial open flow data. 

0 Three-D Model of stratigraphic-structural cross sections of Eastern 
Kentucky gas field(s) and initial open flow histogram to be presented 
at Lakeview meetings in October. 

0 Deliver Cottageville Pilot Study Report at Lakeview meetings in October. 

* * * * * * 



Jeanette -4. Oixon 

3 . 1. 1 c Lii: I c ir I. ;. I ;, i. 4.; .,f work and scheduled deliverables 

F1.t i .i II ,:, 5 i ,;:' ..ile de1rc.i opment and application of n;easu:lng 
sys;re-,.i;..:c -Jvir.i intensity has been completed. The Parsons 
line.~~~ii:rz ; ::I western Tucker County is being investigated. 
Stztii-1, i. i xn:,lysis of LIE data is under way. .loint roses 
an3 ~lrL:iImil:ary ,joint: intensity maps have been made. 

Fix i. j CJI-.,L vs<< reaps and -joint In-censity maps will be completed 
for tiie :rc3.xL rikarrer. The writing of the final report will be 
ini Li3t.:L 



3.1 Work Package 2100-2-z STRUCTURE STUDIES Thomas H. Wilson 

3.1.1 Current status and deliverables 

Fracture orientation, spacing, length, and depth were measured 
for fractures found at several outcrops in the Middle Devonian 
shales exposed in the Middle Mountain syncline. Fracture exam- 
ination was confined to those areas of the syncline intersected 
by the Parsons structural lineament. 

Further data collection is required before this study can be 
completed. Field work in the spring and possibly early summer 
of next year should provide the data needed to complete this 
investigation. No additional work in this area is planned for 
the coming quarter. 

Several illustrations elucidating the internal structures of 
the Middle Mountain syncline have been prepared for the poster 
session of the EGSP symposium at Lakeview. 

Several contour maps have been prepared which examine the 
patterns found in the strike and dip contours of the Middle 
Mountain syncline. A report on this study is currently under- 
way, but as yet incomplete. 

3.1.2 Problem areas and suggested improvements 

None 

3.1.3 Work plan for next quarter 

A gravity survey is currently underway and scheduled for com- 
pletion early this coming quarter. This survey is being con- 
ducted primarily in Pendleton County, West Virginia, for the 
purpose of supplying more detailed gravity information on the 
structures associated with the Parsons structural lineament. 
The data collected in this survey will be tied into data 
collected by Kulander and Dean (1978). Latitude, free air, 
Bouguer, and terrain corrections of the data will be completed 
by mid November at which time modeling of the sedimentary cover 
along the length of the Parsons lineament can begin. It is 
hoped that these models can be generated by the end of this 
quarter or early the following quarter. 

A * * * * * 



3.1 Work Package 22UU-1-2 FRACTURE STUDIES Kevin D. Lee 

3.1.1 Current status of work and scheduled deliverables 

Field work was undertaken during the last quarter to obtain 
joint and macro-structure data along the Pine Mountain thrust 
in Eastern Kentucky. The data collected is currently being 
processedd with hopes of having preliminary results by the 
end of this quarter. 

3.1.2 Problem areas and suggested improvements 

3.1.3 Work plan for next quarter 

Process field data in the following ways: 

1. Construct stratigraphic columns where data was collected 
to show macro-structures and joint inclinations in their 
respective stratigraphic positions. 

2. Construct a cumulative plot of all joint data. 

3. Construct cumulative plots of joint data for different 
stratigraphic intervals in the shales. 

* * 9< * * * 



3.1 Work Packare: 2200-l-2 FRACTURE STUDIES Brian R. Long 

3.1.1 Current status and deliverables 

Collection of field data on Devonian shale joints in eastern 
Kentucky has been completed. Measured Devonian sections by 
Potter, Kepferele, and Provo were examined in detail to deter-- 
mine fracture data within known stratigraphic sequences. 
Devonian shale outcrops along the east side of the Cincinnati 
Arch from Vanceburg, Kentucky, to the Lake Cumberland area were 
taken to document joint styles over a large area. In addition 
to normal data collection, the Devonian outcrops were measured 
by scintillometer to determine their radioactivity. 

Previously collected data indicated the possibility of a change 
in coal cleat strike and face-butt cleat relationships in the 
Prestonsburg, Pikeville, and IIazard, Kentucky, areas. Field 
collection of coal data was completed in the above areas to 
increase the density of data points and better determine the 
strike and relationships of coal cleats. Additional data on 
sandstone and shale units associated with coal were collected 
routinely. 

3.1.2 Prob Lem areas and suggested amprovemen .ts 

None 

3.1.3 Work plan for next quarter 

All field data will be placed in computer data sets for use 
with map plotting programs and statistical programs. 

Corrected maps showing joint strike directions as rose diagrams 
will be plotted on a 1:250,000 map scale. Maps for individual 
sandstone, limestone, coal, shale, and Devonial shale will be 
produced. 

The measured Devonian shale sections previously discussed will 
be separated into upper, middle, and lower sections and rose 
diagrams will be plotted individually and on maps to show their 
relationships with the other Devonian shale data. 

Coal face cleat strikes will be separated out of the data and 
plotted on maps to illustrate changes in their orientations 
over the eastern Kentucky area. Possibly the face cleat 
directions of one major coal bed will be plotted to eliminate 
differences in orientation related to stratigraphic position. 

****** 



3.1 Wor'k Package: 2200-l-2 FRACTURE DENSITY AND ORIENTATION Mark A. Evans - - -. -- ~~- -_-- _ __._ .~_ 

3.1.1 Current status and deliverables 

The fracture report on the Reel Energy #3 D/K core has been 
completed and the fracture report on the iviERC 81 core is 75% 
complete. Data collection on fractures in the Lincoln County 
i/20403 core is 75% complete. Photographs have been taken of 
many of the natural fractures and some of the core induced 
fractures in this core. 

3.1.2 Problem areas and suggested improvements 

A problem exists in that the Lincoln County #20402 and j/20403 
cores, as well as the Jackson County W11905 and #12041 cores 
are in very poor condition. Data collection on fracture fre- 
quency and orientation is difficult and in some instances 
impossible. Progress has been slow. 

3.1.3 Work plan for next quarter 

During the next quarter, data collection on the fractures in 
the two Lincoln County cores and the two Jackson County cores 
should be completed. Many of the fractures in these cores will 
also be photographed. If time permits, visual and statistical 
analysis of this data will begin. The fracture report of the 
MERC i/l core should be completed soon into the quarter. 



3.1 Work Package 21(~.1-1-1 SEISMIC -___ -_-- James E. Ruotsala 

3.1.1 Current status of work and scheduled deliverables 

Various computer data analysis procedures are now in development. 
These include: 

Seismic data plot routines 

Computation and plotting of synthetic seismograms 

Currently alternative energy sources for reflection seismic data 
acquisition are under investigation. These include various 
surface sources and a gas (propane or acetylene) popper. The 
object is to find an energy source that will yield good data 
witn a minimum of effort in drilling holes, obtaining permits, 
etc. 

3.1.2 Problem areas and suggested improvements 

Virtually a total lack of sonic logs of wells in the areas of 
interest will make it very difficult, if not impossible, to 
positively tie our seismic data to subsurface geology. 

3.1.3 Work plan for next quarter 

Additional data analysis procedures will be developed, including 
data processing routines. 

Contirtudtion oi the effort in finding alternative energy sources. 

In addition, the winter will be used in interpreting and 
analyzing data currently being collected. 

* * * * * * 



3.1 Work Package 2100-l-l SEISMIC Keith Kirk 

3.1.1 Current status and deliverables 

The fourth quarter was spent completing the collection of and 
analyzing the data at the first test site along with laying 
out the seismic lines to be run at the other two test sites. 
Excellent results were obtained at the first test site. A 
report detailing this work will be included with the yearly 
report. Frequencies up to 600 Hz were recorded at the first 
test site, and in some cases beds as thin as 6 inches were 
resolved. 

3.1.2 Problem areas and suggested improvements 

Explosives have continued to be used as an energy source 
because no remedy has been found to the problem of the water 
logging of the acetylene cannon that was detailed in the last 
quarterly report. However, explosives have proved to be more 
than adequate for the purposes of this research. 

3.1.3 Work plan for next quarter 

Data will be collected and analyzed from the additional two 
test sites in conjunction with Task 3200-z-3. 

* * * * * * 

3.1 Work Package 3200-2-3 SURFACE RESISTIVITY 

3.1.1 Current status and scheduled deliverables 

Keith Kirk 

Work is on schedule. A long line was run over the test site 
at the Cottageville field that suggests the presence of a 
fault along the major structural trend of the system. There a 
are no scheduled deliverables for this quarter. 

3.1.2 Probiem areas and suggested improvements 

None 

3.1.3 Work plan for next quarter 

The next quarter will be spent collecting data at the Cottageville 
and Kermit test sites. 

* * * * * * 



3.1 Work Package 3200-l-2 SUBSURFACE GEOLOGY Henry W. Rauch 

Subtask -. identify 7 areas in which to conduct ground water studies. 

3.1.1 Current status of work and scheduled deliverables 

A ground water study has been initiated in the Midway Extra 
gas field area in northern Putnam County. To date, physical 
weli data have been collected from the owners of about 80 wells 
in tile study area, and some of these wells have been sampled 
for water quality. There are no deliverables for this quarter. 

3.1.2 Problem areas and suggested improvements 

There were some delays encountered during the summer in collect- 
ing field data in tne Midway Extra area; a delayed paycheck and 
a delay in the purchase of a car for field work by Mr. Beebe 
were temporary factors which have b.zen corrected. Mr . Beebe is 
currently assisting Keith Kirk on a part--time basis with comple- 
tion of field geophysical surveying work left over from the 
summer. He is currently about one month behind our original 
work plan for the past quarter, but he should be caught up with 
all researcll work within the next few months. 

3.1.3 Work plan for next quarter 

We plan to accomplish all field work related to the ground 
water study in the Midway Extra area. A report on progress to 
date, with appropriate data, will appear in the 1978 annual 
report. A second progress report with more data will appear 
in the quarterly report for January. 

” 7 .I . i Work Package 32i30-L-3 SURFACE RESISTIVITY H. W. Rauch 

Subtask - Conduct resistivity surveys over ground water study areas 
(dtlfined under 3200--l--2). 

3.2.1 Current status of work and scheduled deliverables 

Resistivity surveying across selected photolineaments has been 
completed for the Cottageville study area, but such work has 
been delayed in the Midway Extra study area. There are no 
scheduled deliverables for this quarter. 

-/ i , 



3.2 Work Package 3200-Z-3 SURFACE RESISTIVITY - continued k *. W. Rauch 

3.2.2 Problem areas and suggested improvements 

Our only problem nas been a delay in doing resistivity field 
surveying in tire Xidway Extra area, for reasons mentioned under 
3.1.2 above. We do not anticipate any long-range problems, 
however. 

3.2.3 Work plan for next quarter 

Continue work on the resistivity surveying as the weather 
permits. We plan to complete this surveying within the next 
3 to 6 months. 

* * * * * * 

3.3 Work Package 3200-5-l STRUCTURE/PRODUCTION COR.RELATION li. W. Rauch 

Subtask - Correlate all data and attempt to establish a relationship 
between geologic features, lineaments, fractures, ground 
w;1tt.r, ;lntl oil and gas production. 

3.3.1 Current status of work and scheduled deliverables 

A paper has been prepared for NLTC's EGSP conference, regarding 
correlations between ground water data and gas production data 
for the Cottageville study area; this paper also appears as a 
deliverable for the month of August and for this quarter. 

A comparison of ground water and gas production data for the 
Midway Lxtra has not yet been done. 

3.3.2 Prob ieni c1 re.is <irid suggested improvements 

Iuone 

3.3.3 Work plan for next quarter 

We will continue to test the tentative associations of ground 
water quality with gas production data for the Cottageville 
area, by the analysis of additional well data from October, 
1978. The latest evidence will be reported at the second EGSP 
conference and in the next quarterly report, 



H. W. Rauch 

3.3 Work Package 3200-5-l STRUCTURE/PRODUCTION CORRELATION - continued 

We will also proceed with an initial analysis of ground water 
and gas production data for the Midway Extra gas field study 
area, and will report briefly on progress to date in next 
quarter's report. 

* * >k * * * 

3.4 Work Package 3200-5-3 LINEAMENT/STRUCTUI CORRELATION H. W. Rauch 

Correlate fractures and lineaments derived from photo analysis with 
results of ground water tests to determine if any relationship exists 
between ground water production and the occurrence of lineaments. 

3.4.1 Current status of work and scheduled deliverables 

See the enclosed deliverable item for task 3.3 above, for a 
summary vf associations between water well yield and lineament 
proximity. 

To date we have not yet compared water well yield to lineament 
proximity in the Midway Extra study area. 

3.4.2 Problem areas and suggested improvements 

None 

3.4.3 Work plan for next quarter 

We will proceed with an analysis of ground water and lineaments 
for the Midway Extra study area. There will be a report on 
progress, but no deliverable items for next quarter. 

* * * k * * 



LINEPklENTS APdD GROUND-WATER QUALITY AS EXPLORATION TOOLS FOR GROLJJD 

WATER AND GAS IN THE COTJAGEVILLE AREA OF WESTEm WEST VIRGINIA 

D. Scott .Jones 
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Dr. Henry W. Rauch 
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Mr. .Jones received his HA tleg~-et? in Geology from Susquehanna ilniversity in 1976. He has been 
Tittending West Virginia University since 1976 and is working toward an MS degree in Geology. He is 
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i970 he has ht>en employed by Wc>st Virginia University, Department of Geology and Geography, and 
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contract at West Virginia University, which is funded by the U. S. Department of Energy. His prima- 
ry research interests are in hydrogeology and geochemistry. 
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ABSTRACT 

Figure 1 depicts the study ;~I-P;~s. ‘I’iit- First phase of t?lis study involved the invtJsti.gation of 86 
..:ster wells and one spring in tile ii~tl~~O~~~Ol0~~ study area. 1 Physical well parameters such 2s well 
.ic:pth, depth tt) i;;itcr, well yicxld, ;ind c;ising depth were obtained from well owner-s or drillers. The 
l c:pographic stat t ing ;lnd most ;:I-oh;lh!~ .iqlli fer unit h;c:re determined with the aid of topographic maps, 
:i structural con tour map of tllc Pit I :;t,urgh Coal, anti a general stratigraphic column for the study 
qrea. 

i:ilart photolin mr’ri t s we r-e <? i -:i# a;.ip;:t.d fur the iiydr-cjgeologic study area from low altitude black and 
L/ trite photon;!-:i;)ily h;ivin= .sc:iii~~; of t7 1 :2O,i)OO and 1 :38,000. The photo1 incaments r-epresent nearly 
:;I raight strt-am L ?,:lnncl or v;il I ev c,t~f7i?C!lts over 0.25 miles in length (but usually less than one mile 
’ i)ng) . These ‘.*c re identified <:nd plnrte d on 7 l/2 minute topographic maps for the study area.1 
4?so identified and plotted were a ~PW Landsat lincaments defined by straight stream or valley sec- 
t ions or a!i~;n~~d stream meantitai- ijcantls. A third type of lint>amtTnt is the curvilinear type. These 
i:Ileaments are 6 i,rierally at l.~,,:st il71t: mile in ii,ngth and are drfined by continuously cllrved valleys 
or streams which lac’k inflec-t ii,n points in thci r general cllrva 1 ure. They were dctrrmined from and 
Plotted on the 7 l/2 n:inute to;jogr;ip;lic. ma;,s. 

!i;iter qunli:y ic’sts we’re also 1”~ rI~<~r7lt~d : ur 86 wclis and one spring. 1 Tc?mpc’rat ure and specific con- 
duct ante were ziL’asured in the field, :ind two water samples were taken from each well. One sample 
was treated with acid and later analyzed in the laboratory for iron, calcium, and magnesium concen- 
trations. The second sample w;!s treatcxd with a biocidal agent which also retarded algae growth, and 
was kept cool until chemical analysts for pH, bicarbonate, nitrate, sulfate, chloride, and sodium 
could be performed in the 1abo:matory. 

PHOTO!, INEA?ENT ASSOCIATIONS 

?I,ipped linraments for the gas field study area are shown in Figure 2. Several short photolineaments 
five curvilinear lineaments, and one T,andsat lineament are evident in this area. Later well yield 
(in gallons per minute) was ti>sted as a function of well proximity to each of the three types of map’ 
ped lineamcnts for the entire hydrogeology study area (see Figure 1). 

Kater wells loc,~tcxd within 100 f,.#>l of a short photolin~~rimcnt yield water at si.gnificantly greater 
r-rites than more distnnt wells. ‘I‘h?x tiit it,rence is significant with a 0.06 prohahility of error 
iurobabi I.itv ti-:.it tlipre is r,c : i: ! j Cl!, t diYftsrc-n(,e hetwecn LWO groups of tested data), by the 



?:.ln!; h'hitney 1' (l-tailed) sta: ~q:t ical t.est. 2 Of tllosc wells within 100 feet of a sllort photolinca- 
men t ) wells wir!>in 50 feet yicAld ~:~:er at significantly greater ratps'(about 50 percent greater) 
I l-ran wells iO-TO!:, fr-et from suc;l .a : in,.rjnent, This difference is significant with a 0.05 error 
gr,;bnbil ityhy : iii- :-Y;inn \ill.it nciv ?~Y tt. si. these trends in well yield iiere expected and have been well 
tioc~llmfnted by i ,i; tizan and P;!r 1 i~‘k c1~ 1;~11 as other rcse,archers. 3 App::rently, sl;ort photolinezxents 
oftt,n repr<xi>i-;:; iulti+rlying ir.,, i:i:-!. :~unes which arc associated with significantly increased aqilifer 
pel-meabiLitv. I;.,nce water wcl I :; Ic,c;I? cad on photo1 ineaments usually have higher-Than-average yields. 
The probable fr,icture zones llntic,r ;iiiotolineaments of the study area are roughly 200 feet in width. 

T,:lndsat and cur-\,iJinear lineain(,nts b;cat>m to have no definite relationships with water well yield. NO 
significant ass~lciations wtrt Iound between water well yield and well proximity to either Zandsat or 
curvilinear- 1 i ~.~-":~i~~:nts, bas<~d ctn :'i~c~ Il,i:ln \,Ylitney [J test. J,andsat lineaments (.ind other lineaments 
from high nltii~::ie ima ery) r".;,>:)(~ d by Lprner were tested in addition to those few !,andsat lincaments 
1m a?ped by the z:~tIlors. f.. 1 IZdttlr ikrf,l is nc'ar t11e curvi linclar lincnmtnts produced a: cll>out the s:ime rate 
2s wt~lls in iltl,idr valleys. k?i,it c'vt'r III? r('.ison fur tlltxse non-;lssoci~~tions, I,anc!.snt and curvilinear 
lineaments ar-t' both tiistincrlv tiific~:-c'llt fr-om sllort pllotolillcaments in both :ippc'ar~~nce and effects. 

C;,:s well yip12 :as next test~ci for pc>>;siblc associations wit11 Flapped linczmtnts in the gas field 
st11dy arca (sc'f. Figures 1 and 2). F iF;urr 2 shows the locations of Devonian shale gas wells both 
!~itllin and :?urrs-lrlnding the Cot t,i>!,,vill.i- g,as field. Only depicted are those wells for which natural 
Jri i tin1 open flows are known (J-.. I:. Yi~~c,;Cols 111, p,>rsonal communication, 1978). h'ritural initial oper. 
ilow was judged to be the rrcst rcIi:~bIc~ gas protiu(:tion variable representing relative gas reservoir 
<inil gas we1 1 pot~~ntial. Thi~rt~;ore , only this variable was used in statistical tests of lincament 
nssociations. Significant rcsc'arch I)n gas well production trends and associations is rc-ported by 
:>i'veral rest-arciiers. 4,5,6,7,8,9 

: i c-~kv v c r , wiren :;,,crt photolirii~;i~ exit ori~~:lt ,,tion is taken into account, it is evitic:nt from Figure 3 
:'t;at natural o;l(‘n flow vnric,s with the Llrit,ntat ion of nearby phntolineaments. Gas wells within 0.5 
niles of sllor; ;)hotol inrancants ‘hi);lr ing 1; hOoW to ?G 90°k', or \;!I<, have a greater proportion oi high- 
yielding g<as wc~l !s (over 100 ?l('Fjday) than do gas ~~11s within 0.5 miles of other short photolinea- 
'3 t:n t s . This d~rierence is sig:ilific,ln: b>- the 2X2 Fishier contigency test, with an error probability 
of 0.03. FurtilL-rn,ore, Figure ? indicated that gas wells within 0.5 miles of short photolineaments 
clrirnted K 75*E to R 90°E are :-:Tl;iiivdy !li.gl~ producers, on avern<ge. Combining this class of gas 
wells with thr il:qV class prodkic,cs a c(lr?hined class within 0.5 miles of photolin<,aments bearing N 60°k. 
to N 105'K, whii-il has the n,ixi;~~~~, po: rAI:tial for high-yielding gas wells. A 2X2 ch-square contin- 
,:cacy testy t (~:Zi~,ii-ison of this. ~,n:;lr-:,eci wtlll clans with other wells shows a significant difff>rence at 
L he 0. 05 alpFi;i 1) i-L)bal)ili ty . 

..?l though KNI~~-5i~,,ring pliot.oiiii~,.:m~,i~i s 1 ,,,IvE' a significantly great proportion of high-yielding gas wells 
:n their vicinity, a more direct tczst of such photolineaments was necessary to determine their use- 
Tulness as an txploration too?. Tilt- density of 'QW photolineaments is compared to contoured trends 
for nattiral initial open flow in Figure 4. The 100 and 500 MCFjday contours for natural open flow 
were plotted assuming that tile c!~:-i;,ges in gas flow rate would he linear beLween adjacent gas wells. 
These contours 2re partly a function of the density of gas wells; contours in arc'as with low gas 
well densities, such as the nclrthwestern extension of the 100 MCF/day contour, are probably overly 
optimistic in their prediction of si~:ile gas rc'serves. Rese contours therefore represent a liberally 
depicted version of the Cottngcville gas field. 

'?he density of plotted WNW p;rotolineaments was calculated from Figure 2 by use of a moving average 
I echnique and an orthogonnl iTrid 0: lincas ticfining square sc>ctions. the grid was oriented parallel 
t 0 the north-sc>llth and cast--w~.a=t tli rlzi‘t iclns, anti h,ld sclctions that we're 0.5 milc,s lonp on each side. 
rhea G?kT phot oli:~~~,i:r~c~nt density w;l.c; (,;il(,u1,11 cstl I or 1.0 squarcx milt st~ctions by tllc moving av('r3ge 
tiachnique, and was plot ted at i 1,~ i‘c~iitc.r of t~nch squ.are mile section. This density was tlren con- 
totlred. Figure 4 illustrates hSV pllotolinpament density contours of 1.0 mile length per square mile 

circa, and of 50 percent by totni length per square mile area. The highest WNW photolineament den- 
sities occur inside the depict (~.l :.,;nt 011~s and within the Cottageville gas field. 



Ciii -square contingisncy (2X2) te\ts .,.t\rc. then performed on the moving average data for VZ?K photo- 
lilleaments. Eii:lity one sampI C' :joiii t :> i;c,re classified in two 2X2 tests for each density variable. 
One test compared greater-th;i;l-i9G '.:cF,/c!ay with less-than-100 ?fCF/day points, and the second test 
compared greater-than-500 MCF/i:.!y .,riti: lcys-than-500 ?,lCF/day points. The statistical test results 
indicate that :<NI< pllotolinc~;in~~n: dt,::~ i I‘J (both ;!s miles length per c;quzire mile arf'z and as pc~rcent~zge 
c>f lineament lcnght per square pi 1,:) i .- ~lt:~'ifi(~,:ntl\~ _ ,lssoci;itt-d with both the grcnter-than-100 ?lCF/ 
day and grc:~t e r -:ll~in-S,oo MCF/d;1y :’ ~.III)!~:-~,c~ :II-C’;IS of Fii;"rc 4, at ;ilp?la prohnhility vnlil?s ranging 
from 0.02 to 0.001. Ilr>wevcJr, t III~~+~~ 1 I'<; 5 ,?rt? bi;~sc:d i?i,c;juse the 81 tested points are not mutually 
independent s,-irr;ples, s ince t 1;i.y 'M'l' rrl ~7' !i('r:ttcad by t11e moving ,ivi'rage tcachnique. 

Thibrefore, R :,L,c,ond set of cant ; :~t;"!>~‘v 7 td:;ts \ic-re performed on the four sets of independent 1.0 mile 
';qllare sections tllnt define t!rc 81 poii~~s tc~stec! ;lbove. First, tile nilmhcar of tested points was in- 
1 rilased from 20 to 80 by mult;plyi:lg c,ich box of tile 2X2 contingency tables by 4. This step had the 
effect of increasing the sample fri-cjut-llcics to a hypothet ic,al ,iumber of indc-p?ndent sample points 
\dhich were abo11r eq~~al to the ai :I~)::-L ,-iti;,; leniieilt points tested ii-itially. T?lis ac:ion was taken to 
overcome the bi;tsing effect of '?>;I? :'vi t ing;i’iiCy test.5 ;ig;linst statistical signiZc;irice for a low num- 
ber of samples. Tl~2 net ribsl!l: 0; ti,, :;i, Icst. sets WAS thnt at least 3 out of 4 tests of indepmdent 
s:;:nple points wr're signific;int .It ri O.(J5 or lower alpha prolIability, ior associations brltwecn I\iNW 
~;j~otolineament c!cnsity and gas i,:ei 1 yi,,!d ;Irt';?~ from Figure 4. Thertfnre, the :lssociation of high 
:,.?u%' photolineamcjnt density and i!igil g;is p rodllctic~n ;<rcas (<?ither greater-than-100 ?lCF/day or greatcr- 
than-500 ?lCF/day) is (Tonsitic;rtlti ;i :I!: iilc ;lnt by th,~ rilltlrnrs. 

Statistical t fasts were also pt~r~om;c~d 011 gas well yicald as a fllnction of IflNK photolin(,;~il~~nt densities 
of less-than-O.50 versus gr eatc'r-tilnn-0.50 miles length per square mile. The associations are a&ain 
significant at the 0.05 alpha prol)alli! ity, but using the area within the 0.50 density contour (not 
s!10wn in Figure 4) would not prL'vc' as si~(~cessiul as tile arra within the 1.0 density contour for gas 
:xploration. T!:sting of gas wrils .&it'lin 0.5 miles of short plrotolinc,aments bclaring N 600X-K 105'F: 
viclded similar results to t 110 s e alrc .+dy tlescrib~~d for the h%F: photolineaments. Iiowever, the den- 
sity of photol'L.~i,amerits in tile ,.31clr-gcd oricntarion c:l,ass do not associate quite as well with gas 
;)rotiuction rate> as the VNW phot ,:I inc';~iri'nts previously described. 

‘i. '1 ~~xplanatlon of tllr, ;issori,~t iI,:::, !l,,tci,ix:: IJKK pilot 01 inc~;ti:lL~nt s ;ind i:;+s yield mlist involve thr subsur- 
iacc geologic structure reprt~s:~lrt(~<: i)y tl;v:;e pIlot 01 iIicb:iments . It is reported tlr,lt a major fracture 
orientation exists in Ilhe east--l*+st dirt-ction in the Cottageville gas field, based on surface outcrop 
and core da?ta. ' Tn(-rc>ased gas reservoir permeability, along fractures oriented approximately east- 
VJf'S t , is prona‘tjiy ii major ciil~sc' ior tl)e liigF1 gas yields in the Cottageville field. A more extensive 
itructural analysis of gas trcntis is gil-ian by Nllckol s.~ 

Both Landsat ;nd cllrvilinear li;:~~:mt~nts wt're also tested against gas well yield for the gas field 
study area. The one Landsat lineam<~nt along Mill Creek appears to have a negative effect on gas pro- 
juction, as shown in Figure 4. h:arllral open flow is lower for gas wells located within 0.25 miles 
zf this IinrJament than for wells 0.25 to 0.50 miles distant. This relationship is significant at the 
0.05 alpha probability level by the 9ann Wllitney u test, but not by the contingency test. This re- 
sult supports tile conclusion of Werner, that Landsat lineaments appear to be detrimental to gas pro- 
duction in the Cottageville area. 4j5 A test of curvilinear lincaments shows gas yield to be signifi- 
r,nntly lower for gas wells located witllin 0.5 miles of such lincaments than for more distant wells. 
I'his difference is significant t.or ;I (1.01 alpha probability by the Mann Whitney U test. Therefore, 
Landsat and curvilinear lincaments <ire to be avoided in exploring for Devonian shale gas, at least in 
the Cottageville area. Perhaps dt,egl~ penetrating fractures have bled off the shale gas under these 
lineaments, as suggested by Werner. ' 

GROLTU'D KATER-GAS YIELD ASSOCIATIONS 

Later well yield and well water qualit) were next compared to the yields of nearby gas wells in the 
gas field study area, to see if water well data could provide new exploration techniques for Devonian 



silale gas. A i:y;,otheticai fi!‘l!rtz 5 or (Jxpc‘cted gas well yield was generated h,y 1 incdar interyolhtion 
hi? twtaen the two 22s wells nr~>.irc,,:t .:nd on opposite sides of a water w,‘pll or :;pring, for czach of the 
20 wells and one spring witilic :;I(~ !.;I.-; field area. tily one water ~~11 coIlid not be aSsign?d an ex- 
pected gas yield value. 

Results of plots .;nd tests fol- :,:.I’: I- ~~11 (and >,pl-iilg) yi(alj indirztea tl:at no G!pi‘,l:-ent :-elatic~nships 
exist between water yield (in i,;il 1r)n:; per minute) and expc’ctt-d natural open flow (in P?CF/day). 

K;nter quali.ty p;ir::nc~tc~rs ~rcxrcz I,,,s: : c~i;t clti for pof;:;iblc ,~~soci,~ti~ns with i~:ipc~cti~ti n;itliral open flow. 
Figure 5 illustrates plots of / o:I~‘~ ilt r-2: ii,n ~;er:,,ls ~2s flow l-ate, for the Forlr i:'c>St pr.omising pai-a- 
meters of those ;tnalyzed. 'i-he ‘Ior-i 11111tul (l;~shed lines on i!~~asc four plots arbi t r-2rily separate the 
gas yields into lligh ;3nd luw cl :‘;~,s’s, for- c~m:;~;irison to concint r-ation. St R t i s t i c R 1 t i’ s t s , involving 
2x2 contingc,ncy tzfiles and t hi, Fi,~ll,~r (.::;tc:t proljabi Ii ty tc‘st , wt’re used to idiyntify any significant 
gas yield d i f f(~~-c~:iies l)ct;G.l~~n iblg11 ;ind luw conr ~zl~tr-at ions. Vtart~i cal 1 iilr’s ‘weri’ ;irbi :i-arily drawn t c) 
(j istinguish higil rrom low c~I:I:‘~ ‘lt r-,+t ion \~nl~ues. Al though the data are sparce, stat j stic,ally posi tivc- 
trends are evitlpnt from tile S[ .:t J st i c:;~l : t sts; ( xpcct cd gas yield tc>llds to be ilighc,r near wells with 
Iligh concent.rnt ions of bi~;~rl\~ r‘.it c’, I ot.71 I:.~r-d::~+~:s, nitrate, or sulfate. Test t-c!slllts are signifi- 
cant at the 0.007, 0.031, O.iiict, ,,II~ cl.!!94 c*rI-or -9rol)abi 1 it ii,s rcs;,f,ct ively , f\)r bicarbonate, total 
hardness, nitrate, znd sl~lfatt’. i:i ;:li 1 Iin;,,,ntr;it ion i~?:iplcs also show significan :ly higller gas yields 
than low concc~nLr,it ion v;il~~i’s, ,:s (!,,1 c : I: i:l,yd by the :.l,inn !Chi:~ley C test at the 0.05 alpha level. 
Other testerl ch~nical pal-amt:t ~‘:-;i 1;i.i (~ii (iid not sign i C’ lc;lntly t-plate to expectted g:ss yield are toial 
iron, temperature, pH, chl ori ,?P, ,i~~:d c:s.)di 11m. 

The chemical FYI:-Si:-;e:-crs rlf ~‘!-‘IIIII~~ \<,.li (‘I- ~::i ch .s,‘c’rn to best rcl;-ltr to c,xTrct-cd 6~s yield arc bic<arhon- 
R~C and total Il:~~-~iile:;s co~lc~~r~l~~-at io~:s. ‘I’liitse p;ir-;iml~aters si,ow 111~ strongest still ist icnl associstions 
wllich are least likely to 11~ ~‘(,;:I(.~~~~,II~;II. ‘illc~sc two grolind Later p:ir-amrters may be applied with 
ITnution as Pspior-;ition too!s. i;r-clm tile ti,st ed c!nta, :lbout 83 ?pl-ccA1lt of the sclec’t ed well sites \,,ith 
over 500 mg/l ?lic,;ir-!,onate hzvt xi gh t.xpt~( ted r,as open flows (over 100 MCF/day) . An e\ren higlrler per- 
ccntage of wells with over 25:’ :rg/1 i;.irtlrlL,ss would make good gas well sites, as defined above. These 
data suggest tliat . . some relati c~rstj~p i,)i.l:; t s 11 e twc,can gas resc,rvoir production pot csntial and shallow 
ground water quality. iiowevc,r , t :I? sL,,i;-ci Cy of iiat a reqliires that these associations be considered 
tentative, linti 3orf water wcl i infc:r-,--,;jt ion can be collected to further test the observed associa- 
tions of Figure 5. 

h’0 explanations drcf apparent tc: ;iiC ,iut;lors for LIIC o'nse:mved arsociations of ground water quality and 
expected natural open flow. ?-;::F.I- \i~lis with hi~gh concentrations of bicarbonate, total hardness, ni- 
trate, or s7llfate have no CC~ii:Jc~!l f;il,ror in their liydr-ogeologic setting. These wells differ in aqui- 
fc,r type, wc~l! ~~lc~v;-lr ion, wc;l 1 llc,pt il, WC’] 1 hot tLm ~lcvation, well yic>ld, topog1-:~pllic sett ing, and 
1 ineament proximity. 
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1.0 EXECUTIVE SUMMARY 

The following are significant events which occurred during the first 
quarter of the contract year, 1978-1979. 

1.0.1 General Introduction 

Our staff’s major effort at the beginning of the quarter was 
toward presenting the results of our research to other scientists 
attending the Second Eastern Gas Shales Symposium in Morgantown. 
At that meeting we presented six separate poster displays, a 
three-dimensional model of the Eastern Kentucky Gas Field, and 
five formal papers (see papers listed below). 

In November and December our efforts centered on compilation and 
analyses of data gathered during the 1978 summer field season. 
These efforts are summarized below under the specific task 
headings. 

Three reports were delivered during this quarter fulfilling 
requirements under our pending contract (see details below). e 

It should be noted that the 1978-79 contract has not yet been 
received. Our efforts are continuing on the project with the 
promise of a forthcoming contract. Lack of 1978-79 contract 
funds has caused some delay in ordering supplies and equipment 
as specified under the pending contract. Thus far, the delay 
has been one of inconvenience rather than any set back to the 
attainment of deliverables under the pending contract. 

1.0.2 Regional Structure Studies 

As a result of our research a relationship between geologic 
structure and shale gas production has been noted at the peri- 
phery of the shale gas producing area. Specifically, increased 
production was found on the high side of a slight monoclinal 
flexure at Cottageville (Figure l), and on the low side of a 

flexure at the Midway - Extra field (Schaefer, manuscript in 
progress). We have now channeled the main thrust of efforts 
under this task toward a more detailed study of these inter- 
relationships and toward prediction of potentially productive 

trends in the area between these two fields (see Figure 1). 
We are in the data compilation stage of this exploratory effort. 
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3. 

1.0.3 Production Studies 

During this past quarter we edited and reviewed a preliminary draft 
manuscript submitted by E. B. Nuckols III (formerly employed under 

our contract) for the author’s revising. The final revised manu- 

script is due from the author the first day of the next quarter. 

Near the end of the quarter we initiated a separate study of the 
Cottageville field data thru Dr. Gerald R. Hobbs, Jr., of the 

Department of Statistics and Computer Science at West Virginia 
University. This project is not presently funded by the U. S. 
Department of Energy, but the results of this research will be 
important to the project, and they wil 1 be integrated into our work. 

Basically, this study will not only statistically analyze the data, 
but it should expand and test certain of our ideas concerning the 
interrelationship of production and geologic structure. 

The major emphasis of our research efforts concerning Devonian 
shale production continues to be on the giant eastern Kentucky gas 
field. Significant events of the past quarter include the construc- 
tion and display of a three-dimensional model of that field at the 
Second EGSP Meeting. This model showed the interrelationships of 
production, stratigraphy, and structure across the field. The model 

also graphically demonstrated that the patterns of initial open flow 
production are complex, and that a detailed geologic analysis will 

be necessary to understand those patterns. In order to accompl i sh 

this detailed analysis the open flow data from the nearly 5000 wells 
was utilized to construct computer generated (SYMAP and ADMINMAP) 
maps of the field. 

Our analysis of these maps suggests that the computer programs do 
not adequately display the abrupt fluctuations in the open flow 
data noted from one well to the next. Because of averaging char- 

acteristics of these programs they do not show the details of 
possible production trends that must be visible in order to utilize 
and extrapolate trends for exploration. Furthermore, it is necessary 

to define these trends if we are to locate areas to collect detailed 
data for our analysis of parameters that affect production. We 
decided that the only suitable approach to define production trends 
is to hand contour the nearly 5000 wells. We started the arduous 

task during this past quarter, and we expect to complete the map 
during the upcoming quarter. The completed map will form the basis 

for comparative analysis of open flow data with other geological 
and geochemical data. We expect also to select a graduate student 
during the upcoming quarter who will spend this coming summer in 
Prestonsburg, Kentucky, gathering structural tops from the Kentucky- 
West Virginia Company data files for construction of structural maps 
in detail comparabie to that of the initiai open flow map. 
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1.0.4 Geophysical Studies 

The field testing and demonstration of seismic and resistivity 
equipment moved into the Cottageville shale gas field area 

(Figure 1) this past quarter. A line of section was located 
across the field, and a resistivity survey profile along this 
line was completed. This survey showed an anomaly where it 
intersected the slight monoclinal flexure which seemingly defines 
the line of most productive wells. Seismic shot and geophone 
holes were drilled on 80 foot centers along the same section 
line, but once the seismic recording started we experienced an 
equipment failure that required returning the equipment to the 
manufacturer. Again the holes were redrilled (nearly one mile 
on 80 foot centers), and again another equipment failure was 
experienced. We are attempting to locate the nature of the pro- 
blem in the equipment in order to start the field program again 
when the weather permits. 

During this past quarter we accumulated geophysical logs for the 
Cottageville area, and we made arrangements to digitize radioactive 
logs preparatory to constructing pseudo-sonic logs. The computer 
generated pseudo-sonic logs will be utilized to construct synthetic 
seismograms of the shale sediments in the Cottageville field. 
These seismograms will be compared with the seismograms collected 
within the field area as an aid to our interpretation. 

. 

Seismic data recorded on tape in the Cottageville field area should 
be displayed rapidly by a computer plotting program now being 
developed within our group. This program should come on line dur- 
ing the upcoming quarter. 

1.0.5 Fracture Studies 

We completed input of data and generated computer maps of joint data 
collected in eastern Kentucky during last summer’s field season. 
Inasmuch as all joints are vertical to nearly vertical in dip, we 

plotted only strike trends. Joints segregated and plotted by 
lithology show that coal face cleats (equivalent to systematic 
joints) present the simplest area1 pattern. However , the trends of 
face cleats in Kentucky appear more complex than those in adjacent 
West Virginia. Several trend domaine boundaries have been delineated, 
but their relationship to shale gas production awaits definition of 
production trends (see summary of Production above). 

Our study of fractures within the Pine Mountain Thrust block show 
increasing complexity of fracture trend downward thru the strati- 
graphic section to the base of the shale, which is the thrust zone. 
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1.0.5 Fracture Studies - continued 

The first of several reports to be written on fractures within 
oriented shale cores was completed and submitted to DOE-METC this 
quarter. This report on the Reel Energy X3 S/K we1 I showed a 
correspondence of partially mineralized northeast trending natural 
fractures with the major show of shale gas in the hole. 

1.0.6 Structural Studies 

Maps showing the joint station locations, joint intensities, and 
average joint spacings of each set in Parsons lineament area 
(Figure I) were completed and submitted to DOE-METC this past 
quarter. A draft manuscript describing methods of measuring joint 
intensities was started for final submittal early in the next 
quarter. 

During the quarter gravity data was collected and reduced to model 
subsurface geology along the Parsons lineament (Figure 1). Severa 1 

short seismic lines in the Parsons area were obtained from the Shell 
Oil Company. This older data, which is of marginal quality, will 
be datumned and inspected next quarter to ascertain if it sheds 
light on the nature of the lineament. 

A report by Philip S. Berger entitled, “Extension Structures in the 
Central Appalachians,” was submitted to DOE-METC this past quarter 
in fulfillment of a May 1979 deliverable listed in our pending con- 
tract. The report not only discusses the nature and origin of late 
stage open fractures of Appalachian folds, but it also suggests the 
structural position on several specific structures that might be 
drilled for shale gas. 

1.0.7 Hydrology Studies 

We completed the collection of water quality and water well yield 
data in the Midway - Extra sha le gas field area. 

Our efforts now will be toward compilation of shale gas well yields 

and comparison of these data w ith photo lineament positions, water 
quality data, and water well y ield data. 
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PAPERS DELIVERED ilT SECOND ANNUAL GAS SHALES SYMPOSIUM, OCTOBER 1978 

1. de Wys, J. Negus, and R. C. Shumaker, "Eastern Kentucky Gas Field: 
Structural-Stratigraphic Cross Sections and Potential Production 
Patterns" 

2. de Wys, J. Negus, and R. C. Shumaker, "Trend Analysis of Gas Production 
in the Cottageville Field" 

3. Jones, D. Scott and Dr. Henry W. Rauch, "Lineaments and Ground-water 
Quality as Exploration Tools for Ground Water and Gas in the 
Cottageville Area of Western West Virginia" 

4. Nuckols, III, E. B., "Exploration Parameters Derived from Historical 
Devonian Shale Production in Western West Virginia" 

5. Shumaker, R. C., "Structural Parameters that Influence Devonian Shale 
Gas Production in West Virginia and Eastern Kentucky: A Summary 
of Progress for 1977-1978” 

Deliverable 
Item No. 

DELIVERABLES 

18 

12 (i n 

"Extension Structures in the Central Appalachians" by Philip 
S. Berger (under the direction of Dr. Russell Wheeler, West 
Virginia University) 

part) "Fracture Density and Orientation Study of the Reel Energy ($3 
D/K Core from Mason County, !Jest Virginia" by Mark A. Evans 

"The Cottageville Gas Field, Jackson County, West Virginia: 
A Case Study of Devonian Shale Gas Production" by E. 8. 
Nuckols III (preliminary manuscript submitted and revised) 
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2.0 CONTRACT OBJECTIVES 
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8. 

2.0 CONTRACT OBJECTIVES 

Co1 lect, compile and analyze geological data and prepare geological 
structure maps for eastern Kentucky and western West Virginia. 

Determine if structural types and styles and surface lineations for 

productive areas of the Black Shales differ from those in non- 
productive areas. 

Identify and define along with other contractors those geologic 
parameters that control gas production from the shales. 

Determine the feasibility of using shallow penetration resistivity 
and seismic surveys to detect near surface faults and fractures and 
demonstrate their relationship to lineations observed on airborne 
imagery. 

Determine if a relationship exists between ground water movement and 
shale gas productivity. 

In conjunction with other contractors develop a method for selecting 
areas for drilling shale wells that have a potential for gas 
production. 
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3.0 TECHNICAL PROGRESS 
0 



3.1 
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Work Package 2100-2-l STRUCTURE CONTOUR MAPS Robert C. Shumaker 

3.1.1 Current status of work and deliverables 

Work started toward a detailed structural analysis of the area 

between and including the Cottageville shale gas field and the 
Midway - Extra shale gas field. There are over 1200 well 

location reports that are being inspected for data concerning 
well location formation tops and shale gas production. We are 

perhaps 60% complete on the data collection. There are no 

de1 iverables. 

3.1.2 Problem areas and suggested improvements. 

No problems. 

3.1.3 Work plan for next quarter 

The work plan for the upcoming quarter is to complete abstract- 
ing structural data preparatory to spotting wells with Berea 
tops. 



UGR File KO48/79Q 1 
OCT.-DEC. 1978 
WVU Dept. of Geog. & Goegr. 

1 1 . 

3.1 Work Package 2100-l-l CROSS SECTIONS J. Negus de Wys 

3.1.1 Current status of work and deliverables 

Current status of work: 50% completed. 

Scheduled deliverables: none. 

0 Log correlation: TO logs (total) 

l Data posting from correlated logs completed. 

0 Log interpretation school October 26, 1978, with Schlumberger. 

l Microscope and camera ordered for lithology studies. 

o API counts initiated. 

l Paper on Cottageville Pilot Study presented at Lakeview Meetings. 

l Paper on Eastern Kentucky Study presented at Lakeview Meetings. 

l 3-D Model of Eastern Kentucky Gas Field presented at poster 
sessions at Lakeview Meetings. 

l 13 Preliminary Cross Sections (stratigraphic and structural) 

completed, drafted. 

3.1.2 Problem areas and suggested improvements 

None. 

3.1.3 Work plan for next quarter 

0 Progress in lithology studies. 

a Correlate additional logs. 

o Continue API counts. 

o Prepare paper accepted for AAPG Meet 
on The Eastern Kentucky Gas Fie Id(s) 

ings, Apri 1, 1979, Houston, 
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3.2 Work Package 2100-l-2 ISOPACH MAPS 

3.2.1 Current status of work and deliverables 

Current statu s of work: -40% 

Scheduled de1 

0 Log carrel at i 
of 300 total 

iverables: None 

on of 30 additional lbgs completed. (Total : TO) 
to be done. 

3.2.2 Prob 1 

None 

3.2.3 Work 

0 Cont i 

0 Plot 

J. Negus de Wys 

em areas and suggested improvements 

plan for next 

nue log corre 

data on maps 

quarter 

lation. 

8 Punch computer cards. 
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3.3 Work Package 2100-2-l STRUCTURE CONTOUR MAPS J. Negus de Wys 

3.3.1 Current status of work and deliverables 

Current status of work: 40% camp 1 eted 

Scheduled deliverables: None 

l Continued progress on log correlation and data plotting. 

e On-going negotiations for release of basement seismic map. 

B Assignment of student to structure data retrieval (Kentucky- 

West Virginia Gas) to be accomplished next summer. 

3.3.2 Problem areas and suggested improvements 

None. 

3.3.3 Work plan for next quarter 

l Continue log.correlation and data plotting. 

l Hopefully complete negotiations for basement seismic map 
release from Weaver and Hi1 1 s 
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3.4 Work Package 3200-4-I OIL AND GAS MAPS J. Negus de Wys 

3.4.1 Current status of work and deliverables 

Current status of work: 50% camp 1 e ted. 

Scheduled deliverables: None. 

l Papers (2) and 3-D Model presented at Lakeview Meetings (See 3.1). 

l Schlumberger school (See 3.1). 

l Paper accepted for AAPG (see 3.1). 

l SYMAP anti ADMINMAP computer drawn maps prepared for reduction 
prior to drafting. 

l -Hand contoured map of initial open flow in Eastern Kentucky 
Gas Field(s) using 4750 data points COMPLETED and delivered 
to drafting. 

3.4.2 Problem areas’and suggested improvements 

None. 

3.4.3 Work plan for next quarter 

0 Prepare discussions of Trend Analysis, SYMAP, and ADMINMAP 
computer drawn maps. 

l Drafting of reduced copies of ADMINHAPS and SYMAP computer 
drawn maps. 

a Drafting and delivery of hand contoured (4750 data points) 
Initial Open Flow Map of Eastern Kentucky Gas Field(s). 

l Continue work on cross sections of initial open flow maps 
for comparison with stratigraphic/structural cross sections. 
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James E. Ruotsala 

3.1.1 Current status of work and scheduled deliverables 

1 . Little progress has been made on the job of seismic data 
plotting due to the unavailability of the digital recorder. 

The component needed to interface the digital recorder to 
the PDP-I1 mini-computer has been delivered. 

2. A computer procedure for the computation of synthetic 
seismograms has been developed. It will be used initially 

for seismic modeling in the Cottageville field. 

3. Work on the problem of constructing synthetic seismograms 
for wells that have no sonic logs has begun. The approach 
is guided by study of the gamma ray, resistivity, and 
density logs of wells that have sonic logs to formulate a 
reasonable way of constructing a crude pseudo-sonic log 
for a well that has no sonic log. The Cottageville area 
only is being examined now. 

3.1.2 Problem areas and suggested improvements 

Nothing insurmountable. 

3.1 .3 Work plan for next quarter 

I . Seismic data plotting capability will be achieved. 

2. Seismic modeling of the Cottageville field will be done. 

3. Plans for next summer’s field work will be made. 
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3.1.1 Current status and deliverables 

The layout of the second survey line was completed. Shot holes 
and geophone holes were drilled along the two mile survey route. 
Data collection is underway at the Cottageville test site. 

3.1.2 Problem areas and suggested improvements 

Because the Cottageville test site is much wetter than the 
Wetrel County test site problems developed with geophone 
cables and connectors. During this quarter the connectors 
were replaced with hermaphroditic water-tight connectors. 
The digital recorder malfunctioned and time was lost during 
its repair. The conditions at the test site have required 
the shot holes and geophone holes to be redrilled several 
times. Yaw the holes are redrilled on an as needed basis. 
Many of the problems encountered in this work would not have 
occurred if initially more sophisticated equipment would 
have been used. The monies initially saved by inexpensive 
equipment have been overshadowed by expensive and time- 
consuming repairs. It is recommended that future work of 
this nature include sufficient funding for adequate tool 
up at the start of the project. 

3.1.3 Work plan for next quarter 

Data will continue to be collected at the remaining two test 
sites and analyses will begin. 
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3.1 Work Packaqe 2100-2-2 STRUCTURE STUDIES 

17. 

Thomas H. Wilson 

3.1.1 Current status and deliverables 

A.) Gravity Survey: completed. At some point, however, 

additional stations may become necessary. 

B.) Data Reduction: incomplete. 

C.) Gravity Modeling: incomplete. 

Work on data reduction and gravity modeling delayed because of 
literature survey and work on deformational scale models of 
layered clay. This diversion was considered necessary and 

preparatory to the modeling of balanced cross sections. 

3.1.2 Problem areas and suggested improvements 

None. 

3.1.3 Work plan for next quarter 

A.) Work will begin on reduction of gravity data. 

8.) Additional models will be constructed to observe the 
effects of basement relief, variations in thickness of 
low viscosity layers, isostatic adjustments in the 
basement, surface slope, vertical and horizontal gradients 
in the strain rate tensor, energy balance, etc., on the 
character of the detached structures beyond the allocthonous 
Blue Ridge. A month will be spent at Alfred University, 
Alfred, New York, working with Byron Kulander on these 
models. 

C.) A talk will be prepared and given at the GSA northeastern 
section meet ing in Hershey, Pennsylvania, March 2, 1979. 
The title of the talk is “Bedding Orientation Contours of 

Middle Devon ian Shales in the Middle Mountain Sync1 ine, 
Valley and R idge Province, West Virginia.” 

D.) A manuscript on bedding orientation data will be completed 
this quarter. 
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3.1 Work Package 2100-2-2 STRUCTURE STUDiES Jeanette M. Dixon 

3.1.1 Current status of work and scheduled deliverables 

The poster session for the Eastern Gas Shales Meeting in 
October was presented, illustrating ongoing work of the 
Parsons lineament joint intensity study. 

Maps showing station locations, joint intensities of all 
sets, and average spacings of each individual set were 
completed and drafted. Joint roses were also finalized. 

The preliminary maps were submitted December I, 1978, and 
finalized maps will be submitted in January, 1979, along 
with the final report. 

3.1.2 Problem areas and suggested improvements 

Course work required a great deal of time. One more semester 

of courses and comprehensive exams will complete the required 
class work; then more time can be devoted to research. 

3.1.3 Work plan for next quarter 
. 

An attempt will be made to make a statistical model for meas- 
uring joint intensities in order to determine how much varia- 
tion in intensities is due to actual differences in jointing 
and how much variation is due to geographical locations. 
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3. I Work Package: 2200-l-2 FRACTURE STUDIES Brian R. Long 

3.1.1 Current status and deliverables 

Field data has been placed in computer data sets. Individual 

maps showing joint strike directions for sandstone, limestone, 
coal, shale, and Devonian shale have been plotted at 
1:2.50,000 scale. Coal face cleat strikes have been plotted 
separately at l:25O,OOO scale to show differences in orienta- L 
tion over eastern Kentucky. Separate maps for black, gray, 
and brown shales have been plotted. 

3.1.2 Prob 

None 

lem areas and suggested improvements 

3.1.3 Work plan for next quarter 

Correlation of coal face cleat strikes with regional trends 
including structural basement contours, coal form line features, 

topography, and gas production areas. The writing of the final 
report will begin. 
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Work Package: 2200-I -2 FRACTURE DENSITY AND ORIENTATION Mark A. Evans 

3.1.1 Current status and deliverables 

The fracture report on the MERC #I core is 80% complete. Data 
collection on all cores has stopped. Data analysis has begun 
on the available data from the Wise County, VA, core and the 
Martin Cuunty, KY, core. Also, photolineament and fracture 
trace studies have begun for areas surrounding the core wells 
being studied. 

3.1.2 Problem areas and suggested improvements 

Due to the transfer of the cores from Morgantown to Granvil le 
data cqllection on the cores has stopped. 

3.1.3 Work plan for next quarter 

Until the cores are again available for study. Work will con- 
tinue on the data taken on the Wise County, VA, and Martin 
County, KY, cores. Photolineament and fracture trace studies 
will also continue. When the cores become avaijable, data 
collection will resume on the fracture denjity and orientation 
of natural and induced fractures in the cores. 
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3.1 Work Package 2200-I-2 FRACTURE STUDIES Kevin D. Lee 

3.1.1 Current status of work and scheduled deliverables 

a.) Four stratigraphic columns showing joint data and macro 
structures were constructed. 

b.) A comprehensive report on the structure of the Cumberland 
thrust block was prepared in conjunction with a class 
assignment. 

3.1.2 Problem areas and suggested improvements 

None. 

3.1.3 Work plan for next quarter 

a.) Continue to analyze joint data. 

b.) Run computer studies of joint data where impractical to 
do it by hand. 

c-1 Plan field work for the coming summer based on the results 
of last summer’s work. 
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3.1 Work Package 3200-l-2 SUBSURFACE GEOLOGY Henrv W. Rauch 

Subtask - Identify 3 areas in which to conduct ground water studies. 

3.1.1 Current status of work and scheduled deliverables 

Work continues in the Midway-Extra study area, by Mr. Robert 
Beebe under supervision of Henry Rauch. No new studies have 
been initiated in other areas dur-ing this quarter. See other 
task reports below for progress status on the Midway-Extra 
study. 

3.1.2 Problem areas and suggested improvements 

Some additional delays related primarily to automobile mechan- 
ical problems have prevented Mr. Beebe from catching up on 
planned research work. This particular study remains about 
one month behind our original planned schedule. ‘This delay is 
not serious, however, and al 1 work including final reports 
should be concluded for this study within six months. 

3.1.3 Work plan for next quarter 

No new studies will be initiated during next quarter. See 
other task reports for specific plans for the Midway-Extra 
study. 
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23. 

3.2 Work Package 3200-2-j SURFACE RESISTIVITY Henry W. Rauch 

Subtask - Conduct resistivity surveys over ground water study areas 
(defined under 3200-l-Z). 

3.2.1 Current status of work and scheduled deliverables 

No resistivity surveying was accomplished during the last 

quarter in the Midway-Extra study area. The scope and impor- 

tance of this task have been recently downgraded;.instead, 
more work emphasis is being placed on an analysis of possible 
associations between ground water quality and gas well yield 
for this area, following our tentative conclusions from the 
Cottageville study. There are no scheduled deliverables for 
next quarter. 

3.2.2 Problem areas and suggested improvements 

These are discussed above in sections 3.2.1 and 3.1.2 above. 

3.2.3 Work plan for next quarter 

Work on resistivity surveys as weather and time permit in the 
Midway-Extra study area. .Such surveys will be completed in 
the third quarter. 
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3.3 Work Package 3200-5-l STRUCTURE/PRODUCTION CORRELATION Henry W. Rauch 

Subtask - Correlate all data and attempt to establish a relationship 
between geologic features, lineaments, fractures, ground 
water, and oi 1 and gas production. . 

3.3.1 Current status of work and scheduled deliverables 

Attempts to obtain more water well information from within the 

high-producing gas well area were unsuccessful. Three extra 

water wells were surveyed near low-producing gas shale wells 
just north of the Cottageville. Two of these wells support 
earlier conclusions concerning ground-water quality and gas 
production, while one well contradicts these conclusions. 

3.3.2 Problem areas and suggested improvements 

None, other than those mentioned under section 3.1.2 above. 

3.3.3 Work plan for next quarter 

Complete all remai,ning sampling, data measurements, and photo- 
lineament mapping for the Midway-Extra study. Also complete 
an analysis of statistical associations of photolineaments and 
water-well data with gas well yields. A summary of data and 

conclusions will be delivered next quarter, but a final study 
report will not be delivered until the following quarter 
(Apr i 1 - June 1979). 
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3.4 Work Package 3200-5-j LINEAMENT/STRUCTURE CORRELATION Henry W. Rauch 

Correlate fractures and lineaments derived from photo analysis with 
results of ground water tests to determine if any relationship exists 

between ground water production and the occurrence of lineaments. 

3.4.1 Current status of work and scheduled deliverables 

To date we have not yet compared water well yield to lineament 
proximity in the Midway-Extra study area. -This cannot be done 
until task 3.3 (described above) is completed. 

3.4.2 Problem areas and suggested improvements 

None, other than those described under section 3.1.2 above. 

?.4.3 Work plan for next quarter 

We will complete an analysis of ground water and lineaments 
. for the Midway-Extra study area and will report our conclusions 

in next quarter’s report. A final report on this task for the 

Midway-Extra study will be forthcoming in the April - June 
Quarter1 y Report. 
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3.1 Work Package 3200-2-3 SURFACE RESISTIVITY Keith- G. Kirk 

3.1.1 Current status and scheduled deliverables 

Work is on schedule. There are no scheduled deliverables for 
this quarter. 

3.1.2 Problem areas and suggested improvements 

None. 

3.1.3 Work plan for next quarter 

Additional data will be collected at test site;. 
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QUARTERLY REPORT 

U. S. DEPARTMENT OF ENERGY CONTRACT NO. DE-AC21-76MC35134 
(‘formerly EY-76-C-05-5134) 

APRIL - JUNE 1979 

1.0 EXECUTIVE SUMMARY 

1 .O. 1 General introduction 

The major accomplishments this past quarter have been the com- 
pletion of manuscripts concerning: shale production at the 
Midway-Extra field of West Virginia (Figure 1) and surface 
fracture study in the Big Sandy field of eastern Kentucky 
(Figure 1). In our other areas of ;esearch we entered the 
summer field season where scientists Iz/ot-king on the project 
are busy coilecting data. 

In last quarter’s report delay was noted in the geophysical 
and subsurface fracture studies. We resolved the problems in 
both areas this quarter so that we are making good progress in 
both areas. The specifics of prcgress under each task are 
summarized beiow. 

1.0.2 Regional Structure Studies 

We have ccmpleted the tabulation of subsurface tops for sever- 
al formations as noted on drillers’ logs for the Midway-Extra 
- Cottagevil le area (Figure 1). We hope that deta i 1 ed maps of 
this area will permit us to map basement fault trends that 
will be prospective for shale gas drilling to recover gas 
flows above the norm for that region. 

We have expanded our structure study area to include part of 
Kanawha and Putnam Counties along the fracture domaine bound- 
ary as shown by Kulander (1978 - manuscript in press). 

By the end of next quarter the subsea elevations should be 
spotted preparatory to constructing a detailed structural 
map on a shallow formation. 

1.0.3 Production Studies 

As #noted above, a major accomplishment this past quarter was 
the completion of a study on the Midway-Extra field of West 
\!irginia py Ur. ‘ciil 1 iam W. Schaefer (Figures 1 and 2). 
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1 .O EXECLlTlVE SUMMARY - continued 5. C. Shumaker 

I .0.3 Product ion Stud ies - cant inued 

.- 
He found a direct relationship between the subsurface structur- 
al trend in the area and productivity from the Lower Huron mem- 
ber of the Devonian shale (compare structure map Figure 3 and 
isopotentiai :naps (Figures 4 and 6). Furthermore, he concl uded 
that the structure was growing during the Devonian, and that 
this growth affected sedimentation of the reservoir (compare 
Figure 3 and Figure 5). 

The relationships found at Midway-Extra are very similar to 
those found at Cottageville in that tne production parallels 
subsurface structura 1 trends. At Cottagev i 1 ie far more com- 
plete production data are available (de ‘“ys and Shumaker, 
1978) to establish this relationship, whereas, at Midway-Extra 
the production data available are only initial open flows. In 
both areas we have interpreted the shale structure to reiate 
to basement faulting, and at Cottagevil le this interpretation 
‘was recently confirmed by seismic investigations (Sundheimer, 
1978). The focai point of these observations is to explore 
for shale production off-structure above basement highs. 
Further, it suggests that the fractlure porosity in this type 
field is not bianket-like, but is related either to compaction 
or a basement-linked stress field. Ye favor a basement-l inked 
stress field based on the identical position of a napped 
basement fault and highly productive delis dt Cottageville. 

I .0.4 Geophysical Studies 

Last quarter ‘r/e ‘were experiencing electronic problems with the 
seismic equipment that caused serious delays to our geophysi- 
ca 1 program. These problems have been iargeiy corrected, and 
we have successfully collected data on digital tape at 
Cottagevi 1 le. ‘We are presently in the process of arranging 
to process that data. The electronic prob!ems were present in 
the equipment when we shot test site II; so we will reshoot 
the ‘Wetzel County 1 ine A (Figure 1, site II) to verify the 
hand plotted results. 

We have not received permission to shoot the Warf ield fault 
site (Figure I, 5 j te I1 I) from the 3orfoiic and Western Railway; 
so we will delete that test site and return to Cottagevilie to 
shoot more reflection seismic and initiate refraction shooting 
thru that field. 
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1.0 EXECUTIVE SUMMARY - continued - R. C. Shumaker 

1.0.5 Fracture Studies 

A report on the surface fractures of eastern Kentucky was com- 
pleted this past quarter. We found chat fracture trends in 
each 1 ithology were unique, and that none of the surface joint 
patterns in the Big Sandy gas field match the Devonian shale 
joint patterns exposed along the Cincinnati Arch (Figure 1). 
The ubiquity of pattern trends makes the use of surface joint 
data suspect for predicting subsurface fracture trends. The 
noted complexity in eastern Kentucky may be unique, and joint 
trends elsewhere throughout the basin and continental interior 
appear to be more regular. This noted complexity may account 
in part for the occurrence of widespread, highly productive 
shale gas we1 is found in eastern Kentucky. 

Progress continues on fracture studies of oriented Devonian 
shale wei 1 s. ‘We have completed study of 10 wells within the 
.4ppalachian basin,. and we should complete all 13 wells of the 
study during the next quarter. 

1 .0.6 Structurai Studies 

Our effort here centered on completion of a manuscript concern- 
ing deformation of Devonian shales in a synclinal fold typical 
of the Appalachian Valley and Ridge Province. This report wi 11 

be complete next quarter. Secondar i ly, we are attempting to 
test the validity of extending the Parsons and Petersburg linea- 
ments (Figure 1 cross-strike structural discontinuities) west- 
ward in the Appaiachian Plateau by fracture intensity studies. 
Preliminary analysis suggests that the Parsons lineament affects 
joint intensity in the Plateau. Therefore, we have extended 
this CSD toward the shale portion of the basin. ‘rie are present- 
ly field sampling joint intensity in the Plateau portion of the 
Petersburg lineament. 

We completed a “dril I ing depth to the base of the shale” map 
so that one can rapidly estimate the depth and cost to drib 1 
at any location within the northern West Virginia plateau area. 

1.0.7 Hydrologic Studies 

Preliminary anaiyses of data suggest a positive relationship 
among certain Icw-altitude photo linears, ground-water geo- 
chemistry, ground-water productivity, and shale gas well pro- 

ductivity in the lyiciway-Extra field area jfisure i!. The 

ground-water relationships are similar to those found at 
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1.0 EXECUTIVE SUMMARY - continued - R. C. Shumaker 

1.0.7 Hydrologic Studies - continued 

Cottagev i 1 1 e (Jones and Rauch, 1978)) but the correlation is 
estabi ished with the north-northwest trending photo “fracture” 
trace trend in Midway-Extra field rather than the west-northwest 
trend as found at Cottageville. The--cause for th is d i fference 
is under investigation. Regard1 ess of the under 1 ying cause for 
this difference, the relationship among shallow ground-water 
geochemistry, photo fracture traces, and shale gas well produc- 
tivity is sufficiently strong to permit empirical use for 
exploration in a limited area. 
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Abstracts submitted to Joint DOE/EGSP-ES/AAPG Symposium, to Se held Oct. l-4, 1979. 

Paieozoic Disruptive Deformation in North American Continent and its 
Relationship to the Formation and Development of Interior Sasins and 
Deformat ion ‘Within the Erogenic Core by ,Rober: C. Shumaker 

Parameters of Geologic Structure Which Affect Devonian Gas Shale Production 
in West Virgin ia and Eastern Kentucky - A ?rogress Report 1978-1979 by 
R. C. Shumaker, J. ‘legus de Wys, J. tt. Dixon, ht. A. Evans, K. G. Kirk, 
K. D. Lee, B. R. Long, H. W. Rauch, J. E. Ruotsala, T. H. Wi I son, W. W. 
Schaefer , R. T. Wi 11 iams 

Cross-strike Structural Discontinuities: Expioration Rationale for 
Eastern Plateau Province by Russell L. Wheeler 

Tectonic Thinning by Extension Faulting and Shaie Flowage, and Imp1 ications 
for Fractured Gas Reservoirs by Philip 8. Berger and Russell L. Wheeler 

Possible Plate Tectonic Effects on the Appaiachian Llpper 3evonian Basin 
and the Eastern ,<entucky Gas Field by Jane Negus-deWys 

Lithology Studies of Upper Devonian ‘Well Cuttings in the Eastern Kentucky 
Gas Field by Jane Negus-de ‘iys 

Inorganic Geochemical Studies of Eastern Kentucky Gas Field(s) and 
Comparison with Sas Product ion by Jane Negus-de Wys and John J. Renton 

Regional Survey of Surface Joints in Eastern Kentucky by Brian I?. Long 

Lineaments and ‘Water ‘Wei is as Exploration Tools in ti?e Midway-Extra Gas 

Field by Robert 5. 3eebe and Henry ‘W. Rauci? 

The Parsons Cross Strike Structural Discontinuity as an Exploration .:rea 
for Fractured Gas Reservoirs by Thomas H. ‘Wilson and Jeanette ;?. 3ixon 
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APRIL THRU JUNE, iY7Y 

PAPERS G i VEN 

Jane Negus-de Wys: “Relations of Gas Occurrence to Geologic Parameters 
in Eastern Kentucky Gas Fields,” Negus-de Wys, Jane and R. C. 
Shumaker, AAPG Annual Convention, Houston, Texas, April, 1979. 

Mrs. Negus-de Wys chaired a session on Natural Gas Habitats at this 
AAPG Annual Meeting. 

Jeanette M. Dixon: “A Method to Identify Zones of Intense Jointing with 
Application to the Parsons Lineament, West Virginia,” Southeastern 
Section Of Geologicai Society of America, Blacksburg, Virginia, 
April 25-28, iY7Y. 

MEETINGS ATTENDED 

Thomas H. Wilson: NATO Advanced Study Institute’s Conference on P!ate 
Tectonics and Continental Drift, School of Physics, University of 
Newcastle-upon Tyne, England, March 27 thru April 8, 1979. 

Mr. Wilson attended the Thrust and Nappe Tectonics Symposium, April 9 
thru April 11, 1979, Imperial College, London, England. 

Jane Uegus-de Wys: Yet With Claude Dean, George Fingleton, ii. C. Shumaker 
concerning geochemicai studies, wnich are related to the lithology 
studies. 

Henry W. Rauch: Met with Claude Dean and George Fingl eton on May 7 to 
review the status of hydrogeology work in the Midway-Extra study area. 

Jane Negus-de Wys and Robert C. Shumaker: Met with John !I. Pezzetta, 
Grury Associates to review the Big Sandy gas field. 
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APRIL THRU JUNE, 1979 

DELIVERABLES AND MILESTONES DELIVERED 

Deliverable 3.3.15 
M i 1 es tone 3.4.30 

Deliverable 3.3.13 
Milestone 3.4.23 

Deliverable 3.3.11 
Deliverable 3.3.17 

(in part) 

Deliverable 12 
(in part) 

“A Method to Identify Zones of intense Jointing with 
Appl icat ion to the Parsons Lineament, kest Virginia,” 
- Jeanette M. Dixon (de1 ivered Apri 1 9, 1979). 

“Fractures from Devonian Shale Outcrops Along the 
Pine Mountain Thrust,!’ - Kevin D. Lee (de1 ivered 

May 21, 1979). 

“Regional Survey of Surface Fractures in Eastern 
Kentucky,” - Brian 9. Long (de1 i vered June 22, 1979) . 

“Fracture Density and Orientation Study of the MERC #l 
Core from Monongalia County, West Virginia,” - IMark 
A. Evans (de1 ivered June 22, 1979). 
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2.0 CONTRACT OBJECTIVES 

Collect, compile and analyze geological data and prepare geological 
structure maps for eastern Kentucky and western West Virginia. 

Determine if structural types and styles and surface lineations for 
productive areas of the Black Shales differ from those in non- 
productive areas. 

Identify and define along with other contractors those geologic 
parameters that control gas production from the shales. 

Determine the feasibility of using shallow penetration resistivity 
and seismic surveys to detect near surface faults and fractures and 
demonstrate their relationship to lineations observed on airborne 
imagery. 

Determine if a relationship exists between ground water movement 
and shale gas productivity. 

In conjunction with other contractors develop a method for seiecting 
areas for drill ing shaie wel Is that have a potential for gas 
production. 
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3.0 TECHNICAL PROGRESS 
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3.1 Work Package 2100-2-l STRUCTURE CONTOUR MAPS Robert C. Shumaker 
Project D i rector 

3.1.1 Current status of work and schedu!ed deliverables 

We have completed abstracting structural data from drillers’ 
logs preparatory to spotting Berea wei 1 tops in the Midway- 
Extra - Cottagevi 1 le area. 

3.1.2 Problem areas and suggested improvements 

No problems. 

3.1.3 Work plan for next quarter 

Calculate subsea elevations of tops selected in 3.1.1 above 
and start plotting these data on maps of Cottageville - 
M idway-Ext :a area. 



3.1 Work Package 2100-l-l CROSS SECTIONS J . Negus-de ‘Wys 

3.1.1 Current status of work and scheduled ael i,/erables 

Current status of work: 70% completed . 

Scheduled deliverables: none. 

l Paper oresented at AAPG Meeting in Houston on Eastern 
Kentucky Gas Field. 

o Chaired session on Natural Gas Habitat. 

0 Paper on Plate Tectonics Effects on the Oevonian Basin 
accepted for the AAPG October Yeeting. 

0 Paper on Geochemical Studies of Eastern Kentucky Gas Field 
accepted for EGSP October >4eet ing. Co-authored by 
J. J. Renton. 

l Paper on Li thology and Log Studies of ias:ern Kentucky Gas 
Field accepted for EGSP October Meeting. 

0 Paper on Geology of the Largest Gas Field in the 4ppaiachian 
Sasin submitted for the International Geological Congress, 
1980, Paris. 

0 Paper on Geochemistry and Shale Gas Production icl the 
Appalachian Basin submitted for the International 
Geoiogical Congress, !380, Paris. 

0 Microscope-camera callibration completed for transmitted 
i ight. 

0 Lithology studies in progress. 

0 Log corre lation in progress. 

l Yeet ings per monthly reports. 

3.1.2 Problem area3 and suggested improvements 

None. 

3.1.3 Work plan for next quarter 

0 C2moletz 1 i thology studies. 

0 Prepare submitted and accepted abstracts and papers. 

0 Continue loq correlation. 

:: :: :: :: :t :; 
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3.2 Work Package 2100-l-2 ISOPACH MAPS J. Negus-de Wys 

3.2.1 Current status of work and scheduled deliverables 

Current status of work: 55% completed. 

Scheduled de1 iverables: none. 

3.2.2 Problem areas and suggested improvements 

Schedule change: complete lithology studies and then 
return to isopach maps. 

3.2.3 Work plan for next quarter 

l Continue log correlation, plotting, computer input. 

a See under 3.1 .1 

3.3 Work Package 2130-2-I STRUCTURE CONTOUR MAPS J. Negus-de Wys 

3.3.1 Current status of <work and deliverables 

Current status of work:-. 55% completed. 

Scheduled de1 iverables: none. 

3.3.2 Problem areas and suggested improvements 

None. 

3.3.3 Work plan for next quarter 

Continue log correlation and plotting. 
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3.4 Work Package 32CO-4-1 3lL AND GAS MAPS J . Negus-de Wys 

3.4.1 Current status of work and scheduled deliverables 

Current status of lwork: 70% compi eted. 

Scheduled deliverables: none. 

3.4.2 Problem areas and suggested improvements 

None. 

3.4.3 Work plan for next quarter 

o Work on papers accepted and submit:ed to Teerings (5). 
See 3.1.1 

0 Continue production comparisons. 

:r ;‘: I I :: :; :‘; ;: 
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3.1 Work Package 2100-l-l SElSMiC James E . Ruotsal a 

3.1.1 Current status of work and scheduled deliverables 

1 . We are now able to record seismic data on magnetic tape 
cassettes. Work on getting the data onto Y-track tape 
so it can be plotted is progressing along several fronts. 
To do the job through WVNET will require hardware now 
being purchased. Alternative plans of action involve 
other computer installations. 

2. The line at Pricetown II has not yet been re-shot due to 
equipment problems. 

3. Refraction seismic at Cottagevi! le has not been shot. 

4. No more seismic modeling in the Cottageville field has 
been done. 

3.1.2 Problem areas and suggested improvements 

Nothing new. 

3.1.3 Work plan for next quarter 

1 . The Pricetown II line will be re-shot during ttie First 
part of July and should take one week. 

2. The seismic reflection 1ine begun by Keith Kirk will be 
completed immediately following Pricetown. 

3. The seismic refraction 1 ine will be shot after the 
reflection work is completed. 

Barring equipment problems, the above field work will 
be done by August 15. 

4. We have given up on using the digital recorder bought 
from Bison Instruments, Inc. It will either be returned 
for a refund or salvaged for parts. The system for 
storage of field data on magnetic tape cassettes uses a 
microprocessor system on loan from VPI to Dr. Richard 
Wil1iams. Dr. Williams bar programmed the processor to 
read data from the Bison seismograph and write it on a 
)magnet ic tape cassette. We could store the data on a 
WVNET disk via a telephone line if something setter than 
WYL3UR were available to do it. WYLSUR is both unrei iable 
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3.1 Work Package 2100-l-I SEISMIC - continued J. E. Ruotsala 

3.1 .3 Work plan for next quarter - continued 

4. - cant inued - and slow and would probably take one week 
to reformat and transfer the small amount of data we now 
have. An alternative course being pursued by Rick is to 
write the data onto a floppy disk compatible with the 
I BM system 37 at Stewart Hal 1 here on campus. This will 
requi re the purchase of hardware and wi 1 1 take one to two 
months. A telephone link to the computer at Gulf Research 
and Development is being looked into. The most promising 
short term solution is the system 34 compatible floppy 
disk. 

5. As the f ie id work is completed and the data is on tape 
or disk at WVNET, the plotting and processing will begin. 



April-June 1979 
WVU Dept. of Geology and Geography 

24. 

3.1 Work Packaqe 2100-2-2 STRUCTURE STUDIES Thomas ii. Wi lson 

3.1.1 Current status of work and scheduled de1 iverables 

A . Attended the NATO Advanced Study Institute’s Conference on 
Plate Tectonics and Continental Drift, and the Thrust and 
Nappe Tecton its Symposium. Although Ralph Horne was not 
in Ireland when 1 was there, we had a discussion by phone. 
I was able to discuss the project with many of the parti- 
cipants in both conferences and also talked with other 
Ireland Geological Survey personnel during the visit. 

0. Collection of fracture data is complete except for some 
remaining checks on fracture intensity in areas of interest. 
An additional week will be required to check contacts in the 
Middle Mountain and Elkhorn Mountain structures. 

C. The report on bedding orientation contours is peing typed 
and lwil 1 be complete Iwithin a week. 

3.1 .2 Problem areas and suggested improvements 

None. 

3.1.3 Work plan for next quarter 

A. Geoiogic map of ,Middle ,?lountain sync1 ine wil 1 be completed. 

B. Analysis of fracture data will be completed. 

C. Manuscript on the geology of the Middle Mountain syncline 
will be completed. 
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3.1 Work Packaqe 2100-2-z S.TRUCTURE STUDI ES Jeanette M. Dixon 

3.1.1 Current status of work and scheduled deliverables 

I gave a talk at the Southeast Section of the Geological 
Society of America meeting on method and application of 
measuring joint intensity. 

Field work on the Petersburg and Parsons Lineaments has 
been initiated. 

Field work on operator variability has been completed and 
analysis has begun. 

Comprehensive exams have been successfully completed. 

3.1.2 Problem areas and suggested improvements 

None. 

3.1.3 Work plan for next quarter 

Finish all field work and complete statistical analysis of 
field data gathered in the ?arsons and Petersburg i ineaments S 
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3.1 Work Package: 2200-I-2 FRACTURE DENSITY AND ORIENTATION Yatk A. Evans 

3.1.1 Current status of work and scheduled deliverables . . 

Fracture data collection is complete on all cores being studied. 
Data analysis has begun on this data and is proceeding very 
we1 1. The fracture report on the MERC bl core has been completed. 

3.1.2 Problem areas and suggested improvements 

None. 

3.1.3 Work plan fcr next quarter 

Complete data analysis of fracture orientation data and photo- 
1 ineament data. Put together regional fracture maps and begin 
writing final report. 
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3.1 Work Packaqe 2200-I-2 FRACTURE STUDIES Kevin 9. Lee 

3.1.1 Current status of work and scheduled deliverables 

A. A report entitled “Fractures from Devonian Shale Outcrops 
Along the Pine Mountain Thrust” was completed and sent out. 

B. Work has begun in Prestonsburg, Kentucky, co1 letting 
depths of stratigraphic horizons in the Big Sandy gas 
field. Approximately 1,200 we1 1s out of-5,000 have 
been camp 1 eted . 

3.1.2 Problem areas and suggested improvements 

None. 

3.1 .3 Work plan for next quarter 

A. Continue to co1 

6. Do al I mathemat 
maps, and begin 

lect .data during July and 4ugust. 

its necessary on my data to construct 
the maps in September. 
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3.1 Work Package: 2200-I-2 FRACTURE STL’D I ES 3rian 3. Long 

3.1.1 Current: status of work and scheauled deiiverables 

Al 1 del iverables are completed. The final report has been 
submitted to DOE. 

3.1.2 Problem areas and suggested improvements 

None. 

3.1.3 Work qlan for next quarter 

Project has been completed. 
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3.3 ‘rJork Package 3200-s-l STRUCTURE/PRODUCT I ON CORRELAT 13N ‘lenry W. Rauch 

Subtask - Correlate all data and attempt to establish a relationship 
between geologic features, I ineaments, fractures, ground 
water, and oi 1 and gas product ion. 

3.3.1 Current status of work and scheduled deliverables 

All basic data have been co1 lected or measured, and all 
statistical analyses have been completed for the Midway- 
Extra stuay. Al 1 final figures have been prepared and 
progress is well [underway on the oreparation of a final 
report for this study. Significant associations were found 
between lineamencs and gas well yieid (both initial and 
final open flows), and especia! iy between certain ground- 
water qua1 ity parameters and gas we1 I yield (final ooen 
flow). There were no scheduied de! iverables due for this 

quarter. 

3.3.2 Problem areas and suggested improvements 

No problems for this task. 

3.3.3 Work slan for next quarter 

The final r,eport lwil 1 be completed and del ivered to .?l.E.J.C. 
and 8.A.i. on the Midway-Extra -study, as deiiverable 3.3.13. 
We wiil al so be preparing a Gaper for oresentat icn and 
publication in Preprints for the ihir3 Eastern Gas Shales 

Conference in October, 1979. Our DOE-sponsored project 
ends officially on October 1, 1979; we are currently seeking 
private support for continuing this research, so that it has 
a good chance of being brought to a successful conclusion 
as new applications for shale gas exploration. 
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3.4 Work Package 3200-5-j LINE.AMENT/STRUCTURE CORRELAT!ON Henry W. Rauch 

Correlate fractures and lineaments derived from photo analysis 

with results of ground water tests to determine if any relation- 
ship exists between ground water production and the occurrence of 

1 ineaments. 

3.4.1 Current status of work and scheduled de1 iverables 

Ail data have been measured, statistical tests have been 
made, and figures have been prepared for this part of the 

M idway-Extra study. Landsat I ineaments are associated 
with low-producing shale gas areas for the Midway-Extra 

area, and should be avoided during gas exploration. A 

final report is now in Freparation. There are ,no 

de! iverabies scheduied for this quarter. 

3.4.2 Probiem areas and suggested improvements 

No problems for this task. 

3.4.3 Work qlan for next quarter 

See task 3200-5-l above. 
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QUARTERLY REPORT 

JULY - SEPTEMBER 1979 

U. S. Department of Energy 
Contract no. DE-AC21-76MC05194 

(formerly EY-76-C-05-5194) 

1.0 EXECUT I VE SUMMARY 

1.0.1 Major accomplishments this past quarter include the writing and sub- 
mission of 8 reports summarizing our progress over the last year to 
be published in the Preprints volume of the third annual EGSP pro- 
gram. In addition, we have prepared four oral papers and five poster 
session papers to be presented at that meeting. Several exploration 
rationales concerning Devonian shale gas exploration are included in 
those manuscripts. 

Progress in each task covering our work within the contract area 
(Figure 1) over the last quarter is summarized below. 

1.0.2 Regional Structure Studies 

We have completed a detailed structure map of the Jackson, Mason, 
and Putnam Counties area that shows a subdued flexture at the Berea 
level (Figure 2) which connects the Midway-Extra and Cottageville 
shale gas fields. Inasmuch as these two fields can be related by 
structure (Shumaker, et al., ref. 1) it is presumed that this untested -- 
trend has exploration potential. It is recommended here that addi- 
tional structure and seismic work be accomplished on this trend by 
the exploration group of DOE-EGSP. 

Sub-sea elevations on all available wells penetrating the Berea 
sandstone are spotted along the eastern flank of the Warfield 
anticline along the fracture domain boundary as outlined by Kulander 
(‘r978, manuscript in press). Structural contours on top of the 
Berea sandstone should be completed for the east flank of this 
structure during the next quarter. 

1.0.3 Production Studies 

A brief report was written by R. C. Shumaker (ref. 1) summarizing and 
comparing the structural controls on production at the Midway-Extra 
(ref. 2) and the Cottageville fields (ref. 3). Exploration rationales 
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Figure 2. Structure of the Parkersburg Syncline Area, West Virginia. 
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R. C. Shumaker 

1.0.3 Production Studies - continued 

were presented that develop as an outgrowth of this comparison. 
These rationales are the first supported by hard production data in 
this area. Future exploratory trends can be selected based on the 
map discussed in 1.0.2 above. Shumaker (ref + 4) predicted that clues 
to the permeabi 1 i ty type could be inferred by the production pattern 
from the shale. Clearly the linear, off structure, production within 
the two fields discussed support a fault related fracture permeability, 
and that the shale does not support a blanket porosity related either 
to the shale matrix or systematic joint patterns. Furthermore, Rauch’s 
work (ref. 5) also suggests that 1 ineaments picked from remote sensing 
(ERTS) in the Cottageville and Midway-Extra fields study areas do not 
correspond to high producing (faulted) zones. 

Work on the Eastern Kentucky Shale Gas Field continues to progress 
as production, lithologic, geochemical, and regional structural 
studies are completed. Next quarter wi 11 include the integration 
and analysis of these studies. 

1.0.4 Geophysics 

We returned to test site I I in order to reshoot the seismic line 
completed last. year. Analysis of the latter suggests that the frac- 
ture anomaly shown on that data may relate to equipment malfunction. 
Additional recording problems surfaced during the reshoot of test 
site II, but they should be resolved by early next quarter. 

We obtained our first computer generated plot of the seismic line 
shot at Cottageville (Figure 1). The plot showed very high fre- 
quency reception that is encouraging in respect to defining precise 
bed boundaries. However , the data also showed a malfunctioning 
start mechanism. This malfunction made datuming individual shot 
spreads impossible. A new start mechanism has been designed and 
tested satisfactorily. Unfortunately, the Cottagevi 1 le data is 
uninterpretable, and therefore the 1 ine must be reshot. 

1.0.5 Fracture studies 

We have completed the study of 13 oriented cores of Devonian shale 
wells. A final report covering the results of these analyses is 
underway , and a rough draft manuscript should be complete by the end 
of next quarter. 
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1.0 EXECUTIVE SUMMARY - continued R. C. Shumaker 

1.0.6 Structural Studies 

Field work to collect joint data concerning fracture intensities 
across the westward extension of the Parsons and Petersburg CSDs 
has been completed. Both lineaments are reflected by increased 
joint intensity within the Plateau sediments. A rough manuscript 
covering the results of this analysis is in preparation and should 
be complete by the end of next quarter. 

1.0.7 Hydrologic Studies 

1. 

2. 

3. 

4. 

5. 

A manuscript covering hydrologic analys is of the M idway-Extra field 
has been completed and is submitted with this report. This report 
is the final manuscript of this program as the financial support 
has terminated as of this quarter. Results of the analysis of the 
Midway-Extra field show a positive correlation among shale gas pro- 
duction, short low-altitude photo linears, photo linea.r density, 
and mineral content of the ground water. A negative correlation 
was found between ERTS satellite imagery lineaments and shale gas 
production. 

. 
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JULY THRU SEPTEMBER 1979 

PAPERS GIVEN 

Shumaker, Robert C., “Form-line Structure and Basement Structure Maps of 
the Appalachian Basin - a Comparison,” Caledonides in U.S.A. 
Sympos i urn, Caledon i de Orogen Project, Vi rginia Polytechnic lnsti tute 

and State University, Blacksburg, Va., Sept. 5-9, 1979. 

MEETINGS ATTENDED 

Robert C. Shumaker - as above. 

J. Negus-de Wys - Caledonides in U.S.A. Symposium, Caledonide Orogen Project, 
Virginia Polytechnic Institute and State University, 
Blacksburg, Va., Sept. 5-9, 1979. 

FIELD TRIPS 

J. Negus-de Wys - Participated in the Southern Appalachian Field Trip 
associated with the Caledonide Orogen Project (as above) 
held September g-16, 1979. 

J . Negus-de Wys - One week field trip to eastern Kentucky outcrops 
ing the studies of Swager for his Masters thesis 
Uni vers i ty of Kentucky. Outcrops in Pine Mounta 
included and sampled. Accompanied by Dr. Jessie 
of Gulf Research Lab, and Dr. Jack Donahue of Un 
of Pi ttsburgh. 

follow- 
at 

in area 
Donahue 

iversi ty 

UNSPONSORED RESEARCH 

“Predicting Natural Gas Well Production from the Cottagevi 1 le Gas Field, 
West Virginia, Using Interactive Computing,” by Patrick F. Mbendera, Geology 
Graduate Student, West Virginia University, Morgantown, W. Va.: placed on 
Open File at Morgantown Energy Technology Center. 
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DELIVERABLES AND MILESTONES DELIVERED 

Deliverable 3.3.18 “A Study of Hydrogeologic Trends in Exploration for 
II 3.3.22 Devonian Shale Gas in the Midway-Extra Gas Field of 

Putnam County, West Virginia” - Robert R. Beebe 
Mi lestone 3.4.11 (de 1 i ve red October 1979) 

Milestone 3.4.31 “Field Techniques for Measuring Joint Intensity” - 
Jeanette M. Dixon (de1 ivered October 1979) 

Mi lestone 3.4.29 “Bedding Orientation Contours of Middle Devonian 
Shales Exposed in the Middle Mountain Syncline, 
Val ley and Ridge Province, West Vi rginia” - 
Thomas H. Wilson (delivered July 1979) 
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Collect, compile and analyze geological data and prepare geological 
structure maps for eastern Kentucky and western West Virginia. 

Determine if structural types and styles and surface l.ineations for 
productive areas of the Black Shales differ from those in non- 
product ive areas. 

Identify and define along with other contractors those geologic 
parameters that control gas production from the shales. 

Determine the feasibility of using shallow penetration resistivity 
and seismic surveys to detect near surface faults and fractures and 
demonstrate their relationship to lineations observed on airborne 
imagery. 

Determine if a relationship exists between ground water movement and 
shale gas productivity. 

In conjunction with other contractors develop a method for selecting 
areas for dri 11 ing shale we1 1s that have a potential for gas 
product ion. 
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3.0 TECHNICAL PROGRESS 



3.1 Work Packaqe 2100-2-l STRUC 

3.1.1 Current status of work and scheduled de 1 i verables 

We have completed calculat i 
for a structure map of the 

ng and spott 
Midway-Extra 

ing Berea sandstone we1 1 tops 
to Cottagevi 1 le area. The 

contouring is nearly complete and based on this work we have isolated 
a basement flexture that extends from Cottagevi 1 le to Midway-Extra. 
No de1 iverables required this quarter. 

T 
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URE CONTOUR MAPS Robert C. Shumaker 

3.1 .2 Problem areas and suggested improvements 

No problems. 

3.1.3 Work plan for next quarter 

Construct a detailed structure map on the Berea sandstone for the 
eastern flank of the Warfield Anticline. 



UGR File X048/7944 13. 
July-Sept. 1979 
W.Va.Univ. Dept. of Geology & Geography 

3.1 Work Package 2100-1-I CROSS SECTIONS J . Negus-de Wys 

3.1.1 Current status of work and scheduled deliverables 

Current status of work: 80% completed . 

l Lithology studies completed on well cuttings from 14 wells in the 
Eastern Kentucky Gas Field. 

l Paper on Lithology studies prepared, submitted, and accepted for 
October meetings at Lakeview. 

e Preliminary geochemistry studies on elemental’and mineralic analyses 
of-700 we1 I cuttings initiated. 

l Paper on geochemistry studies prepared, submitted, and accepted for 
October meetings at Lakeview. 

l Paper on structural setting and possible plate tectonics ef,fects 
on the Eastern Kentucky Gas Field, prepared, submitted, and accepted 
for Lakeview meetings. 

l Abstracts for two papers on the eastern Kentucky studies submitted 
to the International Geological Congress. 

l Meetings per monthly reports including: Blacksburg, Virginia - 
Caledonide Symposium and field trip in southern Appalachians. 

3.1.2 Problem areas and suggested improvements 

None. 

3.1.3 Work plan for next quarter 

Prepare final report. 
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3.2 Work Packaqe 2100-l-2 ISOPACH MAPS J. Negus-de Wys 

3.2.1 Current status of work and scheduled deliverables 

Current status: emphasis on lithology studies and geochemistry 
substituted for redoing Provo isopachs. 

3.2.2 Problem areas and suggested improvements 

None. 

3.2.3 Work plan for next quarter 

Prepare final report. 

3.3 Work Packaqe 2100-2-l STRUCTURE CONTOUR MAPS J. Negus-de Wys 

3.3.1 Current status of work and scheduled deliverables 

Final report in preparation based on existing structure maps. 

3.3.2 Problem areas and suggested improvements 

None. 

3.3.3 Work plan for next quarter 

Prepare f i na 1 report 
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3.4 Work Packaqe 3200-4-I OIL AND GAS MAPS J. Negus-de Wys 

3.4.1 Current status of work and scheduled deliverables 

Preparing final report. 

3.4.2 Problem areas and suggested improvements 

None. 

3.4.3 Work plan for next quarter 

Prepare final report (see 3.1 .l), and compare gas occurrence and 
open flow with geological parameters. 
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3.1 Work Package 2100-l-l SEISMIC James E. Ruotsala 

3.1.1 Current status of work and scheduled deliverables 

Equipment problems have prevented the .completion of data acquisition 
at the Pricetown II site (Wetzel County) and the start of work in 
the Cottagevi lie Gas Field. When an electronics technician was hi red 
in August, the problem of establishing time zero at the time of the 
shot was solved. The reader is referred to the 1978-1979 Annual 
Report of the Devonian Shale Project (October 1979) for a more com- 
plete discussion of this subject. 

The data collected at Pricetown last spring was transcribed to nine- 
track tape and plotted. 
uncertain zero-time), 

In spite of its problems (aliasing and 
it demonstrates a potential for high resolu- 

tion. The reader is referred to the Devonian Shale Project Annual 
Report (October 1979) for a more complete discussion. 

3.1.2 Problem areas and suggested improvements 

The reader is referred to the Annual Report. 

3.1.3 Work plan for next quarter 

The next few months wi 11 be spent in modifications, repairs, and 
field tests to get the Bison seismograph working up to its full 
potential. Judgment on what can be done with the current equipment 
to map subsurface fracture zones wi 11 be made after field testing 
at the Pricetown I I site. Work at Cottagevil le wi 11 begin after 
field testing is successfully completed. 
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3.1 Work Package 2100-2-2 STRUCTURE STUDIES Thomas H. Wilson 

3.1.1 Current status of work and scheduled deliverables 

A. Mapping of the Middle Mountain syncline has been completed. In 
addition, the adjacent Elkhorn Mountain and Long Ridge anticlines 
were mapped to the southeast and the map area was extended an 
additional five miles to the south of its previous extent. 

0. Analysis of fracture data has been taken as far as it can go. 
Some additional data will have to be collected when time permits. 

C. The geology manuscript is about 60% complete. Considerable work 
remains in the drafting of illustrations and writing. 

Additional analysis was initiated on the gravity and magnetic data 
available for the region along the Parsons structural lineament. 

3.1.2 Problem areas and suggested improvements 

None. 

3.1.3 Work plan for next quarter 

A. Residual Bouquer anomalies will be ca lculated for the N i ttany 
anticlinorium cross sections of Roy S ites and Bil 1 Perry. 

B. Cross sec.tions through the Appalachian basin from the structural 
front will be constructed, if possible, by the end of this 
quarter. 

C. Planned calculation of second vertical derivatives for the magne- 
tic data will be continued and hopefully completed. This is 

primarily a programming problem. 

3c * k .* * * 
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3.1 Work Package 2100-2-2 STRUCTURE STUDIES Jeanette M. Dixon 

3.1.1 Current status of work and scheduled deliverables 

All field work on joint intensities has been completed. 

Analyses of all studies are in the final stages and the final 
descriptions are being written. 

Two papers were submitted for the Preprints in the October EGSP 
meeting: Wilson, Dixon, Shumaker, Wheeler; and Dixon and Wilson. 

3.1.2 Problem areas and suggested improvements 

None. 

3.1.3 Work plan for next quarter 

Eomplete the final report. 
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3.1 Work Package: 2200-I-2 FRACTURE DENSITY AND ORIENTATION Mark A. Evans 

3.1.1 Current status of work and scheduled deliverables 

Core fracture analysis is complete; writing of final report entitled 
“Fractures in Oriented Devonian Shale Cores from the Appalachian 
Plateau” is in progress. Drafting of illustrations for that report 
is proceeding. 

3.1.2 Problem areas and suggested improvements ~ 

None. 

3.1.3 Work plan for next quarter 

Complete final report and illustrations. 



UGR File #CO48/79Q4 
July-Sept m 1979 

20. 

W.Va.Univ, Dept. of Geology E Geography 

3.1 Work Package 2200-I-2 FRACTURE STUDIES Kevin D. Lee 

3.1.1 Current status of work and scheduled deliverables 

A. Work was completed in Prestonsburg, KY., at Kentucky-West 
Virginia Gas Company, collecting depths of stratigraphic horizons 
in the Big Sandy gas field. Approximately 4,500 wells were 
collected over a ten county area. 

B. The mathematics on the data has been completed, and work has 
started on a structure contour map on the top of the drillers’ 
Corniferous. 

3.1.2 Problem areas and suggested improvements 

None. 

3.1.3 Work plan for next quarter 

A. Complete the Corniferous map and construct structure contour 
maps on the top and bottom of the Devonian brown shale. 

6. Construct sufficient cross sections as needed. 
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3.3 Work Package 3200-5-I STRUCTURE/PRODUCTION CORRELATION Henry W. Rauch 

Subtask - Correlate all data and attempt to establish a relationship between 
geologic features, lineaments, fractures, ground water, and oil 
and gas production. 

3.3.1 Current status of work and scheduled deliverables 

All work has been completed for the Midway-Extra study and a final 
project paper and M. S. thesis have been prepared; this paper and 
thesis appear in the annual report for fiscal year 1979. 

3.3.2 Problem areas and suggested improvements 

No problems. 

3.3.3 Work plan for next quarter 

METC/DOE has terminated funding for this project; so no more work 
will be done under U.S. government sponsorship, Instead, I have 
arranged private funding for continuing the research in other study 
areas. 

3.4 Work Package 3200-5-3 LINEAMENT/STRUCTURE CORRELATION H. W. Rauch 

3.4.1 Current status of work and scheduled deliverables 

Correlate fractures and lineaments derived from photo analysis with 
results of ground water tests to determ,ine if any relationship 
exists between ground water production and the occurrence of 
lineaments. 

3.4.1 Current status of work and scheduled deliverables 

See 3.3.1 of task 3200-5-l above. 

3.4.2 Problem areas and suggested improvements 

None. 

3.4.3 Work plan for next quarter 

See task 3200-5-I above. 
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Contract no. DE-AC21-76MC05194 

(formerly EY-76-C-05-5194) 

1.0 EXECUTIVE SUMMARY L 

1.0.1 The first quarter of the 1979-80 contract year started with the 
presentation of the results of our work accomplished during the 
1978-79 contract year at the 3rd annual EGSP meeting in Morgantown. 
Some 17 papers were written or presented orally at that meeting. 
Our efforts during the remainder of the quarter wzs primarily 
dedicated to analysis of data and writing final reports on 
(1) core fractures, (2) methodology of measuring joint intensities, - 

and (3) geologic parameters that affect gas production in eastern 
Kentucky. 

Structural maps were completed on top of the Berea sandstone and 
the Onesquethaw group along the east flank of the Warfield anti- 
cline. These maps are in the area of the surface joint domain 
boundary noted by Kulander (manuscript in press). The domain 
boundary area is considered to be a likely region for increased 
shale gas production. 

Geophysical investigations centered on the repair, testing, and 
tuning of the Bison seismic system equipment. 

1.0.2 Regional Structure Studies 

Subsurface structural maps on top of the Berea sandstone and the 
Onesquethaw group were completed along the eastern flank of the 
Warfield anticline in the area of the fracture domain boundary as 
outlined by Kulander (manuscript in press). Subsurface structure 
maps on the top and base of the Devonian brown shale, based on 
drillers' logs, in the eastern Kentucky shale gas field were started 
this quarter. The 3500 data points are the same as those used in 
production studies of that area by J. Negus-de Wys (see 1.0.3 Produc- 
tion Studies). These preliminary structure maps should be completed 
and revised during the next quarter, and a report analyzing the 
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1.0.2 RePional Structure Studies - continued 

structural style of that region should be written during the third 
quarter of the contract year. These detailed maps will then be 
utilized in conjunction with the production maps of the same 4500 
wells to estimate the importance of structure to shale gas produc- 
tivity. 

1.0.3 Production Studies 

A final report entitled "The Eastern Kentucky Gas Field: a geologi- 
cal study of the relationships of Ohio Shale gas occurrences to 
structure, stratigraphy, lithology, and inorganic geochemical para- 
meters" by Jane Negus-de Wys was completed during this past quarter 
describing geologic influences on shale gas production in the 
eastern Kentucky area. Because of the encouraging results of the 
geochemical phase of this study, emphasis will be placed on analysis 
of cuttings from additional wells in eastern Kentucky during the 
upcoming quarter. 

1.0.4 Geophysical Studies 

This past quarter was spent repairing, testing, and tuning the Bison 
seismic system. Most of the problems have been resolved, but cross 
talk and noise within the filter portion of the system remain to be 
remedied during the upcoming quarter. Considerable progress has 
been made altering the equipment, and reliable reflections were 
recorded digitally as tested at site II for the first time this past 
quarter. 

1.0.5 Fracture Studies 

A study of 13 oriented cores was completed this past quarter. The 
manuscript entitled "Fractures in Oriented Devonian Shale Cores from 
the Appalachian Basin" is in the final stages of preparation. This 
report will be submitted during the upcoming quarter. A separate 
report on remote sensing studies of the surface around each core 
well site is also being prepared for submission either late in the 
upcoming quarter or in the third quarter of this contract year. 

1.0.6 Structural Studies 

A final manuscript covering the results of fracture intensity studies 
across the Parsons and Petersburg lineaments was completed this past 
quarter, and a manuscript entitled "Techniques and Tests for Measur- 
ing Joint Intensity" was submitted. Part of the manpower effort from 
this group is now directed to the structural analysis of the Big 
Sandy field. 
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1.0.6 Structural Studies - continued 

In addition, two structural cross sections were completed across the 
study area to investigate the effect of the Parsons lineament on the 
amount of structural shortening in the foreland. 

* * * * * * 

MEETINGS ATTENDED 

Energy for the Eighties, Joint DOE/EGSP-ES/AAPG Symposium, Oct. l-3, 1979, 
Lakeview Inn, Morgantown, West Virginia. The following staff members of 
the West'Virginia University Devonian Shale Program attended: R. C. 
Shumaker, J. Negus-de Wys, Jeanette M. Dixon, James E. Ruotsala, Thomas H. 
Wilson, Mark A. Evans, and Richard T. Williams. 

? PAPERS GIVEN 

The following papers were contributed to the above DOE meeting and appear 
in the Preprints of that meeting: 

R. C. Shumaker, "Parameters of Geologic Structure Which Affect Devonian 
Gas Shale Production in West Virginia and Eastern Kentucky - a 
Progress Report 1978-1979" 

J. Negus-de Wys, "Lithology Studies of Upper Devonian Well Cuttings in the 
Eastern Kentucky Gas Field" 

J. Negus-de Wys, "Inorganic Geochemical Studies of Eastern Kentucky Gas 
Field(s) and Comparison with Gas Production" (with J. J. Renton) 

Brian R. Long, "Regional Survey of Surface Joints in Eastern KentuckyIl 
(formerly on the Devonian Shale staff) 

Robert R. Beebe, "Lineaments and Water Wells as Exploration Tools in the 
Midway-Extra Gas Field" (with Henry W. Rauch) 

J. M. Dixon and T. H. Wilson, "The Parsons Cross Strike Structural 
Discontinuity as an Exploration Area for Fractured Gas Reservoirs" 
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OCTOBER THRU DECEMBER 1979 

DELIVERABLES AND MILESTONES DELIVERED 

Task specification 3.2.15 ) 
Deliverable 3.3.9 > 
Milestone 3.4.16 ) 

Task specifications 3.2.1, ) 
3.2.3, 3.2.4, and 3.2.33 ) 

Task specification 3.2.5 ) 
Milestone 3.4.14 > 

Task specifications 3.2.2, > 
3.2.3, 3.2.4, 3.2.13 (all ) 
in part) and 3.2.14 > 
Deliverable 3.3.2 (in part)) 
and 3.3.3 
Milestone 3.4.7, 3.4.9 (in ) 
part) and 3.4.15 > 

Detailed structure maps on Berea sandstone 
and Onondaga limestone for the eastern 
flank of the Warfield anticline 

E. B. Nuckols III "The Cottageville (Mount 
Alto) Gas Field, Jackson County, West 
Virginia: a Case Study of Devonian Shale 
Gas Production" 

Jeanette M. Dixon "Techniques and Tests for 
Measuring Joint Intensity" 

Jane Negus-de Wys "The Eastern Kentucky Gas 
Field: a geological study of the relation- 
ships of Ohio Shale gas occurrences to 
structure, stratigraphy, lithology, and 
inorganic geochemical parametersw 

* 
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2.0 CONTRACT OBJECTIVES 

Collect, compile and analyze geological data and prepaLe geological 
structure maps for eastern Kentucky and western West Virginia. 

Determine if structural types and styles and surface lineations for 
procuctive areas of the Black Shales differ from those in non- 
productive areas. 

Identify and define along with other contractors those geologic 
parameters that control gas production from the shales. 

Determine the feasibility of using shallow penetration resistivity 
and seismic surveys to detect near surface faults and fractures and 
demonstrate their relationship to lineations observed on airborne 
imagery. 

Determine if a relationship exists between ground water movement and 
shale gas productivity. 

In conjunction with other contractors develop a method for selecting 
areas for drilling shale wells that have a potential for gas produc- 
tion. 
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3.0 TECHNICAL PROGRESS 
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3.1 Work Package 2100-2-l STRUCTURE CONTOUR MAPS Robert C. Shumaker 

3.1.1 Current status of work and scheduled deliverables 

A detailed structural contour map on top of the Berea sandstone was 
completed for the eastern flank of the Warfield anticline. A regional 
structure contour map on the basement for western West Virginia and 
eastern Kentucky was completed at a scale of 1:500,000. Both maps 
were submitted to the Open File this past quarter. 

3.1.2 Problem areas and suggested improvements 

No problems. 

3.1.3 Work plan for next quarter 

The project director will be on sabbatical leave during the quarter, 
and Alan Donaldson, Chairman of the Department of Geology and 
Geography, West Virginia University, is assuming the responsibili- 
ties of temporary director. During the upcoming quarter a base map 
at a scale of 1:500,000 of the Appalachian basin will be constructed. 
This base will serve as a standard for overlays showing the structure 
on several horizons to be constructed over the upcoming year. A near 
surface form-line structure map will be started during the upcoming 
quarter to be completed in May of this year. If necessary, the base- 
ment structure map just delivered will be redrafted to fit the new 
base. The new base will show the county and state outlines, promi- 
nent towns and the surface drainage. 

?c * * * f * 
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3.1 Work Package 2100-l-l CROSS SECTIONS 

3.2 Work Package 2100-l-2 ISOPACH MAPS 

3.3 Work Package 2100-2-l STRUCTURE CONTOUR MAPS 

3.4 Work Package 3200-4-l OIL AND GAS MAPS -I 

J. Negus-de Wys 

3.1.1 Current status of work and scheduled deliverables 

Current status: 100% complete - final report submitted. 

3.1.2 Problem areas and suggested improvements 

None. 

3.1.3 Work plan for next quarter 

Geochemistry Addendum: 

- Pick adjusted stratigraphic tops from lithology studies 

- Preparation of elemental maps in eastern Kentucky 

. - Preliminary cross section of organic geochemistry of black, brown, 
gray, and green shale facies 

- Hand contouring of elemental geochemistry 

- Advertise and select doctoral candidates for geochemical research 

Papers given: 

1. Lithology Studies in Eastern Kentucky Gas Field: DOE/EGSP-ES/MPG 
Symposium 

2. Geochemical Studies in Eastern Kentucky Gas Field: DOE/EGSP-ES/AAPG 
Symposium 

3. Possible Plate Tectonics Effects on the Eastern Kentucky Gas Field: 
DOE/EGSP - ES/AAPG Symposium 

Paper accepted: 

The Anatomy of a Large Devonian Black Shale Gas Field: International 
Geological Congress, Paris, France, July, 1980. 
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Abstracts submitted: 

1. Geochemistry relationships in upper Devonian shale to structure, 
lithology, and gas production in eastern Kentucky (SfF/DOE May 
meeting, Pittsburgh, Pennsylvania) 

2. Preliminary depositional model for highly organic black shale facies 
of the upper Devonian shales (SPE/DOE May meeting, Pittsburgh) 

3. Preliminary thin section study of black shales in eastern Kentucky 
(Junior Jenkins, student) (SW/DOE May meeting, Pittsburgh) 

* * * * * * 
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3.1 Work Package 2100-l-l SEISMIC James E. Ruotsala 

3.1.1 Current status of work and scheduled deliverables 

Field testing of the Bison seismograph at the Pricetown site was 
completed. No events interpretable as reflections were observed 
among the acoustic events recorded. Some cross-talk, originating 
in the geophone filters, were observed. 

3.1.2 Problem areas and suggested improvements 

Nothing new. 

3.1.3 Work plan for next quarter 

The geophone filters will be worked on and our technician will 
attempt to eliminate the cross-talk. Further field testing will 
await the completion of that work. 

A new system for recording seismic data onto floppy disk will be 
put together as the borrowed equipment we are currently using is no 
longer available. 

* * * * * * 
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3.1 Work Package 2100-2-2 STRUCTURE STUDIES Thomas H. Wilson 

3.1.1 Current status of work and scheduled deliverables 

The construction of the cross-sections through the Appalachian basin 
monopolized the work effort this quarter. This is justified as 
follows: 

1) an analysis of possible subsurface structural interpretations 
of surface structural characteristics in both the Valley and 
Ridge and Plateau Provinces is of fundamental importance to 0 
the question of what is a CSD; 

2) surface control on the earth's residual gravitational field is 
limited and minimizes the usefulness of modelling as the 
priority effort; 

3) barometric corrections were not made on the USGS's aeromagnetic 
data. Since the anomalies or second vertical derivatives 
along the lineament will be quite small if they exist (from 
inspection of total magnetic intensity map), inferred basement 
structure would be questionable. An analysis of this data has 
the potential to be quite fruitful, but again, its usefulness 
to this specific project is considered as secondary to the 
structural interpretations. 

3.1.2 Problem areas and suggested improvements 

None. 

3.1.3 Work plan for next quarter 

A. Work on the cross sections will be completed. 

B. Some additional figures will be drafted to illustrate fracture 
data. 

C. Writing will begin on a first draft of the final report. 

D. Some gravity modelling may be done along specific parts of the 
cross sections, but this is a lower priority effort. 

* * * * * * 
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3.1 Work Package 2100-2-2 STRUCTURE STUDIES Jeanette M. Dixon 

3.1.1 Current status of work and scheduled deliverables 

Final report on CSD's and joint intensity studies has been completed. 

3.1.2 Problem areas and suggested improvements 

None. 

3.1.3 Work plan for next quarter 

This portion of Work Package 2100-2-2 is complete. 

* * * * ?: * 



3.1 Work Package: 2200-l-2 FRACTURE DENSITY AND ORIENTATION Mark A. Evans 

3.1.1 Current status of work and scheduled deliverables 

The final report, "Fractures in Oriented Devonian Shale Cores from 
the Appalachian Basin," is nearly complete. Approximately ten 
illustrations need yet to be drafted. 

3.1.2 Problem areas and suggested improvements 

0 None. 

3.1.3 Work plan for next quarter 

Complete drafting of illustrations and complete final report. 

* ;‘; * * k * 
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Kevin D. Lee 

3.1.1 Current status of work and scheduled deliverables 

A) Locations of 4,500 wells with sub-sea elevations on the top and 
bottom of the Ohio shale were plotted. 

B) Structure contour maps were drawn and revised for the top and 
bottom of the Ohio shale. 

3.1.2 Problem areas and suggested improvements 

None. 

3.1.3. Work plan for next quarter 

A) Construct cross sections across the Big Sandy Gas Field. 

B) Compare the structure contour maps of the top and bottom of the 
Ohio shale, and an isopach map of the Ohio shale to be drawn by 
Jeanette M. Dixon. 

. 

C) Complete a first draft of my thesis by the end of this quarter. 
This will involve further revision of the structure contour 
maps, correlation of the isopach map (where possible) with 
structure, correlation of Mark Evans' slickenline findings 
(where possible) with structure, etc. 

* * * * * k 
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QUARTERLY REPORT 

JANUARY - MARCH 1980 

U.S. Department of Energy 
Contract no. DE-X21-76MCO5194 

(formerly EY-76-C-05-5194) 

1.0 MECLJTIVE SUMMrlRY 

1.0.1 The second quarter of the 1979-1980,contract year resulted in the 
delivery of a report by Mark Evans on "Fractures in Oriented 
Devonian Shale Cores from the Appalachian basin," 3 maps by Mark 
Evans indicating the linear features near Devonian shale core 
wells, and one map by Robert Shumaker showing structure on the 
basement for eastern Kentucky and West Virginia. 

In addition, work completed (with the exception of drafting) 
includes geochemical data from the Eastern Kentucky Gas Field that 
is plotted stratigraphically on a cross section using 3 wells and on 
maps of the Lower Huron shale using the geographical distribution of 
elements and minerals based on 1L wells for this same gas field by 
Jane Negus-de Wys. 

Structural evaluation of rocks associated with the cross-strike 
lineaments (Petersburg and Parsons) are in various stages of com- 
pletion. The field study of the fractured, folded and faulted 
rocks spanning the Petersburg lineament is completed and cross sec- 
tions have been constructed but not yet drafted. The geophysical 
analysis is near completion but already with sufficient knowledge to 
indicate the nature of structural shortening in this area. 

The detailed structure contour map of the Eastern Kentucky Gas Field 
is now in the writing and drafting phase with analysis limited to 
reworking problem areas. 

The geophysical seismic study is ready for the field-work phase 
finally. The Bison system is working in the lab and now will be 
tested at Pricetown within the next two weeks. 

1.0.2 Regional Structure Studies 

This work was completed last quarter before Robert Shumaker left on 
sabbatical leave for England. The regional map showing structure 
on the basement for eastern Kentucky and West Virginia has been 
drafted and delivered during this quarter. 
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1.0.3 Production Studies 

3. 

The correlat'ion between geochemical parameters and gas production 
in the Eastern Kentucky Gas Field seemed promising in the completed 
report by Jane iu'egus-de IrTys, and she expanded on this study during 
this second quarter. Essentially, she has plotted eiemental and 
mineraiogical data on maps of the Lower Huron shale, and these maps 
suggest initial relationships with production based on data from 
14 wells. A second set of data currently is being selected in 
order to confirm and refine the relationship between the geochemistry 
and gas production. 

In an additional request, Jane Negus-de Wys delivered a set of 15 
maps showing the criteria for the selection of test wells to be 
drilled in the future. X final map, at a scale of 1:250,000, indicated 
the priorities for drilling and the justification for these priorities. 
This analysis represents a major contribution to the Devonian Gas 
Shale Project as it provides a rationale and strategy for siting future 
exploratory wells. 

1.0.4 Geophvsical Studies 

This second quarter again mainly was used to repair, test, and tune 
the Bison seismic system as well as recommend the need for specific 
equipment in order to insure the success of the seismic inmstigation. 
Finally, the seismic system checked out favorably in the lab and now 
is ready for field testing at the Pricetown U.G.S. site. 

Delays in delivery of hardware required for writing the seismic onto 
a floppy dish frustrated work on this phase of the program. On the 
other hand, work on developing a ray-tracing seismic modeling capa- 
bility is progressing satisfactorily. 

1.0.5 Fracture Studies 

Detailed mapping of the Berea sandstone in the subsurface of the 
Eastern Kentucky Gas Field essentially is complete. Kevin Lee has 
constructed a structure contour map that displays minor structures 
previously undetected on maps of greater contour intervals and fewer 
control points. A first draft of a report is nearing completion. 
Examples of interpretations now possible from this analysis are: 
1) the Warfield fault in Xartin County, Kentucky, suggests no growth 
during Devonian and Mississippian time, and it appears to be a 
detachment structure related to previously formed deeper structures; 
and 2) the recognition of a strike-slip fault in eastern Pike County, 
Kentucky, affecting the D'Invelliers anticline and with an orientation 
parallel to the Russell Fork fault. The fracture implications of 
such structures presently are beinK assessed. 
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1.0.6. Structural Studies 

Reconstruction of structural cross sections across the Parsons 
lineament is based on field mapping and geophysical data recalculated 
in order to determine the kind and amount of structural shortening 
in the foreland. These studies by Tom Wilson indicate the follow- 
ing three evaluations that will be significant in siting gas wells 
in the Xiddle Devonian gas shales: 

1) The northwest limbs of folds are more intensely fractured than 
the southeast limbs. 

2) The change from lower to higher order folds in discontinuities 
observed in the Plateau for t'ne Parsons' discontinuity 
(Hullennex, 1975; Trumbo, 1975) is also associated with an 
increase in the abundance of faults in the discontinuity. The 
faulted lithologies are more intensely fractured in the vicinity 
of the faults (Wilson, et al - -- ' 1978; Wilson, 1979). 

3) Field mapping of the Middle ?fountain syncline which exposes 
Middle Devonian shales reveals that a) splay thrusts cutting 
Silurian and Lower Devonian lithologies wrap over into the 
Middle Decronian shales thickening these formations, tid 
b) Middle De-Jonian shales are most intensely deformed in the 
discontinuit.:. 

These observations are significant for a rationale for gas reservoir 
exploration in the Plateau. More intensely fractured and thickened 
organic-rich shales will be found on the northwest limbs of the 
Plateau folds and particularly within cross-strike structural 
discontinuities. 

Work currently underway will recommend drilling of specific areas. 
Recommendations will be made on the basis of field mapping, fracture 
studies, local and regional structural cross sections, and geophysi- 
cal studies. 

* * * * * * 
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DELIVEPABLES AND XILESTONES DELIVERED 

Task specification 3.3.8 
Deliverable 3.3.1 
Milestones 3.4.1 & 3.4.2 

"Fractures in Oriented Devonian Shale 
Cores from the Appalachian Basin, 
Yark A. Evans, final report. 
Deiivered 2-i-80. 

MA?S 

Task specification 3.2.10 
Xilestone 3.4.3 

Milestone 3.4.11 1 map by R. C. Shumaker. Delivered 2180. 

. 

5. 

3 maps by 4lark A. Evans. Delivered 2-13-80. 

Linear features near Devonian shale core 
wells (2 sheets); lineament orientation, 
weighted with lineament length; and 
lineament orientations unweighted. 

Regional map showing structure on the 
basement for eastern Kentucky and West 
Virginia. 

LJXSPONSORED RESEARCH 

"A Statistical Analysis of Geochemica 1 Data for the Eastern Kentucicy Gas 
Field," Jean Cheng, Graduate Student, Statistics and Computer Science, 
West Virginia University: placed on Open File at Xorgantown Energy 
Technology Center. 

* * it * * * 
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2.0 CONTUCT OBJECTIVES 
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Collect, compile and analyze geological data and prepare geologi- 
cal structure ma2.s for eastern Kentucky and western West Virginia. 

Determine if structural types and s:yles and surface lineations 
for productive areas of the Black Shales differ from those in 
non-productive areas. 

Identify and define along with ot;ler contractors those geologic 
parameters that control gas production from t'ne shales. 

Determine the feasibility of using shallow penetration resistivity 
and seismic surveys to detect near surface faul:s and fractures 
and demonstrate their relationship to lineations o3served on air- 
borne imagery. 

Determine if a relationship exists between ground water movement 
and shale gas productivity. 

In conjunction with other contractors develop a method for seiect- 
ing areas for drilling shale wells that have a potential for gas 
production. 
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3.0 TECHNICAL PROGRESS 
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3.1 !Jork Package ZlOO-1-1 CROSS SECTIONS J. Negus-de Xys 

3 .2 Work Packaxe 2100-l-3 ISOPXH X4PS 

3.3 Work Package 2100-2-l STRUCTLRE COSTOUR YAPS 

3.L Work Package 3200-4-l OIL MD GXS XAPS 

3. 1.1 Current status of work and sc'heduled deliverables 

Work plan for this quarter included: . 

- Picking adjusted stratigraphic tops; 

- Preparation of elemental maps in eastern Kentucky initiated; 

- Band-contouring of maps initiated; 

- Preliminary cross section of organic geochemistry of black, brown, 
gray, and green shale facies; and 

- Initiation of advertisement and selection of Ph.D. candidate(s) 
for geochemical research. 

X11 above maps have been completed or are in progress for the first 
data set of lit wells. A table of data ranges for Lower Huron black 
shale is shown in Table 1. Hand-contoured elemental data maps using 
data set 1 are shown in Figures 1 through 11. Sample computer drawn 
map is shown in Figure 15. 

Current status on 2 year program: 10% compl'eted 

A preliminary procedure for locating a well in high gas producing areas 
was prepared and submitted to Dr. Claude Dean, per his request. This 
procedure included eight priority areas, using 15 maps to develop the 
final map. A transparent map at a scale of l:SOO,OOO with the priority 
areas was included. Joint probabilities using assumptions an which the 
areas were developed, ranged from 75 to 96% for the areas suggested. 

3.1.2 Problem areas and suggested improvements 

Delay in implementation of procurement package on contract. Problem 
addressed by XETC. Anticipated date of on-track recovery: April 15th. 

3.1.3 Work plan for next quarter 

Continuation of map preparation and data reduction for data set 1. 

Initiation of data interpretation and analysis on data set 1. 

Preparation and presentation of paper for the SPE/DOE meeting in 
Pittsburgh, Xay, 1980. 

. 
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Meetings attended: See monthly reports 

Papers accepted 

1. Negus-de Wys, Jane, "The anatomy of a large Devonian black shale gas 
field," 26th International Geological Congress, Paris, 1980. 

2. Negus-de Wys, J. and J.J. Renton, "Inorganic geochemistry as an 
exploration tool," 26th International Geological Congress, Paris, 1980. 

3. Negus-de Wys, J. and J.J. Renton, "Preltiinary depositional model for 
upper Devonian organic black shale in the eastern Kentucky gas field," 
SPE/DOE Fleeting, Pittsburgh, May, 1980. 

Papers in preparation 

1. Negus-de Wys, Jane, "Relationships of gas occurrence to geologic 
parameters in eastern Kentucky gas field," requested by AAPG for 
submission for journal publication. 

2. Erickson, S-S., J. Negus-de Wys, and W.V. Dashek, "Comparison of plant 
responses to atmospheric sulfur dioxide with reported effects on human 
health," for quarterly Review of Biology. 

3. J. Jenkins, J. Negus-de Wys, and H.D. Bennett, "Color changes in 
megaspores observed at visual and fluorescence wavelengths for Upper 
Devonian black shale in the eastern Ken'tucky gas field." 

Other activities . 

Technical chairman for The Appalachian Basin Symposium Yarch 31 - April 2, 
Lakeview Country Club, Yorgantown, West Virginia. 
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11. 

Paper Title: Preliminary Depositional Xodel for Upper Devonian Organic Black Shale 

in the Eastern Kentucky Gas Field 

Prtncipat Author: J. kws-de hvs 
(Wtlh whom SPE will correspond) 

Telephone No. (394) 293-5503 

Company !\'est Virginia llniversity -- 

Mailing Address. Department of Geology, WU. !lor.eantoljn,. i\'V 26506 

Co-authors’ J. J. Rcnton - - 
(If more than one, lisl on separate page) 

Company ;ind FS,alltng Address .“‘P” r’ rnc’r’t 
of Gc~ology, IL'c't Vi rj:illia llnivcrsity, \'orgnntoWl 2 IVl' 2G506 

____. - 

AESTRACT: The abstract, containing not less than 200 words, should be provided in the space below, and on Ihe reverse 
side of lhis page. 

The constraints on a depositional model are discussed for the Upper Devonian 
organic black shale facies in the high gas production area of the Big Sandy Gas 
Field in eastern Kentucky. Commencing with the onlapping lower Huron black shale, 
which is deposited over a recognizeable basal unconformity, the Iithology, geo- 
chemistry, structural-stratigraphic relationships and production are discussed. 

The lower Huron is recognized as the zone of high gas recover), in the Ohio 
Shale sequence in eastern Kentucky. Since gas recovery is dependent upon natural 
fracture permeability, this zone may also be the most highly fractured. From 
gamma-ray logs this basal black shale shovs a characteristically higher natural 

radioactivity than all other Ohio shale units except the Cleveland shale, which is 
very simiIar to the lower liuron shale. 

The elemental geochemistry of the black, gray, green, and br-o\m shale litho- 
facics are compared. Preliminary organic gcociemistry for these lithofacies are 
compared by cross section with other parameters such as litholo,Ty and structural- 
stratigraphic cross-sections. 

Thin sections from highly organic black shale in the center of the area of 
high production in Floyd County are compared with thin sections of subbituminous 
coal. The abundance of spores, cuticles, and carbonaceous plant 'fragments is 
apparent, and.very similar to a subb<tuminous coal. 

Evidence at outcrops of lower Huron black shale to the west of the field area 
suggest residual soil horizon at the base of the Huron and channels in the lower 
!-!uron black shale. 

The highly organic black shale at the base of the Ohio shale sequence is con- 
cluded to be the result of transgression of shallow 'Upper Devonian seas, destruc- 
tion and deposition of abundant plant growth developing both in shallow \;ater and 
0p low-lying cratonic margins in incipient coal-srcamp environments. 

Drowning of such growth as evidenced by occurrence of a high density of spores, 
vitrinitic or woody fragments, and reported occurrence of logs of the largest IJpper 
Devonian plant, the tree-fern Archeopteris, is suggested. 

ABSTRACT DEADLINE: January 9. 1980 
RETURN JO: John L. kore 952 four Gatemy Cen:er, 

Pi itsburgh, PA 15222 
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Paper Tftle: 
PETROGRAPHIC STUDY OF DEVONIAN BLACK SHALE IN THE AREA OF HIGH PRODUCTION 

IN THE BIG SANDY GAS FIELD OF EASTERN KENTUCKY 

Junior L. Jenkins 
Principal Author: _ ~ Telephone No. 

293 5603 (304) 

(With when SPE ~111 correspond) 

Company Department of Geology and Gcngraphy, I.Jest Virginia University, Morgantown, W.Va. 

Mailing Address: 
above 26505 

__- - - 
Co-authors: - Jane Kegus-de Wys,.Milton T. Fieald -- 

(If more than one, IIS! on separate oage) 

Colnpany and h:alling .lddress’ 
scime as above 
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APSTRACT: The ab:r.?cl. conlainillg not ICLS Itran 2CO words , shotrld be provided in Itie sp;rcc below. and on fhc rc~c’rsc 
side of this page. 

Working under a grant from Gulf Research Center in Pittsburgh, several hundred 
thin sections of Upper Deoonian black shale were obtained from the Kentucky-West 
Virginia Gas Company for petrographic study. Coleman D. Hunter studied over 700 of thcsc 
thin sections from 86 wells-during the early 1930's, but only a general average of the 
results were reported. fi!o other record of previous work on these thin sections 
has been found. 

Locations of the sample wells are plotted on a base map of eastern Kentucky. All 
sample wells are located in the Big Sandy gas field. The majority of the wells are lo- 
cated in the center of high gas production in Floyd County with other wells located 
in Pike, ?:artin, and Knott Counties. In general, thin,sections have been nade from 
cable tocl-drilled w1?11 samples taken about every 10 feet from the top to the bottom 
of the Upper Devonian black :;)l.llc ::cquc~ncc wlrich is the rnnin prodtlcing horizon in the 
largest gas field in the Appalachian bnGn. 

Petrographic descriptions and photography of the thin sections is currently in 
progress* Study of the thin sections is based on the two parameters, rock fabric and 
rock constituents. The general rock fabric study is based on silt content, clay content 
and laninae features. Recently more detailed fabric studies and lithotype classificatiol 
sys:ems of the Devonian black shales have been done. However, using only sTal1 thin 
section specimens these more elaborate classification systems are not practical. 
getleral list of shale constituents in a decreasing order of abundance consists of clays, 
qiaitz,. orsanic. rnattti r -.pyf ite.j- kica, andla varis~.y:sEI~tF;er-minor--constituents: - Clays 
are the most abundant constituents usually constituting well over half of the total 
rock volume. The predominate clay type is illite with chlorite occurring in some 
sections. Kaolinite is present, but is only rarely easily-identified. Quartz, 
occurring as subangular to subrounded grains, is abundant, ranging from clay size 
to coarse silt size particles. 7he organic matter consists mainly of spores, 
carbonaceous plant fragments, cuticles, and woody material. 'Ihe unusually high 

concentration of spore material undoubtedly contributes as a hydrocarbon source. 
Pyrite is cor;nonly seen as disseminated grains and framboidal forms extensively replacin 
organic material. Mica, especially muscovite, conmonly occurs throughout the 
specimens as elongated flakes up to 0.25 mm in length. Preliminary point count 
results are also presented. 

Evidence of fractures within the thin sections are apparent. The fractures are 
seen 02 a micro scale and are only a few mm in 1e:lgth. Sparry material seems to occur 

tlbese microstructures. Larger fractures are not expected to be found since 

ABSTRACT DEADLINE: January 9, 1980 
RETURN TO: John L. I:oore 952 Four Gateway Center, 

Pi t'isburgh, PA 75222 
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the s;;;;ples are chips ir-3:n n c3hlc Loo1 (;ril i?d i,:e!?. 
Trlree general liti,oLy;,es arc apparent at this tile. 31e li;~~o;:,-pes jncludc- 2 <i:t- 

stcne type, a laminated organic-rich shale type, 2nd a non-l3r,jnaied clay-l-i ch i,.?e. 



MINERAL DATA RANGES FOR HURON SHALE* 

Minerals Lower Huron Middle Huron Upper fluron 

Tllite 31.9 - 79.7% 44.3 - 63.1% 41.3 - 61.9% 
Quartz 13.6 - 39.2 24.5 - 43.2 27.0 - 44.4 
Pyrite 2.2 - 8.2 2.0 - a.7 0.8 - a.8 
Siderite 1.2 - 5.3 0.9 - 3.3 11 0 - 4.2 
Bassanite 1.4 - 2.5 1.3 - 2.3 1.4 - 2.3 
Dolomite 0.1 - 3.e 0.0 - 1.3 0.0 - 3.7 
Plagioclase 0.0 - 1.1 0.6 - 1.2 0.7 - 1.5 

Chlorite 0.3 - 1.3 0.3 - 1.2 0.3 - 1.1 
Orthoclase 0.0 - 0.4 0.0 0.7 0.0 0.6 

;zi.cn 
- - 3 CP . 

Anhydrite 0.0 - 0‘3 0.0 - 0.2 0.0 - 0.4 IO11 Calcite 0.0 - 24.8 0.0 - 1.0 0.0 (D p'r - 1.3 

Kaolinite 0.0 - 1.0 0.0 

.",",K 'L 

- 0.5 0.0 - 1.9 . . * 
Szmolnokite 0.0 - ,O.l 0.0 - 0.2 0.0 - 0.4 PO n 

morn2 
-- g.ncx, CD--- 

OM ra 
O/O (1) 0.0 - 0.2 0.0 - 0.0 0.0 - 0.0 09 N 

cn Y 
0 (2) 0.3 - 0.5 0.3 - 0.5 0.3 - 0.5 H m 
2 (3) 

(4) 
0.0 0.0 - - 0.9 

0.9 
0.4 0.0 - - 1.0 0.6 0:4 0.0 - - 1.0 1.0 Gl 

8 
(5) 0.8 - 1.0 0.8 - 1.0 0.4 - 1.0 cl9 4 

3 T Y 

P 
c . 

* % represents % of total integrated intensity. The use of one decimal place is not meant to 
indicate level of precision, which is probably 210%. . 

TABLE 1 
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FIGURE 13: LLthology of well 31486 in Floyd County compared with 
nearby gamma ray log and Si graph from X-ray fluorescence. 
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3.1 Work Package 2iOO-l-i ,ELSXIC James E. Xuotsala 

3.1.1 Current status of zork and sch2duied deliverables 

Our tecnnician has completed repairs and modifications to the geo-- 
phone filters. The Bison s2ismograph system is functioning proper- 
ly in the lab. 

The hardware required for Fdricing tF.e seismic onto a floppy disk 
has not yet been delivered. Delivery is expected within a few 
weeks. 

Kork on developing a ray tracing seismic modeling capabi1ic.f is 
progressing satisfactorily. 

3.1.2 Problem areds and suggested improvements 

Hone. 

3.1.3 Xork plan for next quarter 

The Bison seismograph system will be field tested at the Pri;eto\,n 
site as soon as weathsr permits. .Judgement of the syst2m's capa- 
b‘ility for recording reflection sei:;*mic data will be made after a 
successful field test. 

The new system for writing seismic data onto a floppy disk will be 
put together when the hardware is delivered. 

Work on ditveloping ray tracing seismic modeling capability will be 
completed. 
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3.1 Work Package 2100-Z-2 STRUCTURE STUDIES Thomas H. Wilson 

3.1.1 Current status of work and scheduied deliverab les 

32. 

The processing and analysis of various structural and geophysical 
data collected for this project is near completion. Remaining 
work will be completed early in the next quarter at whicfi time 
efforts will be concentrated on the preparation of the final 
report (already a third complete). 

3.1.2 Problem areas and suggested improvements 

3.1.3 Work plan for next quarter 

It is hoped that a first draft of the final report can be prepared 
and delivered to the chairman of my dissertation committee, Dr. 
Russell Wheeler, by July 1. 

* * * * 
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3.1 Work Package 22130-l-2 FRACTLXE STiJD1E.S 'Kevin 3. Lee 

3.1.1 Current status of work and scheduled delilJerables 

The first draft of my thesis was not entirely completed, but good 
progress was made. Each section of my study requires a literature 
search and numerous maps and cross sections to be drawn. The first 
draft will be completed very early in the next work quarter. 

ts 3.1.2 Problem areas and suggested Lnprovemen 

Sons. 

3.1.3 !<or!, plan for next quarter 

1. Finish first draft of t!lesis. 

3 -. Revise frrst drdft of thesis. 

3. Have many 0 the maps included in my study dra ftrd. 
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1.0 EXECUTIVE SUMMARY 
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QUARTERLY PROCRESS REPORT 

April - June 1980 

U.S. Department of Energy 
Contract no. DE-AC21-76ET12138 

(formerly DE-ACZl-76MC05194) 

1.0 EXECUTIVE SUMMARY 

1.0.1 The third quarter of the 1979-1980 contract year resulted in the 
delivery by the draftsman of the regional map (1:500,000) prepared 
by Robert Shumaker of form lines indicating important surface tec- 
tonic elements for eastern Kentucky and West Virginia. This map 
should be compared with the previously submitted regional map of 
basement structures of this same area. The unfinished regional map 
using the Devonian shales as the datum will enable one to determine 
which structures extend from the basement to the surface, which 
structures are unique to the Devonian shale unit, and which struc- 
tures exhibit "thin skin tectonic" characteristics. 

Jane Negus-de Wys negotiated with Kentucky-West Virginia Gas 
Company for a well to be drilled, cored, and logged in an area of 
high gas production in the Big Sandy Gas Field. The selection of 
the well site is based on criteria developed by Jane from her 
research, and it indicates an exploration rationale which is the 
purpose of the entire project. The opportunity to examine a gas 
pay zone which is highly productive should yield clues for devel- 
oping new fields as well as improving production in known gas fields. 
Jane Negus-de Wys also prepared 180 maps of geochemical parameters 
for comparison with gas production information. She estimates that 
twenty-five percent of the two-year project now is completed. 

The geophysical seismic subproject successfully tested the Bison 
system at the Pricetown 62 coal gasification site. This test 
represents the first time reliable data were recorded and obviously 
the researchers are encouraged to proceed to the next phase. 

Tom Wilson completed a Z&page report on Central Appalachian gravity 
models which is appended to this quarterly report. 

Kevin Lee has completed two drafts of the final report and current- 
ly is preparing the third draft for Robert Shumaker's return on 
August 1. Kevin Lee apparently has discovered a potential gas 
field in Kentucky that could be similar to the Cottageville Gas 
Field. The detailed subsurface mapping apparently has resulted in 
encouraging support for finding new gas in the Devonian shales. 
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The presentation of papers at the International Geological Congress 
at Paris, France by personnel of the project indicates the signifi- 
cant results of this research project. The competition for 
selected papers is great and only high quality efforts are chosen 
for this congress. 

1.0.2 Regional Structure Studies 

This work was completed last quarter before Robert Shumaker left on 
sabbatical leave for England. The regional map on surface structure 
for eastern Kentucky and West Virginia has been drafted and delivered 
during this quarter. 

1.0.3 Production Studies 

Jane Negus-de Wys completed 180 geochemistry maps and these now are 
being drafted. In addition, 360 graphs have been computer-run. 
These data are testing the validity of geochemical parameters for 
recognizing potential gas production. The correlation in the Eastern 
Kentucky Field is positive and documentation of this exploration tool 
by additional data is occurring. 

1.0.4 Geophysical Studies 

Tae third quarter demonstrated that the Bison seismic system is 
capable of obtaining reliable data from the Pricetown site. Now that 
this first phase has been completed, the next step will be to use a 
new pressure sensitive geophone in order to provide better coupling 
to the ground at high frequencies. Once this is completed (hopefully 
early in July) the geophysical study of the Cottageville Gas Field 
can commence. 

1.0.5 Fracture Studies 

Detailed structural geology of the Eastern Kentucky Gas Field is 
near completion by Kevin Lee. The discovery of promising gas- 
producing trends is developing from this research, and this fact 
certainly justifies the time and money invested in the project. 

1.0.6 Structural Studies 

Tom Wilson expects to complete the final draft of his final report 
by August 1. Some concepts developed in this project are discussed 
in a paper written by Tom and appended to this report. 
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The need for the continuation of this project into the fifth and final 
year is critical. The various parts of the puzzle completed in the first 
four years need to be analyzed as a whole during the anticipated conclud- 
ing year. Project continuation information was submitted for this funding. 
The results of the project so far are outstanding and on target according 
to the grand design of the project. The final assessment and geological 
integration of the various parts is scheduled for 1980-81 and hopefully 
D.O.E. recognizes the importance of funding this phase which determines 
whether or not an exploration strategy is feasible from the structural 
parameters investigated. 

All results so far indicate that the structural parameters are the key 
to the solution for finding new gas production and/or improving production 
in older fields. The step-by-step building of a data base for good 
decision making is approaching the final year of study and evaluation. The 
probability of a good outcome from this study is excellent in my estimation. 

* * * * * * 
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APRIL TRRU JUNE 1980 

DELIVERABLES AND MILESTONES DELIVERED 

itip submitted 5-31-80 by Robert C. Shumaker fulfills: 

Task Specification 3.2.3 To prepare regional structure map in final form 
for eastern Kentucky and the plateau portion of West Virginia for the 
following horizon: Surface Structure Form Line Map 

Milestone 3.4.12 Regional map showing the near surface form-line structure -. 
for eastern Kentucky and western West Virginia 
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2.0 CONTRACT OBJECTIVES 

Collect, compile and analyze geological data and prepare geological 
structure maps for eastern Kentucky and western West Virginia. 

Determine if structural types and styles and surface lineations for 
productive areas of the Black shales differ from those in non- 
productive areas. 

Identify and define along with other contractors those geologic 
parameters that control gas production from the shales. 

Determine the feasibility of using shallow penetration resistivity 
and seismic surveys to detect near surface faults and fractures 
and demonstrate their relationship to lineations observed on air- 
borne imagery. 

Determine if a relationship exists between ground water movement and 
shale gas productivity. 

In conjunction with other contractors develop a method for selecting 
areas for drilling shale wells that have a potential for gas 
production. 
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QUARTERLY PROGRESS REPORT 

April - June 1980 

3.1 Work Package 2100-l-l CROSS SECTIONS 

3.2 Work Package 2100-l-2 ISOPACH MAPS 

3.3 Work Package 2100-Z-l STRUCTURE CONTOUR MAPS 

Jane Negus-de Wys 

3.4 Work Package 3200-4-l OIL AND GAS MAPS 

3.1.1 Current status of work and scheduled deliverables 

Work plan for this quarter included: 

o Computer mapping of elemental data (14 elements) trends from 12 
wells in eastern Kentucky for 6 stratigraphic units (lower Huron 
through Berea/Bedford). 

o Computer mapping of mineralic data (16 minerals) trends from 12 
wells in eastern Kentucky for 6 stratigraphic units (lower Huron 
through Berea/Bedford). 

o Hand-contouring of mineralic data (16 minerals) trends from 12 
wells in eastern Kentucky for 6 stratigraphic units (lower Huron 
through Berea/Bedford). 

o Run computer-plotted graphs of geochemical data for all 12 wells. 

o Pick additional study wells in Floyd County. 

All 180 maps have been computer-run. All 180 maps have been hand- 
contoured, and are in final drafting for deliverables. 

All 360 graphs have been computer-run. Points must be connected by 
hand. Selection of additional wells in Floyd County is in progress. 

Current status on two (2) year program: 25% completed 

Negotiations with Kentucky-West Virginia Gas Company, for a well to be 
drilled, cored, and logged in an area of high gas production in the 
Big Sandy Gas Field, were initiated on the basis of the procedure 
developed by Dr. J. Negus-de Wys from a three-year study of the gas 
field. Negotiations for this well are being interfaced with Dr. Claude 
Dean and Karl Frohne at METC and Ernie Jenkins at Kentucky-West Virginia 
Gas Company. This would be the first such cored well in an area of 
high gas production, and is thus of considerable scientific and 
engineering interest to the Devonian Shale Program. 



UGR File NO. Co48/8OQ3 
Anril-June 1980 

11. 

April-June, 1980, Q 
h Dept. Geology and Geography 

Uarterly Progress Report J. Negus-de Wys 

3.1.2 Problem areas and suggested improvements 

Funding delay was eventually solved, but is a very undesirable 
accounting situation. The last three months on the first year 
of this contract commence October 1, 1980. To avoid further 
bookkeeping and other associated problems, it is hoped that the 
funding for this period will be transferred by the start time 
of that period. 

The delay in the drafting of deliverables (maps) was incurred at 
the University because of loss of a draftsperson and loss of time 
due to accrued vacation. This time loss will be made up in the 
next quarter. 

3.1.3 Work plan for next quarter 

Completion of deliverables due June 1 and September 1, 1980 
(180 geochemical trend maps for eastern Kentucky). 

Continuing work on completing the geochemical graphs for each of 
12 wells. 

Procurement of additional well set in Floyd County. 

Final agreement and arrangements for drilling, coring, and logging 
of well in Floyd County, 

Commencement of comparison analysis of geochemistry data with open 
flow data, fracture occurrence, stratigraphy, and structure. 

Presentation of two papers at the International Geological Congress 
in Paris, France. 

Preparation of paper for AAPG and GSA journals. 

Meetings attended 

Technical Director for 11th Annual Appalachian Basin Petroleum Seminar, 
March 31 - April 2, Lakeview Country Club, Morgantown, WV. 

Energy Policy Symposium, May l-2, Lakeview Country Club, Morgantown, WV. 

SPE/DOE Unconventional Gas Recovery Symposium, May 18-20, Pittsburgh, PA. 

International Geological Congress and field trips, June 20 - July 20, 
Paris, France. 
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April-June, 1980, Quarterly Progress Report J. Negus-de Wys 

Paper delivered 

Negus-de Wys, J., and J. J. Renton, Preliminary depositional model for 
upper Devonian Huron-age organic black shale in the eastern Kentucky 
gas field, SPE/DOE meeting, Pittsburgh, PA, May 18-20, 1980. 

Papers accepted 

Negus-de Wys, J., and J. J. Renton, Inorganic 
tion tool, 26th International Geological 
1980. 

geochemistry as an explora- 
Congress, Paris,'France, 

Negus-de Wys, J., The anatomy of a large Devonian black shale gas field, 
26th International Geological Congress, Paris, France, 1980. 

Papers in preparation 

Negus-de Wys, Jane, Relationships of gas occurrence to geological para- 
meters in the eastern Kentucky gas field, requested by MPG for 
submission for journal publication. 

. 

Jenkins, J., J. Negus-de Wys, and H. D. Bennett, Color changes in megaspores 
observed at visual and fluorescence wavelengths for upper Devonian 
black shale in the eastern Kentucky gas field. 

* * * * * * 
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3.1 Work Package 2100-l-l SEISMIC James E. Ruotsala 
and Richard T. Williams 

3.1.1 Current status of work and scheduled deliverables 

On Monday, May 19, a full-scale field test of the Bison-band reflec- 
tion seismograph was conducted at the Pricetown #2 coal gasification 
site. Although this exercise was purely an equipment test, the 
survey covered roughly the same area as an earlier study reported by 
Keith G, Kirk. Common-depth-point data was obtained with 300% 
coverage in places. The results of this field test are summarized 
here. 

Performance of the instruments. No serious malfunctions of the 
seismograph or support electronics were observed during this test. 
In the past this system has failed to provide usable data because of 
technical problems with the instruments themselves. These problems 
have been eliminated either by repair or more often redesign of the 
malfunctioning subsystem. 

Seismic results. Acoustic events were recorded from a total of seven 
shots. Some of these were redundant, for the purpose of examining 
the effect of changing the size of the explosive charge or the filter 
settings on the recording instruments. The events which were 
observed were precisely those which would be theoretically expected 
based on a sonic log of the nearby HZ Dallison well. 

On each trace, the first event is the direct wave from the shot, 
travelling at about 11,000 ft/sec. Prior to this arrival the trace 
is quiescent, but afterwards the trace is clipped, in both the posi- 
tive and negative directions for a period of 50-100 ms due to satura- 
tion of the seismograph analog-to-digital converter. During this 
interval the surface wave presumably arrives. Both the direct and 
surface waves have amplitudes which are large relative to a reflec- 
tion, and may be expected to cause the seismograph to clip when it is 
set up to record the reflections. Within the clipped interval 
(between positively and negatively clipped portions), and after 
clipping has ceased, event arrivals can be identified which correlate 
reasonably well with those expected based on a synthetic reflection 
trace generated from the %2 Dallison sonic log. These are presumably 
reflections from the various subsurface coal seams at that location, 
but sufficient data were not taken for a detailed interpretation. 
The deepest event, tentatively identified as the Pittsburgh coal seam, 
was continuous across the entire seismic line. This event occurs at 
about 175 ms two-way time, corresponding to a depth of about 950 ft. 
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Report J. E. Ruotsala 
and R. T. Williams 

3.1.1 Current status of work and scheduled deliverables - continued 

We have delivery of the hardware necessary to write seismic data 
(recorded by the Bison based system) onto floppy disks. 

Most of the software necessary for ray tracing modeling has been 
written. 

3.1.2 Problem areas and suggested improvements 

None 

3.1.3 Work plan for next quarter 

The seismograph will be tested the first week of July with a new 
pressure sensitive geophone (hydrophone). This should provide 
better coupling to the ground at high frequencies. Following a 
successful test, a complete set (12) of these phones will be 
purchased and all future data will be recorded with these. 

Following a successful field test with the new geophones, seismic 
data will be recorded in the Cottageville gas field. 

Work will continue with the ray trace modeling, in anticipation of 
a successful field effort at Cottageville. 

****** 
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QUARTERLY PROGRESS REPORT 

April - June 1980 

3.1 Work Package 2200-l-2 FKMXUKE STUDIES Kevin D. Lee 

3.1.1 

3.1.2 

3.1.3 

Current status of work and scheduled deliverables 

The first and second drafts of my thesis were completed and reviewed 
by Dr. Shumaker. In general, my structural interpretations have 
been accepted. 

Some figures have been given to the draftsman, but maps will not be 
drafted until Dr. Shumaker has given them personal approval. 

Problem areas and suggested improvements 

None. 

Work plan for next quarter 

1. Finish a third draft of my thesis. 

2. Orally defend my thesis. 

3. Write a fourth draft of my thesis, and hopefully have that draft 
accepted as final. 

****** 
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QUARTERLY PROGRESS REPORT 

April - June 1980 

3.1 Work Package 2100-2-2 STRUCTURE STUDIES Thomas H. Wilson 

3.1.1 Current status of work and scheduled deliverables 

Unforeseen additional work at the end of last quarter has set the 
time table for the completion of the first draft back a bit. 

The preparation of illustrations has required a considerably 
greater effort than originally planned for. 

Additional analysis of the data has also resulted in delays. 

However, progress on the final draft is proceeding quite well and 
should be completed by August 1. 

3.1.2 Problem areas and suggested improvements 

None. 

3.1.3 Work plan for next quarter 

Final report on the project will be completed. 

NOTE : Attached report discusses some of the results of the modelling effort. 

****** 
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CENTRAL APPALACHIAN GRAVITY MODELS 

by 

Thomas H. Wilson 
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CENTRAL APPALACHIAN GRAVITY MODELS 

Thomas H. Wilson 
Research Associate 

A. Introduction 

Previous use of observed gravity as a means to unravel details of 

central Appalachian structure is limited. Kulander and Dean (1978) 

occupied several stations in central and eastern West Virginia, western 

Maryland, and Virginia. Their study is primarily regional in nature with 

detailed coverage limited to a profile across the Warm Springs anticline 

in Bath County, Virginia. Byerly (1973) surveyed a detailed profile 

across the Massanutten Synclinorium in northern Berkely County, West 

Virginia. 

Calculated gravity for several balanced cross sections of the Appala- 

chian Valley and Ridge and Plateau structures are discussed here and com- 

pared to contours of terrain corrected residual Bouquer anomalies from 

Kulander and Dean (1978). A detailed gravity profile surveyed across the 

Middle Mountain syncline is presented along with a subsurface model based 

on the terrain corrected Bouquer gravity. Two interpretations of Jacobsen 

and Kanes (1974) section line through Mineral and Hampshire Counties, West 

Virginia, are also presented along with calculated gravity for both profiles. 

Gravity profiles were calculated using a program developed by Smith, 

Higgins, and Robertson (1970) of the Princeton University Department of 

Civil and Geological Engineering. The method of calculation was derived 

by Hubbert (1948) and evaluated by Talwani and others (1959) and involves 

the numerical integration of a line integral which evaluates the vertical 

component of the gravitational field associated with unit thickness 

n-sided polygonal laminae. 
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B. Observed Gravity 

Calculated gravity for the balanced structural interpretations may 

differ from observed gravity because of error in the observed gravity, 

error in the model, or both. Terrain corrected Bouquer gravity values are 

considered to have cumulative errors of no greater than 0.1 milligal 

(Byerly, 1973; Kulander and Dean, 1978). However, dispersion in projected 

values of residual gravity onto the residual gravity profile along the Warm 

Springs section line (Kulander and Dean, 1978, Figure 6) is calculated to 

be 1 milligal, and 1.3 milligals when compared to the calculated gravity 

for their model. Similarly, dispersion in value about a curve fit to the 

Middle Mountain data is 0.65 milligals, and dispersion about the calculated 

gravity is 1 milligal (see Figure 7). Some error is introduced in project- 

ing values along strike onto the profile line where the assumption of struc- 

tural invariance perpendicular to the profile is incorrect. Near surface 

density distributions are much more complex than represented by the gener- 

alized regional gravity models presented here. Such error may be related 

to near surface lateral density contrasts produced by unrecognized struc- 

ture, or ground water solutioning of near surface limestones (Byerly, 1973). 

Byerly (1973) also related 1.5 to 1.8 milligal variations above the regional 

background to a subsurface zone of high density dolomite. 

During the gravity survey across the Middle Mountain syncline a bench 

mark occupied the previous year was reoccupied. The measured value of 

gravity was 0.6 milligals off the earlier measured value. It is possible 

that extension in the quartz spring during the interval of time between 

measurements may have produced significant changes in the spring constant. 
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Not much can be said on the basis of one sample. However, it is a source 

of error that may appear in surveys conducted over long periods of time. 

C. Regional Gravity Profiles 

Regional structural interpretations have been constructed of the 

Valley and Ridge and Plateau provinces of the central Appalachians of West 

Virginia and Virginia. Portions of these cross sections covered by gravity 

observations are located on the residual Bouquer anomaly map (Figure 1) 

taken from Kulander and Dean (1978). Calculated gravity for the regional 

sections south and north of the Parsons structural discontinuity is compared 

to contours of residual Bouquer anomalies along these profiles (Figures 3 

and 4). 

Closest correlation between calculated and observed gravity occurs for 

the structural interpretation south of the discontinuity. A two milligal 

amplitude anomaly in observed gravity rises to a peak northwest of the 

Elkins Valley anticline. The calculated effect of the thrust faulted and 

folded high density Cambrian and Ordovician dolomites and carbonates is 

roughly a three milligal anomaly rising to a peak just southeast of the 

crest of Elkins Valley anticline. There is rough correlation between the 

positions of the six milligal high in observed gravity on the southeast 

limb of the Wills Mountain anticline and the calculated plus ten milligal 

peak just southeast of the crest of Wills Mountain anticline. No plausible 

structural interpretations can be made to explain variations in observed 

residual Bouquet anomaly between the Wills Mountain and Elkins Valley 

anticlines. 
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Disagreement between observed and calculated gravity along the profile 

north of the Parsons structural discontinuity is almost complete (Figure 3). 

The low in observed gravity over the Deer Park anticline might imply that 

the Cambrian and Ordovician sequence is not thrust into the core of the 

anticline as shown in the cross section. Calculated gravity for a Deer 

Park anticline with a Martinsburg shale core (Figure 4) agrees with the 

observed gravity'profile. However, the wavelength of the Deer Park fold 

is anomalously large for folds developed above a Martinsburg detachment. 

Martinsburg detachment produces folds of wavelengths similar to that for 

the Hopeville anticline (Figure 3) and Colic Mountain anticline (Figure 2). 

The numerous intermediate scale folds observed at the surface in the 

Chemung Formation (Wheeler, 1974) are probably developed above a Martinsburg 

and/or higher level detachments. It seems likely therefore that consider- 

ably more shale is present than indicated in Figure 3, but that the Cambrian 

and Ordovician dolomites and limestones are faulted in the Deer Park core. 

The 1.5 milligal high over the Blackwater anticline may imply that the 

Cambrian and Ordovician sequence is thrust faulted. An uplift of 4000 feet 

was required to produce the 1.5 milligal high over the Deer Park anticline. 

However, beneath the Blackwater anticline there is so little space avail- 

able that even if the Cambrian and Ordovician is thrust faulted, it is cer- 

tainly not responsible for the observed anomaly. 

The ends of the models have been extended 50 miles to the southeast 

and northwest of the calculated profile to reduce edge effects. Some of 

the disagreement between the observed and calculated gravity may be due in 

part to the generalized nature of the models. Assigned densities are 

shown in Table 1. Average densities for a stratigraphic interval were 
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AVERAGE DENSITIES ASSIGNED TO STRATIGRAPHIC INTRRVALS 

FOR CALCXKATING GRAVITY PROFILES FOR THR STRUCTURAL INTERPRETATIONS 

NORTH AND SOUTH OF THE PARSONS STRUCTURAL DISCONTINUITY 

STRATIGRAPHIC 
INTERVAL DENSITY 

i 
SOUTH NORTH 

Pennsylvania 
through 

Devonian Oriskany ss 
2.61 gm crnM3 \ 

5 

2.62 gm ai 
Devonian Oriskany ss 

through 2.64 gm crnw3 
Ordovician Oswego ss 1' 

Ordovician Martinsburg 
shale 2.55 p crnw3 

Ordovician Trenton fm 
through 

Cambrian Elbrook fm 
2.71 gm crne3 

Cambrian Waynesboro 
into 

Precambrian 
2.69 gm cm-j 

2.55 gm cme3 

2.71 gm cmB3 

2.69 gm cme3 

Table 1 
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calculated using individual formation densities weighted by thickness. 

Formation densities were taken from Kulander and Dean (1978, Figure 5a). 

E. Valley and Ridge Models 

(i) Perry's (1971) Section D-D' 

Perry's (1971) section D-D' lies a couple of miles north of the regional 

structural interpretation south of the Parsons discontinuity (Figure 5). 

The model was extended several miles beyond the ends of the calculated pro- 

file to reduce edge effects. An average density assignment of 2.64 gm crna3 

(Table 2) to Silurian and Devonian rocks when carried beyond the northwestern 

edge of the profile has reduced the gravity high by 4 milligals from its 

value in the southern section (Figure 5 and Figure 2). 

Perry's (1971) section D-D' (Figure 5) is different from the Valley 

and Ridge structure of the southern section (Figure 2) $n two respects: 

1) there are four thrust slices in Perry's (1971) section but only three 

in the southern section; and 2) the Martinsburg shale in Perry's (1971) 

section has not been thickened in front of the advancing thrust sheets as 

is the case for the southern section. This ductile behavior of a shale 

at the leading edge of a brittle thrust sheet was documented for the Middle 

Devonian shales on the faulted southeast limb of the Middle Mountain syn- 

cline (Figure 6) and on the faulted northwest limb of the Wills Mountain 

anticline near Keyser, West Virginia (Bagnall, Beardsley, and Drabish, 

1979). This thickened wedge of shale would produce a 2-3 milligal saddle 

in the observed gravity if present (Figures 2 and 3). Kulander and Dean 

(1978) occupied very few stations in this area (Figure 1) so its existence 

cannot be ruled out from the residual Bouquer anomalies profiled in 

Figures 2 and 3. 
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AVERAGE DENSITIES ASSIGNED TO STRATIGRAPHIC INTERVALS 

FOR CALCULATING GRAVITY PROFILES 

FOR PERRY'S SECTION D-D' (1971), SITES' SECTION C-C' (1978) 

AND THE CORRESPONDING VALLEY AND RIDGE SEGMENT 

FROM THE STRUCTURAL INTERPRETATION 

SOUTH OF THE PARSONS STRUCTURAL DISCONTINUITY 

STRATIGRAPHIC 
INTERVAL 

Devonian Oriskany ss 
through 

Ordovician Oswega ss 

Ordovician Martinsburg 
shale 

Ordovician Trenton fm 
through 

Cambrian Elbrook fm 

Cambrian Waynesboro sh 
into 

Precambrian 

DENSITY 

2.64 gm crne3 

2.55 gsn cmw3 

2.71 gm crne3 

2.69 gm crnm3 

Table 2 



AVERAGE DENSITIES ASSIGNED TO STRATIGRAPHIC INTERVALS 

IN CALCULATING THE GRAVITY PROFILE 

ACROSS THE MIDDLE MOUNTAIN SYNCLINE 

STRATIGEUPHIC 
INTERVAL 

Devonian Brallier fm 

Middle Devonian shales 

Oriskany ss and 
Helderberg Is 

Silurian 

Juniata fm and Oswego ss 

Martinsburg sh 

Ordovician Trenton fm 
and beneath 

DENSITY 

2.60 gm cme3 

2.63 gm cme3 

2.69 gm cm’3 

2.65 gnt crne3 

2.63 gm crnm3 

2.55 gm cmW3 

2.71 gm crne3 

Table 3 
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(ii) The Middle Mountain Syncline 

A gravity profile was surveyed across the Middle Mountain syncline to 

place constraints on the deep Ordovician and Cambrian structure. Twenty- 

eight stations were occupied or approximately four to five stations per 

mile. Where bench marks were not available, elevations were established 

with a field altimeter. Differences in elevation produced by fluctuations 

in barometric pressure were corrected for by using a continuous record of 

pressure changes recorded on a baragraph located in the field area. Errors 

in elevation were checked by periodically reoccupying a bench mark of known 

elevation. The error is from one to three feet or 0.1 to 0.3 milligals. 

As mentioned above (Section B) dispersion in value about a curve fit to the 

data is 0.65 milligals and dispersion about the calculated gravity for the 

proposed model is 1 milligal (Figure 7). 

The structural model proposed for subsurface structure in Ordovician 

and Cambrian Formations beneath the Middle Mountain syncline is shown in 

Figure 7. The observed gravity supports the existence of a thickened 

wedge of the Ordovician Martinsburg shale to the northwest of a thrust 

slice of Cambrian and Ordovician dolomites and carbonates. In fact the 

observed gravity suggests that the area of thickened shale may be more 

extensive than represented in the model. 

Observed gravity values higher than those calculated for the model 

along the northwest flank of the syncline may imply that the Martinsburg 

shale is abnormally thinned by flexural flow. 

Extension of the model layers horizontally to considerable distances 

from either end of the calculated profile has produced values of calcu- 

lated gravity that are greater than the observed gravity near the edges 
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of the profile. Thus this disagreement does not represent a serious dis- 

crepency in the model. The low observed values at the edges of the profile 

result from decolement related thickening in the cores of the Cave Mountain 

anticline to the northwest and Elkhorn Mountain anticline to the southeast. 

The Cave Mountain anticline and higher order folds in the Elkhorn Mountain 

complex developed above a Martinsburg detachment which predated the devel- 

opment of the deeper Cambrian and Ordovician structure (Sites, 1978). 

Densities assigned to stratigraphic intervals used in the Middle 

Mountain Model are listed in Table 3. 

(iii) Sites (1978) Section C-C' 

The gravity low over the Wills Mountain anticline (Figure 8) is produced 
* 

by the thickened Martinsburg shale. Similar lows occur in the calculated 

gravity over the Cave Mountain and Elkhorn Mountain anticlines. The Cave 

Mountain and Elkhorn Mountain anticlines in particular are shown to result 

entirely from Martinsburg detachment. Whether the Cambrian and Ordovician 

involvement in these structures observed in the Middle Mountain gravity 

profile (Figure 7) dies out southwest of Sites' (1978) section is an inter- 

esting question that will require more detailed observation. 

(iv) Jacobeen and Kane6 (1974) Section 

The Jacobeen and Kanes (1974) section located in Mineral and Hampshire 

Counties, West Virginia, (Figures 1 and 9) shows a complete duplication of 

the Ordovician Edinburg through Cambrian Elbrook formations. Net slip of 

the upper sheet of carbonates and dolomites to the northwest over the lower 

sheet is approximately 12 miles. Figure 9 is in error in that the lower 

sheet is faulted on the northwest limb of the Wills Mountain anticline. 
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A double thickness interpretation is supported by seismic profiles across 

the Broadtop anticline (Jacobeen and Kanes, 1974, 1975; Zurgani, 1975) and 

across the Wills Mountain anticline (Bagnall, Beardsley, and Drabish, 1979). 

Some question remains concerning the intervening Cambrian and Ordovician 

structure. 

As mentioned previously (Sections E(i) and E(ii)) thickening of ductile 

Middle Devonian shales is observed in the field and in the subsurface in 

front of splay thrusted more brittle Lower Devonian and Silurian rocks. 

The gravity profile across the Middle Mountain syncline discussed in 

Section E(ii) supports the existence of a thickened wedge of Martinsburg 

shale in front of splay thrusted Cambrian and Ordovician formations. If 

there are intervening thrust slices between the Broadtop and Wills Mountain 

anticlines the shale wedges in front of these faults could be detected 

by observed gravity as done for the Middle Mountain syncline. 

The deep Bedford syncline presents the greatest difficulty to drawing 

a complete duplication of the Cambrian and Ordovician formations (Figure 9). 

It is possible that the Bedford syncline is developed between two thrust 

slices (Figure 10). Gravity profiles are calculated for both interpreta- 

tions (Figures 11 and 12). Preliminary results of a gravity profile sur- 

veyed across the Wills Mountain anticline and Bedford syncline along the 

Jacobeen and Kanes (1974) section line indicate that no thickened wedge of 

shale is present beneath the Bedford syncline (Perkey, 1980, oral comm.) 

Thus if Cambrian and Ordovician formations are faulted beneath the Broahtop 

syncline only minor amounts of displacement occur along them and there must 

be a complete duplication of these formations from the Broadtop anticline 

to the Wills Mountain anticline. 
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The faulted Cambrian and Ordovician beneath the Middle Mountain syn- 

cline does not rule out complete duplication of these formations from the 

Long Ridge anticline across the Wills Mountain anticline. A complete 

duplication is shown for the Valley and Ridge segment of the southern 

regional section (Figure 13) along with the calculated gravity for that 

interpretation. The thickened wedge of Martinsburg shale can be detected, 

but aside from that there are no substantial. differences between the cal- 

culated gravity for Perry's (1971) series of imbricate slices and the 

complete duplication presented above. 

Density values used for these models are listed in Table 4. 

F. Discussion 

The poor agreement between the calculated gravity for the subsurface 

structural models and the observed residual Bouquer gravity of Kulander and 

Dean (1978) is due largely to the regional nature of that survey (see 

station locations, Figure 1). Surveys having closely spaced stations across 

the structure(s) to be modelled produce structurally consistent Bouquer 

gravity that can be modelled to provide more detailed information on sub- 

surface structure (Byerly, 1973; Kulander and Dean, 1978; see also the 

Middle Mountain model presented in this report). 

Where differences between observation and theory cannot be explained 

as errors of observation or measurement in the survey, and cannot be recon- 

ciled by adjustments of the model consistent with the assumed style of 

deformation, then the assumed structural style must be incorrect. Tt is 

possible that much of the disagreement between Kulander and Dean's (1978) 

residual Bouquer gravity and the calculated gravity lies in higher order 

regional features (Wheeler, oral communication). Higher order regional 
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AVERAGE DENSITIES ASSIGNED TO STRATIGRAPHIC INTERVALS 

IN THE CALCLTLATIONS OF GRAVIN PROFILES 

ALONG THE JACOBEEN AND KANES (1974) SECTION LINE 

NORTH OF THE PARSONS AND PETERSBURG STRUCTURAL DISCONTINUITIES 

STRATIGRAPHIC 
INTFRVAL 

Devonian Catskill fm 
through 

Ordovician Oswego ss 

Ordovician Martinsburg ' 
shale 

Ordovician Trenton fm 
through 

Cambrian Elbrook fm 

Cambrian Waynesboro sh 
into 

Precambrian 

DENSITY 

2.62 gm cme3 

2.55 gm cm -3 

2.71 gm cmw3 

2.69 gm cms3 

Table 4 
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features in the earth's gravitational field could be produced by lateral 

density contrasts in the basement Grenvillian structural complex. 

The disagreement between calculated and observed gravity over the 

Blackwater anticline cannot be compensated for by Cambrian-Ordovician 

structure. Interpretations of the Ray Sponaugle well in Pendleton County, 

West Virginia, (Perry, 1964), of the Ray Sponaugle and Greenland Lodge 

(Grant County, West Virginia) wells (Sites, 19781, and a published seismic 

interpretation across the Wills Mountain anticline near Keyser, West 

Virginia (Bagnall, Beardsley, and Drabish, 1979) support the complete 

duplication of the Cambrian-Ordovician dolomite and carbonate sequence 

along the length of the Wills Mountain anticline. The detailed gravity 

profile across the Middle Mountain syncline (see Section E (ii>> is 

consistent with folding and faulting of the Cambrian-Ordovician sequence 

beneath the.Cave Mountain and Elkhorn Mountain anticlines. Thus, the 

disagreement between observed gravity and calculated gravity across the 

Valley and Ridge structural model in the northern section cannot be com- 

pensated for by a reasonable alternative structural model of the Paleozoic 

sedimentary cover. 

The regional gravity map &lander and Dean, 1978, Figure 1) was 

constructed graphically from a series of orthogonal profiles of the 

terrain-corrected Bouquer gravity. Regional gradients were visually 

chosen for each profile. The regional gravity map was then compiled from 

the profile data. It would be impossible to anticipate the presence of 

smaller scale features in the regional gravity without other sources of 

information on basement composition or structure. With gravity calculated 

for reasonable structural models of the Plateau, and Valley and Ridge 
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paleozoic sedimentary cover, it is possible to construct hypotheses about 

compositional variations in the basement that could be responsible for the 

disagreement between the observed and calculated gravity. 

A regional gravity low trending northeast-southwest generally lying 

along the Allegheny structural front (Kulander and Dean, 1978) is related 

to a still cooling, felsic pluton intruded into Grenville rocks (Dennison 

and Johnson, 1971). Recent reports of seismic events occurring in the 

Grenville basement and having a N37E trend (Ballanger, 1980, oral commun- 

ication) may be related to cooling of the pluton. Larger volumes of this 

low density material beneath the Valley and Ridge segment of the northern 

section (Figure 3) would lower the regional gravity bringing the residual 

Bouquer gravity into better agreement with the calculated gravity. SiIlli- 

larly, if a smaller concentration were present beneath the Blackwater 

anticline the regional gravity would be increased and the residual gravity, 

decreased. 
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QUARTERLY PROGRESS REPORT 

July - September 1980 

U.S. Department of Energy 
Contract no. DE-AC21-76ET12138 

(formerly DE-AC21-76MC05194) 

1.0 EXECUTIVE SUMMARY 

1.0.1 During the fourth quarter of the 1979-80 contract year we have been 
working on completion of manuscripts covering our studies on the sub- 
surface structure of the Devonian shales in the Big Sandy (eastern 
Kentucky) gas field and surface structure including fracturing of a 
folded portion of the Valley and Ridge province. 

Results of the subsurface investigation in eastern Kentucky have 
defined several low relief structures and fault zones not previously 
recognized for that area. The significance of these structures to 
production from the shale will be accessed during the upcoming con- 
tract year. 

Results of surface structure mapping have added significantly to 
understanding cross strike structural discontinuities which have 
higher fracture density and thus production potential from the 
shale. 

In geochemistry, the major trends reported previously based on com- 
posite samples for the eastern Kentucky wells have been substantiated 
on a formation by formation basis. 

In geophysics, the Bison seismograph has been modified to increase 
its dynamic range. Efforts continue toward defining computer programs 
that will permit detailed analysis of Geophysical Services, Inc. tapes 
of the Cottageville area. 

Task efforts as defined under this contract will continue during the 
upcoming federal year, 1980-81, under three separate contracts. 

* Jc * * * k 
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2.0 CONTRACT OBJECTIVES 

I 
4. 

Collect, compile and analyze geological data and prepare geological 
structure maps for eastern Kentucky and western West Virginia. 

Determine if structural types and styles and surface lineations for 
productive areas of the Black shales differ from those in non- 
productive areas. 

Identify and define along with other contractors those geologic 
parameters that control gas production from the shales. 

Determine the feasibility of using sha.llow penetration resistivity 
and seismic surveys to detect near surface faults and fractures 
and demonstrate their relationship to lineations observed on air- 
borne imagery. 

Determine if a relationship exists between ground water movement and 
shale gas productivity. 

In conjunction with other-contractors develop a method for selecting 
areas for drilling shale wells that have a potential for gas 
production. 
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QUARTERLY PROGRESS REPORT 

.July - September 1980 

Jane Negus-de Wys 
3.1 Work Packape 2100-l-l CROSS SECTIONS 

3.2 Work Package 2100-l-2 ISOPACH MAPS 

3.3 Work Package 2100-2-l STRUCTURE CONTOUR MAPS 

3.4 Work Package 3200-4-l OIL AND GAS MAPS . 

3.1.1 Current status of work and scheduled deliverables 

Work plan for this quarter included: 

o Completion of deliverables due June 1 and September 1, 1980 
(180 geochemical trend maps for eastern Kentucky.) 

o Continuing work on completing the geochemical graphs for each of 
12 wells. 

l Procurement of additional well set in Floyd County. 

l Final agreement and arrangements for drilling, coring, and logging 
of well in Floyd County. 

l Commencement of comparison analyses of geochemistry data with open 
flow gas data, fracture occurrence, stratigraphy, and structure. 

l Attend 26th International Geological Congress and two field trips. 

l Presentation of two papers at the International Geological Congress 
in Paris, France. 

8 Preparation of papers for A4PG and GSA journals. 

All 180 geochemical data trend maps have been completed and drafting 
is 60% complete. Delay has been caused by lack of draftsman. 

Graphs of geoc‘nemical data are nearing completion in preparation for 
drafting. 

Well data in Floyd County has been received and an additional data 
set can be added if the second year of funding is received from GRI. 

The upper management of Kentucky-West Virginia Gas has not given 
Ernie Jenkins permission to proceed with drilling a well in Floyd 
County for coring and logging. Thus, if this project is to be 
pursued, it must be with another company or arrangement. 
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Quarterly Progress Report 
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3.1.1 Current status of work and scheduled deliverables - continued 

Comparison and analysis of geochemistry data trend maps has been 
initiated. Junior L. Jenkins has been added to the staff in the 
geochemistry grad student position. He is a master's candidate 
under Dr. Milton Heald and will be working on the computer com- 
parison of maps, including the geochemistry, gas production, struc- 
ture, and stratigraphy. 

Dr. J. Negus-de Wys attended the 26th International Geological 
Congress in Paris, the pre-meeting field trip on structure of the 
Austrian Alps, and the post-meeting field trip on structure and 
metamorphism in the Hebrides. 

Dr. J. Negus-de Wys had two papers accepted for the 26th Interna- 
tional Geological Congress, one given orally in the Fossil Fuels 
Section, the other accepted for the Geochemical Section. The 
first is reprinted in its entirety in the pre-meeting publication. 
The second is being published in a French geochemical journal. 
Abstracts of both papers were included in the program. 

The papers for the AAPG and GSA.journals are in preparation. 

3.1.2 Problem areas and suggested improvements 

The delay due to drafting is being solved 1) by temporary workers, 
and 2) continuing to advertise the position. It is difficult to 
fill because the funds have not yet been transferred to the 
University for the three month period, and, second, it is at present 
only a three month job. We will continue to use temporary or 
student help to fulfill the contract until the position is filled 
or the contract is met. 

Concern is present over the second year funding of the geochemistry 
study. A proposal for the second year's work has been submitted to 
GRI at Chuck Komar's suggestion. 

3.1.3 Work plan for next quarter 

This quarter will complete the first year on the geochemical aspect 
of this project. 

Completion of deliverables (180 geochemical trend maps and report). 

Preparation of invited abstract for KGS meeting in Natural Bridge, 
Kentucky, April, 1981. 
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3.1.3 Work plan for next quarter - continued 

Preparation of abstract for SPE/DOE meeting in Denver, May, 1981. 

Preparation of abstract for AAPG meeting, San Francisco, 1981. 

Continue preparation of papers for AAPG and GSA journals. 

Meetings attended 

26th International Geological Congress and two field trips, June 26 - July 29, 1980. 

Meeting with Kentucky-West Virginia Gas in Ashland, Kentucky: Ernie 
Jenkins, Bob Hager, Dr. R. C. Shumaker, Kevin Lee, Dr. Jane Negus-de Wys. 

Meeting with Dr. Shya Chitaley, Cleveland Natural History Museum, Cleveland, 
Ohio: Dr. Chitaley, Dr. Jane Negus-de Wys. 

Meeting with Dr. Jessie Donahue, Delta Drilling, Morgantown, West Virginia: 
Dr. Donahue, Dr. R. C. Shumaker, Dr. Jane Negus-de Wys. 

Meeting with NSF, Washington, D. C.: NSF personnel, Dr. Jane Negus-de Wys. 

Meeting with Howard Ritzma, Assistant Director, Utah Geological and 
Mineral Survey, at Morgantown, West Virginia. 

Meeting with Claude Dean, METC, at West Virginia University, Morgantown, 
West Virginia.' 

Papers delivered/published 

Negus-de Wys, Jane, The anatomy of a large Devonian black shale gas field, 
26th International Geological Congress, Paris, France, 1980 (Fossil 
Fuels Section). Oral presentation, published abstract and paper in 
program and pre-convention publication Fossil Fuels Section. 

Negus-de Wys, Jane, and J. J. Renton, Inorganic geochemistry as an explora- 
tion tool, 26th International Geological Congress, Paris, France, 1980 
(Geochemistry Section). Discussion Session, abstract in program, in 
press in French geochemical journal. 

Paper solicited/in preparation 

Negus-de Wys, Jane, Studies on relationships of gas occurrence to geological 
parameters in eastern Kentucky, requested by Paul Potter for presenta- 
tion to the Kentucky Geological Survey Symposium at Natural Bridge 
State Park, Kentucky, April, 1981. 
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Papers in preparation for publication 

Negus-de Wys, Jane, Relationships of gas occurrence to geological para- 
meters in the eastern Kentucky gas field, requested by MPG for 
submission for journal publication. 

Jenkins, J. and J. Negus-de Wys, Color changes in megaspores observed at 
visual and fluorescence wavelengths for upper Devonian black shale 
in the eastern Kentucky gas field. 

9. 

****A* 
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QUARTERLY PROGRESS RE?ORT 

July - September 1980 

3.1 Work Package 2100-l-l SEISMIC James E. Ruotsala 
and Richard T. Williams 

3.1.1 Current status of work and scheduled deliverables 

A new geophone (hydrophone) which is sensitive to both ground velocity ' 
and pressure was acquired and tested in July. It was found that this 
new hydrophone gave improved performance, relative to the Mark LlOO 
geophone, in areas where it was not possible to plant the LlOO solidly. 
It was also found that the field procedure was speeded up considerably 
by using the hydrophone. Using the LlOO geophone planted in a shallow 
borehole, it was frequently difficult to retrieve the geophone from 
the borehole, and the geophones were sometimes damaged when retrieved. 
No such problems are encountered with the hydrophone, since it is not 
planted, just suspended in the borehole. As an unanticipated bonus, 
the hydrophone is approximately two times as sensitive as the Mark 
LlOO geophone used previously. This is significant since it allows a 
proportionally smaller explosive shot to be used. 

A new analog signal compression circuit has been designed and success- 
fully tested in the lab on the Bison 1580 seismograph; This circuit 
effectively extends the dynamic range of the recording system from 
48 dB to 96 dB. If it works under field conditions as it does in the 
lab it will alleviate the recording problems which were previously 
encountered using the Bison system. 

Preparations are under way to record a shallow reflection profile 
across the region of high production in the Cottageville gas field. 
These include acquisition of a new set of hydrophones to replace the 
Mark LlOO geophones, modification of the recording system for increased 
dynamic range, and repair of the drilling truck. 

In anticipation of a successful field effort at the Cottageville gas 
field, acquiring reflection seismic data with the Bison-based seismo- 
graph, preparation for the processing, analysis, and interpretation 
of that data has begun. These analyses include: 

1. Computer assisted modeling, by raytracing, of the deviation of 
event alignment on a seismogram from the hyperbolic, caused by 
a vertical low-velocity zone (Fracture zone). The software for 
this procedure has been written and is being tested. 
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Quarterly Progress Report 
July - September 1980 

James E. Ruotsala 
and Richard T. Williams 

3.1.1 Current status of work and scheduled deliverables - continued 

2. Spectral estimation of time slices using the maximum entropy 
technique. The software for this procedure has been acquired 
(from the current literature) and tested. 

3. Stratigraphic modeling of the reflection seismic data in terms 
of acoustic impedance and bed geometry. Software to compute a 
one-dimensional synthetic seismogram has been written to aid in 
this effort. 

3.1.2 Problem areas and suggested improvements 

None. 

3.1.3 Work plan for next quarter 

A field program in the Cottageville gas fie 
in the third week of October, 

Id is schedu led to begin 

. 
* * * * * * 
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QUARTERLY PROGRESS REPORT 

July - September 1980 

3.1 Work Package 2200-l-2 FRACTURE STUDIES Kevin D. Lee 

3.1.1 Current status of work and scheduled deliverables 

The oral defense of my thesis is scheduled for October 10. 

Thirteen of fourteen figur'es and three of four plates have been drafted. 
The remaining figure and plate will be drafted by October 10. 

A third draft of my thesis was completed and revised after one committee 
member found major objections. The fourth draft is now being typed. 

3.1.2 Problem areas and suggested improvements 

None 

3.1.3 Work plan for next quarter 

Defend my thesis October 10. 

Write a fifth draft of my thesis and hopefully have that draft accepted 
as final. 

* * * k * * 
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July - September 1980 

3.1 Work Package 2100-2-2 STRUCTURE STUDIES Same Thomas H. Wiison 

3.1.1 Current status of work and scheduled deliverables 

A draft of my dissertation has been approved by Dr. Russell L. 
Wheeler and is currently being reviewed by Dr. Robert Shumaker. 

m 

3.1.2 Problem areas and suggested improvements 

Xone 

3.1.3 Work plan for next quarter 

Revisions in the report suggested by Dr. Wheeler and Dr. Shumaker 
will be completed and submitted to NETC. 

13. 

* * * * * * 
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1.0 EXECUTIVE SUMMARY 

. 
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QUARTERLY PROGRESS REPORT 

October - December 1980 

U.S. Department of Energy 
Contract No. DE-AC21-76ET12138 

(formerly DE-AC21-76MC05194) 

1.0 EXECUTIVE SUMMARY 

1.0.1 During the first quarter of the 1980-81 contract year, we have 
been working on 1) the completion of strataspecific geo- 
chemical trend maps in eastern Kentucky, based on data from XRF 
and XRD of well cuttings, 2) the completion of the annual 
report, and 3) detailed structure maps on the top and bottom 
of the Ohio Shale. 

The geochemical trend maps were first computer-drawn for 13 
minerals and 14 elements, for eight stratigraphic intervals 
(216 maps). These were later hand-contoured and some of those 
with limited data were eliminated, resulting in 177 hand- 
contoured trend maps. These will be delivered to METC early in 
January. 

Comparisons, anlaysis, and changes in geochemistry with a given 
stratigraphic interval are now, in progress. 

. 
Grids were designed to extract data for comparison on the 
strataspecific geochemical trend maps and on maps from previous 
studies in eastern Kentucky including these on structure and gas 
recovery. Results from these comparisons are computer-correlated 
to obtain Spearman, Pearson, and Kendall coefficients of 
correlation, in addition to X-Y plots. It is too early in the 
analysis to draw specific conclusions, other than the earlier 
obvious correlations of striking similarity of some elemental and 
mineralic trend maps to maps of density of high gas producing 
wells. We anticipate that quantitative values can be put on 
these comparisons at the conclusion of analyses. 

A more regional look has been taken with five elemental maps, 
incorporating work from the Kentucky Geological Survey and the 
West Virginia Geological and Economic Survey. The data from the 
three areas could be easily integrated to show regional trends. 

Comparison of structures on different stratigraphic horizons has 
commenced and will be reported under a separate contract in the 
next quarter. 

Milestones 3.4.14 and Task 3.2.5 completed under structure studies. 

Work Package 2200-l-2 Fracture Studies completed. 

* * * * * * 



&i.-Deco ii80 --‘-c.. 
WVU Dept. of Geology 4 Geography 

3. 

2.0 CONTRACT OBJECTIVES 



2.0 

Oct.-Dec. 1980 
WVU Dept. of Geology G Geography 

4. 

CONTRACT OBJECTIVES 

Collect, compile, and analyze geological data and prepare geological 
structure maps for eastern Kentucky and western West Virginia. 

Determine if structural types and styles and surface lineations for 
productive areas of the black shales differ from those in non- 
productive areas. 

Identify and define along with other contractors those geologic 
parameters that control gas production from the shales. 

Determine the feasibility of using shallow penetration resistivity 
and seismic surveys to detect near surface faults and fractures 
and demonstrate their relationship to lineations observed on air- 
borne imagery. 

Determine if a relationship exists between ground water movement 
and shale gas productivity. 

In conjunction with other. contractors develop a method for selecting 
areas for drilling shale wells that have a potential for gas 
production. 
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QUARTERLY PROGRESS REPORT 

October - December 1980 

Jane !Jegus-de Wys 
3.1 Work Package 2100-l-l CROSS SECTIONS 

3.2 Work Package 2100-l-2 ISOPACH YAPS 

3.3 Work Package 2100-2-l STRUCTURE CONTOUR HAPS 

. 

3.4 Work Package 3200-4-l OIL AND GAS MAPS 

3.1-l Current status of work and scheduled deliverables 

Work plan for this quarter included: 

l Completion of geochemical trend maps and report (deliverables). 

*Preparation of invited abstract for Kentucky Geological Survey 
conference at Natural Bridge, Kentucky, April, 1981. 

l Preparation of abstracts for 1981 meetings. 

l Preparation of journal articles for AAPG and GSA. 

Drafting of 177 strataspecific geochemical maps for eastern 
Kentucky has been completed. These will be delivered to METC 
early in January (Table 1). 

Analysis and map comparison are underway. The first set of 
correlation coefficients have been run and comparisons are now 
in progress on strataspecific geochemical trend maps and gas 
data. 

Work on final report for this phase has commenced. 

An abstract was prepared for the Kentucky meetings. 

Abstracts were submitted to the Denver DOE meeting and San 
Francisco MPG. 

Abstracts were submitted to the 4th International Conference 
on Basement Tectonics and the Uppsala Caledonide Symposium. 

Journal articles are in progress. 



. 

Table 1. Geochemical Trend Maps 

Minerals Included Elements and Elemental Oxides Included 

Stratigraphic Anhydrite, Bassinite, Calcite, Chlorite, Oxides of Al, Ca, Cu, Fe, K, Mg, Mn, 
Interval Dolomite, Illite, Kaolinite, Orthoclase, Na, P, Si, Sr, Ti, and Zn, and the 

Plagioclase, Pyrite, Quartz, Siderite, element Sulphur. 
and Szmolnokite 

Berea/Bedford X \I 

Cleveland J d 

l'hree Lick J d 

Upper Huron d 4 

Yiddle Huron d J 

Lower Huron d 4 

rota1 Huron X 4 

Total Ohio Shale X J 
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Jane Negus-de Wys 

3.1.2 Problem areas and suggested improvements 

Funding is needed for the second year (regional) phase of the 
geochemical exploration studies. The tremendous amount of work 
represented thus far should be extended to a regional application 
for hydrocarbon exploration. 

3.1.3 Work plan for next quarter 

Deliver 177 strataspecific geochemical maps. 

Work on final report. 

Work on journal papers. 

Complete map comparisons and analysis of relationships of 
strataspecif ic geochemistry with other geological parameters 
and gas occurrence in eastern Kentucky.---- 

Structural maps and analysis will be reported separately next 
quarter. 

Meetings attended (See monthly reports) 

AAPG NE Section, Evansville, Indiana and western Kentucky field trip. 

Appalachian Geological Society, Charleston, West Virginia. 

Papers delivered 

Negus-de Wys, J., Overview of Studies on the Devonian Shale Gas Program 
in Eastern Kentucky. Invited lecture, U.C. Los Alamos Scientific 
Laboratories, Los Alamos, New Mexico. 

Abstracts submitted/accepted 

Negus-de Wys, J., Overview of Upper Devonian Gas Occurrence and 
Relationships to Geological Parameters in Eastern Kentucky, invited 
paper for Kentucky Geological Survey Conference at Natural Bridge 
State Park, Kentucky, April, 1981. 

News-de L??s, J., The Caledonian Evolution and Gas Recovery in the 
Largest Gas Field in the Appalachian Basin, North America. Submitted 
to the Uppsala Caledonide Symposium, 1981. 
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Quarterly Progress Report 
October - December 1980 Jane Negus-de FJys 

Abstracts submitted/accepted - continued 

Negus-de Wys, J., Basement Structure, Structural History, Lineaments, 
and Fractures Related to Gas Production in the Largest Gas Field 
in the Appalachian Basin. Submitted to the 4th International 
Conference on Basement Tectonics. 

****** 
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QUARTERLY PROGRESS REPORT 

October - December 1980 

Junior L. Jenkins 
3.1 Work Package 2100-l-l 

3.2 Work Package 2100-l-2 ISOPACH MAPS 

3.3 Work Package 2100-2-l STRUCTURE CONTOUR MAPS 

3.4 Work Package 3200-4-l OIL AND GAS MAPS 

3.1.1 Current status of work and scheduled deliverables 

Work on this project on computer map comparisons was initiated in 
October, 1980. The objective of this project is to provide a 
quantitative dimension to the project through the use of computer 
plots and simple statistics to correlate map information obtained 
from this geochemical study and related studies, 

Grids were developed to overlay on the various maps so the data 
could be recorded on gas open flow maps, structure maps, spore 
color isoline map, and a grain size distribution map. Initial 
computer plots and simple statistics have been completed on these 
map comparisons. Grids are presently being completed on the re- 
maining geochemical maps. 

Initial correlation coefficients on the first set of maps are 
presently being interpreted and analized. 

3.1.2 Problem areas and suggested improvements 

None ' 

3.1.3 Work plan for next quarter 

Grids will be completed and additional computer comparisons will 
be made as well as be analized. 

*****St 



_&J 1: lie -i’Loh:,/ d-.‘<- 

Oct.-Dec. 1980 
'w'VU Dept. of Geology & Geography 

11. 

QUARTERLY PROGRESS REPORT 

October - December 1980 

3.1 Work Package 2100-2-2 STRUCTURE STUDIES Name Thomas H. Wilson 

3.1.1 Current status of work and scheduled deliverables 

Completed report with maps and cross sections describing the effects 
of cross strike structural discontinuities on fracture characteris- 
tics and other structures in the Devonian shale elastic sequence. 
Milestone.3.4.14 and Task 3.2.5. 

3.1.2 Problem areas and suggested improvements 

None 

3.1.3 Work plan for next quarter 

Task complete; report to be submitted in January, 1981, which will 
be reported in the next quarterly report given under contract 
DE-AC-21-8lX16360. 

* * * * * * 
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3.1 Work Package 2200-l-2 FIiACTURE STUDIES 
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3.1.1 Current status of work and scheduled deliverables 

Task Completed. 

12. 

Kevin D. Lee 

* * * * A * 
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PREFACE TO VOLUMES I AND II 

This report is written to document progress made during 

the third year of our study for the Eastern Gas Shales (EGSP) 

Project, and it is organized to meet the needs of readers who 

have a variety of interests in the project. The first portion 

of Volume 1 includes the Executive Summary which gives a 

general overview highlighting the progress made over this 

contract year. The second portion of Volume 1 includes task 

reports written by the specific task investigators, and it is 

written primarily for scientists interested in a technical 

overview of the third years’ work. Vol ume I I of the report 

consists of appendices of data compiled by the principal 

investigators. The appendices serve as a data bank for work 

accomplished during fiscal 1978-1979. These data can be used 

by other scientists with the permission of the principal 

investigator responsible for the specific compilation. 
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VOLUME I 

PART I 

EXECUTIVE SUMMARY - BACKGROUND AND PROGRESS 1978-1979 

ROBERT C. SHUMAKER 



UGR File K048/A79, v.1 
WVU Dept. of Geology and Geography 
Oct. 1979 

L. 

I NTRODUCTI ON 

This report presents the scientific progress of our efforts toward 
understanding shale gas production from the Devonian shale within the 
project area (Figure 1). We consider that two major advances toward 
understanding the nature of Devonian shale production have occurred during 
fiscal 1978-1979: one relates shale gas production to structural position 
along basement f lexures , and the other relates gas production to the geo- 
chemistry of the shale. 

It is not only interesting but important to note that while both 
advances were directly dependent upon certain equipment and at least one 
person funded thru the DOE’s EGSP program, neither research project was 
directly funded under our contract. The work was accomplished under West 
Virginia University funding. We have always had the encouragement of 
DOE/METC’s scientific management to pursue ideas that could not be directly 
funded, and in this case the results have been significant to our contrac- 
tual objectives. The senior author feels that It is important to point out 
the value of this latitude in research within a university. Too often the 
criticism is made that university research is not goal oriented. It is 
essential to a research program that it not be too goal oriented demanding 
contract de1 i verables, and that latitude and flexibility are not sacrificed 
to restrictive contractual obligations. The kiss of death to SUCC~SS~LJ~ 
research is very often excessive managerial regulation specified by non- 
scientific personnel. Mutual trust, flexibility, combined with a tolerance 
of failure in university-governmental research is essential if true scien- 
tific progress is anticipated. 

PURPOSE OF THE STUDY 

The specific objectives of our contract are given in the section 
entitled Objectives found within the Task Report section of this Volume. 
In general, the purpose of our research under the EGSP program is to 
analyze structural parameters of local and regional geology that influence 
Devonian shale gas production within the contract area (Figure 1). Our 
project was designed in 1976, initiated in early 1977, and it became fully 
staffed for significant work in 1978. Our efforts thus far have been 
channeled tmard defining the structural parameters that influence shale 
gas production, but we are to develop, in conjunction with other contrac- 
tors, techniques or rationales for shale gas (fracture porosity) explora- 
tion. We are just entering the “results” phase of the project which wi 11 
permit us to characterize the shale and thus assist the exploratory 
phases of the EGSP program. 

A second goal of the EGSP program at West Virginia University is to 
provide support for geologists and geophysicists who are studying to 
obtain advanced degrees in the mineral industry sciences. 
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METHODS OF APPROACH AND ORGANIZATION 

We are attacking the problem of locating fracture zones w ithin the 
Devonian shale along several avenues: thru our remote sensing stud ies, 
subsurface and surface geologic studies, thru geochemical, geo phys i cal , 
and hydrologic studies. Our attack is broad and yet it is integrated 
into one work contract. Our method of approach to attain the contractual 
obiectives is thru organization of our efforts into several tasks: one 
group is compiling the regional structure; a second is studying surface 
fractures and subsurface fractures found in oriented shale cores. A 
third group is studying shale gas production in detail where reliable 
production data is available. A fourth study group is investigating 
surface structures which would have production potential if found in the 
subsurface, and a fifth group is studying ground water-lineament-gas 
production (hydrology) interrelationships. These five study groups, 
that is: regional structure, fractures, surface structures, production, 
and hydrologic studies are supported under the EGSP Resource Inventory 
Tasks. 

Another of our study groups, the geophysical task, is carried under 
the EGSP Shale Characterization Task. Our geophysical task is to develop 
inexpensive seismic and resistivity techniques which can locate shallow 
fracture zones. 

In essence, the first two tasks, regional structure and fracture 
studies, are designed to provide a regional or basin structure framework 
for the entire project. The surface structure studies seek to document, 
by analytical field work, those details of structure which are either 
similar to structure producing gas or those structures which we feel are 
prospective for shale gas production. The production studies will seek 
out and study those gas fields where detailed well production records 
are available that permit thorough analysis and documentation of the 
geologic parameters that influence gas production from the shale. The 
geophysical studies are charged with the task of developing.inexpensive 
geophysical techniques that can locate shallow fracture zones of high 
permeability. We have coordinated our studies so that most of the task 
groups are working in specific shale gas producing areas where we have 
reliable production data (Cottageville, Midway-Extra, and the Big Sandy 
fields - Figure 1). 

The attention of all study groups focuses on fracture porosity with- 
in the shale: its origin, distribution, and methods of locating zones of 
more intense fracturing. It is important to realize that even though 
each study group is carried as a Resource Inventory Task or the Character- 
izat ion Task, each group has the additional and longer ranged goal of 
defining parameters that would be useful in exploring for potentially 
productive fracture porosity in the shale. Often overlooked is this 
latter goal of developing a method or rationale for selecting areas for 
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drilling shale gas wells that have a higher than normal potential for shale 
gas production. It is further emphasized that our basic research approach 
applies to many other DOE projects such as the Tight Sands Project, Methane 
Drainage Project, mine hazards, underground coal gasi fi cat ion, etc. Indeed, 

any project which deals with fractured rocks wi 11 be interested and derive 
benefits from o’ur work on fractures and gas production from fractured shale. 

MAJOR ACCOMPLISHMENTS 1978-1979 

Because we have completed two years of research effort at full staff 
levels, we are now completing discrete segments of research that lead to 
obtaining the objectives of the contract. 

Specific relationships between shale gas production and both local and 
regional structures are now apparent, and we can specifically characterize 
structural aspects of the shale gas production. Based on this characteri- 
zation we have developed empirical exploration rationales for the West 
Virginia portion of our contract area. These major accomplishments for 
this year are briefly reported in the Noteworthy Accomplishments below, but 
for the detai Is of speci fit accomplishments the reader is referred to the 
individual task reports (Part I I of this Volume). 

Over the long term it is difficult to evaluate what is or will be most 
significant from this year’s effort. Within shale characterization, we now 
have a far better understanding of the nature of relationship between sur- 
face and subsurface fracturing. We know that it is highly speculative to 
estimate subsurface fracture trends from surface trends (Long, ref. 1). We 
continue to document a relationship, albeit nebulous, between low-altitude 
photo 1 i nears , ground water production, ground water quality, and shale gas 
production (Beebe, ref. 2). The results obtained by Beebe (ref. 2) at 
Midway-Extra (Figure 2) are simi lar to those found by Jones and Rauch 
(ref. 3). We know much more about subsurface fracturing of the Devonian 
shale thru our study of oriented cores (Evans, ref. 4 & 51, and we have 
determined that cross-strike structural discontinuities are zones of more 
intense fracturing that extend at depth to the shale (Dixon and Wilson, 
ref. 6). We have found that the maximum gas production in the two shale 
gas fields (Figure 2) studied thus far follows the syncline and certain 
flanks of basement folds (Shumaker, ref. 7). Furthermore, we have found 
that the highest productive areas of the Big Sandy gas field coincide with 
shale that can be characterized geochemi cal ly (Negus-de Wys, ref. 8). 

All of these new understandings have significance in relationship to 
characterization, but the last three, that is, empirical relationships 
between : (1) low-altitude photo 1 inears and production, (2) structural 
position and production, and (3) shale geochemistry and production, 
should have an immense impact on the EGSP exploration program. The author 
suggests that individuals interested in these subjects should read the 
articles referenced for significant details, 
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Noteworthy accomplishments during 1978-1979 include: 

1. Documentation of the geologic parameters that affect shale gas produc- 
tion from the Midway-Extra field (Figure 1). The significant variable 
that controls production is geolo 9 ic structure. Producing wells of 
this field are off-structure, fol 1 owing the synclinal trough and 
western flank of the Midway antic 1 ine (Schaefer, ref. 9). 

2. Reinterpretation of the Cottagevi le field product ion data (de Wys 
and Shumaker, ref. 10) supports t he Midway-Extra model that produc- 
tion increases off structure, and that the very highest producing wells 
occur above a mapped basement fau t (Shumaker, ref. 7) - 

3. Detailed structural analysis of Berea sand suggests that a major base- 
ment fault connects these two fields (Figure 2). 

4. Chemical analysis of well sample cuttings within the Big Sandy field 
of eastern Kentucky indicates that the Devonian shale can be charac- 
terized, and that there is a direct relationship between the distri- 
bution of geochemical elements or minerals and production from the 
shale (Negus-de Wys, ref. 8). 

5. A hydrologic study of the area in and around the Midway-Extra field 
(Figure 1) has been completed. Preliminary analyses suggest a 
positive association among the density of low-altitude photo lineaments 
of a particular trend, ground water well productivity, ground water 
qua1 ity, and shale gas productivity. 

6. Surface fracture studies in eastern Kentucky in and around the Big 
Sandy gas field show very complex fracture patterns and that the 
patterns differ greatly from one lithology to the next. Coal face 
cleats have the simplest pattern, and within the field they show a 
swing from a cross-strike Appalachian trend to a trend parallel to 
the adjacent Pine Mountain thrust. The significance of this change 
in trend is not known, but the higher gas yield may relate to the 
diverse fracture pattern of that area. This surface fracture study 
(Long, ref. 1) will be integrated with our on-going subsurface 
geologic and production study of the Big Sandy gas field (Negus- 
de Wys, ref. 8). 

7. In areas of limited outcrop it has been difficult to determine joint 
intensity which will permit geologists to determine if lineaments 
represent zones of more intense fracturing. A method of determining 
joint intensity was developed this past year (Dixon, ref. ll), and it 
was appl ied with positive results to Petersburg and Parsons 1 ineaments 
(Figure 1) (Dixon and Wi lson, ref. 6). 

8. Fractures in 13 oriented shale cores were described and analyzed 
(Figure 1). Fractures within the shale cores are divisible into two 
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broad categories as either natural and induced fractures. Results of 
analyses support a tectonic origin for the fractures and the concept 
of the fracture facies (Shumaker, ref. 12) associated with commercial 
production from the shales. This documentation of core fractures is 
fundamental to characterization of the shale reservoir permeability 
and product ion, and it is essential for understanding the extent of a 
permeable fracture facies. 

9. Major accomplishments in the geophysical studies include the isolation 
and correction of major electronic design flaws within the equipment, 
the writing of computer programs for plotting seismic data, the pre- 
liminary shooting of one line in the Cottageville field, and the re- 
shooting of Test Site II. 
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PROBLEMS 

Two problem areas have developed in our program over the past year. 
The first and most significant lies within our geophysical task effort, 
and the second relates to mounting a multi-spectral camera within the 
University aircraft. 

Our seismic work is behind schedule because of instrumentation problems. 
When we purchased the Bison reflection seismic system nearly three years ago 
it was with the expressed purpose of using this portable model as a basic 
unit for building and developing a low-cost, high-frequency seismic system. 
We considered that a low-cost and high-frequency system was the only one 
that would be practical for locating fracture zones in a marginally economic 
venture such as exploration for Devonian shale gas. We have been successful 
in this endeavor to the extent of redesigning the system, shooting two test 
sites (Figure 1) and obtaining chart recordings of the data by the end of 
the second year. Hand copies of strip-chart plots were satisfactory so long 
as our interest centered on a few test sites that required short seismic 
spreads. Last fall we moved to the Cottageville field where longer lines 
were to be shot and much more data recorded. We started to use the Bison 
digital recorder to store our data. This digital recorder is an integral 
part of the purchased system. After a major effort to shoot our first long 
line at Cottageville we found, to our dismay, that the recorder was not 
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functioning properly. At that point we were on the edge of winter; so we 
decided to correct the problem during the winter and to reshoot the line in 
the spring. We spent most of the winter months shuffling the equipment 
back and forth to the Bison company. By early spring it was apparent that 
Bison either would not or could not make the necessary repairs to thei r own 
equi pment. We redesigned the equipment and by early summer we had redrilled 
shot and phone holes, and we re-shot the line at Cottagevi lle. We found, 
again to our dismay, that the firing mechanism for the Bison was malfunc- 
tioning, giving us a variable start-time for each shot point. Datumi ng each 
shot was impossible with this malfunction. Again after protracted discus- 
sions and shuttling of equipment back and forth to the Bison company, we 
redesigned and bui 1 t a start system ourselves. At this point, we felt that 
the fracture anomaly seen on the strip-chart seismic record at Wetzel County 
(Test si te I I - Figure 1) was in doubt, and that the anomaly might be relat- 
ed to a delayed start time or malfunction in the equipment. We have returned 
to Wetzel County to re-shoot that line to verify the chart-plotted data. 
Seemingly, we have corrected the equipment problems, and we are finally 
co1 letting seismic data on digital tape. 

While awaiting resolution of the equipment problems we designed, wrote, 
and tested a program for computer display digitally recorded seismic data. 
We successful ly test-plotted our fi rst undatumed 1 ine at Cottagevi 1 le, but 
correlation of coherent seismic events is impossible. The qua1 i ty of that 
seismic data is good, and we are encouraged by the hi gh frequency (high 
resolution) recorded by the Bison system when compared with commercial ly 
recorded data. However, the recording system cannot sample the data in 
sufficient detai 1 to characterize the entire record. In addition, there 
are insurmountable problems in recording near surface data in the reflection 
mode. We feel that recording a narrow time-slice of high-frequency shallow 
data is the most feasible approach to isolating a fracture zone with our 
seismic system. 

The second problem area - that of mounting the multi-spectral camera in 
the University airplane - presents several problems that are not easily 
resolved. During the past year we searched, without success, for a West 
Virginia state aircraft that would readily accept the particular equipment 
we have on 1 oan from NASA. We have purchased a kit for conversion of the 
University aircraft, but the cost of installation of that kit and the 
camera has risen astronomically. In addition, we have not been able to 
locate an installation contractor who is situated nearby. We may have to 
abandon our plans for mounting the multi-spectral camera in the University 
aircraft to attain our own imagery over selected sites of geological interest. 

EDUCATION 

All six principal investigators have made satisfactory progress toward 
obtaining advanced degrees in Geology at West Virginia University. Three 
of our former principal investigators are now employed in energy-related 
industry or governmental work. This fall, al 1 principal investigators 
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working on the project and employed by DOE under this grant are enrolled 
half-time in graduate studies leading toward advanced degrees in Geology. 
In addition, several graduate students have been supported in part on an 
hourly pay basis for their part-time work on the project. 

It is difficult to estimate the long term benefits that other University 
students will derive from DOE support. Clearly the use of equipment, pur- 
chased with DOE funds will have a significant effect on future research. 

EQU I PMENT 

During the third year of the project the following major piece of 
equipment has been purchased: 

Nikon SCB Labophote Microscope with Objective 4X, 10X, 40X, 100X 
and with Ni kon PFM camera and Manua I . 

FINANCES 

The responsibility for financial accounting for this grant lies with 
the comptroller of West Virginia University. Detailed financial reports 
are forwarded to DOE by the comptroller’s office as separate reports. 

PUBLICATIONS 

Listed below are the titles of articles published during 1978-1979 
which report the results of our research efforts. 

We are including a copy of each manuscript written over the past year 
in the Appendices (see appropriate appendix by task title). 

Titles of articles published in fiscal year 19784979 

Beebe, Robert R. , “A Study of Hydrogeologic Trends in Exploration for 
Devonian Shale Gas in the Midway-Extra Gas Field of Putnam County, 
West Virginia,” 1979, Masters thesis, West Virginia University, 
Department of Geology and Geography, Morgantmn, W. Va. 

Berger, Philip S., “Extension Structures in the Central Appalachians,” 
January 1979, Masters thesis, West Virginia University, Department 
of Geology and Geography, Morgantown, W. Va. (DOE-METC UGR File No. 159) 
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de Wys (see Negus-de Wys) “Eastern Kentucky Gas Field: Structural- 
Stratigraphic Cross Sections and Potential Production Patterns.” 

de Wys (see Negus-de Wys) “Trend Analysis of Gas Production in the 
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Thrust ,‘I May 1979, West Virginia University, Department of Geology and 
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Long, Brian R., “Regional Survey of Surface Fractures in Eastern Kentucky,” 
June, 1979, Masters thesis West Virginia University, Department of 
Geology and Geography, Devonian Shale Program, Morgantown, W. Va. 

Negus-de Wys, Jane, and R. C. Shumaker, “Eastern Kentucky Gas Field: Struc- 

tural-Stratigraphic Cross Sections and Potential Production Patterns,” 
October 1978, DOE-Morgantown Energy Technology ,Center, Morgantown, 
W. Va., METC/SP-78/6 Vol. 1. 

Negus-de Wys, Jane, and R. C. Shumaker, “Relations of Gas Occurrence to 
Geologic Parameters in Eastern Kentucky Gas Fields,” AAPG Annual 
Convention, Houston, Texas, Apri 1 1979. 

MS. Negus-de Wys chai red a session on Natural Gas Hab i tats at this 
AAPG Annual Meeting. 
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Negus-de Wys, Jane, and R. C. Shumaker, “Trend Analysis of Gas Production 
in the Cottagevi lle Field,” Oct.ober 1978, DOE-Morgantown Energy Tech- 
nology Center, Morgantown, W. Va., METC/SP-78/6 Vol. 1. 

Nuckols, III, E. B., “Exploration Parameters Derived from Historical 
Devonian Shale Production in Western West Virginia,” October 1978, 
DOE-Morgantown Energy Technology Center, Morgantown, W. Va., 
METC/SP-78,‘6 Vol. 1. 

Ruotsala, James E.. , “Seismic Modeling,” 10th Annual Appalachian Petroleum 
Geology Symposium, March 1979, Lakeview Country Club, Morgantown, W. Va. 
(Abstract - oral presentation.) 

Shumaker, Robert C., et al., “Parameters of Geologic Structure Which Affect 
Devonian Gas Shale Production in West Virginia and Eastern Kentucky - 

. a Progress Report 1978-1979,” Proceedinqs 3rd Eastern Gas Shales 
Sympos i urn, October 1979, USdDOE-Morgantown Energy Technology Center, 
Morgantown, W. Va., METC/SP-79/6. 

Wi lson , Thomas H., “Bedding Orientation Contours of Middle Devonian Shales 
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West Virginia,” July 1979, West Virginia University, Department of 
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PART I I 

PRINCIPAL INVESTIGATORS’ REPORTS 

ON 

RESOURCE INVENTORY TASKS 

AND 

SHALE CHARACTERIZATION TASKS 
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OBJECT IVES 

The general objective of our project under contract DE-AC21-76MC05194 
(formerly EY-76-C-05-5194) is to study the structural parameters of the 
Devonian shales that affect gas production in eastern Kentucky and West 
Virginia. 

TO that end our program is specifically designed to: 

1.) Collect, compile, and analyze geologic data to construct regional 
structure maps of eastern Kentucky and West Virginia. 

2.) Determine if structural types and styles affect production, and 
determine if minor structures as mapped in outcrop could influence 
production characteristics. 

3.) Determine if shallow seismic surveys can detect near-surface faults 
and fracture zones, and if such structures can be detected, to 
further determine how fractures relate to both production from the 
shale and to lineations observed on remotely sensed data. 

4.) Determine if a relationship exists between ground water movement 
and shale gas productivity. 

Through the integration of our work with others it is our ultimate goal 
to discover if relationships exist between Devonian shale gas production and 
geologic structure. If such a relationship is established, we will attempt 
to develop a method or methods for selecting favorable sites to drill shale 
we1 1s that have a greater potential for gas production than the norm for 
that region. 
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DELIVERABLE ITEMS 

Certain items listed below are to be delivered in subsequent contract 
years and where appropriate several items may be delivered in the same report. 

ITEM 

Geologic cross sections thru the eastern Kentucky gas field - 
3 southwest-northeast 
4 southeast-northwest 

lsopach maps for the eastern Kentucky gas field area using 
-300 wells of the: 

a. Bedford-Berea 
b. Cleveland-Undifferentiated Chagrin (?), black and gray 

intertonguing shales 
c. Chagrin-Three Lick 
d. Upper Huron 
e. Middle Huron 
f. Lower Huron 

Map showing net thickness of Devonian shale sediments that have 
a Gamma Ray reading greater than 20 API units for the eastern 
Kentucky gas field area. 

Structure contour map on the top of the Devonian Ohio black 
shale and base of the Huron shale for the eastern Kentucky gas 
field area using -300 wells. 

Preliminary initial open flow map based on 4750 gas wells in 
the eastern Kentucky gas field. 

Structure contour maps of at least one reflection horizon in 
areas of resistivity and seismic surveys. 

Brief report on seismic test site Ill, the Warfield fault, 
which should at least include a geologic cross section, 
complementary seismic section, shot point map, and subsurface 
structure or seismic time map on an identifiable seismic 
event. The report should identify seismic characteristics of 
the fault zone. 

Summary report concerning the development of a petite seismic 

system and its application to exploration for shallow zones of 
fracture porosity emphasizing the recognition of porosity 
within the Devonian shale. 

STATUS 

Complete 

Complete 

in progress 

Complete 

Comp 1 e te 

in progress 

in progress 

in progress 
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ITEM STATUS 

Regional maps showing core well locations: natural fracture 
orientation, mineralized fracture orientation, induced fracture 
orientation, in-situ stress direction, and trend of sl ickenside 
fractures (including slick direction and plunge) as determined 
from core analyses. 

in progress 

Individual reports on cored wells discussing relationship of 
fractures to local structural geology and gas production where 
data is available. 

Report on the nature and origin of surface fractures in eastern 
Kentucky. Fracture maps showing orientation of surface 
fractures by lithology: sand, shale, limestone, and coal. 

Map.showing orientation of fractures above and below the 
Devonian shale of the Pine Mountain thrust. 

Preliminary report comparing the fractures mapped at the 
surface in the Pine Mountain thrust area and as compared to 
fractures logged in eastern Kentucky shale cores. 

A description of the characterization, interpretation and 
westward extension of at least one cross-strike structural 
discontinuity (CSD) in West Virginia. 

A description of the development and methodology of intensity 
measurement for systematic joint systems and a discussion of 
outcrop joint system correlation with photolineament, CSD and 
subsurface structure patterns. 

A report on the amount of bed-parallel extension faulting and 
fracturing in surface folds, including an assessment of the 
significance of these structural features in Devonian shale 
gas production. 

A model of shale fracture origin in specific areas of West 
Virginia and eastern Kentucky based on outcrop and core 
analysis. The model will include a statistical analysis of 
fracture and slickenside orientation data from cores. 

A report on the feasibility of using ground water occurrence 
and yield data as a tool for gas exploration based on data 
from the Midway-Extra gas field area. Also included will be 
a discussion on the correlation of ground-water yield and 
lineaments. 

in progress 

Complete 

Complete - 
open file 

Complete - 
open fi le 

in progress 

in progress 

Complete - 
open fi le 

research 
in progress 

Complete 
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Maps of initial open flow characteristics related to 
various geologic conditions in the eastern Kentucky gas 
field analyses. 

20. A map of eastern Kentucky 
which have a high probabi 
production. 

and West Virginia showing areas 
lity of Devonian shale gas 

21. A report of the structura I characteristics of the 
surficial geologic units occurring in the eastern 
Kentucky gas field and in selected areas that do not 
have hydrocarbon production adjacent to it. 

22. A report on the correlation of geology, lineaments, 
fracturing, and oil and gas production. 

STATUS 

research 
in progress 

research 
in progress 

research. 
in progress 

research 
in progress 
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1. 

2. 

3. 

4. 

5. 

6. 

7. 

a. 

9. 

10. 

11. 

12. 

SCHEDULE OF MILESTONES 

Ml LESTONE STATUS 

Complete deliverab 

Complete de1 iverab 

le item I - cross sect ions l- 

le item 2 - isopach maps 300 

open 

5-79. Delivered - file 
open 

pts. 9-15-79. Delivered - fi le 

Maps of API 20 units as described in deliverable item 3 g-30-79 

Structure maps for Top of the Ohio shale and base of 
using 300 pts. 7-15-79. 

Complete computer generated SYMAP contour of initial 
flows for eastern Kentucky gas field g-30-79. 

Huron 

open 

Pattern recognition study of eastern Kentucky initia 
flow maps. 

open 

Initiated 12-15-78 
Completed l-15-79 

Initiate trend analysis of initial open flow data for eastern 
Kentucky 2- 15-79. 

Complete brief report on shallow seismic and resistivity 
surveys of a selected area of known faulting including geologic 
cross sections, subsurface structure map on at least one 
identifiable seismic event - Milestone 7 l-15-79. 

Complete analysis of seismic and resistivity survey of 
Cottageville field outlining areas on seismic lines that 
indicate fracture porosity near the surface, and if possible, 
within the shale. Include also structure and isopach maps 
of key units shown on the seismic lines 5-30-79. 

Complete report on the design, development, and use of a 
high sensitivity shallow seismic tool and the results of 
this tool’s use in a shallow producing area. 
Milestone 8 g-30-79. 

Complete a report on the use of resistivity equipment and 
interpret the results of resistivity surveys in selected 
ground water area g-30-79. 

Initiate study of seismic shear waves to detect the position 
and trend of shallow zones of subsurface fracture porosity 
10-l-78. 

in progress 

Complete 

Complete 

lete 

Comp 1 e te 

De 1 ayed 

in progress 

in progress 

Complete 

Complete 
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20. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

MI LESTONE STATUS 

Complete brief report on feasibility of using a seismic 
refraction survey to detect any velocity anomaly associated 
with shallow fracture porosity, 1-15-73. 

Design field procedure and obtain equipment to implement 
study described in Milestone 13, 2-l-79. 

Initiate field testing of Method designed in Milestone 14 - 
at suitable test site, 6-l-79. 

Brief report on results of velocity anomalies associated with 
shallow fracture zones described in Milestone 13, g-30-79. 

Maps showing trends of surface fractures for the eastern 
Kentucky portion of contract area including a differentiation 
of fracture domains and fracture orientation by lithology, 
12-30-78. 

Report on the nature and origin of surface fractures in 
eastern Kentucky, g-30-79. 

Initiate study of remote sensing data around cored wells to 
determine lineament patterns, 12-l-78. 

Complete analysis outline in Milestone 19, 2-l-79. 

Initiate remote sensing study of eastern Kentucky to determine 
lineament patterns, 2-l-79. 

Complete analysis as described in Milestone 21, 5-l-79. 

Initiate study of fracture data from Pine Mountain thrust 
area, 10-l-78. 

Complete analysis of data described in Milestone 25 with 
results plotted in map form by both lithology and fracture 
domain. Also analyze fracture data to rate variation with 
distance above and below the Pine Mountain thrust, 2-l-79. 

Initiate fracture study of Lincoln County cores, 10-l-78. 

Complete Milestone 25, 12-1-78. 

Develop methods of bedding orientation analysis to 1) serve 

as a tool in mapping the structures present in the poorly 
exposed, mechanically incompetent black shales, and 2) 
provide an objective sampling rationale for the analysis of 
fracture orientation and spacing data collected in CSD’s. 
Final report - 7-l-79. 

in progress 

in progress 

in progress 

in progress 

Complete 

Comp 1 e te 

in progress 

Complete 

in progress 

in progress 

Complete 

Complete 

Complete 

Complete 

Complete 
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21. 

Manuscript reporting results of an investigation of the 
Parsons lineament, to determine whether some Middle and 
Upper Devonian elastic rocks are more intensely fractured 
in the lineament than elsewhere, l-l-79. 

Map the Middle Devonian shales exposed in an area of the 
eastern outcrop belt where these shales are intersected by 
the Parsons CSD to examine any structural relationships to 
the CSD. Final report g-1-79. 

Contour maps of measures of joint intensity in an area 
containing part of the Parsons lineament, 12-l-78. 

Report describing the field technique developed to rapidly 
estimate the surface area of systematic joints per unit 
volume of rock in a given locality, and evaluation of 
operator variability. Due g-30-79. 

Collect fracture data in the Middle Devonian black shales 
exposed in the eastern outcrop belt where these shales 
are intersected by the Parsons cross-strike structural 
discontinuity. Examine differences in fracture orienta- 
tion and spacing. Relate these differences to the various 
structural elements present (i.e., folding, faulting, the 
CSD) . Determine which differences (if any) can only be 
explained by the CSD. Final report 1 l-l-79. 

STATUS 

Complete 

Complete 

Complete 

Complete 

Complete 

Science Applications, Inc. (SAI) is providing technical support to DOE/METC 
by coordinating and reporting of certain EGSP technical work areas; therefore, 
it is necessary to incorporate the following provision into this contract 
(DE-AC21 -76MCO5194 - formerly EY-76-C-05-5194). 

The work to be performed under this contract is subject to monitoring 
by W. George Fingleton from the Morgantown office of Science Applications, 
Inc., or such other persons as designated in writing by the Contracting 
Officer. The designated individual’s responsibility will be to assist 
the DOE/METC Technical Project Officer (TPO) in coordinating with the 
Contractor for purposes of administering the detailed technical aspects 
of this contract. The SAI representative does not have the authority 
to make any commitments or authorize any changes which affect the 
contract price, terms, or conditions; any such changes shall be 
referred to the Contracting Officer for action. 

Al 1 nonconfidential data generated wi 11 be submitted for computer storage 
to DOE/EGSP. 



UGR File #C048/A79, v.1 
WVU Dept. of Geology and Geography 
Ott, 1979 

22. 

3.1 Work Package 2100-2-l REGIONAL STRUCTURE STUD I ES Robert C. Shumaker 

3.1.1 Current status of work and scheduled de1 iverables 

We have compiled data on the structural tops for the Huron and 
Corniferous formations from drillers’ logs for eastern Kentucky. 
Approximately 4500 wells have been abstracted. 

We have constructed a detailed regional structure map on Top of 
the Berea sandstone for the area between the Cottageville and 
Midway-Extra fields of West Virginia (Figure 1). We have found 
a basement fault that is expressed as a low relief monoclinal 
f lexure that connects the two fields, and presumably this trend 
has shale gas exploration potential. In our detailed analysis of 
these two fields we have found that the production relationship 
to structure is very similar. The detai led analysis of these 
relationships are given in “Parameters of Geologic Structure Which 
Affect Devonian Gas Shale Production in West Virginia and Eastern 
Kentucky - a Progress Report 1978-1979,” Shumaker, et al. -- 
(Proceedings volume Joint EGSP-ES/AAPG Symposium, October 1979) 
and “Geology and Producing Characteristics of the Devonian Brown 
Shale Midway-Extra Field, Putnam County, West Virginia,” W. W. 
Schaefer (Masters thesis 1979, West Virginia University). 

3.1.2 Problem areas and suggested improvements 

None. 

3.1 .3 Work plan for fiscal year 1979-1980 

During the upcoming year we wi 11 initiate and complete a detai led 
structural map on two horizons along the east flank of the large 
Warfield anticline in the area of fracture domaine changes as out- 
lined by Kulander. 

We will start to compile final versions of regional structure maps 
for the project area. These maps will be compiled on a base scale 
of 1:~00,000 so that a complete picture of the basin can be had. 
This complete picture is required if we are to form a basis for 
regional comparison with other shale parameters. 
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3.1 Work Packaqe 3200-s-l PRODUCTION STUDIES J. Negus-de Wys 

This report considers work completed under: 

3.1 Work Package 2100-l-l CROSS SECTIONS, 
3.2 Work Package 2100-l-2 ISOPACH MAPS, 
3.3 Work Package 2100-2-l STRUCTURE CONTOUR MAPS, and 
3.4 Work Package 3200-4-l OIL AND GAS MAPS 

Work completed under these tasks is reported and summarized in the 
three papers to be given at the Lakeview meetings in October. 

Copies of the Lithology Studies paper and Geochemistry Studies paper 
accompany this report. 

A copy of the Introduction, Figures, and Conclusions of the Plate 
Tectonics paper is included. This paper relates the structural setting 
and sequence to gas occurrence (open flow data) and possibl-e fracture 
trends. 

We1 1 cuttings from thirteen we1 1s in the Eastern Kentucky Gas Field 
were studied under a binocular scope. Descriptions and cross sect ions 
were constructed. The shale was divided into black, brown, gray, and 
green. Lithofacies maps were drawn, and are suggestive of different source 
directions for the different lithologies. Fracture i nd i caters were noted 
and contoured. The resultant configuration compares strikingly with the 
density contours of high producing wells. Density of high producing wells 
related most closely to 1) fracture frequency, 2) brown shale lithology, 
and 3) the Middle Huron stratigraphic unit. The complex intertonguing of 
siltier units of shale with less silty but highly organic facies may be a 
factor in gas production, and contribute to a “fracture facies.” 

A bentonite is observed to occur at the base of the Cleveland and is 
referred to as the “Big Sandy” Bentonite. Basinal subsidence appears to 
have increased following both the Tioga (below the Huron) and the “Big 
Sandy” benton i tes. 

Geochemistry was studied from the same well cuttings. Elemental and 
mineralic analyses are presented for the state of present research. The 
Si/Al is one of the best indicators or predictors of density of high pro- 
ducing wells. However, other elements also show an excellent match. The 
mineralic data is useful in paleogeographic and paleoenvironmental recon- 
structions. Computer-drawn maps are presented as examples of how these 
analyses may be used. 

It has been proposed to continue work on this promising approach to 
gas field analysis and exploration. With further proposed analysis of 
the data it is anticipated that structural prediction may be possible, as 
well as areas of greatest gas accumulation. 
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3.1 Work Package 3200-5-l PRODUCTION STUDIES J. Negus-de Wys 

cant inued - 

In the third paper, which is to be presented orally, the structural 
trends and development in the field area are related to present plate 
tectonics concepts. Open flow trends are then compared with these structural 
features. A 3-O computer-drawn map of the open flow data in the center of 
the field shows the striking northeast-southwest trend of high production. 
It is planned to use this mapping method for later map predictions of the 
geochemical data, if the necessary funding is provided. 

As this report is being prepared for submission, word has been received 
of funding approval. 
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3.1 Work Packaqe 2100-l-l SEISMIC James E. Ruotsala 

3.1.1 Current status of work and scheduled deliverables 

The past year has been a time of continuing development of a seismic 
reflection system based on the Bison, Inc., model 1580 seismograph 
and re-evaluation of project goals and past performance with respect 
to the geophysical tasks. 

On ‘the positive side, the University has demonstrated a commitment to 
continuing geophysical research in the addition of a geophysicist at 
the assistant professor level to the Department of Geology and 
Geography in March of this year. In addition, technical support for 
geophysical research has been greatly increased by a senior-level 
electronics technician hired through the College of Arts and Sciences 
Technical Services Staff in August. 

One half mile (about 100 traces) of reflection seismic data was 
recorded by Keith Kirk in the Cottagevi lle gas field in the spring 

of 1979. These data were transcribed to nine-track tape and plotted. 
The data were observed to suffer from a severe time correction problem 
due to the large uncertainty of the starting time (zero-time) for each 
6 trace record. A circuit purchased from Bison, Inc., was used to 
start the seismograph on the arrival of the direct event from the shot 
to a geophone above the shot (the “uphole phone”). This circuit has 
never worked properly, and it is not a satisfactory way to determine 
zero-time even if it does work. The best way to establ ish zero-time 
is at the initiation of the explosion, the falling edge of the current 
pulse through the blasting cap. An Electrical Engineering graduate 
student was hired to bui Id the necessary hardware late last spring, 
but it wasn’t until we hired our own technician that the unit was 
bui It. 

Although the Cottageville data are uninterpretable as a seismic section, 
it is littered with reflections, recognizable geologically on some of 
the 6 trace records. Figure 3 shows a comparison of commercially 
available VIBROSEIS* data (recorded by Geophysical Services, Incorpor- 
ated) and the West Virginia University data, both from the Cottageville 
gas field. The WVU data is severely aliased at 1 kHz, indicating 
significant signal energy up to perhaps 3kHz. The resolution of the 

WVU data is an order of magnitude better than the GSI VIBROSEIS data. 

On the negative side, reexamination of the data from the Pri cetown 
underground coal gasification site (Wetzel County) shows that the 

* Trade mark of Conoco, Inc. 
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3.1 Work Package 2100-l-l SEISMIC - continued J. E. Ruotsala 

3.1 .l Current status of work and scheduled deliverables - continued 

data and the interpretation are faulty. Those data and the interpre- 
tation were pub1 ished in last year’s Annual Report by Keith G. Kirk. 
A new interpretation of that data is appended to this report. The 
implication of this discovery is that no seismic reflection profile 
has yet been acquired, and no de1 iverables or mi lestones requiring 
such data have been completed. 

3.1.2 Problem areas and suggested improvements 

Performance of the geophysical tasks under this project has been 
hampered by a lack of support personnel, both professional and tech- 
nical. Within the past year substantial improvements have been made 
in this area with the addition of a geophysicist and a technician to 
the Department. However , other serious problems remain. 

The problems presently contemplated can be roughly separated into 
two groups : those related to data acquisition, and those related to 
data analysis. Problems related to data acquisition are discussed 
in this paragraph. It is well known that the amplitude of a seismic 
pulse will diminish in proportion to the distance it travels, simply 
because its energy is distributed on a hemispherical surface whose 
radius is the distance traveled. This is a purely geometrical effect. 
In fact the amplitude diminishes even more rapidly with absorption 
by earth materials, and as it is partially reflected at subsurface 
acous t i c i mpedance changes. Because of this effect a reflection 
seismograph must be able to record both large and small amplitude 
signals. This property is measured in terms of the system’s dynamic 
ran qe . The dynamic range of the Bison seismograph is less than 48 
decibels (dB), meaning that it can never record two signals whose 
amp1 itude ratio exceeds 256: 1. But the situation is even worse 
because some part of the dynamic range must be reserved to record the 
signal wave form, at least 24 dB, so that reflection events must have 
amp1 itude ratios less than 16: 1 to be properly recorded. This is a 

minimal situation: it would not be excessive to reserve the enti re 
48 dB range for the wave form. The amplitude of a reflection event 
is directly proportional to the reflection coefficient of the inter- 
face from which i t originates. Since the range of reflection coef- 
ficients is at least 8:1, one needs 18 dB of dynamic range reserved 
to recover reflection events from reflectors within an adequate 
range of reflection coefficients. A further reservation must be made 
to al low for the less-than-optimum operating conditions encountered 
in practice, leaving less than 6 dB (2:l) for the geometric effect. 
In applications of the seismic reflection method, the system dynamic 
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3.1 Work Packaqe 2100-1-1 SEISMIC - continued J. E. Ruotsala 

3.1.2 Problem areas and suggested improvements - continued 

range 1 imi ts the range of depths that can be investigated. There are 

other considerations, and in practice the depth range is somewhat 
site-dependent. Experiments at the Pricetown site indicate that ade- 
quate data may be obtained at depths from 350 to 1000 feet, although 
that is an estimate, yet to be confirmed. 

The second class of problems relates to data analysis. The detection 
of fracture zones, and the presence of gas in the pore-space by seis- 
mic methods depends on the detection of reduced acoustic velocity, or 
a characteristic change in the wave form of the seismic pulse within 
the target area. Either of these will require the most sophisticated 
methods of seismic data processing. Since March, much time has been 
spent evaluating the West Virginia computing network (WVNET) in antic- 
ipation of the data processing which wi 11 be required when the seis- 
mograph is ready for use. The results of that evaluation are very 
discouraging. WVNET is an antiquated system, organized primarily for 
administrative record keeping. It is entirely inadequate, under pres- 
ent operating policies, for the computations necessary in the analysis 
of even small seismic data sets. Whi le a “major” system up-grade is 
presently underway, the changes presently contemplated are of little 
consequence in applications requiring large calculations and graphic 
data display. The new plotter has been made available to this project 
on an experimental basis, and has been tested using data from the 
Cottageville gas field. It is of an old design, and obsolete in geo- 
phys i ca 1 terms. Also, when it is fully implemented the cost of using 
it will be very high, perhaps $20,000 for the plotting charges alone 
to process a seismic 1 ine from Cottagevi 1 le, based on rates currently 
contemplated by WVNET. That amount exceeds the purchase price of the 
plotter, and the supplies necessary to operate it. 

3.1.3 Work plan for f iscal year 1979-1980 

After modi f icat 
seismograph and 
be field tested 

ions are made to the input amplifiers of the Bison 
several minor repairs are complete, the system will 
at the Pricetown I I site (Wetzel County). Work at 

Pricetown is tentatively scheduled for October 13. Judgment will be 
made at that time on the capabilities of our current equipment. This 
will determine what work will be done at Cottageville. The field 
work at Cottageville (reflection survey, if feasible; refraction 
survey, if shown feasible by the model studies) will probably begin 
next spring. The problem of data processing wi 11 be further studied 
in anticipation of data being collected from the Pricetown test site 
and Cottagevi 1 le. 

* J: * * * * 
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3.1 Work Package 2100-2-2 STRUCTURE STUDIES Thomas H. Wilson 

3.1 .l Current status of work and scheduled de1 iverables 

1. A three phase study of surface structures in Middle and Upper shales 
in the Middle Mountain syncline of the Valley and Ridge Province, 
Pendleton County, West Virginia, has been completed. The study 
included the following: 1) detailed mapping of the Middle Mountain 
sync1 ine, 2) an analysis of bedding orientation contours of the 
sync1 ine, and 3) a study of the orientations and spacings of syste- 
matic joints in the shales of the syncline. The studies were 
designed to characterize the Parsons cross-strike structural discon- 
tinuity in the Valley and Ridge Province in terms of observable 
structure. 

2. Fifty five additional gravity stations were occupied in Pendleton 
County, Tucker County, Randolph County, and Grant County, West 
Virginia. These stations will be used in later gravity modeling 
of balanced cross sections along the length of the Parsons structural 
lineament. 

3. Gravity modelling of existing cross sections has begun. 

4. An analysis of the USGS’s aeromagnetic data of West Virginia has been 
initiated. 

3.1.2 Problem areas and suggested improvements 

None. 

3.1.3 Work plan for fiscal year Ig79-198O 

1 .) Balanced cross sections will be constructed through the 
Appalachian Plateau along the length of the Parsons structural 
lineament. 

2.) The gravitational fields of these cross sections will be 
modeled and compared with the gravity survey of Byron Kulander 
and Stuart Dean. 

3.) Second vertical derivatives of the magnetic intensity data 
will be calculated for West Virginia. 

4.) Write final report on project. 
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3.1 Work Packaqe 2100-2-2 STRUCTURE STUDIES Jeanette M. Dixon 

3.1 .l Current status of work and scheduled de1 iverables 

Parsons Lineament Fracture Study, Tucker County, West Virginia: 
From October, 1978, through Apri 1, 1979, analyses of joint data 
gathered in Tucker County were completed. The results were published 
as a deliverable and are on file under the title “A Method of 
Measuring Joint intensity with Application to the Parsons Lineament.” 

Petersburq Lineament Fracture Study, Grant and Pendleton Counties, 
West Virginia: In June, 1979, joint data was gathered along the 
Allegheny Front to determine: (1) if rocks in the Petersburg 
Lineament are more intensely fractured, and (2) how the Lineament 
affects rocks with depth. Analysis of data has been completed and 
will be published in the final report in January, 1980. 

Westward Extensions of Lineaments Study: Pennsylvanian. rocks in 
Taylor, Barbour, and border ing counties were examined to determine 
whether or not the Parsons and the Petersburg Lineaments extended 
westward onto the Plateau. Results of this study will be published 
in the final report in January, 1980. 

Coal Cleat Intensity Study: Two coal seams in a roadcut on Route 48, 
Monongalia County, West Virginia, were examined to determine: 
(1) if differences in cleat intensities could be measured and 
(2) what affect an overlying stream channel has on cleat intensities. 
Being able to detect variations in cleating intensity may be useful 
in mine roof falls, pillar strength, and other mining problems. 
Results of this study will be published in the final report in 
January, 1980. 

Operator Variance Study: Four operators measured three outcrops 
for joint intensity in order to determine how much, if any, varia- 
tion in measurements would exist between aperators. The results 
of this study will be published as a deliverable item October, 1979. 

3.1.2 Problem areas and suggested improvements 

None. 

3.1 .3 Work plan for fiscal year Ig79-198O 

Complete the final report due September, 1980. 
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3.1 Work Packaqe 2200-I-2 FRACTURE DENSITY AND ORIENTATION Mark A. Evans 

3.1.1 Current status of work and scheduled deliverables 

Examination of thirteen oriented Devonian shale cores from the 
Appalachian Plateau revealed considerable deformation at depth in the 
form of fracturing and shearing. The core we1 Is are located in Mason 
County, WV; Monongalia County, WV; Jackson County, WV; Wetzel County, 
WV; two from Lincoln County, WV; Allegheny County, PA; Carroll County, 
OH; Washington County, OH; Wise County, VA; Perry County, KY; Johnson 
County, KY; and Martin County, KY. Fracture frequency and orientation 
measurements were made on the fractures in each core. Fractures were 

differentiated (when possible) into core-induced fractures, unminer- 
alized natural fractures, mineral ized natural fractures, sl ickensided 
fractures, and sl ickenl ines. 

Core-induced fracture orientations exhibit an extreme consistency 
with depth in a particular core. They are also quite consistent 
regionally in that they all generally have a northeast trend. This 

consistency indicates the presence of a stress or rock fabric aniso- 
tropy which in turn may be related to an east to northeast trending 
maximum in-situ compressive stress (Sbar and Sykes, 1973). 

One natural fracture trend found in most of the cores studied is 
orthogonal to the Appalachian trend and swing with that trend into 
the Southern Appalachians. These fractures probably formed as exten- 
sion fractures under tectonic compressive stresses. Another natura 1 

fracture set found in most of the cores parallels the core induced 
fractures and probably formed in relation to the same stress or 
fabric anisotropy. Other, less prevalent, natural fracture sets 
also exist but show relationship only to local structures. 

The presence of sl ickensides in most cores studied is evidence for 
slip plane and decollement movement in the Plateau. Decollement 
movement was found to have occurred in Allegheny County, PA; 
Monongalia County, WV; Wetzel County, WV; Lincoln County, WV; Wise 
County, VA; and possibly in Johnson County, KY; Martin County, KY; 
and Perry County, KY, Most displacement can be related to Alleghenian 
deformat ion. 

Fracture frequency between cores revealed the existence of several 
fracture facies. These fracture facies are generally stratigraphic- 
ally controlled. Natural fracture facies are the Marcellus Shale, 
Tully Limestone, Geneseo Shale, West Falls Formation, and Lower 
Huron Member of the Ohio Shale. Slickenside fracture facies are 
usually decollement zones and include the Marceiius Shale, Tully 
Limestone, Geneseo Shale, West Falls Formation, base of the Java 
Format ion, and Lower Huron and Cleveland Members of the Ohio Shale. 
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3.1 Work Packaae 2200-I-2 FRACTURE DENSITY AND ORIENTATION M.A. Evans 

3.1 .l Current status of work and scheduled de1 iverables - continued 

A small slip plane was found to exist near the base of the Lower 
Huron in nearly all cores which included this unit. Throughout most 
of the Plateau, displacement along this slip plane has a general 
northeast-southwest trend. 

Dramatic differences in fracture patterns were found between two 
adjacent core wells in Lincoln County, WV. The we1 Is are located 
over the Rome Trough and may have been under the influence of two 
different stress fields when fracturing occurred. This is consistent 
with the findings of Kulander and Dean (1978) who found chaotic 
fracturing in coals over a Rome Trough basement fault zone. 

A core from a well located near a possible basement fault in Allegheny 
County, PA, exhibits a wide variety of fracture patterns that do not 
seem to be related to structures in that area. This anomolous frac- 
ture pattern is also consistent with the findings of Kulander and 
Dean (1978). 

A final report on the fractures in the thirteen cores is nearly 
complete. A first draft is finished and drafting of illustrations 
has begun. 

Kulander, B. R., and Dean, S. L., 1979, ms, Rome Trough Relationship to 
Fracture Domains, Regional Stress History and Decollement Structures: 
(in review for Proc. of the Southeast Section Geol. Sot. of America 
Symposium on Western Limits of Detachment and Related Structures in 
the Appalachian Foreland). 

Sbar, M. L. and Sykes, L. R., 1973, Contemporary Compressive Stress and 
Seismicity in Eastern North America: an Example of Intro-Plate 
Tectoncs : Geol . Society of America Bull., v. 84, p. 1861-1882. 

3.1.2 Problem areas and suggested improvements 

No prob 1 ems. 

3.1.3 Work plan for fiscal year 1979-1980 

Complete final report on fracturing in oriented Devon ian sha 
ing of ii 
are also 

e cores 
from the Appalachian Plateau as well as complete draft 
t ions. Two or more detailed reports on core fractures 

lustra- 
planned. 
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3.1 Work Package 2200-I -2 FRACTURE STUD I ES Kevin D. Lee 

3.1.1 Current status of work and scheduled deliverables 

A report entitled “Fractures from Devonian Shale Outcrops Along the 
Pine Mountain Thrust” was completed using data collected during the 
summer of 1978. 

More field work was done in the spring of 1979 at Jenkins, Kentucky, 
on joint occurrence in the thrust zone of Pine Mountain at the base 
of the Devonian shale. A postulated theory as a result of my field 
work is that joint occurrence in the thrust plane is derived from a 
combination of regional compression and local shearing. 

The summer of 1979 was spent at Kentucky-West Virginia Gas Company 
in Prestonsburg, KY, recording structural tops from drillers’ logs 
in the Big Sandy gas fields of eastern Kentucky. Approximately 
4,500 drillers’ logs were recorded. Work is now proceeding on three 
structure contour maps to be constructed from those drillers’ logs. 

3.1 .2 Problem 

Finding 
a bless 

areas and suggested improvements 

a quicker way to get reimbursed for 
ing. 

field expenses would be 

3.1.3 Work plan for fiscal year 1979-1980 

lete my thes s by June Finish my maps by January 1, 1980, and camp 
30, 1980. 
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3.2 Work Package 3200-2-3 SUBSURFACE GEOLOGY Henry W. Rauch 

Subtask - Identify 3 areas in which to conduct 

3.1.1 Current status of work and scheduled de1 

Ground-water studies have been initiated 
areas : the Cottageville area of Jackson 

ground water studies. 

iverabl es 

and completed in two 
County, West Virginia 

(see Annual Report for 1978 for results), and the Midway-Extra 
area of northern Putnam County, West Virginia (see the second 
Volume of this 1979 Annual Report for results). 

3.1.2 Problem areas and suggested improvements 

Our only problem is that METC-DOE failed to extend us continued 
support for fiscal year 1980, making it impossible to select a 
third area for a third ground water study. 

3.1.3 Work plan for fiscal year 1980 

No work is planned under U.S. government sponsorship. Instead, 
private funding has been arranged to carry on our research. 

3.2 Work package 3200,-2-j SURFACE RESISTIVITY H. W. Rauch 

Subtask - Conduct resistivity surveys over ground water study areas (defined 
under 3200-l -2). 

3.2.1 Current status of work and scheduled deliverables 

As was emphasized in previous reports, including that for fiscal 
year 1979, less stress has been put on resistivity surveying in 
favor of other more fruitful research aspects. Resistivity survey 
results have been according’ly included under other tasks: 3200-5-l 
and 3200-S-3. 
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3.3 Work Packaqe 3200-5-I STRUCTURE/PRODUCTION CORRELATION H. W. Rauch 

Subtask - Correlate all data and attempt to establish a relationship between 
geologic features, lineaments, fractures, ground water, and oil 
and gas production. 

3.3.1 Current status of work and scheduled deliverables 

All work has been completed for the second ground-water study area - 
the Midway-Extra area of Putnam County, West Virginia. The final 

project report consists of Robert Beebe’s M.S. thesis and a paper 
authored by Beebe and Rauch for the 3rd EGSP conference at Lakeview, 
Morgantown, West Virginia; copies of both are included in the second 
volume of this report. 

3.3.2 Problem areas and suggested improvements 

None. See task 3200-I-2 report above. 

3.3.3 Work plan for fiscal year 1980 

See report for task 3200-l-2 above. 

3.4 Work Packaqe 3200-S-3 LINEAMENT/STRUCTURE CORRELATION H. W. Rauch 

Correlate fractures and lineaments derived from photo analysis with results 
of ground water tests to determine if any relationship exists between ground 
water production and the occurrence of lineaments. 

3.4.1 Current status of work and scheduled deliverables 

See report for task 3200-5-I above. 

3.4.2 Problem areas and suggested improvements 

None. See task 3200-I-2 report above. 

3.4.3 Work plan for fiscal year 1980 

See report for task 3200-l-2 above. 
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ABSTRACT 

Major accomplishments during 1978-1979 include: - 

I. 

2. 

3. 

4. 

5. 

Production studies: A recognition that the best production (fracture 
porosity) occurs in synclines, off structure, in two West Virginia fields. 
Two exploration rationales developed from this study. Continued accumula- 
tion of basic geologic, geochemical, and production data for the large 
Eastern Kentucky Shale Gas Field is in preparation for an integrated 
analysis. 

Studies using XRF and XRD on well cuttings from 14 wells in eastern 
Kentucky yielded elemental data for 12 elements and mineralogical data 
for 16 minerals. A high correlation was found between contoured averages 
of seven elements and density contours of high producing we1 1s (final . 
open flow). 

Surface structure: A technique was developed to estimate the fracture 
intensity in areas of limited rock exposure, and a study continues of 
Devonian shale deformation along a cross-strike structural discontinuity 
that intersects an Appalachian Valley and Ridge fold. 

Fracture studies: Surface fractures of eastern Kentucky showed diverse 
trends dependent on 1 i thology . Predicting the trends of subsurface 
fractured reservoirs from surface fracture trends is hazardous in areas 
of detached deformation. Natural fractures and induced fractures were 
logged and summarized for Devonian shale oriented cores taken in Mason 
County and Monongalia Counties, West Virginia. Gas shows in these two 
wells relate to partially mineralized fractures. Some 13 Appalachian 
Basin cores are described. 

Hydrology: The comparison of shal low ground water productivity and 
qua1 ity with production from shale gas wells within the Midway-Extra 
field was completed, and there is a correlation of gas production with 
one low-altitude photo lineament trend. 

Geophysics: Several seismic and resistivity techniques were tested to 
evaluate what method can best detect shallow fractures. These techniques 
are being applied to the Cottagevi 1 le, West Virginia, field area to 
determine if shallow geophysical techniques are useful in determining 
fracture product i on trends. 
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INTRODUCTION 

Host of the research tasks in our program , outlincd below, reached or excacded a two year level of 
effort this October, so that we are now beginning to reap benefits from our research efforts concern- 
ing the origin of fracture porosity in the Oevonian shale of the study area (figur6 1). By the time 
of this third annual meeting of tha Eastern Gas Shales Project and the publication of th6 Prcprlnt 
volum6, we will hava completrd five separate studies which relate fracture porosity and structural 
parallWt6rs; char6 inciud6: two production studies whfch document the effect of geologic structure 
on production in Sp6Cif)C &St Virginia shale gas fields, the Cottagevilla and Midway-Extra fields, 
a third study which documents surface fractures in eastern Kentucky, a hydrologic studywhich corn-- 
pares shallow water wall productivity and quality with shale gas production from the Midway-Extra 
fisld, and finally w6 CompT6t6d a study on fracture porosity related to tectonic thinning and shale 
flowaga as studied in 56)6Ct6d folds of the Appalachian Plateau and Valley and Ridg6 physiographic- 
structural Provinc6s. 

In the first part of this report w6 introduce the objectives and organization Of our contract for 
thosa unfamiliar with its background. We thsn briefly sunnurite progress mad6 to*rord attaining 
th6S6 object Ives, 

One important subject not COv6red in a referred paper includes *cork which the senior author conrid- 
ers to b6 a major breakthrough in understanding tha origin of the fracture porosity In canmcrclaj 
shaic gas w6i)s that ar6 lOCat6d near th6 pariphery of commercial production In Wart Virginia 
(Figure I). This understanding is most significant to the Eastern Gas Sh6ic Program; so w6 will 
place our emphasis in this text on a description of the examples and the data on which we base our 
conclusions. bI6 believa that the results of our work on fracture porosity in shala also have appli- 
catlon to other tight reservoirs, particularly in exploration for fractured tight reservoirs of the 
mid-contin6nt rsgion, an area where basement tectonics dominates. The senior author amphasirss this 
model devclop6d through an integrated approach where the efforts of th6 following people have b66; 
ersant tal: 
and 1978) ,2 

Nr. E. 8. Nuckols Ill’s effort in collecting the data at the Cottagevilla ficjd (1 
hr. William U. Schaefar’s investigation and report on the Midway-Extra field (1979 

HrS. Jan6 NeguS-$6 b!yS’ analysis of production data from the Cottageville field (de ‘Wys and 
Shumaker, (1978) and Hr. 
field area (1978).5 

Glenn R. Sundheimer’s excellent seismic interpretation of tha cOttag6Vi~le 
This integration of work and the extrapolation of ideas is the responsibility Of 

the senior author. 

OBJECT IVES ’ 

The gancral objective of our research funded undar United States Dcpartmant of Energy Contract number 
DE-AC21-7f34COS194 (formerly EY-76-C-05-5194) is to study the structural paramet6rs of the Oevonlan 
5halet that affect gas production in eastern Kentucky and West Virginia (Figure 1). 

To that end our program is sp6cificaIly designed to: 

I. Collect, compijc, and analyze geologic data to construct regional structure maps of eastam 
Kentucky and Ucst Virginia. 

2. Determine if structural types and styles affect production and influence production CharaCteriS- 
tics. 

3. Determine if shallow seismic surveys can detect near-surface faults and fractura zones, and if 
such structur6s can be det6ct6d. to furthsr determine how fractures r6late to both production 
from the shale and to lineations observad on rcmotaly sensed data. 

4. Dcterminc if a relationship 6xists betw66n ground water movement and shale gas productivity. 

Through the integration of our work wlth others, it is our ultimate goal to discover If relationships 
axist between 06Vonian shaic gas production and geologic structure. If such a relationship is estab- 
lished, we will attempt to develop a method or methods for selecting favoratie sitas to drill shale 
walls that have a greater potential for gas production than the norm for that region. 
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Figure 1 Index Hap - Structural Parameters that Affect Devonian Shale Gas Production 



UGR File K048/A79, v.2 
NVLJ Dept. of Geology & Geography 
Oct. 1979 

6. 

ORGANIZATION 

In order to attain the stated objectives we have designed several tasks which have been organized 
Into five study groups. Four of these groups: regional structure studies, fracture studies, struc- 
tural type studies, and production studies, are carried under the U.S.D.O.E.‘s Resource Inventory 
Tasks. One group, geophysical studies. is carried under Shale Characterization Tasks. 

In essence, the first two tasks, that is the regional structure and fracture studies, are designed 
. to provide a regional structure base for the study area. The structural type studies seek to docu- 

ment, by analytical field work, details of structures which are either similar to structures produc- 
ing gas or which are similar to those which we feel could be prospective. The production studies 
will seek out and study gas fields where detailed well production records are available that permit 
thorough analysts and documentation of the geologic parameters that influence gas production from 
the shale. The geophysical studies are charged with the task of developing inexpensive geophysical 
techniques that can locate shallow fracture zones of high permeability. 

PROGRESS AND PLANS 1978-1979 

Regional Structure Studies 

The emphasis of our effort here has shifted from compilation of areal structure maps to the con- 
struction of detailed structure maps for specific areas. A shift in emphasis was made because 
results of our production studies show that the shale gas production is related to structures that 
have very low structural relief at the Devonian level, and that such prospective structures fre- 
quently can be located only through the construction maps with a contour interval of ten or twenty 
feet. We are applying this technique to areas adjacent to the Cottageviile and Midway-Extra fields 
in West Virginia, and we arzaccumulating data for analysis and characterization of the largest 
shale gas field, the Big Sandy Bar Field, of eastern Kentucky. The object of these investigations 
is to test our ideas concerning the relationships between production and geologic structure, charac- 
terize relationships in other productive areas of the basin, and to define prospective shale gas 
trends so that industry will be challenged to use our work or ideas in field well step outs and wild- 
cat exploration. 

Production Studies 

Detalled invest gation of the Midway-Extra field of*Putnam County, West Virginia, by William W. 
J Schaefer (1979) established a direct relatlonshlp between production from the lower Huron Devonian 

shale and the structural trend of that field. Schaefer was l blu to confirm that Initial and final 
open flows from wells at Midway-Extra are greatest along the northwestern limb of the Midway anti- 
cl ine, that Is. in the adjacent syncline. off structure. He also found a lesser increase on the 
southeastern 1 imb. The striking similarity of high flow rates with structural position along the 
fold i forcefully brought out by comparing Figures 2 and 3 taken directly from Schaefer’s text 
(19796 Furthermore, he showed that the thickening of the lower Huron shale, the primary reservoir, 
into the adjacent syncline (Figure 4) suggests growth of the structure during sedimentation. He 
interpreted this to mean that basement deformation is important in the formation of the Midway antl- 
cl ine. From these data (Figures 2, 3, 4, and 5) at the Midway-Extra field one cannot be absolutely 
certain if it is the over-thickened lower Huron-organic shale or if it is fractures associated with 
the folding which contributes m)st to the noted increase of off-structure flow rates. One also 
might argue that even if fractures are present, they are not necessarily structural In origin. They 
could be caused by other lithologic factors or even as a result of differential compaction between 
thin shale on and thick shale off structure. Regardless of the cause, an empirical exploration 
rationale tit proposed based on Schaefer’s study (1979).3 Direct evidence for the exact underlying 
cause as well as the precise siting of wells expecting comnercial production was still elusive even 
though Schaefer had mode a major guiding breakthrough. 

If, however, we combine what we learned at the Midway-Extra field with what we know of the 
Cottageville field, then additional insight is gained into the specific cause for shale gas produc- 
tion for that portion of West Vjrginia [Figure 1). At first glance, the similarity bet can 
Cottageville (Hartin and Nuckols, 1976; Nuckois, 1978;2 and de Wys and Shumaker. r 1978) and the 
Hidwey-Extra field is not striking. Structurally, the Cottagevlilc field appears to lie along a very 
low relief flexure on a southeast dipping regional slope. The cause for the flexure was inferred to 
be a basement fault (Hartin and Nuckols, 1976 and Shumaker, unpublished maps).7 Detailed Interpre- 
tation of seismic data collected by Geophysical Services, Incorporated, by Glenn Sundheimer (I9785 
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HIDWAY-EXTRA FIELD 
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STRUCTURE AND ISOPOTENTIAL CROSS SECTIONS 
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and 1979) 6 conflrmed this interpretation, and his work further establlshed that a basement fault 
directly underlles the trend of the most productive wells along the south flank of the Cottagevllle 
field (compare Figures 6 and 7). Please note the southeast regional dip, and also note that 
Sundheimer mapped a subdued flexure and syncline just updip from the fault (Figure 6). that is, 
northwest of the fault. These structures are similar to, although not identical to ones mapped by 
E. B. Huckols Ill (Manuscript In preparation), from detailed subsurface geologic data. 
Nuckols has found that sedimantary patterns of the organic shales are complex around this structure. 
His unpublished maps also show that the best production does not uniquely follow the thickest lower 
Huron organic shale section. The best production lines up with the fault as mapped by Sundheimer. 
If one eliminates the regional dip from Sundhelmer’s isotime structure map (Figure 6). then the 
Cottagevllie field becomes a low fold with flanking synclines. It is only nou that the Cottagevilie 
fleld appears slmllar to the l4idway-Extra field, but Cottageville has far less relief. Keeping this 
in mind, compare the position of the fault, the fold crestal trace, and the trace of the flanking 
northern syncline with the productlon trends at Cottageville as mapped by de Wys and Shumaker 
(Figures 8, 9, and 10). There is a marked similarity of the final open flow map of the Midway-Extra 
field with production msps at Cottagevllle. This simllarlty is noted by lower productivity along the 
structural crest of both structures. In the case of Cottageville there is a near coincidence of 
productive trends shown on the sunvnary trend map (Figure 11) above and parallel to the fault. The 
trends are not nearly as numerous for the northern syncline (Figures 6 and II) tiich. incidentally, 
may be the southwest terminus of another buried fault. In the case of Cottagevllle. the comparison 
between structure and production seems far more conclusive than at Hidway-Extra simply because of 
the greater quality and quantity of data. At Cottageville it is clear that better wells occur off- 
structure and tpt the best wells generally occur directly above the basement fault. De Wys and 
Shumaker (1978) contoured the production data at Cottageville -(Figures 7 thru IO) with a mechanical 
style. attempting to avoid bias in their contouring. had they contoured the production data as 
Schaefer did, and If they had both Schaefer’s results and Glen! Sundheimer’s map, then the 
Cottageville production mrps crould be different , and the ldentlty of structure with production trends 
would be more striklng. 

Usfng re-Interpreted Cottagevl I la as hkground , we-can nou go back to Hidway-Extra and re-interpret 
the northwestern flank of the anticline suggesting that It is faulted at depth. The justification 
for this interpretation is that the high productivity wells at Cottagevilla are located along and 
above a fault. 

Thus far we have pointed out the similarity between the fields, but there still is uniqueness to each 
f leld. Thls uniqueness is seen at Cottageville as we reimpose regional dip toward the southeast on 
that structure. We nou have a logical reason for wky the best producing wells occur near the western 
terminus of the fault and near the western terminus of the east plunging syncline on the north flank 
of the field. We interpret these areas as the updip end of fracture porosity associated wlth the 
structure. It is reasonad that the fracture porosity$cts like a stratigraphic or dlagenetic trap 
encased within the lower Huron shale (Shumaker 1978). Shale gas has migrated up-plunge, westward, 
to the end of the fracture porosity. Furthermore this area appears to be along a change in the 
regional dip, a line of change or flexure from the broad flat Parkersburg synclim to the steeper 
slope laadlng goward the Cincinnati Arch. The significance of this observation remains unaccessed 
until we have more regional data, but it may be a key to why the Cottageville field produces compared 
with Devonian shale above other basement faults. 

If wa CarefUllY study the KIdway-Extra field we note a uniqueness there; the hi h 
into minor north trending patterns (Figure 3) parallel to minor structural I4 

flaw wails at.lgn 
tre s and an intersecting 

structural trend at the northeastern end of that field (Figure 2). We reason that these better wails 
occur at the Intersection of the two fault trends. This, again, is a logical extension of the inter- 
pretation given above. We hypothesize that. if one fault yields good porosity, then the intersection 
of two should yletd more porosity and therefore uccellent production. This observation Iaadr to a 
second substantfve ratlonale for exploration; drill on the intersection of fault trends - on the low 
side. 

There are a multitude of methods to develop fractures and thereby potential fracture permeability. 
that is, by: basement structure, detached structure, compaction, sedimentary dlagencsis. overburden 
removal, etc., it Is the senior author’s conclusion that basement growth structure is the most effec- 
tive means of producing comaercialiy effective porosity within this area of West Virginia. The 
importance of this understanding and the application of these exploration guidelines to southwestern 
Wart Virginia are heightened by a similar observation made by Don Neal (manuscript in preparation) 
of the West Virginla Geological and Econcanic Survey concerning the coincidence of higher initial flow 
from gas wells located on the flanks of geologic structures. This conclusion is based on his work in 



iWU Dept. of Geology E Geography 
Oct. 1979 

12. 



I , 
Yaso~~\Jackae~ 
Coretl lcsunt~ 

\ 

i 

Hodif ied de Vys/Shumakcr, 1978 KILOMETERS 

Figure 7 lsocontours of Highest Annual Production (1st or 2nd year production). Contour Interval - ZOMHcf/yr. 

Fault and Fold Axes from Seismic - Sundheimer, 1978 (personal communication) 



i 

Marrm\Jackson 
County, Count! 

! 

d s 30’ i 
i 

4od I fled de Wysbhumaker , 1978 

0 0.5 I 

KILOYElEllS 

Figure 8 lsocontours of Mean Annual Gas Production. Contour Interval = SHflcf 

Fault and Fold Axes from Seismic - Sundheimer, 1978 (personal connnunication) 

f‘ 
. 

e 

.., _- -- 



M.ren\J.ctr.r 
County \cormtv 

\ 
\ 

s 30’ & i . 
i 

4 
0 0.6 I 

Hodified de Uys/Shunaker, 1978 JO NILOUETERB 

Figure 9 isocontours of First Five Years Accumulated Gas Productlon. Contour Interval - SOHHcf/yr. 

Fault and Fold Axes from Seismic - Sundheimer, 1978 (personal communication) 



NW Dept. of Geology G Geography 
Oct. 1979 

16. 



KILOMETERS 

Figure ii Axial Trends of Contours from Production Maps. 

Shading on down side of fault. 



UGR File BCD48/A79, v.2 
WJ Dept. of Geology E Geography 
Oct. 1979 

18. 

the adJacent area of West Virginia to the south. lt therefore seems likely that these rationales 
can be extended southward into adjacent counties of southern West Virginia. 

As to why the fractures select the lower Huron shale section as the host unit, one can only specu- 
late. The physical response of the lower Huron to defoation must be related to its iithology. but 
the exact nature and origin of the stress field creating the fractures still remains uncertain. 
Vertical besement tectonics seems to be an important source of that stress within the area described, 
but one cennot eliminate the importance of a horizontally direct d 
ifying the local stress field (Advani 15785 and Shumaker 1578). 8 

stress field modifying and intens- 

A word of caution regarding the model and rationales described in this paper. The model WI devel- 
oped as a result of our characterization of structural parameters that affect shale production in 
southwestern West Virginia, and therefore It should not be applied indiscriminately or universally as 
a unique solution to other areas. it clearly is not a unique solution for fracture porosity. Ccr- 
tainly there are numerous ways to produce open fractures and therefore potentially productive shale 
gas areas in the multitude of tectonic environments and structural styles within the Appalachians. 
Our interpretations do not deny the existence or the influence of other fracture types on production 
even within these southwestern West Virginia shale gas fields, for we know that other genetic frac- 
ture ty es, 
1978). 0 

which nuy be significant to production, are present within the Devonian shale (Shumakcr 

The model described above obviously has its greatest application to southern West Virginia, but we 
believe it also has application to the mid-continent area. This area is largely undeformed. The 
prevailing structure is systmutic, largely orthogonal, joints; but where the flat lying sediments 
are deformed, it is generally by berement deformation and often recurrent basement deformetion 
(Shumaker 1975).‘O We suggest for your consideration that a reason for lack of shale production 
within this imnse mid-continent area may relate to the position of most wells on structural pro- 
spects. They cleerly are not drilled on the flanks of structures, down-dip from the crest, unless 
there is a stratigraphic rwson. We may have a reason for such exploration: structurally controlled 
fracture facies. 

The Eastern Kentucky Gas Field is the third field selected for detailed analysis. We are presently 
in the midst of our work. Well cuttings (500+) from I4 wells in the Eastern Kentucky Gas Field have 
been examined and described. Cross sections are being constructed to study details of iithological 
changes in the &red-Hucon stratigraphic sequence. 

Graphs, computer meps. and statistical analyses are in progress on a geochunical study of we11 cut- 
tings from 14 wells in the Eastern Kentucky Gas Field (same wells as lithology studies with one ex- 
cept ion). Fourteen eimentai oxides (except Sulphur) and sixteen minerals ari under examination. 
Certain maps show a high degree of correlation to density contours of high producing wells (based on 
5000 wells). 

Final stages of the study of the Eastern Kentucky Gas Field are conxzencing. Final open flow data are 
being compered to structural depths, shale thickness, iithologicel changes, evldonce of fracture 
occurrence, high organic content, and geochemistry. Results of this phase of the field study will be 
presented at a later date. 

Structure1 Type Studies 

Analysis of the Parsons and Petersburg cross-strike structural lineaments (Figure 1) in the high 
plateau country of West Virginia have been conducted to determine: (1) joint intensity within and 
adjacent to the lineements. (2) the nature of joint intensity with depth, and (3) the mstwerd 
extent of the two iineaments. Rock is found to be more intensely jointed within the Parsons linea- 
ment in the IJ 

v 
Chemung siltstones. mudstones, 

(Dixon, 1979a. ‘gy14” 
and shales of Tucker County, West Virginia, 

Dixon and Wilson) ‘3 5 The linument extends northwest and 
terminates in Taylor County. It is expressed in Lower and r4lddle Pennsylvanian sandstones as two 
zones of intense jointing (Dixon and WIlson)r3 The Petersburg iineament was stud- 
ied along the Allegheny Front to determine the effect of joint intensity with depth. Joints In 
Devonian sheles, siltstones, and sandstones and Lower Wississippian sandstones were measured. The 
width of the zone of intense jointing does not vary with depth. However, intensity is significantly 
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greater in the Middle Devonian black shales than in other iithoiogies (Figure 12). The Petersburg 
iineament extends west-southwest to the Randolph-IJpshur County line where it is disrupted or termi- 
nates. This iineament is manifest in Lower and hiddie Pennsylvanian sandstones with intensities 
similar to those in Parsons iineament. 

A three phase study of surface structures in Middle and Upper Devonian shales in fliddie Mountain 
synciine (Figure I) of the Valley and Ridge province, Pendieton County, West Virginia, has been corn- 
pieted. The study included the following: 1) detailed mapping of the Middle Mountain synciine. 
2) an aneiysis of bedding orientation contours of the synciine (Wilson, i979ai4 and i979b),‘5 and 
3) a study of the orientations and spacings of systematic joints in the shales of the syncline. The 
studies were designed to characterize the Parsons cross-strike structural discontinuity (PCSD) in 
terms of faulting, folding and Jointing In the exposed Devonian shale sequence. The PCSD is found 
to coincide with a zone in which structural shortening is taken up by smaller folds and more abun- 
dant thrust faults. In consequence, the shales within this zone are also more intensely jointed. 

Fracture Studies 

A regional survey of eastern Kentucky surface joints was completed to determine if surface fracture 
trends or domains, areas of similar trending joints, relate to high producing trends or high produc- 
ing areas within the eastern Kentucky shale gas fields. tips of joint strikes plotted as rose dia- 
grams shw that coal has the most consistent regional orientations of joints in the iithoiogies 
studied. Joints in black shale, brown shale, gray shale, and sandstone have varying angular reia- 
tionships to regional coal cleat strikes. This dissimilarity between trends associated with each 
surface iithology makes prediction of subsurface fracture trends in the Devonian shale reservoir 
hazardous. Coal face cleats and coal structure form-lines change trend to become sub-parallel to 
the trace of the Pine Mountain thrust fault (Figure 13). Regardless of its origin, this gradual 
change in trend of face cleat trends is coincident with the most productive area in the eastern 
Kentucky shale gas field. The precise significance of this coincidence has not been determined as 
shale gas production extends into the areas of usual face cleat trend, that it. perpendicular to 
Appalachian fold axes. 

Outcropping Devonian shales along the east flahk of the Cincinnati Arch show consistent joint 
strikes of NZSE, N45E and N65U. First-formed and second-formed joints strike northeast and north- 
west. respectively. This is opposed to the coal cl&t trend over the eastern Kentucky gas field 
where face cleats (first-formed) strike northwest and change to become nearly E-W in the Pine 
ilounta in thrust area. 

Thirteen oriented Devonian shale cores from the Appalachian Plateau of West Virginia, Kentucky, Ohio, 
Virginia, and Pennsylvania have been examined for fractures (Figure I). The orientation, type of 
mineralization (if any), and presence of fractographic features, i.e.. plume, hackle, and arrest 
lines, were recorded for each fracture. Fractures were differentiated into three types: natural. 
core induced and siickenside. Frequency and orientation for each type of fracture have been plotted 
against core depth to determine the existence of possible fracture facies and decoliement zones as 
well as changes in current in-situ stress and paleo stress as a function of depth or iithology. 
Regional subsurface fracture patterns are plotted and are being examined for comparison with the 
regional structure. Open file reports are available for two of the cores studied, Mason County 
#3 D/K core, West Virginia, and tlonongaiia County HERC Xi core, West Virginia. Reports on the other 
cores examined will be available in early 1980. 

Ground Water 

A hydrogeologic characterization study was done in the hidway-Extra Devonian shale gas field (Figure 
I) of northern Putnam County, West Virginia. Lineaments were mapped and water wells were surveyed 
for physical and chemical parameters to compare with initial yield of nearby shale gas wells. 

Northwast trending short straight photoiineaments are significantly associated with water-well yield. 
Uater wells located within 200 feet of a ilneament’s center line have significantly higher yields. 
Gas wails located near short photoiineaments of the same trend had significantly higher initial open 
flows (both before and after stimulation) than wails located near other photoiineaments. Gas wells 
also had significantly higher initial open flows when located in areas where photoiineament density 
is high. gas wells located near the m)st certain photoiineaments had higher initial open flows than 
wells near less certain photoiineaments. Landsat lineaments appear to be poor locations for gas 



o.oe 
1 MEAN INTENSITY 

UGR File X(348/879, v.2 
WJ Dept. of Geology FT Geography 
Oct. 1979 

(Without Black Shales) i o.04 

0.02 

I I 

i i 
I I 

oarl POCONO 

a04 

a02 

i i I 
MI 

0' 
I 
I 

I 
I 1 

‘: cHEMUNG ))--c+, 
oJ 

I I 

t 
I i 

BLACK SHALES 
I 
I I 

o.lo- l I 

I 

;- 
I 

I I 

0 

20. 

Joint intensity of Petersburg Lineament 

along Allegheny Front 

Figure I2 



UGR File #C048/A79, v.2 
NVU Dept. of Geology E Geography 
Oct. 1979 21. 

I ‘!. f 

FACE CLEATS WITH (B. Lon ) 
COAL FORM LINES (Shuma er,1974) F1 

10 0 10 20 
1 

MILES 

Figure I3 



- .I:. : .m..(; ” uL.C*/ iL, 2, v’ . i 

WVU Dept. of Geology & Geography 
Oct. 1979 

22. 

vmllr, and they do not overlap the high gas-producing areas. 

Certain water-well parameters are also associated ulth initial gas well yield. Water wells located 
within high initial gas flow areas (over IO0 HCF/day after stimulation) have significantly higher 
bicarbonate and nitrate conccntratlons than wells in low producing gas areas. 

The results of our analyses here at Hidway-Extra are similar to those found at Cottageville (Jones 
and Rauch, ig78)‘6 except that at Cottageville the trend of gas associated short lineaments is west- 
northwest. 

- -. 

Geophysical Studies 

The main thrust of the geophysical effort at West Vlrginia University is the characterization of 
some of the acoustic properties of both the fractured and unfracturcd zones. The hope, of course, is 
to determine which properties may serve as reliable exploration criteria. 

Refraction seismic surveying will be used for shallow studies of lateral velocity changes. The 
nature of both the method and our equipment limits the depth of investigation to 500 feet. Since we 
will record waveforms (as well as travel times) attenuation anomalies may be observed. 

High resolution reflection seismic surveying will provide data on small scale structures, attenuation 
anomalies, and acoustic velocity et depths greater than is possible with our refraction method. Our 
high resolution reflection seismic method uses an explosive source in a 7 foot deep shot hole. The 
geophones are In 4 foot deep holes. Since attenuation of high frequency acoustic energy is most 
severe in the weathered, near surface material, this procedure results in band width wider than that 
of more conventional techniques; and shot and geophone ground coupling are improved. Surface waves 
are eliminated from the records by burial of the geophones and high pass input filters. Burying the 
geophoner also attenuates noise from other sources (e.g., wind, traffic, etc.). Signal to noise 
ratio 1s thus improved. 
lution of a few feet. 

Our signal band appears to be 2300 hz to 21 khr resulting in vertical reso- 
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ABSTRACT 

Late tectonic extension faults and extension fractures 

may form abundantly in steep limbs of detached anticlines. The 

Devonian Brallier formation of the central Appalachians 

is the unit that has undergone the greatest amount of 

extension faulting aad fracturing, anong Upper Ordovican to 

Lover Mississippian units exposed and studied on the northvest 

limb of the wills Uountain anticline, Gravity data and analogy 

vith exposures on the northvest lim.6 of the Wills Mountain' 

anticline indicate that the Blackvater and Glady 

anticlines may also have thinned and fractured Brallier on 

their northuest limbs in the subsurface. Given the 

underlying dark shale source and updip thickened shales as 

a seal, these volwnes may contain gas in a fractured 

reservoir. 
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INTRODUCTION 

Fracture is defined by Dennis (1967) as a surface along 

which loss of cohesion has taken place. Therefore, unless 

the term is restricted by use of a modifier or used in 

conjunction with the term fault, fracture as used herein, 

will include faults, joints, and fissures. When used in 

conjunction with the term fault, fracture is defined as a 

surface along uhich little or no slip has occurred 

(joint or fissure). When used,_uith a prefix, such as extension 

fracture, then the term is restricted to those fracture 

surfaces fornea by bed-parallel extension, as defined and 

characterized in the main text of this thesis. 

The purpose of the thesis is to investigate a 

particular class of bed-extending brittle structures known 

as extension faults and extension fractures, These formed 

late during the growth of anticlines in the detached 

tectonics characteristic of the central Appalachians. A 

specific goal of this investigation is to develop a 

predictive tool for the subsurface locations of unusually 

fractured rock in the Middle and Upper Devonian elastic 

sequence, 

The field area iovestigated in this thesis uas 

primarily the northwest limb of the Wills Mountain 

anticline, which extends through Pennsylvania, Maryland, 

Yest Virginia and Virginia, Other map-scale anticlines 

near the Uills Hountain anticline vete examined, as well 
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as localities in Pennsylvania that expose outcrop-scale 

kink folds or kink-bands and which were suggested by Dr. 

R. T. Pail1 (written cosaunication, 1978). Conclusions 

and speculations apply to these areas and to larger parts 

of the central Appdlachians, chiefly in West Virginia. 

The thesis is composed primarily of four short 

aanuscripts, each having separate title, authors and 

abstract, and each building on or extending the last. The 

references and azknovledgements are a combined list from 

all four manuscripts. There is a separate section 

containing conclusions based ou the work reported in the 

four manuscripts. Each manuscript has been or vi11 be 

submitted for publication. 

Each manuscript addresses the problem of predicting 

uhere the greatest amount of bed extension occurs. The 

first manuscript introduces the concept of fold-related 

brittle extension structures. ft presents a relative time 

sequence for typical central Appalachian faulting and 

associated fracturing, and describes general field 

criteria for differentiating between earlier faults and 

the later extension faults. This manuscript refines a 

three stage model originally conceived by Dr. Uillias J. 

Perry, Jr., of the 0. S. Geological Survey, Reston, 

Virginia, Field uork vas done by all three authors, but 

most of the manuscript is based on a term paper written hy 
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the senior author and his field vork at Pinto, tlaryland. 

The second manuscript develops an approximate 

mathematical model using measured values of horizontal 

shortening to estimate the minimum bed dip at which 

extension structures will occur. This information places 

geographical constraints on areas which may be investigated 

for gas-bearing porosity or permeability produced as 

extension fractures or extension faults. The equations in 

this manuscript were developed by Dr. Russell. L. Wheeler. 

The third manuscript concentrates on extension 

faults, as described and defined in the first manuscript, 

and represents the result of field investigations in the 

area delineated in the second manuscript. The third 

manuscript describes the stratigraphic distribution of 

extension faults in and near the Devonian Elastic sequence 

and especially relates abundance of extension faults to 

structural position. It is also concerned with the 

relationship betveen the extension faults and large 

fold-related splay faults rising from deeper detachaents. 

The manuscript estimates the contribution of extension 

faulting to anticlinal growth and estimates relative 

amounts of extension in fold limbs so that limbs may be 

selected which are most likely to contain gas in fractured 

reservoirs. The equations in the manuscript vere derived 

by Dr. Russell L, wheeler. 
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The fourth manuscript uses a kink-band model of fold 

developnent to estimate the amount of extension in the 

kink-band or in the more rotated limb of a kink fold. The 

extension can occur as porosity and permeability producing 

fractures or faults as described in the first and third 

manuscripts. The kink-band model of-fold development is 

probably the best explanation for the observed geometric 

form of major folds in the central Appalachians, Field 

criteria are given for differentiating between folds of 

kink-band origin and those of buckling origin. The nap 

distribution of gravity lows is used to explain the 

distribution of extension faulting from manuscript three 

in a kink fold model. Drilling areas are suggested for 

fractured reservoirs. 
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Three-Stage Rode1 of Brittle Deformation in the Central Appalachians 

Philip S, Bergera, Uilliaa J. Perry, Jr.2, and Russell L. Uheelerl 

ABSTRACT 

Recent fieldwork in the central Appalachians shous 
0 

the applicability of a three-stage model of brittle 

deformation, Distinct minor structures form at specific 

times during overall horizontal shortening and map-scale 

folding. Stage I contraction faults shorten horizontal or 

gently dipping beds and are closely associated with 

wedging, Stage II uplimb thrust faults Shorten folded beds 

hingeward, Stage III extension faults and extension 

fractures lengthen steeply dipping to overturned beds. 

Opening or shearing directions of fractures and 

crosscutting relationships of faults, other fractures, and 

stylolites allow distinction of the three stages, Stage 

III may have produced fracture porosity and permeability 

on steep limbs of anticlines, Ue propose a three- stage 

model of outcrop-scale fault and other fracture 

development for steeply dipping to overturned beds in 

1Departaent of Geology and Geography, West Virginia 

University, norgantown, Yest Virginia 26506 

*u, s. Geological Survey, Reston, Virginia 22092 

In press, SOUTHEASTERR GEOLOGY 
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eastern Vest Virginia and adjacent areas. Less rotated 

beds Aay show at least two of the stages. KiAeAatic 

analysis of faults and other fractures allovs 

differeatiation of the three stages. 

Structural Style 

The central Appalachian foreland has many detached 

anticlines but feu outcropping major thrust faults, The 

anticlines are interpreted as active features generated 

mainly by duplication of strata by ramping of UAderlyiAg 

thrust faults, by splay faults, and by ductile flow of 

shale-rich intervals into anticlinal crests (Perry and de 

Yitt, 1977, Perry, 1978, Uheeler, 1975). The synclines are 

regarded as passive features resulting from anticlinal 

growth in adjacent rocks, rather than from active 

downbuckling (Guinn, 1964). 

We deal vith the sequence of outcrop-scale structures 

that formed at specific tines during overall 

southeast-northvest horizontal shortening and vertical 

extexmion, Ye assume that each individual structure formed 

in an orientation that allowed it to accommodate soae of 

that horizontal shortening, or vertical extension, or 

both. 

The first-order anticlines (Nickelsen, 1963, p. 16) 

of the western Valley and Ridge and the Allegheny Plateau 

provinces formed predominantly by flexural slip folding 
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(Paill, 1969), rather than by passive or flexural flow 

folding (Gair, 19SO), Interlayering of shales and 

evaporites with sandstones, siltstones or limestones 

allows slip betveen units of lov relative ductility. Stage 

I structures form before folding, or early during folding, 

when the angle betveen bedding and the maximum principal 

compressive stress is less than about 10 degrees. 

Experiments at room temperature and confining pressures to 

2000 bars (equivalent to about 6 km in depth) suggest that 

slip parallel to bedding is possible when the angle 

betveen the maximum principal compressive stress and 

bedding ranges from 10 to 60 degrees (Price, 1967). Stage 

II structures form in this range of limb dips (see below). 

Stage 111 structures form in response to additional 

horizontal shortening, late in OK after folding, when 

steep limb dips preclude further slip parallel to bedding. 

These structures form vhen the angle betveen bedding and 

the maximum principal compressive stress exceeds about 60 

degrees, These conclusions are reinforced by the 

finite-element derived stress-history of folding 

(Dieterich and Carter, 1969). 

Price (1967) described extension and contraction 

structures from the Canadian Rocky Mountains using the 

fault terminology of Norris (1958). Ye report the same 

types of structures from the central Appalachians, placing 



UGR File KU48fA79, v.2 
WVU Dept. of Geology E Geography 
Oct. 1979 

37. 

them in a relative time sequence and describing simple 

field criteria for differentiating among stages. 

STAGE I STROCTIJRES. --cloos (1964) first recognized 

and named the prefolding wedges common in the central 

Appalachians, Uedges are the wedge-shaped ends of small 

fault blocks in vhich the bounding contraction faults 

(Norris, 1958) form angles of 30 degrees or less to 

bedding. Examples provided by Cloos (1964, figs. 2, 3, 4 

and 6) involve brittle layers (sandstone and limestone) 

which have been, "sheared, wedged, and telescoped together" 

in a more ductile medium (shale). This process of 

contraction faulting shortened the stratigraphic section 

in a northvest-southeast direction and thickened it 

perpendicular to bedding prior to or early during folding. 

Such contraction faults can form dipping in either 

direction (northvest or southeast). 

Concerning the Canadian Rockies, Price (1967) writes 

that if layering vas planar and inclined at a lov angle to 

the maximum principal compressive stress, that stress* 

trajectories vould tend to parallel layering, and 

subsequent failure would take the form of contraction 

faults acting to shorten layers. The resulting geometry 

of brittle beds in a aore ductile matrix is that of Cloos' 

wedges, Coapound vedges involving a series of brittle beds 

which have been telescoped together are shovn by Cloos 
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(1964, fig.. 7) and Perry and de Hitt (1977, fig. lo)- 

Price (1967) used the term c.ontraction faults to include 

all faults that produce a shortening in the plane of the 

bedding, thus including uplimb thrust faults (see below). 

In vedged beds later rotated to vertical by folding, 

the bounding contraction faults record normal-faul+ 

separation at a Lou angle to bedding. Xn cratonuard-facing 

folds (asymmetric to the northwest in the Appalachians), 

such stage I faults normally show a downlimb sense of 

displacement (fig. 1). They did not form as normal faults 

in their present orientation, because (1) the necessary 

northvest-southeast horizontal extension is inconsistent 

with central,Appalachian structural style, and (2) their 

formation in a contractional regime is indicated by drag 

features and absence of associated extension features. 

Prefolding fractures have been recognized in the 

central Appalachians (Dean and Rulander, 1.977), These 

fractures may predate the contraction faults, because such 

fractures are offset by these faults and by bed-parallel 

compaction stylolites that are inferred to have formed 

under overburden stress equal to maximum principal 

compressive stress, when bedding vas horizontal, 

Prefolding calcite-filled fractures can be recognized 

if orientations of calcite fibers record shearing on the 

fractures. If the fractures are rotated to their original 
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Pigure 1, Coattaction fault (stage I) formed uedges prior 

to folding: (a) prefolding attitude, (b) postfolding 

attitude on northwest limb of west-facing anticline, 

The angles between the bedding and fault planes and the 

size of the associated fold are variable, 

---------------------'------------------------------------------- 
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(prefolding) orientations, the net growth direction of the 

fibers should be about 30 degrees from the (horizontal) 

aaxiaum principal compressive stress. 

STAGE II STRUCTCJRES.-- Stage IX structures formed 

during folding. They record relative reverse movement 

touard the anticlinal hinge as part of the Appalachian 

fold's internal adjustments to southeast-northwest 

horizontal shortening, and to fold growth by flexural 

mechanisms. Perry and de Mitt (1977) describe and define 

uplimb thrust faults, the hanging walls of which move up 
. 

the limb of the anticline and away from the axis of the 

adjacent syncline (fiqure 2). Similarly, Gair's (l'J50) 

out-of-syncline thrusts, and Guinn's (196U) symmetrical 

thrust faults are northuest- and southeast-dipping reverse 

faults that resolve space problems in cores of anticlines. 

In concentric folding, upward and inward motion on 

anticlines' flanks, and flexural slip above ductile rocks, 

thrust strut-like brittle beds of the limbs over passive 

anticlinal crests where flexural slip is inhibited. Perry 

(1971) mapped southeast-dipping apparent normal faults at 

a low angle to bedding in vertical beds on the northwest 

limb of the Uills Uountain anticline in Pendleton County, 

West Virginia. He interprets these as originally 

northwest-dipping uplimb thrust faults (Perry, 1971, 

1978). later rotated by continued grouth and asymmetric 

40. 
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Figure 2. Southeast- and northwest-dipping uplimb thrust 

faults (stage II). 

----------------_----------------------------------------- . 
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development of the anticline. Rotated uplimb thrust 

faults are also present on the nearly vertical northve:c:t 

limb of the Cacapon Mountain anticline in flaryland (Perry 

and de Uitt, 1977. p. 32). 

Stage II structures shorten beds and facilitate 

anticlinal grout h. Both can occur contemporaneously in a 

planar, mechanically anisotropic medium if net transport 

is mostly toward the anticlinal hinge. Some rotation of 

stage II structures occurs if they form early, at lov limb 

dips (Root, 1973). Uplimb thrusts also show a wedge-like 

geometry and may be difficult to distinguish from stage I 

vedges, Uplimb thrusts tend to cut many beds and die out 

in shale flouage (Gair, 1950), folds (Guinn, 19641, or bed 

parallel slip (Price, 1964). Wedyes tend to be small 

because they represent the adjustment to shortening of a 

single or a few strut-like beds. wedges can show a 

dovnlimb sense of displacement on northvest limbs of 

anticlines. Uplinb thrusts tend to cut more beds because 

they represent adjustment to shortening of the entire 

fold, Upliab thrusts alvays show hingeward displacement 

of the upper (or outer) fault block. 

As uplimb thrust faults on limbs steepen during qrovth 

of the anticline, the normal stress across the thrust 

surface and the resulting friction increase until the 

fault locks (Guinn, 1964). Purther tightening of the 
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anticline can produce another fault or faults on the 

limbs. Continued grouth of the anticline, beyond that 

vhich flexural slip is capable of relieving, causes onset 

of stage III. 

STAGE IT1 S'IRUCTURES.-- Stage III structures begin to 

form vhen beds rotate so far towards the vertical that the 

effect of vertical extension exceeds that of horizontal 

shortening. Further grovth of the anticline can then only 

occur by bed-parallel extension. Stages I and II both 

involve bed-parallel contraction, and so can overlap in 

tine, Because the change from bed-parallel contraction to . 

bed-parallel extension is a discrete event, stages II and 

III are unlikely to overlap, and their structures should 

be readily distinguishable. Stage III structures are most 

easily recognized on and are especially characteristic of 

steeply dipping to overturned beds. 

Norris (1958, 1964) defined extension faults as those 

that result in elongation in the plane of the layering. He 

reported extension faulting in otherwise ductile beds 

(carbonaceous shales) dipping 10 to 25 degrees, Price 

(1964, 1967), Perry (1971, 1978) and this paper describe 

extension faults in brittle, steeply dipping beds. Norris 

and Price noted that if the layering rotated externally in 

the course of flexural-slip folding until it uas at a high 

angle to the maximum principal compressive stress, then 
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the trajectories of that stress would tend to become 

perpendicular to the layering and subsequent brittle 

failure would take the fore of extension faults. This 

rotation of the stress trajectories is shown by the 

finite-element modelling of Dieterich and Carter (1969)- 

Price (1967) has found that extension faults tend to 

intersect bedding at about 70 degrees. 

Extension faults show net bed-parallel lengthening 

unique in the kineaatic history of a fold, thus allowing 

easy recognition. Characteristically, extension faults 

are low-angle, northuest- or southeast-dipping reverse 

faults on steep or overturned limbs (figure 3). Extension 

fractures which show bed-parallel lengthening and form 

normal to bedding are stage III structures. Extension 

faults have not undergone a significant amount of later 

rotation. If they formed prior to folding, they uould have 

formed as high angle normal faults, vhich are inconsistent 

vith Appalachian contractional deformation. Specifically, 

extension faults cut contraction faults of staqes I and XI 

(Perry, 1971, Perry and de Witt, 1977) and are therefore 

later features, In extreme cases, map-scale extension 

faults can lead to overthrust vest limbs of anticlines 

(Dennison, written comaunication, 1978). 

With the possible exception of some systematic 

joints, stage If1 structures are the latest recognizeable 
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Figure 3. Relationships of stage II nplilrb thrust faults to 

stage III extension faults on an asymmetric fold (modified 

from Perry and de Witt, 1977, after Price, 1967). Extension 

fractuting may be associated with both stages II and III. 
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effects of brittle, fold-related deformation in the 

central Appalachians, Because they are least likely to be 

filled by vein material or closed during later 

deformation, they are a possible target for gas 

exploration in fractured rock. 

Field Applications 

Recent fieldwork has show the applicability of our 

thr'ee-stage model of brittle deformation in steeply 

dipping beds in the central Appalachians. Nine exposures 

of Ordovician through flississippian limestones, 

sandstones, siltstones, and shales of Yest Virginia, 

Raryland and Virginia have been interpreted in terms of 

the model to yield a qequence of events consistent with 

Appalachian structural style. Slip-senses of minor faults 

are usually apparent and show either stage I contraction 

faulting, stage 11 crestvard slip, or stage III bed 

parallel extension, depending on the angle between beds 

and horizontal shortening when failure occurred. 

Directions of fracture openings are ambiguous unless the 

fractures are filled vith fibrous calcite, 

cut across compaction or tectonic stylolites, or are 

slickensided, Durney and Ramsay (1973) shoved that crystal 

fibers in calcite fracture-fillings track the direction of 

opening of the fracture. If the fracture opened by simple 

dilatancy, then succesive orientations of incremental 
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extension during fiber grovth can be determined, If the 

direction of fracture opening is parallel. or at a small 

angle to bedding, then the fracture is unequivocally a 

stage III feature. Fractures vhose opening directions have 

components of crestward shearing can be either stage I or 

stage II. 

An excellent exposure shoving examples of all three 

stages of brittle deformation is the cut in Silurian 

limestones along the Baltimore and Ohio Railroad, on the 

northwest flank of the Wills llountain anticline at Pinto, - 

Allegany County, Raryland, 
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Uestern Limit of Extension Fracturing in Uest Virqinia 

Philip S. Berger and Russell L. Uheeler 

Department of Geology and Geography 

lest Virginia University 

Dorgantovn, Uest Virginja 26506 

Abstract: Extension fractures can extend beds and create 

porosity, permeability or both where dips on anticlinal limbs 

are relatively steep (greater than 45 degrees-if there is no 

strain parallel to hinge lines). Simple calculations and 

reasonable assumptions permit the conclusion that 

including the effect of hinge line parallel strain does 

not significantly alter the minimum bed dip at uhich 

extension fractures vi11 open. Therefore the minimum 

conditions necessary for extension fracture formation are 

unlikely to occur west of Gvinn's (1964) high plateau, 

with the exception of the Burning Springs anticline, in 

Uood and Wirt Counties, West Virginia, where limb dips 

reach a maximum of 68 degrees. 

INTRODUCTION 

Detachment faults in ductile beds are the primary 

mechanism for map-scale deformation in the central 

Appalachian allochthon, and specifically for the Valley 

and Ridge and most of the Plateau provinces in West 

Virginia (Gvinn, 1964; Rodgers, 1963). The location of the 
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vestern limit of detachment in the central Appalachians is 

a matter of conjecture, although it may be significant in 

explaining the distribution or occurrence of gas 

production from the Pliddle and U,pper Devonian elastic 

sequence (mostly shales). The purpose of this paper is to 

determine the vestern limit in Yest Virginia of 

detachment-related fracture porosity and permeability formed 

as folding rotates beds from low limb dips, vhere they are 

contracted, to high dips, where they are extended. 

STRUCTURAL STYLE 

The West Virginia allochthon has mauy detached 

anticlines but few outcropping major thrust faults. The 

major anticlines are interpreted as active features 

generated mainly by duplicatiop of strata by ramping of 

underlying detachment faults, by splay faults, by kink 

band folding, and by ductile flov of shale rich intervals 

into anticlinal crests (Gvinn, 196U; Paill, 1969; Wheeler, 

1975). The major synclines are regarded as passive 

features resulting from anticlinal qrovth in adjacent 

rocks, rather than from active dounbuckling (Guinn, 1964). 

Location of the uestern limit of allochthonous 

anticlines involving the Devonian elastic sequence is 

ambiguous, because the folds generally become less 

distinctive tovards the vest. Limb dips and closure 

decrease westward. In some of the folds of central and 
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western West Virginia, such as the Arches Fork and Uolf 

Suamit anticlines, closure is apparent below the Diddle 

and Upper Devonian elastic sequence, on the Middle 

Devonian Onesquethav Group (Cardwell, 1973). but not above 

the elastic sequence, on the Cliddle Hississippian 

Greenbrier Group (Haught, 1968). The limestones, 

sandstones, cherts, and thin shales of the onesquethau 

Group and the underlying Oriskany sandstone, Helderberq 

Group, and Tonoloway Formation commonly form a single 

stiff unit about 600 to 1000 feet (180 to 300 meters) 

thick (Carduell and others, 1968) in the mechanical 

'stratigraphy of West Virginia. If the folds in the 

Onesquethav are part of the allochthon, then a detachment 

belou the Silurian Tonolouay and the thick Devonian 

elastic sequence (2600 to 7800 feet; 800 to 2400 meters) 

has absorbed the deformation by flov (Cardea, 1956) or 

upper detachment (Dahlstrom, 1969a). On the other hand, 

some folds shou closure in the nississippian Greenbrier 

Group but not in the Devonian oriskany Sandstone, from 

vhich we infer that a detachment is above the oriskany and 

probably in the ductile Hiddle Devonian black shales. 

Perry and Uilson (1977) describe an example of this on the 

Mann Hountain anticline. 

We believe that extension fractures may form a 

significant part of gas-bearing fracture porosity and 

50. 
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permeability. Extension fractures that show bed-parallel 

extension are interpreted to be late tectonic, formed vhen 

folding beds rotated to such steep dips that the rocks 

were vithia the extensional, rather-than contractional 

field of the strain ellipsoid (Berger, Perry and Uheeler, 

IS* in reviev), These extension fractures are unlikely to 

be filled by vein material or closed by later aeformation 

and thus may produce gas. We attempt to locate the 

western limit of extension fracturing in the subsurface as 

part of a program to predict the location of more highly 

fractured rock ior gas exploration. 

In this paper ve use the analytical and graphical 

techniqoes of Ramsay (1967) to determine the angle (e) 

b8tv88n the X strain axis (the direction of greatest 

lengthening: vertical) and the surface of no finite 

longitudinal strain. The surface of no finite longitudinal 

strain marks the boundary between the contractional and 

extensional fields in the strain ellipsoid and its dip 

increases vith the horizontal contractional strain. 

Assuming that the maxim8 principal compressive stress and 

the Z strain axis (direction of greatest contraction) are 

horizontal and perpendicular to strike (Perry, 1971), then 

the minimum bed dip at which extension fractures can open 

is 90 - 0 degrees. Using published values of shortening or 

values measured on published cross-sections, ve calculate 
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the critical (minimum) bed diF at vhich extension 

fracturing will begin. Comparison of predicted Values of 

critical dips vith observed or estimated values of limb 

dips or shortening in anticlines allovs us to predict the 

distribution of kxtension fracturing and related fracture 

porosity and permeability in lest Virginia. 

HETBODS 

Raosay (1967, p. 128) determined the equation for the 

. angle (8) betveen the surface of no finite longitudinal 

strain and the X strain axis, assuming constant volume and 

no hinge line parallel &rain (ei = 0) 

e= tcos-' (1) 

where &i = 'pi / 

ix 

and f~=(~+e;)Z, i= 1,2,3 (2) 

Therefore to determine the minimum bed-dip at vhich 

extension fractures vi11 begin to open for a given 

anticline and its estimated shortening value, we need 

values of 2, and >,. 

;L3 measures length change Farallel to the X 

(contractional) strain axis. ;t= measures length change 

parallel to the hinge line of the fold (intermediate 

strain axis: P) and is assumed to be equal to 1. 2, 

measures strain parallel to the Z (extensional) strain 

axis. T3is found by measuring the amount of shortening for 

a given anticline by the sinuous bed or equal area method, 
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after removal of synfolding or postfolding slip on faults 

that changed bed length but did not rotate beds, Ye shall 

regard folding of a stiff layer within a volume of softer 

rock as grossly approximating overall hooogenous 

nonrotational strain. Ue assume that the volume of rock 

containing the rotating stiff bed is not cut by through- 

going detachments and thus has not been deformed by shear 

on or near the detachment. That assumption is reasonable 

within a single anticline (Kulander, oral communication, 

1978). Then by the sinuous bed method after restoration of 

fault slip, the shortening strain is 

e, = w&A e 
/ 0 (3) 

where a,= the arc length of a stiff unit like the 

Onesquethau-Tonolovay sequence, and 

1= the linear distance between the two inflection 

points of the anticline (the distance into 

which& has shortened). 

The sinuous bed method is valid for stiff units that 

have buckled, kinked, or faulted, but have not flowed 

internally or pressure-dissolved, The values of 

shortening in this paper are determined by the sinuous bed 

methcd but are consistent with values determined by the 

equal area method (Gwinn, 1970), which does not assume 

that there has been no internal flowage or mass-removing 



UGR File K048/A79, v.2 
WIJ Dept. of Geology & Geography 
Oct. 1979 54. 

pressure solution. 

Our values of shortening need not include shortening 

by layer parallel penetrative strain (Bngelder and 

Engelder, 1977) or by foraaticn of pressure solution 

cleavage (Geiser, 1977), because most of this shortening 

appears to have formed early, prior to folding (Geiser, 

1970; Nickelsen, 1976, 1978; Berger, Perry and Wheeler, 

mSI in review). 

2, can be calculated as fcllous. For a unit sphere 

deforming at constant volume to a strain ellipsoid 

V(sphere) = %7rrv = %* 

V(ellipse) = vhW(l+e, ) (l+e,) (lte,) 

Substituting equation (2) and setting V(sphere) equal to 

V (ellipsoid) 

3, = (4) 

Therefore to determine &we need only ,2,, which we estimate 

froa shortening, and &, which we assurae is equal to 1. 

Therefore 

@ = *cos-j/JJ 15) 

If ve take into account hinge line parallel strain, 

then La will be close to but net equal to 1. Ye assume that e, 

vi11 be no more than 210 percent of e3. This figure is 

arbitrary but is probably in excess of the true value in 
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aost places, especially uhere large folds are straight in 

map vieu. There is no doubt that strain parallel to hinge 

lines occurs. The existence of cross joints in folded 

rocks demonstrates hinge line parallel extension, although 

hinge line parallel contrastion may be equally likely in 

folded rocks. The arcuate trends in parts of the central 

Appalachians may help determine whether hinge line 

parallel contraction or extension has occurred. Where the 

Appalachians are convex toward the craton, as in central 

Pennsylvania, hinge line parallel extension may be sore 

likely. Yhere the Appalachians are concave cratonuard, as 

in southern West Virginia 'and western Virginia, hinge line 

parallel contraction is more likely. 

Using our values of shortening, and reasonable 

estimates of X, , the angle (8) between the vertical X 

strain axis and the surface of no finite longitudinal 

strain is determined graphically using a nohr diagram for 

three-dimensional strain (Raasay, 1967, p. 152). The 

points along the line 2 = 1 on the Plohr diagram yield 

values of points on the surface of no finite longitudinal 

strain, in degrees from the x and Y strain axes- These 

values can be plotted in equal area projection to 

determine the shape of the surface of no finite 

longitudinal strain: conical with hinge line-parallel 

strain, planar without (Ransay, 1967, fig. U-21). The 
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minimum bed dip at which extension fractures will open is 

measured along the east-vest axis of the projection. 

RESULTS 

Table 1 lists the predicted bed dips at vhich 

extension fractures will begin to open for given values of 

shortening and &= 1. These values vere calculated using 

equation (5) and are the corplements of the angles (e) 

betveen the X strain axis and .the surface of no finite 

longitudinal strain. Some of the predicted dips were 

checked by Bohr diagrams for three-dimensional strain- . 

Uith no change in length parallel to the hinge line, the 

minimum bed dip at vhich exten.sion fractures vi11 begin to 

open is U5 degrees. That finding is consistent vith the 

results of finite-element modeling of viscous layers 

(Dieterich and Carter, 1969), and other work summarized 

by Perry (1978, p. 524). Where there is t. 1 (e,) hinge line 

parallel strain, the miniaue bed .dip at vhich extension 

fractures will open does not differ significantly from the 

values in Table 1, 

Table 2 lists measurements of shortening for 

anticlines in West Virginia, determined from 

cross-sections by the sinuous bed method or from estimates 

in the literature. With the exception of the Burning 

Springs anticline, in Wood and Wirt Counties, Yest 

Virginia, 50 anticlines vest of Guinn*s (1964) high 
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PERCENT SHORTElIBG 

1% 

2% 

3% 

4x 

5% 

10% 

15X 

20% 

2% 

30% 

435% 

40% 

45% 

50% 
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rlINI!lUH LIMB DIP 

45 degrees 

US degrees 

46 degrees 

' '46 degrees 

46 degrees 

48 degrees 

50 degrees 

51 degrees 

53 degrees 

55 degrees 

57 degrees 

59 degrees 

61 degrees 

63 degrees 
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plateau, which have structural relief less than 300 feet 

(90 meters), should show extension fracturing unless 

faulting in the subsurface has created abnormally high 

limb dips, Fault isbrication in the subsurface of the 

Burning Springs anticline has caused dips as steep as 68 

degrees (Shockey, 1954). The arches Fork and Wolf Summit 

antiClineS say also shou extension fracturing, since Gvinn 

(196U) indicates that they have between 300 and 800 feet 

(90 and 240 meters) of relief, intermediate between 

anticlines of the high plateau and those of vestern West 

Virginia. 
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Table 2. 

?Iaxiruum 

Limb 

Anticline Location Shortening Dip 

PELIEF GREATER THAN 800 FEET (240 ?JE'IERS) 

Burning Spgs. uood/uirt,co. 2x-. 
-r( 

68 degrees 

Briery IY.tn, Preston Co. 6% 45 degrees 

Chestnut Fdg, Clononcjalia Co. 3% 12 degrees 

Uills fltn, Pendleton CO. 20% overturned 

Browns Et.n. Pocahontas Co. 16% overturned 

RELIEF BETWEEN 300 and 800 FEET (90 and 240 YETERS) 

Uolf Susmit Levis Co. (1% S degrees 

Hiram Harrison Co. <1x <l degree 

Source 

Shockey (1954) 

cardea (1959) 

nitchell (1960) 

Perry (1971) 

Kulander and 

Dean (1972) 

Hilner (1968) 

Cardwelf (1973) 

Arches Fork DOddridge CO, <1X <l degree Cardvell (1973) 

Farfield Logan Co, <1x <l degree Carduell (1973) 

RELIEF LESS THAN 300 FEET (90 YETERS) 

Yarn Etn, Fayette Co. Cl% <l degree Perry and 

Wilson (1977) 
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Late-Tectonic Extension Faulting in the Central Appalachians 

Philip S, Berger and Russell L. Wheeler 

Department of Geology and Geography 

Uest Virginia University 

Horgantown, Yest Virginia 26506 

Abstract: Examination of outcrops in parts of the western 

Valley and Ridge and eastern Allegheny Plateau provinces 

of Maryland, Pennsylvania, Virginia and West Virginia 

located 227 bed-extension faults of which 115 bad 

measurable separation at 24 stations. Previous work’ 

shoved the faults formed late during folding when beds 

vere steeply dipping, and not by early normal faulting 

when beds were horizontal. The distribution and amount of 

extension faulting have implications bearing on tectonic 

development and gas potential, First, outcrop-size and 

larger extension faults contribute significantly to 

anticlinal grouth in aore brittle units when external 

rotation steepens fold limbs. Second, stratigraphic 

localization of extension faulting suggests that reported 

thinning of brittle units on steep limbs of anticlines may 

be partly due to late-tectonic extension faulting, rather 

than wholly to splay faults rising from detachment 

surfaces. Third, measured values of bed-parallel extension 

for packets of especially brittle rocks indicate 
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significant amounts of fracture potentially suitable for 

gas reservoirs. 

INTRODUCTION 

The western Valley and Ridge and eastern Alleqheny 

Plateau provinces of Baryland and Yest Virginia arc 

characterized by anticlines with the greatest amounts of 

structural relief uithin their respective provinces. In 

the Valley and Ridge province, the Rills tlountain 

anticline (Fig. 4) has approriaately 4000 a of structural 

relief (Perry, 1975). In the Plateau province, the Browns 

Hountain anticline may have structural relief as great as 

2500 to 3000 II (Kulander and Dean, 1972). The Elkins 

Valley anticline also exposes vertical beds and may have 

structural relief of almost 3000 m (Rodgers, 1970). 

Northvest limbs of these folds are steeply dipping and 

locally overturned. Other eastern Plateau anticlines are 

characterized by more steeply dipping rocks in the 

subsurface than at the surface, at least to the level of 

the Lower Devonian (Rodgers, 1970), and may be asymmetric 

with more steeply dipping southeastern limbs at least to 

the level of the Oriskany (Guinn, 1964). 

The steeply dipping limbs of map-scale anticlines in 

the central Appalachians are due primarily to external 

rotation of stiff beds (mostly sandstones and limestones) 

during folding. The map-scale folding is caused by 
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stepwise westward rise (ramping) of detachment surfaces or 

by splay faulting from nearly horizontal detachment 

surfaces (Rodgers, 1963; Gvinn, 1964), In aost places in 

the central Appalachians, the detachment surface or splay 

fault does not reach the surface. As bed rotation and 

accompanying horizontal shortening and vertical extension 

continued, aoticlinal growth in stratigraphic units above 

the detachment involved flow of shaly sequences out of 

anticlinal limbs and into crests (Wheeler, 1975) and 

bed-parallel extension in steeply dipping to overturned 

beds (Perry, 1971). 

This study is based on outcrop examination of 

bed-parallel extension structures, primarily faults, which 

begin to form when beds rotate sufficiently tovard the 

vertical that the effect of vertical extension exceeds 

that of horizontal shortening. Extension faults can form 

at any bed orientation, depending on the attitude of the 

local maximum principal compressive stress (Norris, 1958, 

196U). However in the central Appalachians, analysis of 

structural style and field investigation both indicate 

that extension faults form when the dip of beds exceeds 45 

degrees (Berger and Wheeler, in review), and mostly as 

reverse faults, serving to thin the beds. Cloos and 

Broedel (1943) and Root and Uilshusen (1977) described 

faults with similar structural style in other parts of the 
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central Appalachians. Perry and de Uitt (1977), Perry 

(19781, and Berjer, Perry and Wheeler (in press) recognize 

these reverse faults as extension *faults, analogous to 

those described from the Canadian Rockies by Norris (1958, 

1964) and Price (1964, 1967). 

Uith the possible exception of some systematic 

joints, these extension faults are the latest recognized 

effects of brittle but fold-related deformation in the 

central Appalachians (Berger, Perry and Wheeler, in 

press). Because they are formed late duriny deformation, 

they are least likely to be filled by vein material or 

closed during later deforeaation. If sufficiently numerous 

and extensive they are an excellent target for gas 

exploration aHsuni.ng the presence of a gas-bearing source 

and reservoir seal. In particular, they may for8 

permeable fractured reservoirs in the middle and Upper 

Devonian elastic sequence. This paper attempts to evaluate 

that hypothesis. 

FIELD NETHODS 

Uore than 100 large exposures of steeply dipping or 

overturned beds were examined in the uestern Valley and 

Ridge and eastern Allegheny Plateau provinces in parts of 

Maryland, Pennsylvania, Virginia and Yest Virginia (Pig. 

4) - Of these exposures, 24 were intersected by at least 

one measurable extension fault. Each fault vas identified 
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either by the senses of asymmetry of associated drag folds 

or by natchiny of beds across the fault. The follouinq 

were measured or calculated for each fault: vertical 

separation, horizontal separation, dip separation, 

bed-parallel ex.tension (separation measured parallel to 

the beds, not defined by Dennis, 1972), and the thickness 

of the packet of beds affected by the fault, For each 

station, the exposure length and thickness of each 

stratiqraphic unit present were measured, In exposures 

with variable dip, only beds dipping more than 45 degrees 

were included, because only there are extension faults 

expected (Berqer and Yheeler, in revieu). 

At a feu places in the exposures, zones of en echelon 

filled feather fractures with siqmoidal habit were 

presumed to mark incipient extension faults. The dip 

separation was calculated as the sum of the zone-parallel 

thicknesses of the fracture fillings and the other 

separation values uere calculated accordingly. Styles of 

terminations of the fault surfaces were noted, as were 

spatial relations to folds and to contraction faults 

(faults that shortened beds: Norris, 1958, 1964). 

STRUCTURAL STYLE 

Perry (1971) recognized 31 extension faults on the 

northvest limb of the wills Mountain anticline in 

Pendleton County, Uest Virginia. Re (unpublished notes, 
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1965-1967) found extension faults in the Silurian 

Tuscarora quartzite, Rose Hill formation, Keefer 

sandstone, Williamsport sandstone and Tonolouay limestone 

and the Devonian Oriskany sandstone. Table 3 details the 

number of extension faults recognized in our study. 

Extension faults oere found in aany of the same units in 

the study area in which de Uitt and Dennison (1972) noted 

minor faulting and Perry (1971) noted minor extension 

faults. Extension faults were found as well in other 

units. 

Outside the study area, Cloos and Broed'el (1943, 

their Plate 1) show 27 extension faults in 180 m of 

outcrop in the Hamilton Group near Harrisburg, 

Pennsylvania. Not all the reverse faults reported by 

Cloos and Broedel (1943) are extension faults. Many are 

fractures with unmeasurable amounts of offset or are 

contraction faults. However, the uumber and distribution 

of faults and other fractures (843 fractures in 12 

stations) led Cloos and Broedel (1943) to conclude that 

reverse faults in steeply dipping beds are widespread and 

characteristic of Appalachian folding (p. 1388), 

Sore extension faults occur singly. Others am 

conjugate pairs with associated synthetic and antithetic 

extension faults. Numerous other fractures vere observed, 

especially in the shaly parts of the Brallier Formation, 
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COUULATIVE 

NO, OF THICKNESS 

NO. OF HEASDRABLZ OP SECTION: 

EXTENSIOU EXT. OUTCROPS YITR FAULTS FE8 II 

STRATIGRAPRIC UNIT FAULTS FAULTS' nas, EXT. FAULTS OF SECTIOR 
MF ------------------i---I-,-------------------------------------------------- 

Mssissippian 

Pocono Formation 9 u 266 B 0.034 

------------------ 

Deironian 

Hampshire Pormatlon 1 0 -- 

Chemung Group 8 6 308 a 

Brallier Formaticn 104 03 1251 a 

ilillboro Formation 1 1 15 la 

Harcellus Formation 4 

--------------------- 

Silurian 

Tonolovap Formaticn 35 

Uills Creek Formation 1 

0 -- 

-- 

0.026 

0.063 

0.01 

-- 

Bloomsburg Formation 

OcKeozie Formaticn 

Rochester Shale 

Keefer Sandstone 

Rose Hill Pormaticn 

Tuscarora Formation 

--------------------- 

7 

27 

14 

2 

4 

7 

24 

1 

2 

17 

14 

1 

2 

4 

200 8 

159 0 

94 m 

148 m 

139 l 

6a 

7a 

82 m 

Ordovician 

Juniata Formaticn 

Total 
. 

3 

227 

2 

115 

0.175 

'O-006 

0.074 

0,182 

0,101 

0.3 

O-6 

O-08 

40 m O-08 
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many with slickenside, slickenline, or apparent dip 

orientations similar to those of nearby extension faults 

but not showing drag folding, or matchable beds. The number 

of extension faults recognized, as vell as the numerous 

undifferentiated fractures, indicates to us that extension 

faults are an important and little recognized component 

of, and ase indeed characteristic of, certain 

stratigraphic units uhere those units are rotated to steep 

dips. Thas field observations indicate that in the 

Devonian elastic sequence, the Brallier Formation may form 

unusually many extension faults when bed dips increase 

into the extensional field. 

Field observations indicate that the extension faults 

may terminate against each other, or against a thick bed 

of siltstone or limestone. In some places the thick bed is 

broken by a fracture zone along the continuation of the 

extension fault, and the fractures may show small amounts 

of slip. An extension fault may die out as a single fault 

or by distributing its slip among several splays in 

shales. At many places the extension faults curve upwards 

or downwards into surfaces of bedding-plane slip (Price, 

1964). 

Extension faults may form and have been recognized 

on limbs of folds ranging in size from typical 

outcrop-scale to map-scale. Therefore they represent a 
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common response to the local maximum principal CO8preSsive 

stress , which tends to be roughly parallel to beds until 

dips reach 45 to 60 degrees, and then tends to be 

perpendicular to the beds (Dieterich and Carter, 1'169). 

Previous workers have shown that most extension faults 

form at high angles to beds, although they can form at 

lover angle (Rorris, 7950; Price, 1967; Ferry, 1971). 

Price (1964) writes that in less steeply dipping beds 

in the Canadian Rockies, extension faults tend to show a 

uniform dip direction and commonly begin and terminate in 

a bedding-plane slip surface. With increased bed rotation, 

he noted that extension faults fore conjugate sets. We 

have not found this tp be generally true in the central 

Appalachians. An extension fault that terminates in a 

bedding-plane slip surface may be part of a conjugate set 

of extension faults. Overturned beds in the central 

Appalachians show both single faults and conjugate sets of 

extension faults. 

Because some extension faults are found to begin or 

terminate in bedding planes, earlier flexural slip folding 

may still have been active at the time of extension 

faulting, Ye propose that extension faulting can occur 

during flexural-slip folding if the contacts within a 

packet of beds become locked, perhaps around small folds, 

SO that the shear strength at a bed contact exceeds the 



UGR File KU48/A7g, v.2 
NW Dept. of Geology G Geography 
Oct. 1979 

tensile strength of the bed or beds, The slip surface may 

then cut across the locked beds, forminq an extension 

fault. Some subsequent external rotation of those 
. 

extension faults by further folding is likely (Price, 

1964), especially where beds are nou oxerturned. 

Other extension structures found include boudinage of 

thin siltstone or limestone beds, abundant lenticular 

extension fractures-oriented roughly perpendicular to 

bedding, and three normal faults of small displacement. 

There is a strong positive association betueen exposed 

fault length and amount of dip separation (for 119 

observations, Spoatman's correlation coefficint (Siegel, 

1956) gives a significance level of .OOOl. 

RESULTS 

Table 4 summarizes the results of our field 

investigations for the 24 stations that showed measurable 

separation. Below, we suggest that useful conclusions of 

regional applicability can be reached by extrapolating our 

data into the subsurface. Inferences about fold growth and 

tectonic thinning of the limbs can be made from 

compilation of the vertical and horizontal separation 

data, respectively. Estimates of gas potential are based 

on the amount of bed parallel extension, 

It must be eaphasized that measurements reported 

here are minimum values. Only definite extension faults 
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Table Y. 

STA*l~N NO. LID NllL I/R T/R F/E LOCATIOR S?RATIGPAPHIC UUITS~SI 

------------------------------------------------------------------------------ ______--__--_-------------- 

1 Pinto. ld 

2 u00llmaht. lid 

3 La Vale. fld 

4 nntter*an's mot, ur 

5 Psrsans, uv 

6 
I 

Uhitc Sulfur Springs, Uv 

7 Judy Gap-a, WV 

B Ryder “4~. VA 

9 Cedar Cliffs, nd 

10 pose 11111. Rd 

11 weter HOllOU. wv 

72 snory nt. Rd.-4. b1 

13 51:ory Rt. Rd.-b, il 

1U Svory nt. Pd.-c. YV 

15 nuntersrilla. Uv 

16 Rte. 39, YI 

17 qinnebaha Springs, Yv 

18 I-64-4, ilV 

19 1-64-b. 9V 

20 North ?ork Gap, IV 

21 volt C44p Pun. P4 

22 qartin It.. ld 

23 Aancock. lid 
I 
i 24 Jody C4p-b, llr 

21.01 

2.91 

Il.01 

00.01 

2.6s 

PO. ox 

<. 1x 

23.0x 

1.01 

0.51 

<. 11 

2.0x 

3.0s 

1.0% 

0.1s 

3.4s 

0.51 

c. 1X 

<. 1% 

0.21 

<.I% 

<. 1’1 

<. 1x 

31.0% 

1.61 30.01 WV list. mills Rt. ant. P3SC !li11/nrys*r 

0.4a 

O-S5 

0. 1u 

3.5% 

0.1% 

0.2x 

3.7x 

0.61 

0.2% 

0.1x 

0. Yl 

2.9% 

1.91 

<. 1% 

<. 11 

0. RI 

0.11 

0.2% 

0.3s 

0.11 

0.31 

0.11 

3. 1s 

3.72 NY limb, Csc4pon qt. ant. 5ahaatango/Oral?icr 
w 

3.0% NY list,. Uills Ilt. ant.. rlahrn+anao/n~rpsYirr 

14. UC NY limb, ullls nt. ant. Bmllier 

3.6% axial region, Deer Park ant. Chcaunq 

14.4x 

----- 

25.0s 

1.31 

0.2% 

(-1% 

2.us 

2.3x 

2.32 

0.6% 

0.61 

0.4s 

<. 1x 

<. II 

<.1x 

<. 1s 

NW limb, BrbYDS n'.. ant. 

NY lid. Uills Et. ant. 

NY limb. Sills It. ant. 

SI lincl. Uills llt. aDi. 

SE limb, Uills nt. ant. 

IIU limb. UillS Ilt. ant- 

NW Ii-t., Wills Ilt. ant. 

NY lf?t, YillS Et. ant. 

NY limb. Vi115 !lt. ant. 

NO lisb, Proms nt. ant. 

axial regioc, browns Rt. 

SE IiYb, bmwns nt. ant. 

SE limt., Brrvns fit. ant. 

axial ;Pgir)r., Browns St. 

NP limb, U$lls IIt. ant.. 

x:y li*b. UillS Ilt. ant. 

Chemunq/Pocono 

TOOOlOW~y 

ErallierKhemung 

Bloomshurq/ncP~rZ1C 

Pose Hill/ncKPnzie 

koch-ster 

r.xhester/Reaf-r 

FochusierIKeefer 

Fxhest?r/Keefer 

~1 oomshurq 

L"-.* ?uscarora 

.laniata/‘uscarnra 

Bralliar 

<. 1s NU liab, Patterson Ck. llt. ant. hEOlOUay 

(-1% SZ limb, tampon nt. ant- 

34.81 NW limb, Uills Rt. ant. 

Bloomsburg 

lralliec 

Z - anticlinal qrorth: T = tectonic thinning; P = amount of txtrnsion: R = structur41 relief 
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were measured. ~11 measurements were taken in 2 to 3 IS 

high strips along the accessible basal segments of 

exposures. The larger the displacement along the fault the 

less the chance of l atchinq beds across the fault. The 

extrapolations into the subsurface could be maximum values 

because they assume the same intensity of faulting 

throughout the vertical extent of the fold limb as that 

measured in our selected exposure. However, because it 

seems unlikely that the present erosion level 

preferentially exposes unusually extended rocks, the true 

values may approach our extrapolated values. Thus the 

results reported here are conservative (minimum) but 

probably roughly accurate values for the amount of fold 

grouth by extension faulting, . 

POLD GROWTH 

The major anticlines of the central Appalachians are 

active structures generated mainly by duplication of 

strata by ramping of underlying detachment faults, by 

splay faulting, and by ductile flov of shale or evaporite 

sequences into anticlinal crests (Gwinn, 1964; Paill, 

1969; Yheeler, 1975). The major synclines are passive 

structures resulting from anticlinal growth in adjacent 

rocks, rather than from active downbuckling (Gvinn, 1964). 

We propose that extension faulting late during foltling 

provides dn important contribution to anticlinal growth. 
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At Station 1, near Pinto. Karyland on the northvest 

linb of the Wills Rountain anticline (Pig. 4, Table 4), 

the amount of growth by bed-parallel extension ray be 9s 

much as 27% of the entire structural relief of the fol#I. 

This value is based on data from a single exposure on the 

limb of the anticline and is extrapolated into the 

subsurface by 

E = V(BPT/ET)(R/2.5) (1) 

where E = the amount of anticline growth by extension, 

in meters, 

V = the sum of the amounts of vertical separation 

of measured extension faults, 

BPT = the SUIU of the thicknesses of the packets 

of beds containing the extension 

faults, 

ET = the present (post-extension) length of 

the exposure measured perpendicular 

to beddiniq, 

R = the structural relief of the anticline, and 

2.5 = the height of accessible exposure 

in meters. 

Estimates of structural relief are: wills Hountain 

anticline - 4000 a (Perry, 1971), Rrouns Hountain 

anticline - 3000 a (Kulander and Dean, 1972), Deer Park 

anticline, 3000 a (Gvinn, 1964), Cacapon nountain 
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anticline - 4000 m (Perry and de Uitt, 1977), and 

Patterson Creek Hountain anticline - 2500 m (Carduell, 

1975). The amount of structur,al relief of the Mills 

Kountain anticline in Maryland and Pennsylvania is equal 

to or greater than the amount measured by Perry (1971) in 

Pendleton County, Uest Virginia, because although the 

anticline appears to lose structural relief northeastward 

into flaryland (Cardwell and others, 1968), that is 

compensated by increasing depths to basement from 

southwest to northeast along the strike of the Wills 
. 

Hountain anticline (Kulander and Dean, 1978), 

Using equation (l), values of E have been determined 

for each station in vhich extension faultinq was 

measurable. Sinilar results have been obtained by Cloos 

and Broedel (1943), using a similar method of 

extrapolation. They estimated that the reverse faults 

contribute 10% to the structural relief of the anticline 

tiley studied. Table 4 lists our percentages of anticline 

growth by extension. The contribution of extension to 

fold growth is significant in many exposures, especially 

considering that extension does not begin until late in 

folding when the limbs are steeply dipping and the fold 

may have already a.ttained considerable relief. The 

widespread stratigraphic and geographic distribution of 

extension faults in steeply dipping beds (Tables 3 and 4, 
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Fig. 4) supports our suggestion that our results have 

regional applicability. 

TECTONIC THINNING 

Tectonic thinning of measured stratigraphic sequences 

has been reported in the study area (Dennison and Yaegele, 

1963; Dennison, Travis and Perguson, 1965; de Uitt and 

Dennison, 1972; de Mitt, 1974) and was used as a guide by 

us in locating exposures that have undergone extension 

faulting, Ye hoped to be able to recognize enough 

extension faults to account for a large proportion of the 

tectonic thinning. The' amount of tectonic thinning (T) is 

determined using equation (2) 

T= H/ET (2) 

where H = the sum of the amounts of horizontal 

separation of measured extension faults. 

At Station 4, near Retternan's Knob, Pendleton County, 

West Virginia (Fig. 4, Table 4), Dennison and Naegele 

(1963) report that approximately 60 n of the Brallier 

formation is absent (about 25% tectonic thinning). Outcrop 

examination at Station U indicates a minimum of .1X 

tectonic thinning by extension faulting. Here Dennison and 

Naegele (1963) urite that tectonic thinning was probably 

accomplished by minor faulting within a fault zone in the 

Brallier Formation. 

To the north along strike, Dennison, Travis and 



UGR File KU4S/479, v.Z 
WVU Dept. of Geology G Geography 
Oct. 1979 

76. 

Ferguson (1966) infer the presence of four major fault 

zones in the Rrallier Formation (Kittlelick, Dauson, 

Cresaptoun (station 31, and Hyndman [station 211 faults) 

largely from geomorphic evidence of a narrow strike 

valley, but also from measured stratigraphic sections. 

Dennison, Travis and Perguson (1966) infer that these 

fault zones are splay faults rising from a deep 

detachment, probably located in the Ordovician Reedsville 

Formation. De Uitt (1974 and written communication, 1978) 

proposes on the basis of seismic data that the Hyndman 

fault is a large splay fault with associated extension 

faults in the fault zone, particularly in the vicinity of 

the village of Hyndman, 

We believe that the tectonic thinning reported by 

Dennison and Naegele at our stations 3 (La Vale) and 4 

(Ketteraan's Knob) was accomplished more by small and 

aediua size late tectonic extension faults than by the 

single splay faults envisioned by Dennison and Naeqele 

(1963) and de Uitt and Dennison (1972) (Fig. 5). Our 

arguments are three. First, all four inferred splay faults 

crop out in and thin the Brallier Formation. This requires 

a fortuitous coincidence of erosion level with the 

intersection of the Rrallier Formation and the fault 

surface and must occur for all four faults, If a fault is 

a splay and thus not confined to the Brallier, then it is 
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Figure 5, Contrasting models of tectonic thinning by 

faulting on the northwest linb of the Wills 

Nountain anticline. No vertical exaggeration. A. 

Splay fault interpretation modified from Dennsion 

and Naegele (1963), Dennison and others (1966) and 

de ilitt and Dennsion (1972). B. Extensiou fault 

interpretation modified from Perry (1971). Dashed 

Lines are decolleaent or splay faults. Short 

soli lines in upper left of section B are 

extension faults. cross-sections are not to the 

same scale. 
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about equally likely to crop out stratigraphically above, 

within, or below that unit. Second, as shown in Table 3, 

the Rrallier Formation shows more extension faults than 

does any other Devonian unit examined. Third, as noted 

above under "Field Eethodsn, the Brallier contains more 

minor faults. many unclassifiable, than doe's any other 

unit examined, iie suggest a simpler explanation that the 

Brallier Formation localizes extension faulting in our 

study area (Pig, S), These small extension faults may not 

descend to the Aetachoent in the Reedsville Formation, but . 

could have considerable slip. Perry (1971) has recognized 

a nap-scale extension-like fault on the Wills Nountain 

anticline (see also de Mitt, 197U). 

We suggest that the Davson thrust of Dennison and 

Naegele (1963) and de Mitt and Dennison (1972) is a large 

extension fault because we observed feu minor extension 

faults in the outcrop belt of the fault zone (station 21 

and in exposures near station 1). 

The thinning in the Ayndoan fault zone is more likely 

to be due to splay faulting than to the associated 

extension faults (de uitt, written communication, 1978) on 

the basis of confidential seismic data available to de 

Mitt, Aouever, the thinning mapped at the surface (de 

Witt, 1974) may not be clearly connected with the splay 

fault observed on the seismic section at depth because 
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poor reflections are usually received in such areas of 

steep dips. 

The Kittlelick fault is thought to be a fault zone by 

Dennison, Travis and Perguson (1966). We agree but 

suggest that the thinning along the Kittlelick fault is 

due to a zone of extension faulting similar to the zone of 

nuaerous extension faults observed along the Cresaptown 

fault and near Ketternan's Knob. Ue also suggest .that 

thinning of stratigraphic units adjacent to the Kittlelick 

and Byndman faults as reported by Dennison and others 

(1966) and de Uitt and Dennison (1972) may also be due in 

part to extension faulting as uell as to branches from 

splay faults.* 

PERCENT EXTENSIDN 

Haxirun possible amount of extension due to faulting 

(P) is estimated by 

P = BPE(BPT/ET) (R/2.5) (3) 

where BPE = the sum of the amounts of bed-parallel 

extension of measured extension faults. 

The value (P) is the amount of extension for a limb of a 

fold based on extrapolation of measured values of 

bed-parallel extension. The greater the (P) value the 

greater the possibility of a fold being suitable for gas 

in fractured reservoirs. This estimate is a maximum 

because the extension is generated as beds are faulted 
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apart in directions parallel to bedding but the resultant 

voids are simultaneously reduced by tectonic thinning. 

As shown in Table 0, the (P) value due to 

bed-parallel extension on the Wills nountain anticline can 

be locally almost 35% of total structural relief. We have 

noted that extension faults are always associated with 

extension fractures. We suggest that qualitative 

estimates of the relative aaounts of fracture porosity and 

permeability in the subsurface can be made by comparison 

of bed-parallel extension values (P). 

Murray (1968) obtained a value of -05 percent 

fracture porosity from a geometric analysis of bed 

curvature in a producing field with very lou primary 

porosity. Ue believe there occur zones or patches of 

concentrated fracture porosity, or permeability, or both, 

depending on the response of a particular stratigraphic 

unit to the local maxima principal compressive stress, 

Where many small reasurable faults extend the beds, rather 

than one or a few larger unaeasurable extension faults, 

then our data will show a higher percent extension. Along 

the Allegheny front in southern Pennsylvania, Maryland and 

northern Yest Virginia (Dennison and Naegele, 1963), these 

faulted zones vary in intensity northeast and southwest 

along strike of the Brallier Formation. It is also 

possible that faulted zones vary vertically throughout the 
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liab in the subsurface. nore detailed stratigraphic work 

is necessary before drilling targets can be selected. 

However, estimates of tectonic thinning by Dennison and 

Naeqele (1962). Dennison and others (1966), and de Uitt 
, ' 

and Dennison (1972), values in our Table 3, and the 

abundant unclassified fractures cbserved in the shaly 

parts of the Brsllier Formation all suggest to us that the 

Brallier aay be the most highly extension-fractured and 

-faulted unit in the subsurface. 

Extension faulting is usually restricted to a 

relatively brittle bed or beds bounded by more ductile 

shaly beds. Thick-bedded brittle units do not show uell 

developed extentiion'faults, nor do ductile black shales 

that ue examined. Results consistent with these statements 

have been obtained in experimental work (Griggs and 

Handin, 1959). Ye suggest that the 0.3 to 0.7 81 thick, 

shale-bounded siltstones near the base of the. Brallier 

Formation would be the most likely candidates for 

production controlled by extension faults. They may be 

the equivalent of the Sycamore sandstone or siltstone 

(Patchen, 1977), a unit recognized only in the subsurface 

of central Yest Virginia and which produces saall amounts 

of gas. 

Any patchy distribution of tectonic thinning say be 

due to the presance or absence of lubrication betueen beds 
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(see Reches and Johnson, 1976). Yhere the bed packets are 

unlubricated, tney may lock and fail by extension, as 

described above. Where they are lubricated, they may 

undergo flexural slip without extension. The type and 

distribution of lubrication is beyond the scope of this 

paper. Alternatively, there exists the possibility that 

the zones of intense extension fracturing and extension 

faulting may be due to the presence of a nearby large 

splay fault, 

GAS POTENTIAL 

Any potential fractured reservoir whose porosity and 

permeability are partly or wholly due to e,xtension 

fracturing would be located in folds of the eastern or 

High Plateau (Guinn, 1964) or Valley and Ridge province 

vhere dips greater than 45 degrees allow extension 

fracture formation (Berger and Wheeler, as. in review). 

If the Brallier Formation is selected as the target gas 

bearing formation, then the Glady, Horton, Blackwater and 

Deer Park anticlines would be the best potential sites in 

the Righ Plateau because the Brallier is not exposed but 

is present at shallow depths and may contain steeply 

dipping beds. In the Valley and Ridge province the 

Broadtop synclinorium also offers steeply dipping Brallier 

Formation in subsurface anticlines (Jacobeen and Ranes, 

1974). If the source of gas in the Brallier is the 
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underlying dark, kerogen-rich shales, then the prime 

drilling targets would be off the crests of the aaticlines 

on the steep, extended limbs. Drilling targets on the 

limbs have not been adequately tested in the past (I?. 

Shumaker, oral conauication, 1978). Here thinned, steeply 

dipping, extended Brallier rocks may overlie dark shales 

thinned by flouage toward cores of detached anticlines 

that grew over imbricated stacks of Oriskany Sandstone and 

older rocks. The presence of gravity lows near the crests 

of anticlines indicates shale flowage (Kulander and Dean, 

1978). 
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Extension in Kink-Bands and on the Limbs of Kink Folds 

Philip S. Berger and Russell L. Wheeler 

Department of Geology and Geography 
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Morgantown, Vest Virginia 26506 

. 

ABSTRACT: Beds in kink-bands can undergo bed-parallel 

extension when the angle between the kink surface and the 

kink-band is less than the angle between the kink surface 

and the enveloping beds. Field investigations in the 

Hiddle and Upper Devonian elastic sequence of the central 

Appalachians indicate that the kink-band undergoes sore 

extension fracturing and jointing and shows more twist 

hackle than the enveloping beds. However, comparison of 

measured values of extension with predicted volume 

increases in kink-bands indicates that only about 10 

percent of the volume change is translated into extension 

fractures. 

The intersection of two inclined kink-bands produces 

a kink fold that is identical in gross form to a chevron 

fold forned by buckling, but can be distinguished by 

associated fold forms, The geometry of second order folds 

(Nickelsen, 1963) of the central Appalachians can best be 

accounted for by a kink fold model (Paill, 1969, 1973). 

Gravity lows indicate thickened low density shale on 
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the northvest limbs of the Blackwater and Glady 

anticlines. We suggest that there exist thinned and 

extended units dovndip from the thickened shale sections- 

Therefore, map-scale kink folds should have the most 

thinning by extension fracturing and faulting lou on the 

steep limb in the subsurface. There, such folds are more 

likely to contain gas in fractured reservoirs. 

INTRODUCTION 

Dennis (1967) defines kink-band as a tabular zone 

along which foliation is deflected. A kink fold is formed 

from the intersection of two kink-bands. A kink fold may 

be in the form of a box fold or may have planar limbs and 

narrow hinges similarly to a chevron fold (Fig- 68). 

Recent vo;k by Pail1 (1969, 1973) has shovn that the 

typical map-scale folds of Pennsylvania have planar limbs 

and narrov hinges that can best be explained by kink-band 

deformation. The geometric and kinematic similarities 

between map- and outcrop-scale kink-bands suggest to Pail1 

that the processes and mechanisms that gave rise to the 

large folds uere identical to those that produced the 

small folds. 

In this paper, we use outcrop-scale folds to provide 

information about relative amounts of bed extension on 

limbs in map-scale folds. Anticlines with large amounts 

of extension may contain suitable exploration targets for 
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gas in fractured reservoirs. 

KINK-BANDS AND KINK FOLDS 

Pail1 (1969, 1973) is able to explain most attributes 

of central Appalachian fold style by using the 

intersection of two kink-bands inclined toward each other 

with opposite senses of rotation and divergent kink axes- 

Hoverer, Johnson (1977) argued from elastic theory that 

folds vith planar limbs and narrou hinges also can arise 

froB another sequence of development (Fig. 6A). Johnson 

proposed that hinges can narrow and limbs straighten 

progressively during folding, thus transforming a 

concentric-like fold itlto a chevron fold. conceivably, , 

tension fractures may form due to initial bending and 

later straightening of the limb (8, Kulander, oral 

coomunicat ion, 1978). These chevron folds can appear 

almost identical in outcrop to kink folds formed by the 

intersection of two inclined kink-bands, The kin&-bands 

tend to form when the beds are lubricated (separated by 

very weak iuterbeds) and when the maximum principal 

compressive stress is at a small angle to beds (Johnson, 

1977). Chevron folds formed from concentric-like folds are 

most likely to occur when the beds are not lubricated, 

when the surrounding medium is softer than the folded beds 

and when the maximum principal compressive stress 

parallels the beds, However, Chapple (1978) notes that 
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--------------------________________o___----------------------- 

Figure 6. Contrasting l oaels of formation of chevron and 

kink folds, Fiorizontal lines at left are selected 
, 

beds. A, Sequence from sinusoidal to 

concentric-like to chevron forms. B. Sequence 

from low, sinusoidal forms to kink forms, with 

local chevron forms (after Johnson, 1977). 

Dashed lines denote kink surfaces. 
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the applicability of Johnson's elastic theory to folding 

is not entirely clear. 

Ue have tried to discriminate in the f-ield between 

chevron folds (Fig. 6~) and ki'dk folds formed from the 

intersection of two kink-bands (Fig. 6B). Johnson (1977) 

suggests that chevron folds may pave vestiges of their 

earlier concentric-like form (Fig. 6A). The combination of 

concentric-like and chevron. ferns causes no room problem 

. in the cores of folds. The folds are similar in style and 

can extend indefinitely parallel to the axial surface. On 

the other hand, Berger hks observed that many kink-bands 

and kink folds die out in either direction parallel to the 

kink surface, If the fold is asymmetric, then it is 

probably a kink fold formed by the intersection of two 

kink-bands of unequal uiath (Faill, 1969). The chevron 

folds of Johnson (1977) are usually symmetrical. Although 

these diagnostic criteria are not infallible, they can 

indicate the affinity of the fold. 

Ramsay (1967, p. 450) concludes that less uorK is 

expended to shorten a layer by the production of 

kink-bands or paired conjugate kinks than by the formation 

of symmetrical chevron folds, Thus it seems logical to 

conclude that kink folds vi11 be more prevalent in nature. 

Planar-limbed folds of uncertain affinity are thus more 

likely to be kink folds. 
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EXTENSION IN RINK-BANDS 

Ramsay (1967, p. 449) uses a geometric model to 

predict the amount of dilation (4) in a kink-band (Pig- 

7). The amount of dilationA = (sin 8, /sina, ) - 1 ( 1) 

where 8, is the angle between the axial surface and the 

enveloping beds, and Pa is the angle between the axial 

surface and the kink-band. If a; > k,, then dt0 and the 

layers thin and extend parallel to bedding. Kulander and 

Dean (in revieu) use this method to predict the amount of 

porosity in kink bands. They estimate that 10 percent 

porosity can occur when the beds separate (?,<&and A>O)- 

They determine that porosity can also occur as the beds 

separate in the hinqes of kink-bands if < =+!, but that 

the amount of such hinge porosity depends on the thickness 

to length ratio of the beds composing the kink band. 

In this study, we are interested in kink folds where 

P<O, so that on3 limb is extended. Generalizing this model 

to central Appalachian folds that have planar limbs and 

narrow hinges, P, is the anqle between the axial surface 

and the shallow limb? q3 is the angle between the axial 

surface and the steeper dipping limb. We have investigated 

several planar-limbed folds to try to observe more 

extension in the kink-band or in the steep limb, Ye 

compare the measured amount of extension with the amount 

of extension predicted by aquation (l), and assume to 
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Pigure 7. Kink-band model of fold development showing 

relationship of P, and ?a to the kink surface 

and thinning and extension of beds in t.he 

kink-band (A) or steep limb of a kink fold (B).. 

6 is original bed thickness, f2 is thinned bed 

thickness. 

.--_ _,-. 
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start that the dilation is completely translated into 

extension fractures. As we shall see, that assumption is 

overly optimistic, but that will not change the validity 

of the following analysis. 

FIELD INVESTIGATIONS m 

Tipton, Pennsylvania (Fig. 8, 9). This fold is a 

northeast-plunging kink-band in the steeply dipping 

Devonian Brallier Formation on the northwest limb of the 

Nittany Arch. The shallow limb is the kink-band- the 

steep limb is the enveloping bedding andd<O. As shown in 

Figure 9, there are more joints, unclassified fractures, 

extensioa f ractutes, and twist hackle (Uulander, Dean and 

Barton, 1977; Kulander, Barton and Dean, in review) in the 

kink-band thao in the enveloping bedding, Berger measured 

1.7 percent extension by fracturing in the kink-band. The 

amount of extension by fracturing is the sum of the 

amounts of separation of all fractures in a measured 

length of a single bed. Equation (1) predicts 19.5 

percent extension in the kink-band. 

Watts, Pennsylvania (Pig- 8). This kink-band in the 

Devonian Trimmers Bock Formation (Paill, written 

communication, 1978) dies upward in the exposure, parallel 

to the kink surface. In this case, the steep limb is the 

kink-band andd<O, Berger measured 3.0 percent extension 

by fracturing in the kink-band. Equation (1) predicts 35.8 
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Figure 8, Location map showing exposures and significant 

tectonic elements. Dashed lines are anticlines, 

arrows denoting plunqe. Dotted line marks boundary 

of the Broadtop synclinoriua, Hachured line is 

a thrust fault. Circles are exposures. 

------------_-------------------------------------------------- 
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Figure 9. OUtCrOp at Tipton, Pennsylvania in the Devonian 

Brallier Formation on the northwest limb of the 

Nittany Arch. Siltstones show note fracturing in 

the kink-band than in the enveloping bedding. 

Schematic sketch from a photograph, looking 

northeast. Outcrop width about 15 a. 

-------------------------------------------------------------- 
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percent extension. 

Northumberland, Pennsylvania (Fig. 8). This large 

kink-band in nearly horizontal beds of the Devonian 

Catskill Formation (Faill, written communication, 1978) 

hasd >O so that we would expect shortening and-separation 

of beds rather than extension. Hovever, the kink-band 

shoved excellent extension fractures (Berqer and Wheeler, 

ms. in revieu) that produced 1.6 percent extension- 

The results of our field investigations indicate that 

extension by fracturing amounting to approximately ten 

percent of the predicted value is likely in kink-bands- 

Berger noted as predicted that beds at Tipton,' 

Pennsylvania are more extended in the kink-band than in 

the enveloping bedding. This is consistent with the Raasay 

(1967) model of beds undergoing extension in the 

kink-band,'if 4t0, Results more consistent with predicted 

values might be found in thinner bedded units than ue 

examined, because thicker units are extended a lesser 

amount, proportionally to their thickness (Ramsay, 1967, pm 451). 

IYAP-SCALE FOLDING 

Anticlines in the central Appalachians can grow by 

crestward flouage of shale and mudstone units (wheeler, 

1975: Perry and de Hitt, 1977; Rulander and Dean, 1978). 

For more brittle units, Berger and Wheeler (in 

preparation) shou that extension faults can thin and 
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extend beds on the steep limbs of asymmetrical anticlines, 

providing a significant contribution to anticlinal growth. 

The presence of gravity lows on the northwest (steeper 

dipping) limbs of the Wills Nountain, Blackvater, Brovas 

flountain and Glady anticlines indicates to us one or both 

of (1) flovage of low density shale from lov on the steep 

limbs to high on those limbs, or (2) thickened or repeated 

shale sections iue to (a) detachment-related, prcl-folding 

thrusting (Rulander and Dean, 1978; stage I of Berger and 

others, in press), or to (b) vertically dipping low 

density shales (8, Kulaader, oral communication, 1978). 

We would expect gravity lovs that are detachment- 

related to extend parallel to the anticlinal axis until 

the detachment surface changes level along a transverse 

step. Thus the relatively long, linear gravity lows on the 

northvest limbs of the Wills Hountain and Brovns Mountain 

anticlines (Kulander and Dean, 1978, plate 2) are probably 

more the result of fault repetition and thickening of the 

Ordovician Hartinsburq Formation and Devonian shales than 

to lobate crestuard flov of ductile rocks (B, Kulaadet, 

oral communication, 1978). In contrast, the circular lows 

on the northwest limbs of the Blackwater and Glady 

aaticlines are more likely due to lobes of uplimb flouaqe 

in the ductile units of the Riddle and upper Devonian 

elastic sequence. On the northwest limb of the Wills 
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Mountain anticline, the discontinuous strike-parallel 

linear gravity lows terminate within a few kilometers 

along strike of the discontinuous strike-parallel linear 

belts of thinned Devonian Brallier Formation rapped by 

Dennison and Naegele (1963). The gravity lows are caused 

by thickening of Ordovician fiartinsburg formation and the 

vertical beds of the Riddle and Upper Devonian elastic 

sequence and the thinned outcrop belt is caused by 

extension and other tectonic thinning of the Devonian 

Brallier formation (Berqer and Uheeler, in preparation; 

Dennisoa and Naegele, 1963). On the Blackuater and Glady 

aaticlines'the inferred thickened shale lobes suggest that 

there exists a thinned Brallier formation lover on the 

limb that is subjected to extension faulting (Berger, 

Perry and Wheeler, in press) in the brittle units and 

flovage ia the ductile units. This thinning uould be 

similar to that observed in outctop in the Devonian 

Brallier Poraatioti (Dennison and Naegle, 1963; Berger and 

Phaeler, in preparation) and could indicate gas 

POtentially iA a fractured reservoir. The source beds 

could be the Devonian black shales (the narcellus and 

Harrell formations) and the flowed, thickened, perhaps 

heavily slickensided shale updip could seal the reservoir. 

Ue suggest further exploration for thinned and fractured 

shales down-dip of the buried, thickened shales that ve 
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infer to lie beneath the observed gravity lows (Fig. 10). 

For steep northvestuard dips,:the suggested exploration 

target would lie roughly under the northwestern boundary 

of a circular gravity low. Additional gravity 

measurements and modeling of the gravity lows mapped by 

Kulander and Dean (1978), guided by construction of 

balanced cross sections (Dahlstrom, 1969b; Perry, 1971). 

should define those targets more exactly. 

The kink fold model of folding also implies that 

thinning by extension caa occur on the northwest (steep) 

limb (ligure 28). Folds thickened near the crest and 

thinned lover oa the limb can still have planar limbs anri 

narrow hinges consistent with a kink-fold model of 

nap-scale folds. 
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Figure 10. Relationship of gravity low to anticline. 

A. 3riginal thickness. B. Siltstone and shale 

thickened by uplimb flou of shale. C. Siltstone 

and shale thinned by upliab flow of shale and 

thinning by extension faulting of siltstones and 

and shales. 
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COtJCLUSfONS OF ENTIRE THESIS 

1) Outcrop-scale and map-scale faults that formed during 

overall horizontal shortening and associated detached 

folding can be placed in a three-stage relative time 

S8(I U BLIC8. 

2) Uedge-shaped contraction faults form early (stage I) 

vhea beds are nearly horizontal, These faults may have 

associated anticlines and may be smaller versions of the 

detachment and ramp systems characteristic of 

allocht hoaous fold belts. In beds later rotated to steep 

dips by folding, contraction faults will show norral fault 

separation at a low angle to bedding. In cratonvard-facing 

folds, contraction faults will shou a dovnlimb sense of 

displacement. 

3) Uplirb thrusts form during folding (stage II) and 

record relative reverse movement toward the anticlinal 

hinge. These faults serve to raise the limbs of anticlines 

to solve space problems, 

4) Extension faults and extension fractures form late in 

folding (stage III) uhen beds rotate so far towards the 

vertical that the effect of vertical extension exceeds 

that of horizontal shortening. Extension faults are 

reverse faults formea at high angles to beds and rotated 
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little or not at all. Unequivocal extension fractures are 

leaticular and form normal to beds, 

5) Extension fracturing will begin uhen bed dips reach 45 

degrees assuming that there is no 8ore than 2.1 (e,) hinge 

line parallel strain. 

6) Extension faults and associated fractures provide a 

significant contribution to:.a) anticlinal growth, b) unit 

thinning, and c) bed extension thus favoring formation of 

fractured gas reservoirs. 

7)The Dausoa, Cresaptoun, and Kittlelick thrusts of 

Dennison and Naegle (1963) are more likely zones of 

extension faulting than single detachment-related splay 

faults. The Ryndmaa fault is more likely a splay fault 

but has associated extension faults. 

8) The Brallier Formation is the Devonian unit most 

intensely deformed by extension faulting and extension 

fracturing. Given a gas source (the underlying narcellus 

and Harrell Formations) and a seal, it may be a shallow 

gas exploration target on the northwest limbs of the 

Glady, Horton, Blackvater and Deer Park anticlines- 

100. 
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9) Limbs of kink folds and beds in kink bands can undergo 

extension parallel to the beds when the angle between the 

kink surface and the Kink-band is less than the angle 

betueen the kink surface and the enveloping beds. 

10) Although kink-bands show evidence of more extension 

than do the enveloping beds, the amount of extension 

measured is less than the amount predicted. Only about 10 

percent of the predicted volume change is translated into 

extension fractures. 

11) Circular gravity lous on the northwest limbs of the 

Blackvater and Glady anticlines can be due to lobate 

thickeninq of shales high on the limbs and thinning low on 

the limbs. Thinning can occur in the Brallier formation 

similarly to that measured on the northwest limb of the 

Uills Hountain anticline by Dennison and Naegele (1963). 

Ue suggest exploration under the northwestern boundaries of 

the mapped gravity lows to intersect the inferred thinned 

shale sections, which may contain gas in fractured 

reservoirs. 

101. 
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SUGGESTIONS FOR FUTURE YORK 

1) In many instances, contraction faults (stage I) 

have associated anticlines, These form over smaller 

versions of the ramps with which major detachment surfaces 

change stratiqraphic level. I havo identified many 

contraction fault localities. These are listed in Appendix 

IV. Study of these faults as well as those from other 

localities can give insights into relative ductilities of 

rocks involved in ramp formation, ratios of length of ranp 

to height of associated anticline, initiations and 

terminations of ramps, terminations of associated 

anticlines, problems of conservation of space, and the 

nature of the most energy efficient structures. 

2) An outcrop study of UpliBb thrust faults (stage 

II) vould probably not be feasible because these faults 

are rarely exposed and are usually so large so as to be 

unidentifiable on outcrop scale. However, I found one 

uplimb thrust that is classic in form, but it may also be 

a shear zone associated with an igneous intrusion. 

Petrographic work in the fault zone to determine if the 

cataclastic material had igneous or sedimentary affinities 

would ansver this question. The zone in question crops out 

in Ryder Gap, Bath County, Virginia (Station 8 of 

manuscript three, Appendix I). 

3) Kink folds are formed by a different process than 



UGR File #C048/A79, v.2 
rV'IQJ Dept. of Geology E Geography 
Oct. 1979 

are chevron folds (see ?lanuscript four). Kink folds are 

products of shearing and chevron folds, of buckling. 

Examination of strain markers such as burrows, fossils or 

oolites or analysis of quartz deformation laaellae and 

calcite twin lamellae can yield information on the oriqin 

df the fold. 

103. 
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APPENDIX I 

Location of field stations: nLate-tectonic 

extension faulting in the central Appalachiansm 

Station 1 - Vest side of the railroad tracks, -1 km 

north of Pinto, Allegany County, Haryland 

(outcrop described in Suartz, 1923). 

Station 2 - North side of the c 6 0 Canal, 10 km 

south of the intersection of U. S, 40 and 

Roodmont Road, Uoodmont, Allegany county, 

naryland. Outcrop is 1 km east of uoodmont 

Road on Deneen Road and is described in 

Perry and de Uitt (1977), p. 33-39. 

Station 3 - North side of U.. SI 40 in La Vale, 

Haryland. Outcrop is east of the La Vale 

Plaza shopping center and is described by 

de Uitt and Dennison (1972) p. 63-68. 

Station 4 - East side of U. S, 33, 4 km north of 

Riverton, Yest Virginia. Outcrop is across 

the road free the stream that drains the 

south side of Ketteraan's Knob and is 

described in Dennison and Naegele (1963), 

P- 37-39, 

Station 5 - North side of golly deadows goad, 5 km 

north of Parsons, Vest Virginia at bench 

mark 1579. 

Station 6 - Along the north side of I-64, 8 km west 
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of Uhite Sulphur Springs, West Virginia. 

First outcrop past vest bound entrance to 

I-64 from U. S. 60 at the bridge over Uolf 

Creek. 

Station 7 - In an abandoned quarry, .l km east of w 
the intersection of 0. S. 33 and W. Va. 

28, Pendleton county, Vest Virginia. 

Station 8 - Along Va. 39, Bath County, Virginia, .l 

km east of the Virginia/Yest Virginia 

border. 

Station 9 - Yest side of the railroad tracks, 3 km 

south of Cumberland, Raryland, .1 km north 

of the Aacelle Corp. plant (outcrop 

described in Swartz, 1923). 

Station lo- west side of the railroad tracks, 3 km 

south of Cumberland, Maryland, .3 km south 

of the Allegany County Fairgrounds, 

Allegany County, naryland (outcrop 

described by Suartz, 1923). 

Station 1 l- North side of Teter Run, 3 km south of 

Circleville, Uest Virginia and .5 km east, 

up the dirt road into Teter Gap, .1 km east 

of the first cattle guard. 

Station 12 - East side of secondary U. Va. 17, 

first exposure east (-8 km) of intersection 
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with secondary U, Va. 19, Pendleton County, 

West Virginia, 

Station 13- East side of secondary R, Va. 19, 

second erposure east (1 km) of intersection 

with secondary W. Va, 19, Pendleton County, 

West Virginia. 

Station 14- East side of secondary W, Va, 19, third 

exposure east (1.1 km) of intersection uith 

secondary W, Va, 19, Pendleton County, West. 

Virginia. 

Station 1% First outcrop on the south side of W. 

Va, 39, 1 km east of Huntersoille, West 

Virginia at the sprinq. 

Station 16- North side of Y. Va. 39, 1.1 km west of 

llinnehaha Springs, West Virginia. Outcrop 

is . 1 km east of the bcidqe over the stream 

flowing through Buzzard Hollow and is 

pictured on the cover of Cardwell (1995). 

Station l9- North side of V. Va. 39, first outcrop 

(-3 km) vest of ninnehaha Springs, West Vi cginia. 

Station 18- along the south side of X-64, 4 km 

southeast of White Sulphur Springs, Uest 

Virginia, Third outcrop east of the bridge 
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over the railroad tracks (outcrop described 

by King, 1973). 

Station 19- Along the south side of I-64, 3.5 km 

east of White Sulphur Springs, West 

Virginia. Fourth outcrop east of the 

bridge over the railroad tracks. 

Station 20- North side of W. Va, 28, 4 km north of 

Hopeville, West Virginia, .2 km east of 

Smoke Hole caverns (North Fork Gap). 

Outcrop figured in Sites (1998). 

Station 21- South side of Wolf Camp Run, .3 km vest 

of the intersection of Wolf Camp Run Road 

and Pa, 96. Outcrop described in de Witt 

and Dennison (1992), p.92-73. Outcrop is -5 

km north of Iladley, Pennsylvania. 

Station 22- North side of U. S. 40, 1 km east of 

the crest of Nartin flountain, Allegheny 

County, Maryland. 

Station 230 On the south side of the exit ramp, at 

the juncture of 0, S. 40 and 0. S. 522, on 

the exit ramp of 0. s, 40 for eastbound 

traffic, Outcrop is 1 km west of Hancock, 

Maryland. 

Station 24- West side of U. S. 33, first outcrop (1 

km) north of the juncture of U. S. 33 and 

we Vii. 28, Pendleton County, West Virginia. 
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APPENDIX II 

Location of field stations: 'Extension in kink-bands and on 

the limbs of kink folds' 

Tipton, Pennsylvania - This outcrop is located on 

the north side of the Pennsylvania 

secondary road that extends from U. S. 220 

northwest through Tipton, Pennsylvania. It 

is the first west of the toun of Tipton. 

Watts, Pennsylvania - This outcrop is located on 

the vest side of U, S, 322, 3 km north of 

Amity Hall, Pennsylvania, ,l km north of 

the entrance ramp from the secondary road 

through watts, Pennsylvania. this is t.he 

first entrance iamp north of Amity Hall. 

Northumberland, Pennsylvania - This outcrop is 

located on the west side of U. S. 11, -1 km 

south of the bridge across the west branch 

of the Susquehanah River into 

lorthusberland, Pennsylvania. The outcrop 

is overgrovn but is identifiable by the 

words mSusan + natto spray painted on the 

outcrop. 
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Appendix III 

A note on the size of extension faults. 

Clap-scale extension faults are large enough that body 

forces (gravity) become significant relative to the 

surface forces that form outcrop-scale extension faults. 

llechanics of faalting may differ between the tuo scales. 

Accordingly, the term extension fault and its companion 

term contraction fault may be limited to outcrop scale 

structures (W. Perry, Jr., oral communication, 1978). 

Although the size at which gravity becomes significant is 

approriaately 50 m (R. Wheeler, ora'l communication, 1978) 

I do not restrict usage in this thesis because I am not 

sure of the significance of this difference in mechanics 

of faulting. 

A note 05 the stratigraphy and sedimentology of the 

Brallier Porration 

Lundegard and others (1978) characterize the 

Brallier Formation as part of an overall thickening- and 

coarsening-upward sequence, containing megasequences from 

3 to 51 II thick. They recognize six facies of the arallier, 

of uhich three constitute 80 percent of the area1 extent 

of the formation and contain lithologies I observed to 

contain extension faults and fractures. These three facies 

are: A) Alternating beds of siltstone, shale or mudstone; 

B) Bundles of siltstoae a5d fine-grained sandstone vith 

minor interbeds of shale or mudstone; C) Olive-gray mudstoae 

or shale. 
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APPENDIX IV 

Contraction Fault Localities 

1) West side of the railroad tracks, .l km north 

of Pinto, Allegany County, Raryland. 

2) Yest side of the railroad tracks,. 3 km south 

of Cumberland, Raryland, -3 km south of the 

Allegany County Pairgrounds, Allegany County, 

Maryland (two contraction faults). 

3) North side of Holly Readovs Road, 5 km north of 

Parsons, West Virginia at bench mark 1579. 

4) East side of secondary W. Va. 17, 1 km east of 

intersection uith secondary U. Va. 19, 

Pendleton County, West Virginia (two contraction faults).. 

5) North side of 1. Va. 39, first outcrop west of 

Rinnehaha Springs, Hest Virginia. 

6) North side of W. Va. 28, 0 km north of Hopeville, 

Vest Virginia, ,S km east of Smoke Hole Cavern:; 

(North Pork Gap). 

7) West side of U. S, 33, I ka north of Riverton, West 

Virginia, Outcrop is across the road from Station 4. 

8) East and vest sides of U, St 322, 3 km north of Amity Hall, 

Ya tts, Pennsylvania, 
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BEDDING ORIENTATION CONTOURS OF MIDDLE DEVONIAN SHALES 

EXPOSED IN THE MIDDLE MOUNTAIN SYNCLINE, 

VALLEY AND RIDGE PROVINCE, WEST VIRGINIA 

Thomas H. Wilson 
West Virginia University 

Department of Geology and Geography 

United States Department of Energy 
Contract number DE-AC21-76HC05194 

(formerly EY-76-C-05-5194) 

July 1979 



Abstract . . . 

Background . . 

Study Area . . 

Introduct ion . . 

Map Construction 

Models . . . . 

UGR File #C048/A79, v.2 
WU Dept. of Geology G Geography 
Oct. 1979 

124. 

INDEX 

. . . . 

. . . . 

. . . . 

. .‘. . 

.s 

. . . . 

. ‘ . . 

. 6  0 

. . * 

. . . 

. . . 

. . . 

. . . 

Bedding Orientation Contours of the Middle Mountain 

Strike Line Map . . . . . . . . . . . . 

Standard Deviation Contours . . . . . . . . 

Sync 1 

. . 

. . 

Contours of Random Numbers and Representat~ive Sampling . 

Deformation Domains and Fractured Gas Reservoirs . . . 

Recommendations for Future Exploration Efforts . . : 

Conclusions . . . 0 . . o . . . . * . . . 

Acknowledgements . . . . . . . . . . . . . 

References . . . . s . . . . . . . . . . 

‘ne 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

Page 

127 

129 

129 

133 

134 

137 

141 

146 

148 

151 

157 

161 

162 

163 

164 



UGR File #CU48/A79, v.2 
WVU Dept. of Geology & Geography 
.Oct. 1979 125. 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

* Figure 6 

* Fi,gure 7 

* Figure. 8 

* Figure 9 

LIST OF FIGURES 

The locations of the Parsons (P) and Petersburg (P’bg) struc- 
tural lineaments are shown on the West Virginia geologic map. Page 130 

Alignments of noses, bends, and saddles defining the Parsons 
and Petersburg structural lineaments. The study area along the 
Midd.le Mountain syncline is enclosed in the hachured rectangle. 
Abbreviations: EMA - Elkhorn Mountain antic1 ine, HHS - Middle 
Mountain sync1 ine, CMA - Cave Mountain anticline, WMA - Wills 
Mountain anticline, SRS - Stoney River iyncline, JS - Job 
sync1 ine, BA - Blackwater anticline, NPS - North Potomac 
sync1 ine, EVA - Elkins Valley anticline, HS - Hannahsville 
sync1 ine, EA - Etam ant icl ine. Page 131 

Geology and structure of the Middle Mountain syncline in the 
Valley and Ridge Province in Pendleton County, West Virginia, 
taken from Tilton and others, 1927. Page 132 

Sample distribution of strike illustrates the method for deter- 
mining the mean of a directional distribution by minimizing the 
standard deviation. Page 136 

Theoretical bedding orientation contours for a doubly,plunging 
symmetrical fold. A) Strike, B) Dip. Cl = 10 degrees. Page 138 

A) Average strike from samples taken in 0.38 mile square divisions 
of the map area overlies standard deviations of sample strike 
.from each division, B) average dip overlies standard deviation 
of dip. Cl - 10 degrees. Page 142 

A) Absolute value of (Strike - 35. degrees) over1 ies standard 
deviation of strike, B) absolute value of dip over1 ies standard 
devlation of.dip. Cl 3: 10 degrees. Page 143 

Strike line map overlies A) standard deviation of strike, 
B) standard deviation of dip. Page 147 

A) Strike values of 82 control points’are drawn randomly from a 
population with mean - 35 degrees (the regional structural trend) 
and standard deviation - 30 degrees, B) absolute value of 
(random strike - 35 degrees). Cl - 10 degrees. Page 152 

* Figure 10 Stations within each cell division of the map area were assigned 
values drawn randomly from a population having a mean of 0 
degrees and standard deviatlon of 30 degrees. A) Average value 
of the samples within each cell division, B) their standard 
devlation. Cl - 10 degrees. Page 154 
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* Figure 11 Strike and dip values.were drawn randomly from normal-l.y distri- 
buted populations having cell sample statistics for parameters. 
A) Absolute value of (random strike - 35 degrees) overlles their 
standard deviations, B) absolute value of dip overlies their 
standard deviations. Cl = 10 degrees. Page 156 

* An acetate overlay is included in the back of the report showing station 
location and the grid control points. The overlay is registered by match- 
ing the north arrows and PSL boundaries, Page 167 
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ABSTRACT 

Bedding orientation contours have been used to estimate the 

effect of the Parsons structural lineament on exposed Middle Devonian 

shales in the Middle Mountain sync1 ine of the Valley and Ridge province, 

Pendleton County, West Virginia. Models are developed which permit the 

interpretation of bedding orientation contours in terms of fold geometry 

and faulting. Patterns in the contours of bedding strike and dip have 

been related to: 1) the regional structure of the syncline, and 

2) internal faulting and folding related to structure in the underlying 

Devonian Oriskany Sandstone (Wilson, 1979). The analysis shows that 

the strike line map and contours.of standard deviations in bedding dip 

are most useful as a tool to locate structure. 

Deformation domains defined as areas of high standard devia- 

t ion in bedding dip have been used to locate and define the extent of 

faulting. Deformat ion domains are found to be larger and more numerous 

within the Parsons structural lineament where it intersects the exposed 

Mlddle Devonian shales of the syncline. These deformation domains con- 

tain more intensely jointed shale, and are directly related to faults 

and folds in the underlying Devonian Oriskany Sandstone. Deformat ion 

domains therefore represent a small scale analogue to Shumaker’s (1978) 

fracture facies. Thus informat ion on the Oriskany structure can be 

used to predict the location of intensely fractured reservoirs. Struc- 

tural shortening in the Parsons structural lineament is taken up by 

more numerous faults and low amplitude folds, and thus more numerous 
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fractured reservo i rs . Future exploration for fractured gas reservoirs 

can then be optimized by concentrating subsurface studies along cross- 

strike structural discontinuities (such as the Parsons structural 

1 i neament) , and determining their westward extent into the Plateau. 
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BACKGROUND 

The present paper is part of a study des igned to characterize 

the structural effects of a cross-strike structura 1 discontinuit y (the 

Parsons structural 1 ineament) on the exposed Midd 

a Valley and Ridge structure, the Middle Mountain 

e Devonian shales of 

sync1 ine. The diffi- 

culty faced in mapping t.hese poorly exposed shales has been lessened 

through use of the techniques presented herein. It is hoped that some 

will be of use in the current exploration of the results of this study 

efforts to locate gas produc ing Devonian shales in the Appa 1 achian Basin. 

STUDY AREA 

The regional locations of the Parsons and Petersburg structural * 

lineaments are shown in Figures 1 and 2. The maps presented in this 

study are constructed from data collected in the Middle Mountain syncline 

of the Valley and Ridge province in Pendleton County, West Virginia 

(Figures 2 and 3). The Middle Mountain syncline exposes Middle and 

Upper Devonian formations (Figure 3). The geologic map (Figure 3) is 

modified from Tilton and others (1927). The area is of particular 

interest in that the less competent organic-rich Middle Devonian shales 

exposed in this syncline are intersected by the Parsons structural 

1 ineament (Figures 2 and 3). Only the northern boundary of the Parsons 

structural lineament is shown in Figure 3. 
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figure 1 The locations of the 
Parsons (P) and Petersburg (P’bg) 
structural lineaments are shown on 
the West Virginia geologic map. 
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Figure 3 Geology and structure of the Middle Mountain synciine in the 
Valley and Ridge Province in Pendleton County, West Virginia. 

(taken f'rom Tilton and others, 1927) 
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lNTRODUCTlON 

The present work is stimulated by recent detailed mapping of 

structures in the Allegheny Plateau (Henderson, 1973; Mu1 lennex, 1975; 

Trumbo, 1976; LaCaze, 1978) and Valley and Ridge Provinces (McColloch, 

1976; Sites, 1978). These studies made use of bedding orientation con- 

tours in the structural analysis of the Parsons and Petersburg cross 

strike structural discontinuities (Figures 1 and 2) (Wheeler and 

others, 1979). Alignments of disruptions in bedding orientation con- 

tours often form zones colinear to these discontinuities. The widths of 

these zones are often cited as defining the widths of structural dis- 

continuities (Wheeler and others, 1974; Sites and others, 1976; Wheeler 

and others, 1979). 

During the present mapping and structural analysis of the 

Middle Mountain sync1 ine (Valley and Ridge Province in the Central 

Appalachians of West Virginia) methods were developed which permit the 

interpretation of bedding orientation contours in terms of fold geome- 

try and internal structure. The present study is similarly concerned 

with structural relationships between the Middle Mountain syncline and 

a structural discontinuity referred to locally as the Parsons struc- 

tural 1 ineament (PSL) (Figures 1, 2 and 3). The physical significance 

of zones of disruption in bedding orientation contours and their rela- 

tionship to the PSL will be examined in detail. 
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MAP CONSTRUCTION 

The bedding orientation contours are constructed from detailed 

measurements of bedding strike and dip. The map area is divided into a 

regularly spaced square grid. The contoured values of strike or dip are 

the mean of several measurements contained in each square grid division 

of the map area. The center of each square re’presents a control point. 

The control points and individual measurements are shown as large and 

small dots respectively on the enclosed acetate overlay. 

Samp 1 i ng 

The effects of averaging and resolution should be considered 

in the interpretation of the actual data. Station spacing within the 

study area is determined by accessibility, the aims of the study, and 

the limitation of available time. The spacing of control points is 

ideally based on the structural variability of the area: a high rate 

of structural change requires a greater density of control points 

(El 1 iott, 1967). However, such an approach is infeasible in a study 

where contour maps are constructed specifically for the purpose of 

detecting unknown structure. A regular grid spacing then makes opti- 

mum use of the data. The choice of the grid spacing is determined by 

the sample density. A 0.38 mile grid spacing was chosen for use in 

constructing the contour maps from the Middle Mountain syncline. 

Sample Distributions 

Strike and dip values are members of direct ional distribu- 

tions. Directional distributions have an angular per iod which repeats 
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any given attitude at cyclic intervals of 180 degrees (Elliott, 1965). 

Statistical treatment is thus complicated because there can be no 

unique origin or baseline to the distribution and the linear models of 

distribution such as the Gausslan (normal) are lnvalld (Elliott, 1965; 

Jizba, 1953; Chayes, 1954; Mardia, 1970). Normal statistics, however, 

can be applied to sample distributions of directional data having 

standard deviations less than’ 60 degrees (Chayes, 1954). 

Sample distributions from each cell in the Middle Mountain 

area have standard deviations that are in all cases less than 60 degrees. 

The mean for the sample distribution in each cell was chosen as the mean 

value about which the standard deviation of the sample values was a 

minimum. This procedure is illustrated in Figure 4. In the example, 

north is chosen as the origin for the values of strike with east equal 

to 90 degrees and west equal to -90 degrees. It is customary to read 

values from the compass as so many degrees east or west of north. This 

confines the distributions to the northwest and northeast quadrants of 

the diagram. However , since the data is cyclical, the value 11 is the 

same as -179, 41 the same as -139, and so on. The mean of the distri- 

bution will be different depending on which value is chosen to repre- 

sent the measurement. The distribution which minimizes the standard 

deviation is easily determined by inspection: the minimum standard 

deviation occurs for the most clustered grouping of values. The mean 

of the distribution in Figure 4A Is 25 degrees, and its standard devia- 

t ion is 57 degrees. The value A = -83 degrees in figure 4A is clearly 
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APPENDIX A 

STATION LOCATION OF UTM COORDINATES 
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APPENDIX B 

? 

TUCKER COUNTY DATA 
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KEY TO ABBREVIATIONS 

STA = stat ion number 

STRI = joint strike 

DIP = joint dip . 

LNG = joint length 

DPT = joint depth 

SPA = joint spacing 

BED = bed thickness 

EXP = type of exposure: R = roadcut, S = stream pavement, 

SC = streamcut 

SET = indicates into which of the three main joint sets the 
joint falls: NW 3: northwest, NE = northeast, 

EW = east-west. 

LOC = location with respect to the Parsons lineament: 
IN = within, NT = north, SO = south. . 
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INTRODUCTION 

Hydrocarbon production from fractured reservoirs, increased water- 

we1 1 yields, coal mine roof falls, and some construction problems often 

have been cited as having been caused by an increase in fracture inten- 

sity. A relatively fast and easy method to measure ‘fracture intensity 

and locating areas of intense fracturing would be generally useful, and 

in particular, in potential drilling areas where little or no subsurface 

data is available. As part of the Eastern Gas Shales Project, funded by 

the U. S. Department of Energy, such a method was developed (Wheeler and 

Dixon, in preparation). This paper reports the summary of methods used-, 

a test of operator variability, and a “handbook” of suggested procedures. 

. METHODS 

Joint intensity measurements of systematic joints have been taken in 

varying lithologies and bed thicknesses with varying amounts of deforma- 

tion. Some methods remain constant throughout all studies, others vary 

somewhat according to exposure, amount of deformat ion, bed thickness, and 

1 ithology. 

In the initial study, completed in Tucker County (Dixon, 1979a; 

1979b), it was determined that joint strike, dip and spacing are the only 

necessary measurements. Spacing is the perpendicular distance to the 

adjacent joint in the same set (Stubbs and Wheeler, 1975; Wheeler and 

Stubbs, in press). 

A measurement of joint intensity or joint surface area per unit 

vol ume of rock is made us ing inverses of average spacings , sumned over 
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all sets in an exposure (Vialon and others, 1976; Dixon, 1979a; 197gb; 

Wheeler, 1979; Wheeler and Dixon, in preparation). If for example, three 

joint sets were exposed in an outcrop, then the following formula would 

be used to obtain an intensity (I) measure: 

1 1 1 
I =-+-I- >-. . 

5 
s2: T3 

Regardless of the number of joints measured or the number of sets 

exposure, only one intensity measurement is calculated. 

A quest.ion of reproducibi 1 ity of data from operator va-riance 

in an 

is impor- 

tant in measuring joint intensity. To test this, four operators, with 

experience in measuring joint orientation but with extensive to no exper- 

ience in measuring joint intensity, measured strike, dip, and spacing at 

three stations. No instructions or assistance were given. The operators 

worked independently, often taking measurements at different places on the 

outcrop and at different times. The outcrops varied in size, type, and 

complexity. Although the number of joints measured varied greatly among 

operators (Table 1) , the intensities did not differ significantly (signi- 

ficance level of 0.05) as calculated by the Least-Squares Means and the 

Kruskal-Wallis tests (Davis, 1973; Gibbons, 1976). Thus, intensity mea- 

surements obtained in this or other studies can be considered generally 

valid and reproducible. One should note that even though variations might 

occur among operators, real and valid differences in intensities can well 

be detected by a single operator as long as he is consistent in his own 

methods. Operator consistency is an important factor. 
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Operator Station 33 

I n 

Station 87 

I n 

Station 35 

I il 

1 0.24 12 0.21 12 0.09 18 

2 0.08 32 0.19 31 0.20! 40 

3 0.22 25 0.04 17 0.19 42 

4 0.10 11 0.15 16 0.14 16 

221. 

Table 1 Intensities (I) and number of observations (n) 
measured at data stations in Tucker County. 
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HANDBOOK TO MEASURING JOINT INTENSITY 

Th i s “handbook” is meant to assist people who are about to engage in 

a joint intensity study, perhaps for the first time. Certain procedure,s 

need to be strictly adhered to, regardl-ess of the study; others will vary. 

Within a study, consistency is most important. 

Ideally, the area to be studied should be previewed. Some rocks lend 

themselves to this type of study better than others. A preliminary inves- 

tigation of rock type, number of exposures, and a few sample measurements 

could save time, trouble, and retracing of steps. 

Joint strike, dip, and spacing are the only necessary measurements, 

. 

however, bed thickness is a useful measurement. If the joints are very 

regular and consistent, only one strike and dip measurement may be necessary; 

two or three measurements may be useful where joints are less consistent. 

Spacing is the perpendicular distance to the next adjacent joint in 

the same set. In an exposure, one should measure spacing consistently in 

one direction so as not to repeat a spacing measurement. If part of the 

exposure has been washed out, covered by vegetation, covered by talus, or 

in any way covered, spacing should not be measured across the area; a 

joint may be covered and the spacing measurement would be erroneous. Wher- 

ever possible, at least three spacings per set should be measured. The 

number of joint spacings one should measure at each exposure will vary 

according to the number of joint sets and the regularity or irregularity 

of the spacing. If joint spacing in a set is fairly consistent across the 

exposure, only three to five measurements are necessary; if spacing is 
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variable, IO-20 measurements may be necessary. The key to measur ing spat i ngs 

is to choose a representative sample. The except ion to the rule is massive 

sandstone where joint spat ing may be many meters. If the outcrop is large, 

and yet has only one or two joints or one or two spacings, then the inten- 

sity value may be considered equal to or less than the calculated value. 

For example, if an outcrop is 25 meters long and two joints at a high angle 

to the face of the outcrop are found at one end ten meters apart and the 

next joint spacing is greater than 15 meters, then no other joint from that 

set will be found in the remaining 15 meters of 

spacing of that set can be considered equal to 

is important to note when an outcrop has no jo 

” outcrop is of fair size. 

the outcrop. The average 

or less than 10 meters. It 

nts, particularly if the 

Field equipment is often a personal choice. However, two measuring 

instruments are found to be useful: a six-foot folding, metric/English 

carpenter’s ruler and a 30m fiberglass tape. The carpenter’s ruler is good 

when spacings are less than a few meters. It is invaluable when measuring 

high angle cuts where joints are a few feet above your reach. The ruler 

can be unfolded into an upside down “L” shape, using the long end for 

extension and the short end for measuring spacings. The 3Om fiberglass 

tape, used when spacings are large, is flexible and will not rust when 

used in streams or wet areas. 

One should beware of blasting fractures, weathering cracks, or other 

breaks which are not joints. As a general rule, when in doubt, don’t. 

If you are unsure whether or not a fracture is a systematic joint, do not 

measure it for spacing. When you have completed the study, any differences 

in joint intensities will be detected from spacings you are sure are real. 
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Processing of the data will vary from study to study. In areas where 

a great number of intensity measurements were taken, a simple contour map 

may best illustrate areas of high or low intensities. When traverses are 

taken across an area, a line graph may well illustrate intensity variances. 

Using mean spacings of individual sets can be used to assist in analyzing 
I 

causes of joint intensity. However, it is only the joint intensity mea- 

surement that estimates the total surface area of fractured rock per unit 

volume. An individual set may show close spacings in an area (i.e., 

increased intens i ty) ; but when added to all joints- in the exposure, no 

increase may exist. 
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OPERATOR VARIANCE DATA 

STRI m--w 

N74U 
N83U 
NR7P 
N53Y 
NlBE 
N25E 
N83U 
N82W 
N86U 
Er86E 
NlOE 
N14E 
N75W 
N77U 
N73U 
N23E 
N83E 
N80E 
Pl5E 
N45U 
N85E 
N87U 
N82W 
NROE 
N18E 
N53W 
W58Y 
rJ 64Y 
N60Y 
N61W 
N57U 
H71U 
N26E 
N25E 
N72E 
N62U 
N63W 
N 58U 
N60E 
N62E 
N89U 
ti28E 
~32E 
h86W 
N87U 
N84w 
NR6W 

SB ST. STA 

06 EY 33 
08 EW 33 
13 EY 33 
07 NW ‘-i33 . 
03 NE ,'33 
10 NE 33 
22 EU 33 
26 EU 33 
11 EW 33 
28 EU 33 
28 NN 33 
29 NN 33 
31 7W 87 
32 7U 87 
12 7w 87 
27 NE 87 
31 EW 87 
20 EW 87 
21 AN 87 

NU 07 
45 EW 87 
15 EU 87 
13 EU 87 
05 EW 87 
55 NN 87 

NU 87 
32 NV 35 
13 6u 35 
07 6W 35 
06 6U 35 
08 6W 35 
10 6Y 35 
04 NE 35 
03 NE 35 
19 NE 35 
12 6U 35 
09 6U 35 
39 6U 35 
23 6E 35 
28 6E 35 
16 EU 35 
45 NE 35 
99 NE 35 
29 EU 33 
24 EU 33 
35 EU 33 
34 EW 33 
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N42E 
N19E 
N21E 
N42E 
N19E 
N21E 
N42E 
N19E 
N21E 
N42E 
N19E 
N83E 
N85E 
N79W 
N83E 
N85E 
N79Y 
N83E 
N85E 
N79W 
N83E 
FjR5E 
N79U 
N83E 
N85E 
N79U 
N83E 
N85E 
N79U 
N83E 

SP -- ST STA -a- 

55 EU 33 
66 EW 33 
68 EY 33 
12 EU 33 
34 EY 33 
40 EU 33 
19 NE 33 
02 NE 33 
19 NE 33 
23 NE 33 
08 NE 33 
16 NE 33 
23 NE 33 
10 NE 33 
16 NE 33 
17 NE 33 
22 NE 33 
32 NE 33 
30 NE 33 
03 NE 33 
27 NE 33 
34 NE 33 
17 NE 33 
C8 NE 33 . 
13 NE 33 
21 NE 33 
23 NE 33 
39 NE 33 
30 EY 87 
32 EB 87 
37 EU 87 
1U EU 87 
11 EU 87 
18 EU 87 
25 EU 87 
46 EU 87 
13 EW 87 
62 EU 87 
18 EU 87 
06 EY 87 
15 EY 87 
16 EU 87 
03 EU 87 
17 Ew 87 
10 EU 87 
12 EU 87 
09 EU 87 
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TON N83E 
TON N85E 
TOH N40U 
TOM N20E 
TON N26E 
TO!! N24E 
TOR N20E 
TOA N26E 
TOFI N44E 
TO?! N25E 
Toll N29E 
TO?l N25E 
TON N61U 
TOH N51U 
TOH N5lW 
TO?! N53W 
TOM N53U 
TOM N51W 
TO# N53U 
TOIl N51U 
Ton N53U 
Toil N51U 
TON N53W 
TO!! N51U 
TOM N73E 
TOH N73E 
TOP! N52U 
TOM N53U 
Ton N51Y 
TON N02E 
Ton NO2E 
Ton N5lW 
TOM N53W 
Ton N51U 
TOH N53U 
TOH N51Y 
TOM N25E 
Ton N29E 
TOH N25E 
Toll N29E 
RUS N97U 
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06 ER 87 
30 EU 87 
10 EY' ,187 
10 EU 87 
16 EU 87 
07 EU 87 
17 EU 87 

NV 87 
15 NE 87 
28 NE 87 
13 NE 87 
08 NE 87 
06 NE 87 
42 NE 35 
35 NE 35 
07 NE 35 
46 NE 35 
13 NGI 35 
23 NW 35 
34 NW 35 
35 NY 35 
11 NV 35 
32 NU 35 
28 NV 35 
15 NV 35 
08 NV 35 
39 NW 35 
79 NW 35 
39 NW 35 
27 7E 35 
23 7E 35 
14 NW 35 
15 NU 35 
26 NW 35 
12 NN 35 
11 AN 35 
32 NW 35 
08 NW 35 
07 NV 35 
17 NW 35 
24 NW 35 
99 NE 35 
37 NE 35 
35 NE 35 
14 NE 35 
19 EY 33 

RUS N84W 12 EW 33 



3PR B-B 

RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
Ras 
BUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
BUS 
BUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
BUS 
RUS 
RUS 
RUS 

STU 

N82U 
N84W 
N87U 
N84U 
N83U 
N39U 
N46U 
N47U 
N47U 
N39U 
N46W 
N47Si 
N47U 
N39W 
N67W 
N63U 
N67W 
N21E 
N14E 
N14E 
N17E 
N21E 
Nl4E 
N14E 
N21E 
N14E 
N87~ 
N85E 
N89E 
N85E 
N87E 
N85E 
N89E 
N85E 
N87E 
N85E 
N70U 
N72ii 
N71U 
N72w 
N70U 
N72W 
N71W 
N58U 
N57Y 
NS7W 
N62W 
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Sl ST STA Be -we 

10 EW 33 
18 EY 33 
31 EW 33 
07 EU 33 
12 EU 33 
16 NV 33 
18 NW 33 
24 NV 33 
27 NY 33 
13 NU 33 
18 NW 33 
70 NY 33 
36 NW 33 
29 NV 33 
17 6W 33 
04 6W 33 
C8 60 33 
43 NE 33 
26 NE 33 
29 NE 33 
53 NE 33 
34 NE 33 
33 NE 33 
23 NE 33 
59 NE 33 
71 NE 33 
70 EU 87 
05 EU 87 
99 EU 87 
38 EW 87 
06 EU 87 
07 EW 87 
03 EY 87 
72 EU 87 
70 EU 87 
28 EU 87 
30 7W 87 
99 7U 87 
32 7U 87 
48 751 87 
43 7W 87 
48 7u 87 
47 7W 87 
12 NW 35 
11 NW 35 
13 NW 35 
09 NU 35 

229. 



OPR -w- 

RUS 
RUS 
RUS 
XUS 
RUS 
ROS 
RUS 
RUS 
RUS 
BUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
RUS 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 

STRI -e-w 

N58U 
N57U 
N62U 
N74U 
N70U 
N70U 
N74U 
N70U 
N70U 
N70W 
N74U 
N70W 
N70U 
N70U 
N70U 
N70U 
N7OW 
N70U 
N70U 
N70U 
NfOU 
N57U 
N55U 
N57U 
N55U 
N57U 
N27E 
N17E 
N2'7E 
N17E 
N27E 
N80W 
N83U 
N80W 
N80U 
N83W 
N83U 
N8OW 
N83U 
NBOU 
N83U 
NSOU 
N45U 
NURU 
N50U 
N87u 
N87U 
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HP 22 SIli 

24 NY 35 
36 NW 35 
38 NY,, 35 
22 7y. 35 
12 7U’ 35 
05 7w 35 
08 7W 35 
21 7u 35 
16 7W 35 
11 7w 35 
02 7u 35 
05 7w 35 
24 7U 35 
13 7w 35 
13 7u 35 
39 7w 35 
32 7u 35 
12 7w 35 
16 7U 35 
28 7u 35 
30 7w 35 
06 NU 35 
09 NW 35 
09 NW 35 
08 NU 35 
19 NY 35 
28 NE 35 
25 NE 35 
32 NE 35 
45 NE 35 
03 NE 35 
25 EW 33 
20 EW 33 
14 EU 33 
11 EU 33 
12 EW 33 
08 EU 33 
18 EU 33 
24 EU 33 
24 EU 33 
32 EW 33 
16 NW 33 
20 NW 33 
19 NW 33 
12 NW 33 
18 EW 87 
08 EU 87 

1 



OeR -we 

JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 

. JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
JAN 
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sTEr 

Nt37W 
N87U 
N87W 
N87U 
N87U 
N87U 
N87W 
N51U 
NSlU 
NR4E 
N84E 
N73U 
ti73w 
N24E 
N24E 
N24E 
N02E 
N02E 
N02E 
N55W 
N55W 
N55U 
N54W 
N85U 
N85U 
N85U 
N85W 
N85U 

sI1 ST STA --a 

12 EU 87 
24 EW 87 
38 EW 87 
09 EU 87 
17 EW 87 
17 EW 87 
34 EU 87 
G7 NW 87 
26 NW 87 
11 EW 87 
11 EU 87 
32 7U 87 
31 7W 87 
90 NE 35 
59 NE 35 
28 NE 35 
21 UN 35 
31 UN 35 
11 .NN 35 
47 NW 35 
09 NW 35 
25 NU 35 
35 NW 35 
36 EU 35 
29 EU 35 
12 EU 35 
16 EU 35 
37 EU 35 

231. 



UGR File #C048/A79, v.2 
NVU Dept. of Geology E Geography 
*Oct. 1979 

232. 

STATION LOCATIONS IN TUCKER COUNTY 
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Appendix A - Station Locations in Tucker County 

Appendix B - Tucker County Data 

Appendix C - Station Locations at the Allegheny Front 

Appendix D - Allegheny Front Data 

Appendix E - Station Locations of the Westward Extensions 
Parsons and Peters burg Li neaments 

Appendix F - Westward Extensions Data 

Appendix G - Operator Variance Data 

Appendix H - Coal Cleat Intensity Data 
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APPENDIX A . 
t. I 

STATION LOCATIONS IN TUCKER COUNTY 
(in UTM Grid Coordinates) 

Key to Abbreviations: 

STA - station number 



. 

STA T.ArITUDE w-w --w-s B-s 

001 432A.200 
002 U329.710 
003 4330.340 
oou 4330.800 
005 4329.340 
006 4325.400 
007 4325.200 
OOH U325.H70 
009 4327.030 
010 4326.430 
011 4326.920 
012 0323,350 
013 4323,170 
014 4322.600 
015 4329,560 
016 4330.600 
017 4328.020 
018 4325,610 
019 4324,870 
020 U323.480 
021 4319.750 
022 4319,9PO 
0 2.3 4320.060 
024 4322,170 
025 4322.020 
026 4327.130 
027 4327.270 
028 U327,SOO 
029 4327.920 
030 4327,800 
031 4333.670 
032 U333.4RO 
033 4332.4RC 
035 U337.160 
036 4326.64@ 
037 4325.270 
038 4325,210 
OUI) 4324.700 
041 U324.800 
042 4324.880 
ou3 4325.060 
044 U325.120 
045 4325.180 
046 4325.250 
047 4374,540 
1?49 4334.000 
049 U333*9AO 
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LONGTTlJDE -,---;--- 

615.120 
613.710 
414.080 
610.53cl 
612.220 
613.100 
612,500 
611.720 
611.250 
611.070 
610.600 
fi11.1no 
610,ROO 
hlO.lAO 
611,700 
606.530 
603,700 
602.990 
602,920 
602.570 
hO2.5RO 
611.050 
611.070 
609.520 
608.870 
610.470 
615.340 
609.300 
609.60f-J 
607.570 
611.010 
611.250 
611.380 
609,720 
61r).97fl 
F;12.380 
612.11'10 
612.70!! 
612.590 
613.090 
613.330 
613.300 
613,750 
613 '('0 . - 
hlh.~UO 
Filri.hBO 
616.960 

STA LATITUDE m-w -------- 

OS0 4333.900 
051 4333.790 
052 033u.9uo 
054 4333.600 
OS5 4338,430 
OS6 U330.780 
057 Q33fI.280 
OSR .4339.400 
059 43uo.170 
060 43ri1.340 
061 4341,940 
062 4339.500 
063 4339.920 
064 4340.420 
065 Y343.180 
066 4342.680 
067 4341.220 
065 4341.650 
069 4337,770 
070 4337.480 
071 u335.990 
072 4337,620 
073 4339.300 
074 (1736.200 
075 4336.270 
076 4336,540 
077 4337.210 
07R 4333,230 
079 4333.020 
080 U332.420 
082 4326.500 
083 4332,900 
084 4334.700 
085 4335.520 
rlR6 4335.390 
087 433U.810 
ORR 4333,730 
089 u330.370 
090 4329,880 
091 4330.320 
092 4329.730 
093 U329.950 
094 Q329.450 
095 4331.6PO 
096 41332.160 
097 4332.870 
09R 4332.960 

LONGTTU?F -----;--r 

617.470 
618.170 
61U.420 
613.450 
623.520 
622.9bO 
620. ';lO 
r 20.0~~0 
619.370 
61C.560 
617.730 
622.920 
623,300 
623.310 
623.170 
624.270 
623.180 
624.31(' 
621.360 
620.910 
619.44r) 
61U.910 
616.1HC 
611,610 
612.53C 
613.300 
613.890 
616.750 
616.460 
615.920 
616.7OtJ 
612.910 
612.43C 
611.590 
610.920 
610.980 
609,500 
609.76c! 
609.500 
608.65C 
606.640 
606.990 
606,720 
605.67(! 
605,300 
6~4.300 
603.770 







































































































‘;T9 A-A 

025 
025 
025 
025 
025 
I, 2 5 
025 
025 
335 
025 
c-J?6 
026 
')2h 
0?6 
0'6 
026 
026 
026 
026 
076 
326 
026 
n3h 
026 
O?h 
026 
026 
'1126 
036 
027 
0 27 
027 
027 
927 
077 
027 
027 
027 
037 
027 
w7 
027 
027 
027 
02n 
028 
03f-J 
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3TP SPA L-v- -em I; T H se- LO 

30NF 0 70 1.1 R s SC’ 
3f?YF ?17 DBS SO 
30YE 025 DBS SC 
3O?J? 104 I) DRS so 
TO\12 030 DRS SO 
30NF ,JU P DRS so 
3OV!? r)2n PBS so 
3ov9 052 DRS YC 
3nwr 016 DBS so 
3ONE 050 DPS SC 
71uw nus DBS I& 
71YW 00 7 DBS Th’ 
71NU 097 DRS TN 
7lYW 013 DPS TN 
71NW !I 1 5 DBS IK 
71YU 034 DPS IN 
71YW ,71 9 DRS IN 
71NW 0 1 5 DRS TE: 
71uw i) 1 0 DBS IX 
71NW $7 2 A PRS I!? 
7lYW ,? 1 3 DBS IN 
71YW 015 LES TN 
71YU 019 DES IN 
71YW 0?5 DRS XF; 
7lYU 007 D P s r 1: 
34SE 325 DES IN 
34SF 02P DFS IK 
34SE 01s DBS IN 
34SF 91 1 DES Tb 
USS? Qlfl Dt?!S r N 
45sr 010 DR.5 T N 
45sF: 320 DPS Ip! 
YSSS 020 DRS ThT 
4SSE q2f.l DRS IN 
45SE 009 DHS IhT 
45% ?I0 CBS IN 
45SE O?O CBS IN 
45SF 0lQ PBS TX 
Rh"l" 011 DFS Th 
86NP 012 D’ES IN 
86Ni;: 007 DES x N 
R6NE 01)7 DBS IN 
A6YE 012 DBS IN 
HFiYE 230 DBS Th: 
S'=INW 020 DFS h’c! 
55ww Olh DRS NC\ 
S5NW 009 IlR.5 N c 
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DIP -we- 

55NrJ 
55uw 
55NW 
55HW 
55NY 
6OSW 
hPSW 
6OSW 
fiosw 
flosw 

723 @BS NO 07 
017 DPS NO I> 'p 
323 DPS NC I’ 1 T 
034 DFS NC OT 
375 DRS NC ('7' 
0 4 0 DPS NC, 0 7 
02 6 C'RS NO f,"r 
0 3 A DPS NC1 P?’ 
OUl DRS NC CT 
033 DBS Nr? OT 
058 i3PC-l IF 'TN 
Q59 MPG IN iP 
'0 9 0 MPC IN TN 
052 ?lFO IN rh: 
0 0 9 MPO IN TN 
Oh2 f'!PO IN TFI 
3 ? 3 mrm It4 oh: 
fl7u NPC TN T Y 
576 NPO TN T"i 
175 MPO IR Tt; 
057 flP0 TN TN 
f) ,3 2 npc? TN ? N 
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APPENDIX E 

STATION LOCATIONS OF THE WESTWARD EXTENSIONS 
PARSONS AND PETERSBURG LINEAMENTS 

(in UTM Grid Coordinates) 

Key to Abbreviations: 

STA - station number 



STA w-w 

039 
ou2 
PO.3 
044 
045 
046 
0 4.7 
OUR 
009 
050 
fl51 
052 
053 
054 
n55 
056 
057 
058 
059 
060 
061 
062 
Q63 
064 
065 
066 
068 
06Q 
070 
071 
072 
c17Y 

079 
090 
nf4 I 
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LliT.ITIIDT LORCTTYJDP --v--e- --------- 

4340.470 
4730.920 
4338.920 
43UO.010 
43U1.180 
4341,700 
43U1.9OQ 
4341,960 
4342.500 
4753.f110 
435s.f-lnc) 
4355.?hO 
4354.9RO 
Y359.700 
4362.35p 
4363.770 
4360.5RC 
4356.220 
4309,P70 
4342,QTO 
4343.11n 
Y367.310 
4367.P70 
4359.870 
4349,2hCI 
4750.070 
4361.550 
4361.340 
4360*84f, 
4360.630 
u370.410 
4.359.160 
4355.QlO 
475u.770 
4754.330 

STA b-w 

8lA 
OR2 
f-JR3 
044 
095 
087 
OH8 
089 
OQG 
091 
092 
043 
094 
095 
396 
097 
098 
099 
100 
101 
132 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 

LATITIIDE LONGT”IJD” -------- -------- 

4311,470 5RC.21P 
4313,780 57Fi.ljuo 

4314.c00 578.02r! 
4708.180 576.710 
4397.770 57h.62cl 
4304,660 SH6.050 
4304.510 5Hb.690 
4305.600 58A.7RO 
4313.450 SP'I .c)nC? 
!J31J,',U1 5 p c-2 -900 
4306.030 Sh?.fifC 
4305,130 P,P3,QlO 
4321.510 5R1.100 
43OL2PO 5RG.650 
:i310.2t;o 589. i7n 
4299,270 587,1PO 
4236.560 5P2,92G 
4296,800 5P2.100 
u294.590 57Q.')i)c-l 
11707.330 575,710 
4344.770 SR4.3FO 
4322.850 589.!?00 
4331.470 SHe.3u(\ 
4326.170 57P.780 
4326,YRO 57f?,4FC 
4302.250 570.')40 
4302.720 571.33c 
430f.100 571,520 
U332.110 587,f)hO 
5334.2RO 5AQ.070 
433u.sso 59C.57n 
u737.390 5Q8.710 
4339.020 5PP.090 
47T9.940 5H7.qGc.l 
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APPENDIX F 

WESTWARD EXTENSIONS DATA 

Key to Abbreviations: 

STA - station number 

STRI- joint strike. 

DIP - joint dip 

SPA - joint spacing (in cm) 

LTH - unit: PAL = Allegheny, PPV = Pottsville 

LOC - location with respect to lineaments. 
See Figure 14 for sub-area locations 

GR - group with respect to lineaments: IN = 
within, OT = outside 



. 
E 

CJ N CJ n N N N N N N N N N U.8 II‘ u-1 u. u-1 L-r u. w tn ut IA: u u u-1 u-j u 5 ur Ul u. UI u-t u-3 u-8 u. u. U-P Ul IA- u3 ut Li: u7 u-l u, 
I I I I I 1 1 I I I I I I III III I I I I II I I I I I I I I I I I II I I I I Ill1 I 

H~-.I-,~-I~HHH~-~H~H~CCOGCCCOOCCCOOCCOC.C?COGOCGC~OOCOOCJOC 



STA B-s 

nu5 
045 
OU5 
045 
P45 
045 
045 
045 
CYS 
045 
r4h 
046 
@46 
047 
pu7 
047 
cu7 
047 
c47 
OY7 
ou7 
047 
047 
047 
047 
OUR 
048 
c4a 
04P 
P48 
048 
nut3 
04R 
045 
OUR 
ou9 
049 
flu9 
049 
099 
OU9 
nu9 
O&9 
050 
053 
OF? 
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STPJ DIP SPA -w-B -w-e -w-m 

N13E RlNW 0773 
Y17I: SlNW 0150 
'713F FlNW 023n 
A117F QlNW 0005 
N1?",:~'31NW Cl90 
N13F ".91NW 0370 
N87E 
N87P 
NA-fF 
iqs17c 

Y3QW 
N70W 
x3nu 
N72F. 
N72E 
~72~ 
N72F 
X721? 
N72F 
N72F 
N7?E 
~72~ 
U72E 
N72F 
~72~ 
Y7f3F 

Y70F 
Nfr)F 
N7OF 
N7!lE 
N75P 
N3’iP 
?J35F 
N3r;F 
N35F 
N35c 
N95k; 
NHL;W 
vqsw 
NBgW 
NR5U 
N3SF 
V35P 
N9f?F 
VQRF 
Nqq? 

-75SE 094'l 
75SE 0190 
75SF 03nn 
75SE 07O 
77sw 0230 
77sw 0220 
77sw 0250 
Q7SE 0150 
57SF 0159 
37SF 0100 
57SF !??nO 
97SF 0115 
97SF OlOr) 
97sF: 0130 
r37SE 0110 
87SE 0120 
S7SE 0200 
97SF 0300 
97sr 0170 
YONW 0330 
30NU ouuo 
9osu 0738 
30NW 0570 
9?NY 0770 
3ONW 0300 
YnNU C2R’, 
90NW OUlO 
3nNW p2un 
30NU 0159 
90NU C2r)O 
70NE 0140 
7ONY Cl25 
7ONF 0200 
70NE 0150 
70NE OlHO 
90NW 02nn 
90NW 0353 
SPNU en20 
99NW 0055 
98NU ?2SO 

050 YQQF: 

LTH LOC B-m w-w 

?PV T-2 
PPV I-? 
PPV I-2 
PPV r-2 
PPV .T-2 
PPV T-2 
PPV I-2 
PPV T-2 
PPV r-2 
PPV T-? 
PPV r-2 
PPV r-2 
PPV r-2 
PA I. I-2 
PAL 1-2 
"AL T-2 
PAL T-2 
PAL Tr2 
PAL T-2 
PAL T-2 
PAL T-2 
PAL I-2 
DAL T-2 
PAL I-2 
PAL T-2 
PAL I-2 
PAL T-2 
PAL T-2 
PaI. r-2 
PAL I-2 
PAL T-2 
DAL i-2 
"AL I-? 
PAL T-2 
"AL I-2 
PAL T-2 
PAL I-2 
PAL I-2 
PAL T-2 
PAL T-2 
PAL T-2 
PAL T-2 
PAT. I-2 
PST I-l 
PST f-l 
PST T-l 

39NW 0200 DST T-l 

‘IF; 
TH 
IN 
TN 
I N 
TN 
TN 
rB 
TN 
JN 
TN 
TN 
JW 
TN 
TN 
TN 
TN 
TN 
TN 
T Fl 
TN 
Til 
IN 
TN 
TN 
TN 
TN 
IN 
TN 
TN 
TN 
TN 
TN 
TN 
T ?I 
T 1: 
TN 
TN 
TV 
JN 
TN 
IN 
TY 
T P! 
IN 
TN 
TY 





STA STPI mm- ---- 

055 N551 
n55 N55W 
OS6 N52U 
956 Y52W 
056 a52u 
056 N52W 
057 N155 
057 Y15F 
057 N15F 
057 Yfi4W 
057 N54U 
057 N54U 
OS7 NlSs: 
058 N54W 
053 visuu 
ps5 N54W 
O’;U NS4W 
058 N54l 
OSEi NSUU 
058 N54W 
05Q N54W 
OSP N33E 
05U v33r 
058 N33F 
058 “J33F 
c:c(9 uo2w 
059 NO7W 
059 N82W 
059 N02W 
059 N2(-'F 
060 NQON 
Oh0 Nf?AW 
Oh3 NROk 
060 NAOW 
060 NROW 
060 NU?W 
Oh0 NQOU 
060 NQOW 
060 NROW 
060 N4flW 
Oh0 NPOU 
060 NAAW 
060 NHOW 
060 YRnW 
060 NHOU 
Oh 1 !J2SP 
061 VT)451 
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DIP -- -- SE!!- 

0?70 
r)340 
0330 
1150 
OR00 
09uo 

88~~ * 1060 
43SE 0580 
SRSF: 0330 
HOSW 0290 
~IOSU 0 300 
uosu 0340 
99sx 0270 
9osu OA7fl 

9osa 0900 
93sw r)Q4’ 
QOSW 05QO 
9osw n5nn 
9osw 0450 
9osw 047n 
9osw 0560 
7’iNW 0340 
75NW 0340 
75N Y 0340 
75NW 0360 
75sw OS10 
75sw 2OOr) 
75sw 0510 
75su 1070 
75sw c133(! 
90N”: 0570 
UC)NE 07?3 
UONE 1110 
SONE 0840 
SONF 0245 
r33NF e9-55 
QOr!E 0915 
9cIVE 0160 
30NE 0420 
80NE 0295 
90NE 0170 
‘3fiNF OUh~3 
90NE 0710 
90ME 0170 
90NE 0270 

uosw 04RO 

Ll!H LOC --- --- 

PAL O-1 
PAL 0-l 
PAJ. O-1 
?AL O-1 
PAL o-1 
PAL O-l 
PAL o-1 
PAL 0-l 
PAL o-1 
PAL O-1 
PAL 0-l 
PAL O-l 
PAI, O-1 
PAL o-1 
PAL 0-l 
PAL O-1 
PAL o-1 
I'AL O-1 
PAL o-1 
PAL O-1 
PAL C-1 
PAL O-1 
PAL O-1 
PAL o-7 
PAL O-1 
PAL r-J--LA 
PPL n-4 
PA I. o- 4 
PA 1. o-lb 
PAL O-4 
PPV o-4 
DPV 0-u 
PPV o-4 
PPV O-4 
PPV C-b 
PPV o-u 
PPV 0-u 
PPV o-4 
PPV 0-b 
PPV o-4 
PPV (7-U 
PPV n-4 
PPV 0-u 
nev 0-u 
PPV o-4 
PPV o-4 
PPV O-4 
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STA e-m 

Oh1 
Oh 1 
nhi 
061 
Oh1 
062 
062 
06-i 
C63 
064 
Oh4 
064 
064 
OhU 
ofiu 
064 
n fv 4 
0 (7 4 
064 
Oh4 
064 
064 
Oh4 
064 
065 
065 
065 
Oh5 
065 
065 
c\65 
96 5 
Oh5 
065 
065 
065 
Oh5 
06h 
Chh 
Ohh 
nt5t-i 
066 
Q6h 
Oh6 
Oh6 
Ofih 

<T?T 2;-,, DIP -e-w 

9CSW 

9osu 
9osw 
9osw 
99SW 
9osu 
9osw 
9osw 
9osw 
QOSW 
39sw 
'BOSW 
'3GSW 
9osw 
9OSW 
9OSW 

SPA LT fi LOC c; F -Be- --- w-v me 

n4r)7 
0500 
ol;nn 
OR90 
07u3 
0350 
i)2nn 
0340 
O3hC 
OlRU 

0327 
0253 
0530 
0445 
032n 
0 100 
OlRP 
0100 
02nn . 
0210 
0240 
0.719 
044n 
06lr) 
(3250 
0.725 
92no 
0225 
0325 
0290 
0359 
0 750 
9 3 3 i? 
01.50 
0175 
0275 
0275 
1117 
OU29 
0640 
02rin 
0330 
0230 
0240 
Cl3r) 
03t0 

PPV 0-u nT 
PVV o-u 07. 
PPV o-u , I”’ 

PPV o-u r7 
PPV 0-Q OT 
PPV o-2 r-J? 
PPV o-2 rr 
PAL n-2 n T 
PAL O-2 0s 
PAL O-3 PT 
PAL O-3 nT 
PAL O-3 PT 
PAL O-3 CT 
PAL O-3 OT 
PAL O-3 CT 
PAL O-3 OT 
PAL O-3 ('T 
PA 1. o- 7 rJ7 
PAL O-3 0 T 
PAL O-3 OT 
PAL O-3 CT 
PAL O-3 r-1 T 
PAL O-3 OT 
PAL O-3 0 T 
PAL T-1 TN 
PAL T-1 IN 
PAL I-l I?J 
PAL T-l TN 
PAT I-l TN 
PAL I-1 TN 
P4L r-1 IFI 
PAL T-l 1 r-1 
PAL. I-? TV 
PAL T-l TbJ 
PAL I-l IN 
PAL I-l TN 
PAL I-l Z?J 
PAL 0-a PT 
PAL O-U CT 
PAT. O-4 OT 
eAL o-u 0T 
PAL 0-k OT 
PAL 0-u OT 
OAL 0-U DT 
PAL O-U CT 
PAL O-0 f'T 
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STA s-w 

Oh9 
Oh8 
Oh8 
OhP 
G6Q 
9hQ 
CfiQ 
059 
07r) 
070 
070 
070 
070 
c70 
07,o 
071 
07 1 
G71 
071 
072 
072 
072 
072 
078 
078 
079 
070 
079 
OR0 
ORfl 
080 
OR 1 
GA 1 
PFjl 
GA1 
CR1 
e1n 
ale 
PlA 
e1.s 
PlA 
RlA 
PlA 
81A 
OY2 
OP.2 
OR2 

STPI T)IP w--w -M-B 

v75w 
N7’iU 
v7’;u 
N 7 5 ‘rJ , ’ “, 
N75V 
N7GW 
N7flW * 
N70W 
W18F SFlNW 
N18E SRNW 
N7GW RhNR, 

‘IhN E 
3hN I? 
dhNE 
RhNE 
89NE 
A9NE 
89NE 
BQNP 

B9NU 
79sw 
7nsu 
YSSY 
9osw 
90NW 
99NW 
90sa 
9ONW 
90NU 
90NW 
QONG 
7usw 
90NW 
9ONW 
90NY 
3nNW 
90Nl? 
RfiNE 
80NF 
ROWE 
QONW 
30NW 
9GK’ul 

SPA e-v- 

0209 
0190 
our;0 
0350 
C2GfJ 
0569 
0~6~ 
0700 

?675 
0475 
c775 
Of.90 
109Q 
lC30 
05 30 
c333 
0520 
0232 
04 50’ 
0530 
0340 
02R(1 
0790 

0490 
n413 
0729 
0350 
0540 
0190 
0430 
G57fI 
0480 
984’! 
0470 
12or\ 
1Aln 
1270 
1950 
1410 
0270 
0769 
1730 
12nn 
1039 
na3n 
Oh70 

LTH LOC --- --- 

PAL O-3 
PAL n-3 
PAL o-3 
P&L O-3 
PAL o-3 
PAL O-3 
PAL O-3 
PAL O-3 
PAL O-3 
PAL o-3 
PAI O-3 
PA T. I’- 3 

PAL o-3 
PI\L O-3 
D4L n-3 
PAL c-3 
PAL O-3 
PAL O-3 
PAL O-3 
p a I. o-2 
PAL G-2 
PAL O-2 
03L o-2 
PAL T-l 
PAL T-l 
PAT. T-l 
PAL T-1 
PAL O-4 
P&T. O-3 
PAL O-3 
"AL O-3 
PAT. O-3 
P&L o-3 
PAL O-3 
PAL O-3 
PAL c-3 
epv 0-h 
PPV O-6 
PPY 0-c 
PPV O-6 
ppv O-6 
PPV O-6 
PPV O-6 
PFV O-6 
PAL n- 6. 
PAL O-6 
PAL O-h 
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ST4 --& 

r,n2 
OR2 
OR2 
OR3 
ORU 
OR4 
('A6 
OR6 
nut5 
087 
087 
087 
OR9 
OAR 
089 
099 
ORA 
088 
fl08 
OR9 
OUR 
OAR 
CR9 
OR9 
03') 
090 
090 
091 
031 
091 
091 
091 
091 
092 
fi92 
OQ2 
692 
093 
092 
093 
093 
093 
093 
0 Q 4 
095 
095 
096 

297. 

9TP SPA --- ---- 

75SE no70 
75SE 0330 
7SSF 0400 

RRSY 122" 
37szl 
AQSR P130 
SQSE 0110 
qss?? 0230 
R7SF: 1000 
s7s9 0460 
77NW o-740 
QI)NU 0330 
QONP 03 33 
90Nii 034') 
90NY 03sr) 
9r)NU O&U- 
QO!VyW 0430 
90NW 0240 
QONU Ol(~ll 
9osw 027~ 
9osw 0260 
83SE ou5n 
QOSW 0275 
7flNW Oh23 
7RNW 0710 
95NW OP')r) 
7RSF ORl!l 
7RSE 19nr! 
78SE 0650 
73SE 0260 
7dSE ll?O 
78SE 0521) 
9ONW 0160 
9ONw Olin 
90NW 1.720 
30NW OH&O 
QONW 1143 
75NW 0160 
92SW 0120 
a2su 0190 
R2SW 00!3n 
q0st-J 
30NW 
3osw Cl59 
9osu OUR0 
79NU 0190 

LTH tot G;z M-s f-s 

PAL O-6 C'T 
PAL O-6 CT 
PAL O-6 CT 
PAL O-C !jT 

?A I. o- 6 OT 
O-6 CT 

PPV O-6 OT 
PPV O-6 cl? 
PPV O-6 CT 
PAL I-3 TN 
PAL I-3 IN 
PA 1. I-7 TP 
PPV I-3 TN 
PPV T-3 TN 
PPV I-3 TN 
P"V I-3 IN 
PPV I-3 IN 
PPV I-3 T ?I 
"PV I-3 'N 
PPV T-3 TN 
"PV T-3 TN 
PPV T-7 TN 
PPV T-3 TN 
PPV .I-3 TN 
PAL O-h 0" 
PAL O-6 37 
PAL O-h 0 T 
PAT. C-h O? 
PAL O-h CT 
PAL O-F !iT 
PAL O-6 nT 
PAL O-6 0 T 
PAL O-6 CT 

PAL 1-3 TN 
PAL I-3 IN 
PAL I-3 TN 
PAL I-3 TY 
PAL I-3 TN 
P9L I-3 IN 
PPV T-3 TN 
PPV 1-3 TW 
“PV T-3 TN 

PDV I-3 TN 
PAL O-f f,T 
PJ?V I-3 T N 
PPV T-3 IN 
PPV T-3 TY 
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STA STPT A,- ---- 

096 1; 7 5 P 
096 N75F 
096 N75P 
096 N75F 
OQfl N75l? 
096 v7SE 
096 N75F 
r)96 v75P 
096 N7';? 
PC)6 N05W 
096 NOSH 
096 N05W 
096 NO5U 
097 U72E 
047 N72E 
097 N117W 
097 Nlf?Y 
097 Nl?W 
098 Y75E 
OQR Y7e;O 
098 a75F 
OQQ N55F: 
100 
101 N 5 2 C 
102 N53W 
102 NS5W 
102 N7U" 
103 N12F 
104 U?OW 
104 N301i 
1OU N70K 
105 
10h YOSW 
106 v67c 
106 N67" 
107 N37F 
107 N37F 
107 r) ti5u 
10R N?OW 
108 ?J2f?W 
108 N20W 
108 N2OW 
108 N20W 
108 N75F 
109 N70G 
iin NCl6F 
110 hJ35u 
111 NrJlZ 
111 NSlX 
112 N22F 
117 Yl9W 

DIP w--w 

79NU 
7QNw 
7RNW 
78NW 
i8NW 
7RNW 
78NW 
79NU 
7RNW 
77NE 
77NE 
77NE 
77NF: 
93SR 
A3SE 
3nSW 
QOSW 
9nsw 
7F\ww 
79NU 
75NW 
90NU 

ROSE 
h5SW 
65SW 
3DSE 
8OSE 
3SSW 
8SSU 
9osw 

7SNE 
9r)NW 
QONW 
95SE 
‘15SF 
QQSW 
HOSW 
aosw 
QOSW 
89SW 
4osw 
QONU 
9osw 
R7??W 
77NP: 
AQNW 
HQNK 
H?SE 

SPA w-e- 

0330 
0199 
0099 
(3210 
0210 
otun 
0140 
1510 
0490 
019r) 
0780 
025'1 
0740 
0440 
1070 
15no 
OS!33 
9u5n 
oF(70 
1239 
11130 

095:) 
lQl> 
0510 

1000 
lOr;T 
0?50 
OR50 
04so 
n75n 
0 7 0 0 
C690 
0800 
9690 
09fJo 
C17nl! 

0410 
OG?O 
2100 

LTH LOC B-B B-M 

PPV T-3 
?PV I-3 
PPV T-3 
PPV r-3 
PPV T-3 
PPV T-3 
PPV T-3 
PPV T-3 
“PV T-3 
PPV I-3 
PPV T-3 
PPV I-3 
PPV T-3 
PAL o-7 
PAL O-7 
PAT o-7 
PAL O-7 
PA1 O-7 
PPV O-7 
DPV o-7 
PPV o-7 
PPV o-7 
PFV O-7 
PAI. O-F 
PAL O-F 
PAL O-5 
I3 A I, O-5 
PAL O-h 
PAL O-5 
P A I. o-s 
PAL o-5 
PAL O-5 
PAL O-5 
Piit o-s 
PAL O-5 
PAL 0-F 
PAL 0-R 
PAL 0-P 
PAL O-P 
?AL 0-B 
PAL O-f? 
PA1 O-8 
PAL O-8 
PAL 0-P 
PAL o- P 
PAL O-5 
PAL O-5 
PXL o-" 
PAL 0-s 
"AL n-5 

7O?lE OQ70 PPV O-5 !-'T 



STA -w- 
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TTFT A--, DIP SPA LTH LOC GP B-B- ---_ --- --- -- 

113 Nh2$ 91lsu 1700 PPV O-5 f?T 
114 U.?lE HSSP 0400 Ppv 0-c IlT 
115 NP7Y 9osu nflnn PPV O-5 l-\v 

115 YR'Y 9osw Oh00 PPV 0-C (7T 
115 NP7U 9osw 1oor PPV O-5 OT 
115 YH7U 9OSW 1000 DPV O-F OT 
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APPENDIX G 

OPERATOR VARIANCE DATA 

Key to Abbreviations: 

OPR - operator 

STRI- joint strike 

SP - joint spacing (in cm) 

ST - joint set: EW = east-west, 7W = N 70- 
79"W, 6W = N 60-69"W, NE = northeast, 
NN= N 05"W to N 05"E, NW = northwest 

STA - station number. See Appendix A, Station 
Locations in Tucker County 

1 
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STPT A-m.- SE 

N74W 06 
YR3Y 09 
VB7U 13 
!?53W c7 
NlAE 03 
N25? 10 
NR3W 22 
NR2W 26 
N8hW 11 
N86?? 27 
NlOE 28 
NlUE 29 
N75W 31 
N77W 32 
N73W 12 
N23!? ?7 
NR3R 31 
NROE 20 
N15E 21 
N45U 
N85E 45 
Y87W 15 
NRZU 1 3 
N8OE 05 
N18E 55 
N53U 
U5r)U 32 
NhQcl 17 
N60Y c7 

N61U 06 
YS7W q.3 
N71U 10 
N2hE ru 
N259 03 
N12? 19 
R62V 12 
N63U r?9 
N58V 39 
N60E 23 
Y62E 28 
Y89U 16 
N2RE 45 
N32e 99 
N86W 29 
?fR7U 2u 
NR4U 35 

ST STA -a- 

FW 33 
FU 33 
EY 33 
NW 33 
NE 33 
Nf 33 
FU 33 
EW 37. 
PW 33 
TY 33 
NN 33 
NN 33 
7w 87 
7w 87 
7’U H7 
NF R7 
EW 87 
vu A7 
YN 87 
NU 87 
Pti 87 
EW 87 
EW 87 
FU 87 
NN 87 
NW 97 
NW 35 
6w 35 
fiid 35 
6W 35 
fiw 35 
hW 75 
NE 35 
NF 35 
NE 35 
6W 35 
6W 35 
6W 35 
6E 35 
6 3 35 
ew 35 
NP 35 
NF 35 
?U 33 
RW 33 
FY 33 

NU6U 3’c cw 37 
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STi?T ';:, ,A.,.- L- 

NR7U 55 
N84U Ffi 
NR6U 6P 
WR7W 12 
NRUW 14 
NP6W 40 
"!19B 19 
Y21? 02 
NU2?? 19 
N199 23 
N21? OS 
VU2E 16 
X19? 73 
Y21Z lrl 
V42-F 16 
Ylc)S 17 
N21F 22 
'Y42F a 32 
:.?!I 1 9 F 30 
N21r: P3 
NU2F 27 
x19!? 3k 
N21? 17 
Nu2E G'A 
Y19E 13 
N21F 21 
NU2" 23 
N19E 39 
N83E 30 
N85E 32 
N79V 37 
k'83E 14 
N85E 11 
N7qU IH 
NU33 . . 3 'i 

Nfi59 46 
N79U 
N833 
N85E 
N79U 
ye39 
YP5P 
Y79W 
N83E 
N852 
N79W 
YR3" 

13 
63 
18 
f?F; 

15 
16 
03 
17 
10 
12 
0 ') 

.sm STA -- e-s 

EW 33 
??V 33 
XW 33 
?W 33 
"W 33 
EW 3.3 
NF 33 
N? 33 
N F 33 
YF 33 
NP 33 
NR 33 
NV 33 
NF 33 
NJ" ., 33 
NF 33 
va 37 
w 33 
NF: 33 
N r: 33 
NF 33 
?I"; 33 
NE 33 
?I3 33 
VF 73 
NE 33 
VP 33 
NE 33 
FY R7 
E w 87 
0 *J I , 87 
'U 87 
F!w 87 
F'i A7 
"U H-J 
1Y 87 
ZW 87 
TV 87 
EW 87 
?W 87 
ER 87 
FW R7 
TV 87 
PW 57 
FW P7 
?W 87 
EW 87 
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NF?SE Oh 
rs79w 30 
N8 3E 10 
N85E 10 
N79U 16 
NR3E 07 
NR5E 17 
NUOU 
?I20E 15 
N26?? 29 
N2U” 13 
N20F 08 
N26E n6 
NUU* U2 
N252 35 
N29E 07 
N2FiE Uh 
N61W 13 
N51Y 2 3 
N5161 34 
N53U 35 
N53W 11 
N51U 32 
N53U 29 
N51W 15 
NS3W 09 
N51W 39 
N53W 79 
N51U 39 
N73? 27 
?I73?? 23 
??52a 1U 
N53U 15 
N51U 26 
NO29 l? 
NO2T 11 
NqlW 32 
N5.3W 08 
N51U n7 

N53W 17 
N51W 211 
N25E 99 
N23T 77 
N25F: 35 
N29E 1f.I 
NR7W 19 
NRYW 12 

F7w 
F!W 
FW 
FY 
I?w 
KU 
EW 
NW 
NT 
NE 
NE 
NF 
Ni? 
NE 
NF 
NE 
NE 
NW 
NW 
NW 
NW 
NW 
NW 
NW 
NW 
NW 
NW 
NW 
NV 
7E 
7E 

NV 
NW 
NW 
NN 
NN 
NW 
NW 
NW 
NW 
NY 
9 F 
v!? 
N% 
NT 
y:w 
Tii 

STA s-e 

87 
87 
87 
87 
87 
87 
P7 
87 
87 
R7 
ft7 
87 
87 
35 
35 
35 
35 
35 
35 
35 
35 
15 
35 
35 
35 
35 
35 
35 
35 
35 
35 
75 
35 
35 
35 
3s 
35 
35 
35 
35 
35 
35 
35 
35 
35 
33 
33 

303. 
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OPQ ST'S1 ST --A ;-A., -- 5: 

N82fi 
YflUU 
N871 
YRUU 
N87U 
rr39w’ 
N46W 
N47W 
NU7U 
N39U 
N4hW 
N479 
N471 
N39H 
N67V 
N63V 
tJ67id 
h'21E 
NlYC 
NlUX 
hJ17F 
N21F 
Nl4rl 
NlUE 
N21S 
N14F 
X87? 
NRSP 
N89E 
N85R 
‘J87E 
!iR5F 
NR9": 
V859 
YB7E 
N85F: 
V7OY 
N72W 
N71W 
r172v 
N7OW 
v72w 
v71w 
Y5RU 
N57U 
H57W 
sjh2w 

1Q PW 
?A ?U 
31 PW 
07 FU 
l? F ‘1 
16 NW 
19 NU 
24 NH 
27 IJU 
17 vu 
17 NH 
70 NW 
36 NY 
34 NW 
17 en 
ou 6U 
(\R hU 
43 YE 
26 N!? 
39 NF 
=I 3 N F. 
34 NE 
33 NR 
?3 VP 
li4 NE 
71 YE 
70 EU 
05 PW 
04 2% 
7R zw 
Oh "W 
07 FU 
93 73 Y 
72 ?W 
70 ell 
2S FW 
3? 7# 
09 7W 
32 7W 
UR 7u 
43 7Y 
4R 7w 
u7 7w 
12 YGI 
11 NW 
13 NW 
03 vu 

ST9 me' 

33 
33 
33 
37 
33 
33 
33 
3 3 
33 
37 
33 
33 
33 
33 
33 
33 
33 
3? 
33 
37 
33 
33 
33 
37 
3 3 
.3 3 
R-7 
R7 
87 
87 
87 
87 
R7 
87 
87 
P7 
R7 
R7 
87 
H7 
87 
87 
87 
35 
35 
35 
35 
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OPF! --a 

r v s 
-’ !I S 
? ff 5 
“US 
? !J S 
-US 
3 I!S 
n 1J s 
- I!? 
FllS 
?Tl s 
*? n s 
7 US 
PDS 
? 11s 
PlJS 
Dll!: 
DlfS 
PUS 
? u s 
“US 
PUS 
? u s 
pus 
D !J S 
pr1.s 
? TJ S 
t2rls 
FTJS 
rus 
= rrc 
.7n N 
.l? N 
.lA N 
JAN 
J A Ff 
,lA N 
,771 N 
417, N 
.JhN 
Jk N 
JAN 
alA N 
JAN 
JA N 
,TA N 
,rn N 

STPT -es- SE 52 

nJ5FJu 24 NU 
N57U 36 YW 
N62W 38 NW 
N74Y 22 7w 
Y7OW l? 7u 
N70U 05 7W 
N74U OR 7u 
?J7OW 21 7Y 
Y7OW 16 7w 
v7ow 11 7 :J 
N74U c2 7w 
N70U oi 7ii 
N70U 2U 7W 
V7OU 13 7Y 
N70U 13 7U 
VfDW 73 7U 
N7OW 32 7u 
v7ou 12 7w 
N70W 16 7n 
N7OW 28 7U 
M7OW 30 7u 
N57U 06 NU 
N55W 0’3 N w 
N57W 04 NY 
N55U nf3 NU 
N57U 19 NW 
N27E 39 NE 
N17E 25 Ni? 
Y27E 3L NE 
Nl?F 45 NE 
Y27R 0 ‘3 NE 
NROW ?=i ?V 
NR3W 2n En 
VI3061 14 EU 
N8OW 11 ?U 
NP3W 12 FU 
NR3W r-9 -W 
NHOU 1 13 EW 
NA3W 24 I?u 
NPOU 21r FU 
NR3W 32 EW 
NSOU 16 NU 
N4SW 2P NU 
Y4RW 19 NW 
x501 12 NO 
V87U 19 ??u 

STA B-B 

35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
3 5 
35 
35 
35 
35 
35 
?5 
35 
3s 
35 
?5 
35 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
33 
87 

305. 
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np!? STR’L SD ‘i” e-w Lam-- ;, ;- 

J A N VR7W 72 FU 
.lA N YR7W F?u FW 
JA N NR7Y ?H Fbl 
JAN,!. ,NR7W OQ EW 
JAY 
,T A N 
,lA N 
,7A Y 
e7A N 
JA N 
JA N 
,7A N 
J A N 
JAN 
J A. N 
al A N 
.T 4 N 
&IA N 
,TA N 
,TA N 
a7 AN 
<JAN 
JAY 
JA :J 
J4N 
J A N 
J 4 PI 
.?A N 

N87W 17 ?U 
NR7U 17 _. FW 
NP7W -3l.b 9w 
N51;1 P-7 NW 
N51W 26 NW 
N849 11 FW 
NR4E 11 zw 
N73W 32 7W 
Y73W 71 7w 
N2UZ qn NT 
N24f 5Q ‘IF 
N?U!? 29 NF 
N02!? 21 NN 
NQ2L’ 31 :!N 
N02F 11 NN 
N55W U7 NW 
N55U 03 NW 
NSSU ?=i NW 
NSI)W 75 ‘4 w 
NRSW 36 EW 
NRSY 29 zu 
NRSW 12 PW 
NRSW 76 'W 
YRCiW 37 "W 

STA -a- 

87 
87 
97 
A7 
87 
57 
R7 
H7 
87 
87 
87 
87 
87 
35 
35 
3 5 
35 
35 
35 
35 
35 
3s 
35 
35 
35 
35 
35 
35 
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APPENDIX H 

COAL CLEAT INTENSITY DATA 

Key to Abbreviations: 

STA - station number- 

STRI - joint strike 

DIP - joint dip 

CLEAT- type 'of cleat: FACE, BUTT 

SPA - cleat spacing (in cm) 

BT - bed .thickness (in cm) 



$7'4 A.-i& 

Cl01 
001 
001 
001 
091 
001 
no1 
001 
f?CIl 
001 
CO1 
001 
CO1 
001 
001 
001 
001 
001 
OCl 
001 
002 
002 
01)2 
002 
cc2 
OO2 
no2 
002 
fl@2 
002 
nc2 
002 
CO2 
002 
CO2 
002 
Ofi2 
002 
002 
002 
004 
004 
004 
004 
004 
004 
004 
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?OSW 
3OSW 
?OSJ 
uosw 
QOSW 
QOSW 
3OSW 
'IOSW 
9OSU 
:sosw 
75SF 
7ssF: 
75SE 
75ss 
75SE 
75SE 
75SE 
75s9 
75s: 
75SE 
'7OSW 
',O!iU 
3WJW 
qosw 
qcsw 
3osw 
!)OSW 
oosw 
9flSW 
9OSW 
70SE 
7OSP 
70SE 
70SE 
7O?!? 
70SF 
7QSF 
7OSF 
7nSE 
'OSE 
9OSW 
:#OSW 
9nsw 
3osw 
'JOSU 
3osw 

DIP CLl-A” --- ----A 

FAtE 
F4C? 
PACE 
F4CE 
FACF 
FACF 
FAC? 
FRC? 
FArz 
PACF 
BUTT 
RUT" 
BUTT 
R1IT-J" 
PIJTT 
PUTT 
J3TJT" 
,YflTT 
RflT': 
RlTTT 
FAC" 
FACP 
PACE 
"AC? I 
FAtz 
PACI" 
P A c F' 
F4CF 
PAC? 
FACP 
IIUTT 
RUV? i 
i! UTT 
?UrnT 
IiU'PT 
RllTT 
BUTT 
PUTT 
I-? I!TT 
RfTTT 
FAr' IS Y 
YACF 
FACE 
PACH 
FACE 
FACrl 

SPA RT --- -- 

02.5 uo 
02.0 uo 
04.5 4r 
03.0 fJ0 
n1.c 40 
02,s uo 
Q3.0 UC 
01.0 00 
02,5 &C 
02.0 4 0 
03.5 4l2 
05.0 00 
03.0 UC 
07.0 40 
c4.0 on 
09.0 40 
ou.0 rJc 
10.0 40 
n4.0 UC 
05.5 40 
I)?,r! 3P 
04.0 38 
06.0 3e 
02.5 3 A 
02.5 3t? 
n3.n 3F 
03.0 3fJ 
03.0 3P 
O3.O 3P 
O2*5 38 
02.5 3P 
02.0 3P 
03.0 3F 
02.0 76 
0u.c 36 
01.5 3f- 
03.P 3P 
03.5 3P 
04.0 3P 
01.5 3E' 
"2.0 35 
02.0 75 
nz,5 3: 
01.0 35% 
02.5 35 
02-5 3 5 

FAC” 02.0 3 5 

1 



STA A,, 

004 
cIc4 
004 
nou 
004 
004 
004 
COU 
004 
@cl4 
004 
co4 
004 
no6 
006 
not5 
006 
rnfi 
006 
cfl6 
OrI6 
nn 6 
006 
006 
006 
CO6 
006 
006 
006 
flO6 
006 
OP6 
006 
007 
007 
(\n7 

007 
007 
007 
007 
007 
no7 
00’ 
on7 
007 
riJ7 

007 
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Y74W 
N74W 
N74U 
N15F 
N15E 
NlC,F 
FJlSF: 
Nl’;F 
N15F 
Nl?;E 
Nl5E 
NlqE 
U15K 
Y78W 
V7AW 
V713Y 
U7RW 
N7@V 
N7f3W 
Y7RW 
N7RW 
N7YY 
Y7RW 
N22F! 
rJ22? 
u22E 
N22E 
V2??? 
N2?p 
N22F 
N23F 
!?22r 
V22Y 
N75W 
Y7';Y 
FI 7 7 'ri 
N75W 
rl7qu 

Y7SW 
N75.a 
v75w 
N75W 
N 7 =f w 
tJ15r. 
Y15? 
N15’ 
YlLiF: 

3IP CT ?A" SPA A-- ,'t-, A-- oz 

3osw 
9osw 
3osw 
'?.3SE 
93SE 
R3SP 
A3SE 
93SE 
93SE 
R3SF 
R3Sl? 
R3SE 
R3SE 
YOSW 
9osw 
'Iosw 
9OSW 
9osu 
9osw 
9r)S.U 
9osu 
9OSU 
9osw 
Y7N Y 
d7NK 
97NW 
97NY 
87NU 
R7NW 
87NW 
37NW 
87NW 
37NU 
9nsw 
9OSY 
9osw 
9OSU 
9osw 
9osu 
3osw 
QOSW 
9OSU 
9OSU 
9ONW 
SONW 
9 fl p w 
QONW 

FRCP 01.5 
FACi: 02.5 
FACT 03.0 
BUTT 99.0 
PUTT 05.0 
R ITTT 04.0 
RUTT 05.0 
BUTT 05.0 
BTlTT 04.0 
BIJTT 04.0 
BFlTT 06.0 
BlJTT 05.0 
EITTT 08.5 
FACS 03.5' 
FRCF 03.0 
FICE 03'.0 
FACE 02.0 
FACE 02.0 
FACE 01.5 
FACE 02.0 
Flr(lE 04.0 
FACi? 04.0 
FACE 02.5 
RUTT 03.0 
J3l:l-T 02.0 
nllTT c3.5 
911-V 02-5 
BUTT 04.0 
Rf'TT ou.0 
BUTT 07.0 
RTJTT 03.0 
BUTT 03.0 
RIITT 03.5 
FACE 07.0 
FAC‘3 OR. 5 
FACE 07.0 
FAC” OH.0 

FACE 09.5 
FACE 06.5 
FACS 07.5 
FACE 06.5 
FACE OQ.0 
FACF 07.5 
RU”T OP.5 
BUTT 09.0 
BUTT 10.5 
RIlTT 12.0 

3s 
35 
3s 
35 
35 
3s 
35 
35 
3s 
3s 
35 
35 
3s 
2 0 
20 
2P 
20 
20 
20 
2c 
20 
2c 
20 
2c 
20 
2r 
20 
20 
20 
2c 
20 
21‘ 
20 
35 
35 
35 
3.5 
35 
35 
35 
3q 
35 
35 
35 
35 
35 
35 

309. 
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STA -Be 

007 
007 
007 
007 
007 
007 
OOR 
008 
008 
008 
008 
00s 
008 
OOR 
OOA 
008 
008 
008 

. 
008 
OOR 
n0fc 
OOR 
OOA 
008 
008 
008 
011 
011 
011 
011 
011 
011 
011 
011 
011 
011 
011 
011 
011 
011 
011 
011 
011 
011 
071 
011 
012 

STFI s-s- 

NlSF 
Nl5E 
N15E 
NISE 
NlqI? 
Nl'il? 
N75W 
N75W 
N75W 
N75W 
N75W 
N75W 
N75W 
N75W 
N75W 
N7qW 
NllE 
N113 
Nlll? 
NllE 
NllE 
Nlii? 
NllF 
WI13 
Nil?? 
NllE: 
N77W 
N77W 
N77U 
N77Y 
N77W 
N77W 
Y771 
N77W 
N77U 
N77U 
N15E 
NlFiE 
N15P 
N?SP 
NlSE 
Nl'=iE 
NlSE 
N15E 
N1!5E 
N15F 
N73W 

DIP CLEAT SPA -es -s--s es- 

UONV BUTT 10.5 
UONW BUTT OP,O 
UONU BUTT OR.0 
RONW BUTT 09.5 
AONW BUTT OR.0 
RONU BUTT 10.0 
89SU FACE 02.0 
A9SU PACE 03-o 
99su PACT? 03.5 
89551 FACE 03.0 
R9SW FACE 05.5 
89SU PACE 03-5 
89SU FAC!? 02.5 
s9sw FACE 02.5 
89551 PACF 02.5 
89SW PACE 02.0 
73SE BUTT OR.0 
77SE BnTT 10.0 
73SE BUTT 06.0 
73SE BUTT OS.0 
73SE BUTT 11.0 
77SE BUTT 13.0 

:-‘73SE BDTT 06.0 
.,~73SE BUTT 06-S 
.73SE BUTT 13.0 
73SE BlTTT 05.0 
R9NE PACF 02.0 
89NE FACE 02.0 
S9NE FACF: 02.0 
R9NlZ PACE 03.0 
R9NE ‘ACT? 02.0 
R9NE FACl? 02.0 
89NE PACS 02.0 
R9NS FACZ 01.0 
R9T?E PACE 03.0 
R9NE FACE 01.0 
77SE BUTT 06.0 
77SE BWTT 09.0 
77SE BUTT 07.0 
77SE BUTT 05.0 
77SE SUTT 07.0 
77SE BUTT 05.0 
77SE BUTT 07.0 
77SE BUTT 12.0 
77SE BUTT 10.0 
77SE RWTT 10.0 
R6SU FACE 04.0 

ET_ 

35 
3s 
35 
35 
3s 
3s 
YC 

40 

4c! 

40 

UC 

40 

40 

40 

40 

40 

UC 
UO 
40 
40 

40 

40 

40 

40 

40 

40 
40 

40 

40 

40 

u(\ 

40 

40 

40 

4@ 

UO 
UO 

40 

40 

UO 
40 

40 
40 

40 

40 

40 

4c 

310. 
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STA A,- 

012 
012 
012 
012 
012 
012 
012 
012 
012 
012 
012 
012 
012 
012 
012 
012 
012 
012 

3 012 
013 
013 
013 
013 
013 
013 
013 
013 
013 
013 
013 
013 
013 
013 
013 
013 
013 
013 
013 
013 
014 
014 
014 
074 
014 
014 
014 

STRI L--w 

N73Y 
N73W 
N73U 
N73W 
N73W 
v73w 
N73U 
N73U 
v73u 
NlPF 
N18E 
NlRE 
YlUE: 
N 1RE 
NlRE 
Nl8E 
NlAE 
NlHF: 
N18E 
N7hW 
N76U 
N7hW 
N76W 
N7hW 
?176U 
N76W 
N76W 
ru76U 
N76Y 
N25E 
N25l? 
TS25E 
N25E 
N2SE 
N25E 
N25E 
N2SE 
N25E 
N25r 
Y74W 
N74W 
N74W 
N74W 
Y7UW 
N74W 
N74W - 

DIP w-w GWLT 

86SW PACE 
R6SW PACE 
R6SW PACE 
86SzI FACE 
96SW FACE 
86SW PACE 
86SW FACE 
8hSU FACE 
9bSW FACE 
9ONW BUTT 
90NW BUTT 
99NW BUTT 
90NW BUTT 
90NW BUTT 
90NW RIJTT 
90NW BfJTT 
90NU BUTT 
90NV BUTT 
90NW BUTT 
9OSY PACE 
9osw PACE 
9OSU FACE 
9OSY PACE 
9osw PACE 
9osw PACE 
9OSW PACE 
9OSW PACE 
90SW PACE 
9osw PACF 
75SE BUTT 
75SE BHTT 
75SE %llTT 
75SE BUTT 
75SE RnTT 
75SE BUTT 
75SE BUT'!' 
75Sp: BU'PT 
75SE BUTT 
75SE BUTT 
85SW FACE 
QSSii PACE 
85SU FACF 
85SU I'ACE 
85SW PACE 
.95sw PACE 
85SW FACE 

02.5 
06.0 
04.0 
05.0 
03.0 
06.0 
05.0 
03.0 
02.0 
OR.0 
04.0 
04.5 
03.0 
OY.0 
05.0 
Ob.0 
06.0 
07.0 
06.0 
03.0 
03.0 
03.0 
03.5 
02.5 
03.0 
03.0 
04.0 
03.0 
02.5 
11.0 
09.0 
04.0 
14.0 
09.0 
10.0 
11.0 
12.0 
08.0 
11.0 
05.0 
03.5 
96.0 
05.0 
05.5 
06.5 
06.0 

H” ,’ 

4 0 
40 
40 
4f! 
UO 
40 
UO 
4c 
40 
UC 
40 
40 
40 
UC 
40 
46 
40 
4 c 
40 
40 
PO 
4e 
40 
40 
40 
4c 
40 
40 
40 
4c 
UO 
4(! 
YO 
4c 
40 
4G 
40 
40 
40 
35 
35 
35 
35 
35 
35 
35 

014 N7UW 85SW PACE 05.0 35 

SPA 'we 



STA W-B 

014 
014 
014 
014 
014 
014 
014 
014 
014 
014 
014 
019 
015 
015 
015 
015 
015 
015 
015 
015 
01s 
015 
015 
01s 
015 
015 
015 
01s 
015 
015 
015 
015 
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STRI 'e-w. 

N7UW 
N74U 
NlOE 
NlOE 
Nlr)E 
NlOE 
NlOi? 
NlOE 
NlOE 
YlOE 
NlOE 
NlOE 
N72W 
N72w 
N72W 
N72W 
N72W 
N72W 
N72W 
N72W 
N72U 
N72w 
N12E 
N12E 
N12E 
N12E 
N12E 
N125 
N12E 
N12E 
Y12P 
N12E 

DIP CLPAT SPA w-m -s--w w-w RT 

8558 FACE 04.0 35 
85SW PACF 06.0 35 
R3SE BUT'!' 07.5 35 
83SE BUTT 12.0 35 
83SE BUTT 12.5 35 
83SF BUTT 13.0 35 
q3SE BUTT 13.0 35 
A7SE BUTT 13.0 35 
R3SE BLlTT 17.n 35 
83SE BUTT 16-O 35 
83SE BUTT 10.0 35 
83SE EUTT 09.0 35 
90SW FACE 08.0 35 
9osw PACE 07.0 35 
9osw FACE 04.0 35 
9osw PACE OS.0 35 
9OSFI FACE 10.0 35 
9OSW FACE 07.0 35 
9OSW PACE 10.0 3s 
9OSW FACE 11-o 35 
9OSW FACE 11.0 35 
9osw FACE 11-o 35 
80NU BUTT 14.0 35 

' 80NU EUTT 18.0 35 
,?ONU BUTT 16.0 3s 
_ SONO BUT" 05.0 35 
i3hNli BrJTT 37.0 35 
80NU BUTT 18.0 35 
8ONU BUTT 11.0 35 
BONW BUTT 17-o 35 
RONW BUTT 14.0 35 
RONW RUTT 13.0 35 
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STYLE ELEMENTS, INTENSITY, AND RELATIVE AGES OF JOINTS ON A DETACHED ANTICLINE 

Wheeler, Russell L., U. S. Geological Survey, Denver, Colorado 80225; 
Ho1 land, Sally M., 103 North Rowling Road, Baltimore, Maryland 21228; 
Dixon, Jeanette M .,* Department of Geology and Geography, West Virginia 
Un i vers i ty , Morgan town, West Virginia 26506; and Kulander, Byron R., 
Department of Geology, Alfred University, Alfred, New York 14802. 

ABSTRACT 

Previous work showed that sets of systematic joints can differ signifi- 

cantly in values of joint style elements - aspects of orientation, size, 

spacing, shape, and rock character. As part of a project funded by the 

Department of Energy to improve exploration for fractured Appalachian gas 

reservolrs from New York State to Virginia, we studied effects on joint 

types of structural position on an antic1 ine in Upper Devonian si ltstones 

and mudstones in the eastern Plateau province of northern West Virginia. 

In one road cut exposing the anticline, Holland measured as many as feasible 

of 32 style elements on each of 100 planar , mostly fi lled joints in beds of 

relatively constant thickness and li thology. Partial repetition by four 

others showed operator variability to be insignificant. Joint spacing and 

size vary significantly between sets-but insignificantly between limbs. On 

limbs, nonsystematic longitudinal cross joints are bigger and more abundant 

than are systematic diagonals. Joint surface area per unit volume varies 

little between and within limbs. Joint intersectlons and delicate struc- 

tures on joint faces show that rare systematic transverse joints formed 

first, then the diagonals , and lastly the longitudinals. In 149 nearby 

exposures of the same li thologies, transverse joints form the most abundant 

set but the sets formed in the same order. In the single road cut, rela- 

tive ages of folding and jointing are indeterminate. From fillings and 

Secor’s model, we infer that the joints formed under increasing effective 

stresses and stress difference. 

* Presented by Ms. Dixon at 14th Annual Meeting NE Section GSA, March 1979. 
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APPENDIX C 

Surface Fracture Data 

Mark A. Evans 
Kevin D. Lee 
Brian R. Long 
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FRACTURE DENSITY AND QRIENTATION STUDY OF THE MERC #l CORE 

FROM MONONGALIA COUNTY, WEST VIRGINIA 

Mark A. Evans 
West Virginia University 

Department of Geology and Geography 
Morgantown, West Virginia 26506 
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Figure 

4 Inc lined slickenside with twist hackle - Page 345 

5 (a) Rose d iagram, strikes of sl ickensides 

(b) Equal area projection, poles to slickensided surfaces 
- Page 346 

1 6 Equal area net projections of poles to slickensided surfaces and 
rose diagrams of slickenside strikes presented with a gamma ray 
log of the cored interval - Page 347 

Figure 17 (a) Rose diagram, trends of sl ickenl ines _ Page 348 
(b) Equal area projection of slickenlines 

Figure 18 Equal area net projections of slickenlines and rose diagrams of 
slickenline trends presented with a gamma ray log of the cored 
interval - Page 349 

Figure 19 Mineralized horizontal slickenside - Page 350 
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ABSTRACT 

Fracture data based on the description of the MERC #l Core shows 

the relationships of natural fractures in the Devonian shales of West 

Virginia to depth and stratigraphy. ‘Y Core Induced fractures, mineral lzed 

and unmineral ized natural fractures (joints), slickensided surfaces, and 

slickenlines were differentiated in the MERC #l oriented Devonian shale 

core. 

Two major subvertical to vertical fracture (joint) sets were found, 

N80’E and N70“W. inclined slickensided surfaces (>lO” dip) show one 

major set, NO’-30’E. The major trend of the sl ickenlines (striations) 

on the slickensides is N70’W. This is the direction of regional tectonic 

transport. The highest densities of slickensides occur near the base of 

the Mahantango Formation and near the base of the Marcellus Shale. These 

two intervals may represent decollement horizons. Many of the fractures 

Eventual 1 y 

other cored we1 

shale fractures . 

high fluid pressure within the shale. 

the results of this study will be combined with those 

1s to present an integrated regional analysis of Devon 

of 

ian 

are mineral ized, some with fibrous mineral growth which is indicative of 
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PURPOSE 

The study of the MERG #l Core is conducted under DOE Contract number 

DE-AC21-76MC05194 with West Virginia University. This is the second in a 

series of reports planned to document the results of our analysis of frac- 

tures found in oriented cores taken from several Devonian shale wells. 

These wells were drilled by private industry in cooperation with ERDA-DOE 

under the Eastern Gas Shales Program. Each report will serve as a record 

of all fractures logged from the oriented shale core taken in that parti- 

cular we1 1. Some preliminary interpretations will be made. However, it 

Is the author’s intent to record, summarize, and present a visual compar- 

ison of fracture data from each core. Then, in a separate report, written 
. 

at the end of the investigation, he wi 11 integrate and compare the data 

from the several reports written by the author and other investigators. 

The final report will interpret the significance of fractures found in 

all oriented cores, and it will attempt to relate the findings to shale 

production and to the regional tectonics of the study area. 
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LOCATION AND DRILLING DATA 

The HERC #l Well is located in Monongalia County, West Virginia, 

approximately two miles north of the city of Morgantown in the Morgantown 

North quadrangle at latitude 39’40’14” N and longitude 79’58’44” W 

(Figure 1). Ground level eleva.tion at the well site is 959’ above sea 

level. The borehole diameter at corepoint was 8-23/32 inches. A 

plastic sleeve was used inside the inner core barrel, and a 3-l/2 inch 

core was retrieved. 

The core was oriented by the author at the Morgantown Energy 

Technology Center’s Core Lab according to guidelines set forth by 

Byrer and Komar (1977). Interval ‘7232’-‘7290’ of the core could not 

be oriented because of a malfunction of the camera taking orientation 

photographs of the core. The interval was not used in this study to 

obtain fracture orientation data; however, fracture frequency data from 

this interval was recorded. 

I 

:r 
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STRUCTURE 
Top of the Onondaga Limestone 

Madlfiod from Cardwoll,1974 

. 

Cl-100 It,500 11 In eartorn folded area8 

M. EVANS 1979 

Figure 1 
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STRATIGRAPHIC INTERVAL CORED 

A total of 341 feet of the Devonian sediment was cored, from 7168’ to 

7509’, plus 11 feet of the Onondaga Limestone to 7520’ (Figures 2 and 3). 

The top of the core includes the Tully(?) Limestone (7168’-6192’1, the 

Mahantango Formation (7192’-7395’)) and the highly radioactive Marcellus 

Shale (7395’-7509’). The bottom of the.core includes the top portion of _ 

the underlying Onondaga Limestone (75G9”-7520’) (Schwietering, personal 

communication). 
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MIDDLE h UPPER DEVONIAN 

CORED INTERVAL 

MAHANTANGC ._ 

MARCELLUS 

7230 

72S0 

- Figure 3 
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REG I ONAL GEOLOGY 

Structure 

The HERC At1 Well is located on the western flank of the Fayette anti- 

cline, which is just west of the large N30’E trending Chestnut Ridge anti- 

cl ine. Regional structure of the Devonian sha 1 es shows a monoclinal dip 

of less than 1” (Figure 1) to the northwest. 

Strat iqraphy 

The surface rocks of the area are Permian, Pennsylvanian, Mississippian, 

j 

and Devonian in age (Figure 2). The Permian Dunkard Group covers the west- 

ern portion on Monongalia County and includes the Washington Coal. Rocks 

of Pennsylvanian age exposed in the area of the well includes the 

Monongahela and Conemaugh Groups, Allegheny Formation and the Pottsville 

Group. Rocks of Mississippian age ar’e exposed in the eastern portion of 

the county on the crest of the Chestnut Ridge anticline and In stream 

valleys. These rocks include the Mauch Chunk Group, 

containing the Productive Big Lime of We.st Virginia, 

of the Mississippian, the Pocono, which includes the 

and Berea Sandstone at its base. The uppermost port i 

the Greenbrier Group, 

and the lowest group 

Big lnjun Sandstone 

on of the Devonian 

Catsklll Formation is exposed in the channel of the Cheat River which 

cuts through the Chestnut Ridge anticline. In the subsurface the Devonian 

is divided into the Catsklll Formation, the Chemung Formation, the 

Bra1 1 ier Format lon, Harrell Formation, Tully(?) Limestone, Mahantango 

Formation and Marcel lus Shale. Lower Devonian sediments include the 

Onondaga Limestone, Or i skany Sandstone, and Helderberg Format ion. 
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HYDROCARBON PRODUCTION 

There is very little current hydrocarbon production from the general 

‘*-- -‘- area around the MERC #l We1 1. The nearest fields in West Virginia 

include the Cassville-Bowlby Field, which produced gas from the 

Mississippian Big lnjun Sand, and the Westover Field, which produced gas 

from the Big lnjun Sand and the Pennsylvanian Cow Run Sand. Both fields 

are now inactive. The nearest active field is the South Burns Chapel 

Field on the crest of the Chestnut Ridge anticline southeast of MERC #l. 

Production is mainly from the Devonian Huntersville and Or.iskany 

(Cardwell 1977). 

The MERC #1 Well had shows of gas from the Big Injun, Squaw, Gordon, 

4th, 5th, Baynard, and Riley Sands, all of which are well above the cored 

interval. The only significant production from the Devonian shales was 

from the Burkett Member of the Harrell Formatiok, which produced 25 MCF 

per day after fracing. This is immediately above the cored interval. 
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FRACTOGRAPHIC LOGGING 

The fracture data was collected by the author at the Morgantown 

Energy Technology Center’s Core Lab. During the study certain structural 

and surface features were used to interpret the type or origin of the 

fractures. The terminology used to describe these fractures may be 

-unfami 1 iar to most readers, so before proceeding with a discussion of 

the fracture analysis it is necessary to discuss this terminology. 

Surface Features Observed on Rock Fractures 

Most features on the surface of fractures are called transient fea- 

tures. According to Kulander, Dean, and Barton (1977), transient fea- 

tures are short range perturbations of a fracture surface which can be 

attributed to: 

1) material inhomogeneties (fossils, pyrlte nodules, pore space, 

etc.) 

2) sonic wave interference 

3) local changes in stress directions and stress grad 

dominant stress field 

4) fracture velocity variations 

lents in the 

Among the more co-n transient features are arrest lines or rib -- 

marks (Figure 4a) which are generated through temporary fracture hesita- 

tion resulting from a momentarily decreased stress field or a sudden 

change in principle stress direction. Essentially, they record an 

instantaneous picture of the fracture front configuration at a particu- 

lar point in time during fracture propagation (Kulander, Dean and Barton, 

1977). 
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Inclusion hackle (Figure 4a) is most likely generated when a fracture 

front advances into the vicinity of an inclusion (pore space, weakly cement- 

ed area, grain of different composition or size, etc.). The fracture plane 

may be locally warped by the interference of0 local stress gradients asso- 

ciated with the inclusion boundary. This planar warping, occurring as the 

main fracture plan passes around the inclusion , often results in the frac- 

ture being at different levels by the time it reaches the far side of the 

inclusion (side opposite that first encountered by the fracture). This 

divergence results in a fracture plane that is not interconnected. There- 

fore, after cassing the inclusion, the fracture advances on two closely 

spaced subparallel levels which soon rejoin to advance as a single front 

with the trailing fracture stepping (hooking up or down) into the other. 

This step forms on the far side of the inclusions that points in the 

direction of fracture propagation. 

Twist hack,.Ie (Figure 4a) is generated at the fracture fronts when the 

direction of principle tension rotates in the plane containing the fracture 

front. The entire fracture front cannot instantaneously rotate to a new 

planar direction perpendicular to the new principle stress. Therefore, the 

fracture at the fracture front breaks up into individual en echelon elongate 

tongues. Each tongue is inclined to the original fracture plant and each 

tongue is perpendicular to the local resultant principle tension. These 

tongues continue to spread laterally and eventually curve into one another 

to complete the fracture, thereby producing the steps seen as hackle 

markings. 

Another common transient feature is hackle plume or “feather feature” 

(Figure 4a). Hackle plumes are made up of twist hackle and inclusion hackle. 
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They consist of a central axis that originates at the initial point of 

fracture propagation and faint ridges which diverge outward from the axis 

in a plumose fashion toward the edge of the fracture plane. The presence 

of plumose markings on a fracture surface indicate that there has been no 

significant lateral movement along the fracture surface (Roberts, 1961). 

Besides transient fracture features there are also tendential fracture 

features. These features arise from long range changes in the stress 

field and are recorded as undulations in the fracture profile or trace line 

formed by the intersection of the fracture plane and a previously existing 

free surface. The bifurcation (forking) or directional change in the frac- 

ture trace generally reflects long-range stress alterations rather than the 

local stress perturbations responsible for transient features. 

One tendential feature, hooking (Figure 4b), results when a fracture 

plane curves due to interaction with a neutral surface of a flexed object, 
. 

or when a fracture plane curves in an attempt to meet a free surface 

orthogonally. Another tendential feature, forking (Figure 4b), is applied 

to fracture bifurcation into two 

ing is generated when a fracture 

ing stress field (Kulander, Dean 

or more diverging fracture planes. Fork- 

reaches a limiting velocity in an increas- 

and Barton, 1977). 

Types of Fractures 

There are two types of fractures found in cores, core-induced frac- 

tures and natural fractures (pre-core fractures of Kuiander, et al --’ 1977) * 

Core induced fractures occur in response to stresses produced by the drill- 

ing and/or core extraction process. Pre-core or natural fractures are 

formed as a result of the failure of the rock under natural tensile and 
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shear stresses. Natural fractures may be subdivided into mineralized sur- 

faces, unmineral ized surfaces, and sl ickenl ined surfaces (sl ickensides). 

In this study, sl ickensides are small faults which are discussed separate- 

ly. Natural fractures, exclusive of slickensides, are referred to simply 

as “natural fractures,” and they are the joints of surface rocks. 

The orientations of the striations or slickenlines on the slicken- 

sides are considered separately. These striations appear only when the 

surfaces of the fracture are forced past one another during slippage. 

The criteria used by the West Virginia Geological Survey personnel and by 

the author to distinguish pre-core from core-induced fractures were set 

forth by Kulander, Dean, and Barton, (1977) and are presented below. 

Core induced fractures have the following characteristics: 

1) A fracture origin at the core boundary or within the core itself. 

2) Hackle marks diverging and attempting to meet the core boundary 

or pre-existing fracture surface orthogonally. 

3) Hackle marks becoming more coarse, the hackle steps increasing in 

relief in the immediate vicinity of the core boundary or pre-existing 

fracture surface. 

4) Twist hackle originating near the core boundary or pre-existing 

fracture surface. 

5) Hackle plumes on sub-horizontal fractures that diverge from the 

central core area in a spiral pattern indicating a torque stress. 

6) Closely spaced arrest lines on vertical and inclined fractures; 

arrest lines are convex downcore and symmetrical about the imaginary 

line down the fracture surface center. 
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7) Hackle marks on vertical or inclined fractures that diverge downcore 

synvnetricaliy about an imaginary line down the fracture surface 

center. 

8) Fractures that hook abruptly towards the core boundary or a precore 
/ 

fracture surface. 

Natural fractures have the followinq characteristics: 

1) Polished and slickensided fracture faces (almost always smooth and 

planar). 

2) Fractures filled by fibrous or non-fibrous mineralization. 

3) Smooth fractures extending entirely across the core and against which 

later fractures usually terminate. 

4) lncl ined-vertical fracture faces displaying smai 1, often conchoidal 

chips at the fracture-drilled core boundary intersection. The chips 

hook to meet the inclined fracture orthogonally. 
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DISCUSSION OF CORE INDUCED FRACTURES 

There were very few well defined core-induced fractures in the MERC #l 

Core. Of the four basic types of core-induced fractures - petal, scallop, 

torsion, and bedding plane fractures - only the last two were identified 

in this’ core. This lack of core-induced fractures may be the result of 

the physical characteristics of the rock and/or stress conditions present 

in the rock. The lack of petal and scallop fractures also restricts our 

ability to infer in situ stress directions in the Devonian sediments of 

this area. 

The orientations of horizontal to subhorizontal bidding plane fractures 

and torsion fractures were not measured; these fractures will not be 

treated further. 

: .-. 
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D I SCUSS ION OF NATURAL FRACTURES 

A total of 103 subvertical to vertical natural fractures were measured 

in the 283 feet of core studied. Certain fractures are up to four feet in 

length, and in many cases, the fractures cut diagonally across the core. 

Figure 5 shows an unmineraiized fracture from the upper portion of the 

Mahantango Format ion. Some unm i nera 

hackle plume as well as twist hackle 

calcite mineralized fractures occur 

ized fracture faces exhibit the common 

and arrest lines. The ends of two 

n the Upper Mahantango (Figure 6). 

The Tully (?) Limestone and Marceilus Shales have the greatest proportion 

of natural fractures, while, the Mahantango Formation has relatively few 

natural fractures. 

Nearly all bf the natural fractures are mineralized with either 

calcite, dolomite (rare), anhydrite, pyrite, barite, or some combination 

of these. A natural fracture mineralized with calcite and pyrite is 

shown in Figure 7. A fracture mineralized with calcite, pyrite, and 

anhydrite is shown in Figure 8. The mineralization is usually crystalline 

but also occurs as thin massive or fibrous coatings covering the fracture 

faces. Mineral growth fibers, perpendicular to the fracture, may imply 

fracture development where mineralization has occurred parallel to the 

principle tension as the fracture opened (Durney and Ramsay 1973). This 

situation is most likely to occur under very high fluid pressure condi- 

tions. M i neralization may also take place long after fracture develop- 

ment and merely fill void space created by the fracture. Most of the 

mineralized fractures are found in the Marcellus Shale, many are also 

found in the Tully (7) Limestone. The Mahantango Formation has few 

mineralized fractures. The type of mineralization fill 

shows no preference for fracture orientation, lithology 

ng a fracture 

or depth (Plate 1) e 
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An equal area net projection of poles to natural fracture surfaces 

plotted and contoured by the Mellis method and a rose diagram, were plot- 

ted for all natural fractures measured (Figures 9A and 9B). Unless 

otherwise stated, all rose diagrams presented in this paper have a five- 

degree class interval. Overall, two major fracture sets, having strikes 

of N80’E and N70”W, are predominant. Since most of the natural fractures 

are subvertical to vertical, the equal area net projection shows ‘four 

clusters corresponding to the strike of two main fracture groups. 

Equal area net projections and rose diagrams were plotted for 30 

feet intervals wherever orientation data could be obtained. These plots 

are presented next to a gamma-ray log in order that the reader can com- 

pare changes in fracture patterns with depth and stratigraphy (Figure IO). 
. 

The natural fracture orientations in the core show a great amount of 

scatter with depth. This may be due to variations in stress conditions 

with depth and lithology. The low number of fractures present in some of 

the intervals studied may not be representative of the number and orien- 

tation of all fractures in those intervals as the sample area of a core 

for a particular lithology is very small. Subvertical to vertical frac- 

tures are less likely to be sampled than low dipping fractures. 

One of the most interesting natural fractures found in the core is 

illustrated in Figure 11. One end of the vertical calcite mineralized 

fracture shows twist hackle which died out lnto the surroundlng rock. 
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Figure 6 
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SLICKENSIDES AND SLICKENLINES 

Slickensides are created by the movement of one fracture face past 

the other. The orientation of the siickensides reveals information about 

the movement subsequent to or synchronous with fracture formation. In 

this particular case the strong preference of lines to an orientation 

perpendicular to fold trends suggest that they are tectonic in orfgin. 

Sl ickens ides in the MERC #I Core were divided into two classes, sub- 

horizontal to horizontal (dip ~10’) and inclined (d ip >lO’). Due to the 

i rregu 

tal to 

the sl 

1 

i 

arity of the fracture surfaces the orientations of the subhoriton- 

horizontal slickensides were not measured; however, the trends of 

ckenlines (striations) on these surfaces were. recorded. Figure 12 

I1 lustrates an incl ined sl ickenside; Figure 13, a horizontal slickenside; 

an.d Figure 14, an inclined slickenside exhibiting twist hackle. Sl icken- 

sides are most abundant in the Tully (7) Limestone, and in the lower por- 

tions of both*the Mahantango Formation and Marcel 

An equal area net projection of poles to incli 

faces and a rose diagram were plotted for all 106 

us Shale. 

ned sl ickens ided fracture 

incl ined sl ickensides 

measured in the MERC #1 Core (Figures 15A and 15B). There is one major 

inclined slickensided fracture set in the core, NO”-30’E. Dips for the 

inclined slickensides are generally unimodal to the west and southwest and 

most are low angle (lo”-30”). 

Equal area net projections and rose diagrams of inclined slicken- 

sides were plotted for each 30’ interval of the core. They are presented 

next to a gamma-ray log of the cored interval (Figure 16) in order that 

the reader can easily compare changes in both dip and orientation of the 

inclined sl ickensides with depth and stratigraphy. 
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Throughout the core the strikes of. inclined slickensides are quite 

variable. There is no apparent relationship between depth and stratigraphy. 

The orientations of the strikes of several of the slickensides may not be 

reliable due to their low dips. 

Slickenlines (striations) on a slickenside show the relative movement 

trend of one fracture face past another. The trends and plunges for 194 

sl ickenl ines on both horizontal and incl ined sl ickensides were measured. 

An equal area net projection of 1 ines and a rose diagram were plotted for 

all slickenlines (Figures 17A and 178). One major slickenl ine trend which 

averages N70°W is present. This trend transects the maxima of poles to 

surfaces, and thus it is really at right angles to the general strike of 

the low dipping slickensides. The equal area net plot illustrates the low 

dips of,the northwest-southeast trending slickeniines. There is very little 

scatter in trends of the siickenllnes. 

Equal area net projections and rose diagrams were plotted for each 30’ 

interval of the core. They are presented next to a gamma-ray log of the 

cored interval (Figure 18) in order that the reader can compare changes 

in trend and plunge of the slickeniines with depth and stratigraphy. 
I. 

There is very little variation in the trend (N45’-80’W) or plunge 

(O”-30”) of the siickenlines throughout the core. The greatest amount 

of scatter occurs in interval 735i’-7380’ which is near the base of the 

Mahantango Format ion. 

Many of the slickensides in the core are mineralized with calcite 

(most cormK)n), dolomite, barite, or anhydrite, or some combination of 

these. The mineralization is usually found on the horizontal (dip <IO’) 

slickensides and is in the form of vertical to curved fibers (Figure 19). 
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These horizontal fiber-filled fractures are indicative of a very high 

fluid pressure in bedding planes of the shales, and of the fact that 

the shales acted as a decollement horizon. 
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. 
Figure 12 

i 

Figure 13 
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Figure 14 
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SUMMARY 

All fractures found in the MERC #l Core could be subdivided into 

four types, core-induced fractures, unmineralized natural fractures, 

mineral ized natural fractures, and sl ickensided fractures. A visual 

summary of fracture density and orientations is presented in Plate 1. 

Core-induced fractures were the least common and only bedding 

plane and torsion fractures were identified. The lack in petal and 

scallop fractures restricts the ability to determine the in situ stress 

of the area. 

The subvertlcal to vertical natural fractures (joints) can be sub- 

divided by strike into two-fracture sets, N70°W and N80’E. The Tully (7) 

Limestone and Marcellus Shale have the greatest proportion of natural 

fractures . Most of these fractures are mineralized with calcite,‘dolomite, 

anhydrite, pyrite, barite, or some combination of these. 

The slickensided fractures in the core are most abundant in the 

fully (1) Limestone, and in the lower portion of both the Mahantango 

Formation and Marcellus Shale. These lower intervals may represent 

decollement horizons. The 

is quite variable, however, 

Trends of the sl ickenl 

vary between N45”W to N80°W 

trike of the surfaces of these slickensides 

one major set, NO“-3O”E, can be distinguished. 

nes (striations) are generally N70”W and most 

Many of the horlzontal slickensides are 

filled with fibrous mineral growth which is indicative of very high fluid 

pressure in the bedding planes of the shales, and which suggests that the 

shales acted as a decollement horizon. 
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From the orientations of the natural fractures and the trends of the 

slickenlines it can be concluded that the major tectonic stress was 

directed in a northwest-southeast direction. This is the same stress 

direction as that forming the Alleghen’en folds. It is presumed that the 

fractures relate to Alleghenian deformation. 
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AB!ZRA&’ 

A regional survey of aastern Kentucky surface joints was completed. Maps of joint strikes plotted a. 
rose diagrams show cosl has the most consistent regional orientation of joints of all lithologies 
studied. Coal face cleats and coal stmmure form lines suing in the foreland of the Pine Mountain 
thrust f8lllt. The face cleat swing could be due to the thrust, but may instesd be a separate system 
related to basement shape or an edge effect created by the Bustell Fork tear fault. The apparent 
independence of coal cleat strikes fras the Pine Mountain thrust may be a result of isolation of 
coal from fault stress by movement along the fault plane or by the coal having too low a rank for 
fracturing when faulting occurred. 

(lutcropping bv~nian shales show consistent joint strikes of N25E, N4SE and N6SU. First-formed and 
second-formed joints strike northeast and northwest, respectively. The N4SE joint strikes occur 
predominantly along the eastern flanks of the Cincinnati Arch and Nashville Dome. The NZSE joint 
striker are concentrated in the Cmberland saddle between the Cincinnati Arch and Nashville Dome. 

INIRODWTION-LOCATION 

It is generally believed that fractures in the Devonian shale provide the permeability needed for 
significantcamercialgas production. It follows that if the nature, orientation and intensity of 
jointing in the Devonian shale can be doterrined, then tho extont and location of potentially pro- 
ductive permeable zme% can be predicted and better estimates of ultimate gas production realized. 
Jointing of the Devonian shales in gas producing areas may be reflected in surface joints through 
regional joint strike, size and spacing trends. A survey of surface joints was completed in order 
to ostablish these trends within the largest Devonian shale gas field in the world, the Big Sandy 
Field. 

The study area is located in the unglaciated Appalachian Plateau of eastern Kentucky (Figure 1). 
Joints fra 1SD quadrangles east of a north-south line drawn between Maysville and Middlesboro, 
Kentucky and fra quadrsngles in the Devonian shale artcrop belt on the east side of the Cincinnati 
Archwere documented. 

Rocks of Pennsylvania, Mississippian and Devonian age are exposed in the study area. Pennsylvanian 
strata are corposd of deltaic sequences of sandstone, shale and coal. The Mississippian contains 
sandstones with some shales and older massive limestone formations. The Devonian comprises black 
shales underlain in some areas by a thin limestone. 

A randa ~qling systeu ns used by considering the boundaries of 7+ minute quadrangles as a grid 
d obtaining one or more stations within each quadrangle. At each sampling station the strike and 
dip of joints, lithology (shales separated by color only), bed thickness, horizontal and vertical 
joint extent and joint spacing were noted. 

The sequence of jointing was determined through abutting relationships. Kulander and others (1977) 
have shoun that tension joints which form first provide a free surface which. unless cemented clOSed, 
cannot be crossed by lator formed tension joints. Thereforo. first-formed joints are abutted by 
second-fad joints, usually at or near a 90 degree angle. The first- and second-formed joint sets 
are generally the best formed joints at any given outcrop. 

REIIJLTS 

In addition to dentering and devolatiliration, tectonic stress plays an important part in coal cleat 
formation (Tin& 1977). Cleats generally have a directional relationship relative to coal form line 
structure and basement stxucturo trends in West Virginia (ICulander and Dean, 1979) and eastern 
Kentucky. In eastem Kentucky, coal face cleat strikes rotate in the forolsnd of the Pine Mountain 
thrust (Figure 2). The thrust appears to have caused the cleat rotation; however, with the limited 
data available several alternative possibilities are feasible. 

If coal fracturing occurred at the same time and as a direct result of the Pine Mountain thrust 
movement, then the coal cleats should have extension and release orientations relative to thrust 
movement. The thrust movement is presumed to be northwestward, so the tensional joint trend should 
be northwestward. These extension-release orientations would be expected to form a second cleat set 
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with any previously formed sets. These trends are not present. 
butt clut.set but It has a regional rotation. 

The coals do show one simple faco- 

hsuming coal cleats formed prior to the Pine Mountain thrust, 
the thrust should be present on the foreland, but It IS not. 

a second fracture systsa related to 
The slmpllclty of elwt sets and their 

rotation in the forelti suggest that the cleat formation nay be post thrust in response to bsSt?amt 
deforution shape. Basement shape is poorly defined in the Pine Mountain foreland, however, the 
coal form line nap (Figure 5) shows a gonoral contour suing in this area. Coal face cleats show a 
consistent orthogonal relationship to coal fore lines.through West Virginia and rotate with them in 
front of Pine Mountain. 

A second oxplanation for tho absonco of a fracture syster rolatad to the Pine Mountain thrust is 
linked to the time of coal lithification. Coal lithification may not have progressed far enough by 
the tiBe of the thrust mreaent to allow significant fracturing. Lignite will fracture with tide 
spacing compared to nornl coal fracturing; these fractures nay have formed, but could have been 
obscured by later fractures operating under a different stress field. 

A third explanation for coal cleat rotation in the foreland may relate to the Russell Fork fault. 
The junction of tho Russell Fork and Pino Mountain faults (Figure 1) appears to be the hub around 
which coal face cleats rotate (Figure 2). This junction was probably an.area of considerable stross 
between the Pine Mountain thwt sheet and sheets adjacent to it. Coal cleat rotation nay bo the 
foreland effect of two sheets moving at different speeds and having a definite point of stress at 
their extra0 edges. 

Plotting of joint strikes as rose diagrus by station and lithology on tho nap reveal consistent 
coal face cleat orientations over relatively large areas (Pigure 2). Shale and sandstone joints are 
not consistently oriented ud their first- and second- formed joint strikes were plotted SSpUStOlY 
to determine their degree of correlation with coal cleat strikes. Plotting of the angles fozmd 
between coal cleats and first- and second-foraed joints as histograms found several relationships. 
Black shales show 46 portent of tho angles are within 10 degrees of coal cleats and 32 percent lie 
betueen 20-SO degrees of coal cleats. This fairly good correlation my reflect the close proxinity 
of coal and black shale often seen in the stratigraphic sequence. Crmy shales shou41percent of the 
angles are within IS degrees of coal cleats and 44 percent are between 25-40 degress. The lack of 
close proximity of gray shales to coal and their increased silt content (with resulting change in 
strength characteristics) may account for these sngular relationships. Sandstone showed no signifi- 
cant angular relationship to coal cleats. This indicates sandstone jointing in the deltaic Pennsyl- 
vMi8o sewmce is too CocnpleJt for regional intarpret*tlon. 

DBVONIAN SILUB 

Devonian shales along the eastern flank of the Cincinnati Arch and Nashville Dome (Pigure 1) show 
consistent joint strikes of N2SE, N4SE and N65U. First-foxnad and second-foxnd joints strike north- 
east and northwest, respectively. The N4SE joint strikes occur predominantly along the eastern 
flanks of the Cincinnati Arch and Nashville Dome. This strike set is roughly peraIls to the N4OE 
striking outcrop belt and nay have forred as a tension feature related to the rogional dip of the 
cincinnati Arch and Nuhvillo Dae. The N2SE joint strike set is concentrated in the Cmbuland 
saddle area (figure 1) and is clearly a mtation from the previously discussed strike set. The 
Clnbsrland saddle is an area of Cubrian age bascaent faulting which probably rotated the regional 
stress fields of the Cincinnati Arch and Nashville Dome. 

REFERENCES 

Rulander, E. R., and Dean, S. L., 1979, ms. Rome trough relatlonship to fracture domins, regional 
stress history and decollanent structures: (in review for Proc. of the Southeast Section geol. 
Sot- of hria Symposiun on Western Limits of Detachment and Related Structures in the 
Appalachian Foreland). 

Kuiander, 8. R.. Dem. S. L., and Barton, C. C., 
core and core Induced fractures - 

1977, Fractographic logging for detemlrutlon of pre- 
Nlchoirr Combs No. 7239 Well, Hazard, Kentucky: RERC-77/3, 

Dlstrlbutlon Category VC-02. Energy Research Center, Morgantom, U. Va., p. 20 and 33. 

Tlng. F. T. C., 1977, Origin and spacing of cleats in coal beds: Journal of Pressure Vessel 
Technology, v. 99, p. 624-626. 



- fJ 3 :r..e ii:LWb/A, ; , v. i 

WVLI Dept. of Geology & Geography 
Oct. 1979 

358. 



UGR File #C048/A79, v.2 
WU Dept. of Geology & Geography 
Oct. 1979 359. 

. 

\ 
l 

% 
. 

\ 

* 

. 

-% 
t 

i COAL FACE CLEA 
B. LONG 

,TS 

/..H --- 
MILES 



UGR File KO48/A79, v.2 
WVU Dept. of Geology G Geography 
Oct. 1979 

360. 

Figure 3 

i i 

I 



UGR File #C048/A79, v.2 

WVU Dept. of Geology E Geography 
pet. 1979 

361. 

FRACTURES FROM DEVONIAN SHALE OUTCROPS. 
ALONG THE PINE MOUNTAIN THRUST 

Kevin D. Lee 
West Virginia University 

Department of Geology and Geography 

United States Department of Energy 
Contract number ET-76-C-05-5194 



UGR File #C048/A79, v.2 
WJ Dept. of Geology & Geography 
Oct. 1979 362. 

INDEX 

Abstract 

List of Figures 

Purpose 

Location and Geologic Setting 

Method of Investigation 

Results 

Fractures from Outcrop KLl 

Fractures from Outcrop KL2 

Fractures from Outcrop KL3 

Fractures from Outcrop KL1; 

Fractures from Outcrop KL5 

Fractures from Outcrop KL6 

Conclusions 

References Cited 



UGR File #C048/A79, V.2 
WVU Dept. of Geology & Geography 
Oct. 1979 363. 

Abstract 

Fracture patterns in the Devonian shale exposed along the Pine 

Mountain Thrust show much greater complexity than the overlying units. 

However, the trends of fractures in the upper part of the Devonian shale 

are nearly those of the overlying units. The amount and complexity of 

fracturing reflects the degree of, and distance from, the basal detach- 

ment fault plain. 

Two zones of movement were found within the shales. The major 

fault occurs at the base of the shale, and the shales adjacent to the 

thrust plain show the most deformation. However, a zone of lesser 

movement occurred in the upper part of the shale. The two zones of 

deformation may match the reported productive zones found in the Big 

Sandy shale gas.field to the west. 

Joints in the Grainger shales and Berea sandstone have trends 

similar to that of the upper part of the underlying shale, but they 

are less variable. 

Jointing in the overlying Newman limestone along Pine Mountain 

is similar but slightly rotated from the underlying Grainger shales. 

The joint trends consist of a dominant set parallel to the Pine Moun- 

tain Fault; and a less dominant set, perpendicular to the thrust front. 

Eventually the results of this study will be combined with those 

of cored wells and other surface studies to present an integrated 

regional analysis of Devonian shale farctures. 
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Purpose 

Natural gas in the Big Sandy field of eastern Kentucky produces 

from fractures within the Devonian shale. There are only two areas 

where one can study these shale fractures at the surface near this 

field. The Devonian shales crop out in central Kentucky along the 

Cincinnati Arch, and in eastern Kentucky, they crop out just above 

the Pine Mountain Thrust. A separate study will report on fractures 

in the shales along the eastern flank of the Arch (Long, in progress). 

This,study reports on the nature and origin of fractures in the Devon- 

ian shale that crop out along the Pine Mountain Thrust. 

We hope that thru the documentation of fracture patterns in 

adjacent outcrops, meaningful comparisons can eventually be made 

with the proaction of natural gas from the Big Sandy gas field. 
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Location and Geologic Setting 

Pine Mountain is a linear feature about 125 miles long extending 

from just northeast of Elkhorn City, Kentucky, where it abuts against I . 

the Russel Fork fault, southwestward to near Jacksboro, Tennessee, 

where it abuts against the Jacksboro fault (see Figure 1). It was 

interpreted by Rich, 1934, and many others since as the surface ex- 

pression of a major ramp of a detachment thrust in the Devonian shale, 

across more competent units, either to extend the surface or to an 

incompetent horizon in the Pennsylvanian elastics. The upper Part of the ramp 

has since been eroded. The movement of the upper plate along the 

ramp has brought sediments of Devonian and Mississippian age to the 

surface. Presumably the stress that created the thrust also extended 

into the foreland in the area of the Big Sandy shale gas field. How- 
* 

ever, major movement was diverted by the ramp of the thrust at Pine 

Mountain so that extensive transpost did not occur under the Big 

Sandy shale gas field. However, if the stress and some minor move- 

ment did extend into the shales under the Big Sandy field, as suggested 

by Shumaker (1978), then the documentation of joints on the Pine 

Mountain may lead to insights concerning the fracture patterns and 

production in the Big Sandy shale gas field. For a more complete 

analysis and discussion of the geology of the area, readers are re- 

ferred expecially to Harris (1970) and Harris and Milici (1977). 
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FIGURE 3 
GENERAL STRATI GRAPH I C COLUMN 
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Method of Investigation 

Field work was undertaken during July and August, 1978, to study 

fractures in the Devonian shales exposed along the base.of Pine Moun- 

tain. Usually the shales are poorly expdsed except in a few areas. 

The most complete exposures of the shale are along roaas which cross 

the mountain or along quarry access roads to limestone which overlies 

the Devonian shale. Six exposures were found that were adequate to 

provide sufficient data for analyses of joints and outcrop-scale 

structures (Figures L). 

Except for the shale outcrop KL6 in the Bledsoe Quad, all expo- 

sures were moderately to intensely weathered. 

Only joint sets that were consistant and repetitious throughout 

the outcrop were measured. Those joints judged to be random or unrepre- 

sentative of the dominant directions in the outcrop were noted, but 

not measured. 
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Conclusions 

1) Jointing in the Newman Limestone consists of a dominate strike set 

parallel to the Pine Mountain thrust, and a dip set perpendicular 

to the thrust front. 

2) Jointing in the underlying Grainger shales and Berea sandstone are 

similar to jointing in the limestone, but can show slight rotation 

of joint strike, and greater variability in the strike of joint 

directions, especially in the second, or dip set. 

3) A Narrow zone of deformation may be present near the top of the 

Devonian shales. This zone may reflect flexurial flow as the stiffer 
- 

units above glided over the weaker shales during formation of the main 

Pine Mountain thrust, found at the base of the shale. 

4) The number of joint sets throughout an outcrop increase with depth, , 

or, the closer to the fault zone, the greater the trend and number 

of joint sets. Shumaker (1976) noted anamolous dip readings in the 

dip meters of the No. 1 Combs well in the Big Sandy field (perhaps 

reflecting mineralized fractures) in organic zones near the base of 

the shale and near the top of the shale. The two zones also contain 

slickensides indicative of movement (Shumaker, 1976). In addition 

Ray (1967) reports two main zones of production from these same organic 

layers. (See Figure 14) It seems possible that the two deformed zones 

at Pine Mountain correlate with those discussed by Shumaker (1978) and 

5) 

Ray (1967). 

The strikes of joint sets at the top of the Devonian shales do not 

match the strikes of joint sets at the bottom of the Devonian shales. 

Somewhere between the top and bottom of the Devonian shales is a zone, 

sometimes narrow, where the joints change strike. This is graphically 

illustrated on KL3 between elev. 80 and 160, and was seen on one outcrop 
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on KL5. 

The most deformed zones occur in the lower part of the Devonian shales 

near to the disappearance of the shales along strike of the Pine Moun- 

tain thrust, and conversely as the shale thickens above the thrust 

there is a greater section of undeformed shale. 

Thrust faults in the Devonian shale, as seen in outcrop, are not paral- 

lel to the main Pine Mountain fault. Thrust faults in the shale that 
:. 

are parallel to the main thrust may be obscured on bedding planes. A 

clay rich zone at the bottom of KL5 may be one such fault. 

Random fractures, or non-systematic fractures throughout entire out- 

crops, were noted in some exposures at every column studied. These 

could be related to blasting, weathering, or tectonic deformation. 

Each column usually has joint sets sub-parallel and sub-perpendicular 

to the Pine Mountain thrust. 

10) Where thrust faults are detectable in outcrop, the strikes consistantly 

correspond to strikes of a joint pattern. However, the dips of the 

thrust faults do not consistantly correspond to dips of a joint pattern. 
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RELATIONSHIPS OF GAS OCCURRENCE TO GEOLOGICAL 

PARAMETERS IN THE EASTERN KENTUCKY GAS FIELD(S) 

J. Negus de Wys * 
R. C. Shumaker 

West Virginia University 
Department of Geology and Geography 

Devon i an Sha 1 e Program 
425 White Hall 

Morgantown, West V:rginia 26506 - 

ABSTRACT 

A study of initial open flow gas data from 4750 wells in the Eastern 

Kentucky Gas Field(s) relates gas occurrence to geological parameters 

including structural/stratigraphic sections, lithology, and geochemistry. 

Approximately 300 formation density logs are used for stratigraphic 

correlation, reinforced by data from two cored wells and cuttings from 11 

wells in this 3,000 square mile, 10 county study area knckJn historically 

as the Big Sandy Field. This field has produced for over 50 years. 

Trend traces of initial open flow data are interpreted as zones of 

more intense fracturing and show four preferential directional trends. 

The gentle anticlinal structure in the northern part of the field, 

which may be an extension of the Paint Creek Uplift, broadens to the south 

and bifurcates. Small faults are identified to the southwest of the main 

field and the Rome Trough occurs across the northern portion of the field. 

The 100’ per mile dip to the southeast of the basement rocks is sub- 

dued to 30-50’ per mile dip in the producing Devonian shale sequence which 

thickens by an order of magnitude into the basin to the northeast. 

Relationships of these parameters and geochemistry from well cuttings 

are presented. 

* Ms. Negus-de Wys presented this talk at the AAPG Annual Meeting, 1979. 
The AAPG Bul letin has asked Ms. Negus-de Wys to prepare a paper for 
publication. 
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EASTE!-W KENlUCkY GAS FIELD: 

STRK3URAL-STRATIGRHIC CRC6S SECT1C.N.S PElD POTENTIAL PROWCTION PATTER6 

by 
J. Negus de Wys 
I(. C. Shumakar 

Department of Geology and Geography 
West Virginia U&Sersity 

425 White tiall 
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ABSTRACT 397. 

Prelsry rcaults on a projected three-year stud) of about 3000 square miles of Eastern Kentucky 
Gas Field(e) are presented. Initial open flow data are ccrmpared with basement structure, dip aud 
strike, and thickueseaa of producing units in Dovoniau Ohio shales. 

A seriee of seven preliminary moss sections are presented for canparisoa of log aiguature changes 
aud correlatim. etratigraphy and structure. A three-dimenaimal Plexiglas model Is presented for 
opatlal rrlatloashipm of the geological parameters to the initial open flow valuer and gas occurrence 
shown aa temperature logs. 

(h-going atudlee cm this field include lithology study of sauples from each county, and geochenlcal 
analyele of sclmplea for vertical and horizontal variation. 

A prelimiuary computer-produced map of cmtoure on the initial open flow data haa been run using the 
Fortran SVMAP program. Additional refinements are being made prior to running a final map. A hand 
contoured map is also being prepared. 

Compariem of the initial op.en flow map will then be made with the geological parameters. 

INTXODUCIION 

Xd Ray of Kentucky-West Virginia Gas has described the historical development of this area which has 
uudergone exploratory drilling for over 150 years, first for brine, then oil and eventually for gas. 
“The cmrcial production of gas co-need in the 1920’s and now coqriees 85X of the gas produced 
la Kentucky. The moot important producing horizon in the Eastern Kentucky Field is the Upper 

. Dcvmiac Ohio ‘Brown Shale’ which includes the Cleveland Shales, Three Lick of Chagrin, and the 
Hurm Shale.. Theae highly organic unite are 200-900 feet thick in this area and have a southeaet 
monoclinal dip of 30-50 feet per mile. Only 5% of completed -11s have natural Mrcial open 
flow. Shooting tith explosives was shown to bring 40% of nonproducers into caamercial production. 
Preeently hydrofrrcturlng is the standard procedure, which results in ouly 43% of drilled wells 
falling within O-1OOXcf range as agaiast 54% of total canpletiona with ehot mlla In that range. 

These procedurea reflect the fact that the Devonian Broua Shale of Eastern Icantucky is a relatively 
amall VOhme producer in individual -11s but the productive life far exceeds any other producing 
forprtim in the area. An explanation for this slow but long vcll life may lie in the concept of 
production from “fracture fades” of the shales, possibly related to deep basement structural 
feature8, coupled with the extremely lov average mabrix porosity and permeability. ‘lbie field is 
the largeat gaa field in the Appalachian Basin. having produced over 1.7 trill&m cubfc feet of gas.” 

PUXFOSX OF SIUDY 

The puzpoae of thl8 investigation Is to identify and describe geological parameters and relate these 
to gas occurrence and potential production. Geological parameters in this study include etratigra- 
phy, structure. lithology. and geochemistry. Identification of Protoaalvl.nia (also described as 
Foerstid in well cuttiuga and cores ie included as a possible tirm line or rentrlcted habitat zoae. 

Gas occurreuce data is derived from temperature logs. Initial opea flow data is used as an indica- 
tor of gas occurrence and potential production. 

Data 

‘lhe data to be included in this study consists of: 

1) Approximately 300 fonaation deneity logs, 
2) apprcacim4tely 75 temperature loge, 
3) initial open flow data on approximately 4750 wells, 
4) ull cutting0 frcu ten counties, 
5) core data oa tw walls and me tunnel, 
6) fracture atudy data fra 2 cone and field surface studies, 
7) outcrop data to the mat, 
8) Uemt Virginia University and Geologicel Survey studies to the east, 
9) literature Including erpecially work by the Keutucky Geological Survey, the U. S. Geological 

Survey. the DnivereitY of Kentucky. the University of Cincinnati. Ohio, State Univereity, md 

i 
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eapeCiaflY the dhaertatias of Linda Provo and J. Schuletering. 

Status of. invcstlgation 

The work presented in this paper includes seven preliminary stratigraphic-structural croes section8 
and preliminary initial opsn flow data pattsms. Some gae occurrence from temperature logs is in- 
cluded on croesaections, although this work has not yet been completed. 

Structural mepe, ieopach mape. lithology, geochemistry, and final analysis are yet to be accomplished. 

Stratigraphic-structural maps 

The seven cross sections presented in this report are oriented as follows: 

1) three in a SW - NE direction, and 
2) four in NNW - SSE directions. 

See Figure 1. 

Theee sections are shown in a l/163 ratio of the horizontal to vertical scale in order to emphasize 
the gentle structure and permit the display of the fine intertonguing gray snd black shales in the 
Cleveland section. 

The cross eectioae show a more sharply defined anticline in tb northernmost SW - NE cross section, 
broadening in the cemtral part of the field end gently bifurcating to the south. The NW - SE cross 
sections chow the regional dip to tk SE at about 30-60 feet per mile, with some suggestion of 
slight interruptions of thie dip in the form of small steps. In the central SW - NE cross section 
two small norms1 fault6 are apparent in the extraae SW. These are not apparent in the other NO 
near parallel eectione. A fault is suggested in the vicinity of the Warfield fault and possibly to 
the NE. 

The stratigraphic eectims thicken by as much as an order of magnitude to the east. 

The intertonguing of the gray and black shales in the Cleveland sequence Is reflected in the natural 
radioectioity in the .gm gm reedlnge on the formation density logs. Core staples bear out the 
color chews. Nowever, a simple gray/black designation ie actually not truly representative of 
this section. A more detailed study should show a gradation in grays from very light to extremely 
dark or black. Thle study is only ehowing relative changes and thus the cross sections show only 

0 two relative gradations. 

Gas occurrence from temperature logs is showm on the cross sections. This work has not yet been 
completed; the lack of gas occurrence shown on scme logs may be due to lack of data at this time. 

Initial open flow data from 4750 wells is used to develop pattern maps and run a Fortran SYMAP pro- 
gram. The pattern maps show, show the results in terms of four levels as 1) a color representation 
with red as highest, orange as secmd highest, yellow as third, and dots as fourth; and 2) as a 
black pattern. See Figures 2 and 3. Points were connected where not contra-indicated. In the 
black pattern in Figure 3 several linear band-like trends may be noted, within which there appear 
euggeetims of arcuete or almost seendaring patterns. Staple checks across these bands are plsnned 
to investigete lithology changes. 

The first completely run SYMAP on tvice the scale of the original map is presented. This will be 
contoured from the printout and reduced for comparison with other parameters. 

A three-dieansiomal plexiglas model of the field vith cross sections discussed here and an area1 
histogrem of inftiel open flow data is presented in the poster session area. 

Protoealvinia has been identified and photographed in both cores and has been found in the well 
easq~lee studied to date. The edetence of this brown algae may represent a time line, or, more 
poseibly repreeent a restricted unique sat of environmental habit conditions in which this form 
could flourish. 

This paper repreaeate eeeentielly a etatus report QL the first year of an on-going three-year etudy. 
Ae euch, cmclueLone are not dralio at tbie tire. however, inferences at this point in the fnvesti- 
gation l mggeet both structural and stratigraphic influences on gas occurrence in this field. 
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- Figure 2. Location of open flow data points (from Griffith5 1976). 
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Fiqure 3. Pattern resulting from connection of all wells with open 
flow ),o.s. No wells with lower flow occur within the pattern. 
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ABSTRACT 

Results of a trend analysis study of the Cottageville Gas Field are presented. A series of maps are 
developed from geological factors, gas production data, and production decline calculations. Trends 
are plotted on each map and then compared on a compass rose. 

Relationships of geological trends to production and production decline are shown through a stacked 
block diagram sequence. 

Suggestion of a fault or faults is made by production and production decline map trends which do not 
relate to other geological factors. 

This method of analysis is presently being applied to the Eastern Kentucky Field(s). 

INTRODUCTION 

The purpose of this study is.to apply various methods of gas production data analysis to gas field 
data in order to objectively evaluate and explore relationships in the production history of the 
Cottageville gas field in the Devonian shale. An understanding of such relationships may contribute 
to estimation of recoverable reserves and to conclusions or hypotheses in the study area which may 
be applied to other potential gas producing shale areas. 

The scope of the study is the gas production from 63 wells from Devonian shales in the southwestern 
Jackson County and eastern Mason County. This paper represents a step further in analysis and con- 
clusi~ns from a paper by the authors in 1977 (de Wys and Shumaker, 1977). 

Devonian shales underlie approximately 100,000 square miles in Kentucky, Ohio, West Virginia, 
Pennsylvania, and New York. It has been estimated that this area contains about 460 trillion tons of 
shale readily accessible to drilling, and most of this at about 10,000 feet in depth (Columbia Gas 
System). 

The horizon of "brown shales" from which most gas has been produced is a 400' section with finer 
grain size, darker colors with spores and brown algae (Protosalvinia) reported. Above this zone is 
1,200 feet of gray to greenish-gray shales with sandy and silty zones and a dark gray to black inter- 
val. Grain size coarsens upward frw the producing horizon. Below the producing horizon is 300-400 
feet of greenish-gray shale with no silt and below that 200-400 feet of lower black shale, calcareous 
in the bottom portion (Tully La.). Gas has been produced from the Brown Shale horizon for nearly 50 
years from low-volme shallow wells in the western one-third of West Virginia. 

Up to 4.4% by weight organic content is found in the brown shales: 

Porosity in Devonian shales is very low. In two Jackson County wells in West Virginia, porosity 
ranged from .1 - 4.6% with overburden of 1650 PSI and 3700 PSI (obtained by oil method). By compar- 
ison, highly productive sandstone reservoirs show 10-20X of total rock volmze. Most pore space 
found in shales is between the mineral crystals or grains and in micro and macrofractures (Science 
Applications, Inc., 1977). 

Permeability values for the same two Jackson County wells range from .OOOl - .OOl Md with overburden 
pressures of 1650 and 3700 PSI. This is very low permeability which limits the rate of gas produc- 
tion by the rate at which gas can diffuse through the matrix and reach a free surface such as a bore 
hole or a fracture. Compared with sandstones this results in low production rates, but"extended pro- 
duction life. Clastic silt-size quartz and feldspar are conzuonly segregated into lenses parallel to 

_ bedding in the very dark, organic-rich shale specimens. Higher permeability in such lenses may per- 
mit migration through such silt zones to accumulation fracture facies areas. 

Mineral lined vertical fractures were commonly noted in the pay zones of two wells in western and 
southwestern West Virginia. In one core from western West Virginia filled and unfilled natural 
fractures resemble parts of nearly vertical systematic joints (Wheeler, et al., 1976). The fractures 
strike N 40" - 50' E above the pay zone, and show four dominant orientations within the pay zone. 
As noted earlier a higher percentage of total production appears to be the result of absorbed 
(matrix) and adsorbed (on fracture surfaces) than from free gas. Wheeler, et al. suggest that frac- -- 
ture density on a larger scale may be influenced by old or reactivated suballochthon faults, by 
allochthony itself, by erosional release, or by twu or more of these factors interacting. They fur- 
ther suggest slickensides can seal fractures and thus decrease permeability. 
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Rogers (1971) concludes from stratigraphic evidence that after a period of extensional tectonics 
accompanying the main subsidence, a period of true compression ensued in late Mississippian to early 
Permian time during which the final group of elastic sediments were deposited and the whole section 
deformed. 

The outline of-Brown shale production in West Virginia coincides strikingly with the trend of the 
Rome Trough. Martin and Nuckols (1976) postulated that fractures in the Devonian shales in the gas- 
producing areas result from reactivated movement of the basement fault blocks comprising the Rome 
Trough. Weaver, 1972, noted the relationship of the structure to Devonian gas production. The 
basement structure and magnetic intensity values in the Cottageville area (Shumaker, 1978) show the 
magnetic intensity contours are closely correlated with the edge of the Rcme Trough which comprises 
a valley rift system on the Precambrian basement level. It is reasonable to assume that fracture 
facies developed over fault movements associated with the Rome Trough structure. 

The term fracture facies is proposed for use in certain Devonian shales with the following definitio 
of the term: rock facies containing fractures that occur over a wide area within a distinct strati- 
graphic interval. As applied to Cottageville field, the image conveyed is similar to a stratigraphic 
trap - but one where the porosity is caused by laterally limited fracture porosity with a distinct 
stratigraphic interval. 

Data 

Production data has been used as given. No standardization or altering of the data has been 
attempted. The complete data analysis includes mapping of production data in various relationships 
and decline curve analysis by computer programs and historical relationships. The comparison of 
production data map trends to trends of geological factors is presented here. This study includes 
trends from the following maps: (Figures and ccmplete study available In MERC Technical Series 
Publication MRRC/CR/78/6 July, 1978.) 

Drilling Completion Dates, 
Isocontours of Highest Annual Production (1st or 2nd year production), 
Isocontours of First Five Years Accumulated Gas Production, 
Isocontours of Total Accurmlated Production, 
Isocontours of Mean Annual Gas Production, 
Loss Ratio Isocontours for First Year of Gas Production Decline, 
Loss Ratio Isocontours for Second Year of Gas Production Decline, 
Loss Ratio Isocontours for Third Year of Gas Production Decline, 
Loss Ratio Isocontours for Gas Production Decline from 1st to 5th Year of Production, 
Structure Contours on Top of the Onondaga, 
Structure Contours on the Bottom of the Huron Shales, 
Isopressure Contours of Initial Well Pressures, 
Fracture Facies Orientation, and Devonian Shale Dip and Strike. 

Gas production data was tabulated by year. From this tabulation the highest annual production, 
accumulated total production, first five years accumulated production, and mean production are com- 
puted. Most of these computations are fairly standard procedure, however, loss ratios may be 
unfamiliar. Loss ratios (Arps, 1944; Campbell, 1973) are computed in this study as follows: 

where: d = fraction or percent production lost -. 

q1 - q2 = The gas production for the first year considered less the gas production for the second year considered. 

q1 
= The gas production for the first year considered. 

The resultant value represents the slant of the gas production decline cu?xe for the period under 
consideration. Loss ratio values are computed for l-2 years, 2-3 years, 3-4 years, and l-5 years. 
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Structure contour maps are shown for the top of the Onondaga below the Devonian shales and for the 
structure at the bottom of the Huron shales which overlie the producing Devonian shales. The trend 
strike of the Devonian shale isopachs (N 6" E) is also used in the map ccmparison. * 

Isopressure contours are drawn on the initial pressure data obtained following well cO?&etiOn. NO 

adjustment of pressure data to standardize these data has been attempted. 

DISCIJSSICN AND CONCLUSIONS 

Erwin, et al. (1976) described the problem of the Devonian shales as the nature, cause, timing of 
fracturz,relatlon to regional stress and structural patterns below, within, and above the Devonian 
shales. This pilot study of gas production analysis methods applied to a portion of the Cottageville 
Field is an attempt to look at these relationships in terms of axial trends to examine what correla- 
tions may exist. Highest annual productica could be indicative of porosity, fractures (permeability), 
gas entrapment, migration, and possibly connection with other wells (when compared with chronology of 
drilling). First five years total accumulation may represent aspects of permeability, total gas re- 
serves, and gas pressures. Total accumulation should reflect all the factors related to first five 
year production plus a stronger indication of permeability, and reserves. Mean of Total Accumulation 
may show a field porosity trend and permeability interrelationship of wells. This may be one of the 
better indicators of reserves. Loss Ratio maps are related to permeability, pressure, and supply. 

The production data, calculated productia decline, and geological data computed for each well is 
contoured on a series of maps. The trends of the contour axes on each map are traced onto a common 
overlay and these trends are tabled according to correlation of trend angle with other sections Of 
the study area. For a comparison of major map trends of the-geologic, production, and production 
decline, the trends are plotted on a compass rose in Figure 12. It can be observed that the angular 
relationship is very restricted and not a broad interval. The strike of the basement magnetic sur- 
vey trends relate to the first five years emulative production and initial pressure. The dip again 
relates to initial pressure as well as production decline the l-2 years. These relationships sug- 
gest the basement affects collection and availability of free gas as compared with adsorbed or 
absorbed gas. 

/ The strike of structure on the top of the Onondaga limestone relates to highest annual production, 
first five years cumulative production, total production and the fracture facies direction 
(40-50' NE) of 80% of fractures in the Baler well above the gas zone and 2l% in the production zone. 
The dip of the Onondaga relates to total production, mean annual production, and initial gas 
pressure. The top of this more brittle rock, as compared with shale, may represent the lower con- 
trol, which reflects the basement, on the formation of fracture facies. Differential compaction of 
the shales over basement structures and faults may be the causal agent in fracture facies formation. 

The strike on the bottom of the Huron shales relates to production decline trends both for the 3-4 
years and l-5 years. The dip relates to total production, mean annual production atld initial 
pressure. The production decline trend for 2-3 years is also very close. The difference is pOSSi- 

bly due to structure anomalies. Thus, the structure on the bottom of the Huron appears to affect 
permeability, as reflected in the slope of production decline curves. 

The fracture facies orientations taken from the CGSC #11940 well in Jackson County (Larese and 
Heald, 1977) show three preduninant directions. The mein direction is 40-50' NE and relates to five 
production maps: highest annual production, first five years production, total production, mean 
annual production, and initial pressure. This strike direction is also related to strike of the top 
of the Onondaga limestone and to the production decline map l-2 years. Thus, the major fracture 
facies direction is strongly correlated with free gas accumulation and availability, and this trend 
is similar in its lower limits to the top of the Onondaga. This fact as mentioned above may relate 
to the genesis of the fractures. 

Initial gas pressure it may be noted is related to all the geologic maps, SUggeStiIIg that these 
different geological parameters may each play a role in accmulation and availability. 

The highest degree of production relationships is seen with the top of the Onondaga limestone. 
Second is the fracture facies main trend, which in turn relates to the Onondaga. 

The highest degree of production decline correlation is seen with the bottom of the Huron and close 
to it, which suggests that the structure at the base of the producing Devonian shales is somehow 
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influencing permeability. Differential compaction, 
be related factors in paleoenvironment. 

and variations in silt and organic content could 
Also the fact that the permeability, as reflected in decline 

curves, is related to strike on the bottom of the Huron, suggests that permeability differences may 
occur along strike onlap of beds onto the craton during the time of deposition. These various sug- 
gested relationships point to the importance of studying paleoenvironments of these stratigraphic 
units in projecting gas resources, 

Application of this type of analysis and suggested relationships will be tested on the Eastern 
Kentucky Gas Field, which is presently under study. 
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ABSTRACT 

SUCCcssful opplicaLion of exploral.ion parameCers Lo “tight” Devonian organic shales can be formulated 
from prior development of Devonian shale gas fields. One such field, the Cottageville Gas Field in 
Western West Virginia, has been producing for almost 50 years. A random exploration rationale imple- 
mented in this field has produced less than optimal results in maximizing gas production. However, 
from a detailed analysis of development history-and geologic variables, a Devonian shale exploration 
rationale using critical exploration parameters can be derived. These parameters are as follows: 

Stratigraphic Parameters 

. To maximize the potcnLia1 for gas producl.ion, the existence of several organic shale zones 

is required. 

. Regional shale gas producing horizons should be evaluated with the goal of obtaining maximum 
producing shale thickness. 

. Geochemical composition and thermal maturity are important factors which must be considered 
in exploration. 

Structural Parameters 

. Fracturing resulting from basement movement. 

l Folding or faulting causing structural disruption (i.e. fracturing) of rock units. 

. Surface fracturing, principal stress directions and subsurface fracturing are direct indica- 
tors oI‘ potenlial Dcvoniun shil te gas prcjdllction. 

lNTROOUCTION 

The Cottageville Devonian Shale Gas Field lies in the western portion of the Appalachian Basin near 

the West Virginia - Ohio border in the West Virginia counties of Jackson and Mason (Figure 1). 
Hydracarbon production (mostly natural gas) from this field originates from organic shale zones found 
within the Middle Devonian Lower Huron Shale Member of the Ohio Shale Formation. Drilling activity 
within this gas field since the late 1920’s has seen the completion of 110 shale wells with produc- 
tion of more than 10 Billion cubic feet of natural gas (Figure 2). Deliniation of production para- 
meters that have controlled the accumulation and production of these hydracarbon.followo. 

Stratigraphic Parameters 

The Devonian age formations that underlie the Gottageville Gas Field are approximately 2.300 feet 
thick. The middle and upper Devonian shales comprise the upper 2,100 feet of the total section. 
The upper contact of the Devonian shales is placed at the base of the Mississippian Age Berea Sand- 
stone, and the lower contact is with the Onondaga Limestone. Within this predominantly shale section, 
are found light gny to brown-black shales, light to medium grey siltstones and very rarely white to 
light grey sandstones. Of these different lithologies, the dark organic rich shale zones occupy 
approximately 500 feet or 23 percent of the entire shale section. These highly organic shale zones 
occur in three stratigraphically distinct portions of the shale section, and they are easily recog- 
nizable on g--ray and density logs (Figure 3). The upper two organic zones (Zones II and III) 
are found within the Lower Huron Shale Member of the Ohio Shale Ponsation. These two zones are 
mainly composed of dark brown-black organic rich shales. but occasionally they have light to medium 
gray shalt :md si 11s tone i nlerhcds . SepaMl.ing Lhc lower and upper organic rich shale zones of the 
Huron are lithologies of shale and siltstone with an occassional thin organic shale bed. Within the 
Cottagevillo Gas Field, these two zones have an average combined thickness of 250 feet, and they 
the main reservoirs of Devonian shale gas product.ion. Helow these two organic zones found in the 
Huron ia a third organic zone found in thu WesLf’aI Is Formation. L.ike the younger shales found in the 
Huron Shale, this organic rich shale has interbeds of light to medium grey shale and siltstones. 
This organic rich shale has an average thickness of 100 foet, but has rarely produced any gas within 
the Cottagoville aroa. 

Regional east-west correlations of the Devonian shale sequence (Figure 4) indicate the absence of 
doposition of the Huron organic rich shale zones just to the east of the Cottageville fiold. The 
gradual facies change of the organic shales to the east soems to coincide with the western edge of 
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Figure 3 - Gamma ray log portraying organic rich shale zones of the Lower Huron Shale 
Member of the Ohio Shale with gas shows from 37 wells drilled within i;he 
Cottageville Field (after Martin and Nuckols, 1976). 
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the Rome Trough, thereby indicating a change in the deposItiona environment. 

The following stratigraphic exploration pcrramcters must be satisfied If potential gas production 1s 
to be economically realized: 

. TO maximize the potential for gas productlon, 
zones is rcquircd. 

the existence of several organic rich shale 

where logs 3, 
The C~~t.Lngevil le Gas P11~ld as seen on k’igure 4 is Located appr*oximl:ely 

4 and 5 occur. Since the organic rich shale zones ui‘ the I.ower Hurun are the 
primary producer of naLura1 gas in this region, the gas field is located strateglcaliy close 
to where the organic shale lithologies disappear to the cast (into the Rome Trough). Therc- 
fore it is fortuitous lhat the gas field is located proximal to the maximum thickness of 
organic rich shales before they disappear. 

. Regional shale gas producing horizoncs should be evaulated wj th Lhe goal of obtalnlng maxi- 
mum producing shale thLckness. Gas prclduct.lon from the Cottageville area has primarily 
been associated with Zone II organic shales within the Lower Huron Shale Member (Figure 5). 
In addition gas shows within the field have predominantly been associated with Zone II or- 
ganic shales (Figure 3). 

l Geochcmical composition and thermal maturity are also important factors which must be con- 
sidercd in explnration. A stntistical zonntion analysis of the Jackson - 1369 core (Figure 
2) revealed lhul %cww II (II‘ Ihc: I.IWCI’ Iluw,n Sh;rlc Mcmhcr r~f‘ t.hc Ohio Sh:ilc had ti ICIWC.~ 
wcragc pores i Ly ,( 2. Y.77) ; h1ghcr avcr;~gc residual oil saluration (7.31%); lower average 
residual water saturalion; and Luwer average grain density (2.64 grams/cc) than either or- 
ganic Zone III shales or the shale interval between Zone's II and IIII. 

in evaulation of the thermal maturity of The Lower Huron Shale Member was performed on cored 
Wells Jackson 1369 and 1371 (Figure 2). .The results of these analysis are2: 

Oil Prone 

. The amorphous-herbaceous kerogen is the predominant type of organic matter. 
? 

Moderately Mature 

. The kerogen coloration ranges from 2 to 2+ and the vitrinite reflectance values 
range from 0.8 to 1.10% R . 0 

. The thermal hIstory places the organic matter in the early to middle stages of 
petroleum generation. 

Extremely Variable in Organic Richness 

l The organic carbon content ranges from 0.24% to 3.12%. 

Structural Parameters 

0 FracI uri ng resu I 1.1 nC i'roin basemen! movc~:nl . 

A mega structural feature that is proximal to the Cottageville Field is the Rome rrough 
(Figure 6). which comprises a valley rift system on the Pre-Cambrian basement. This 
Cambrian age feature has influenced, in all likelihood, sedimentation and structural regimes 
from early Cambrian time up to Silurian and possibly through Devonian time. The western 
boundary of this feature may consist of en&helon faults that may have been reactivated 
throughout time, thus causing warping and fracturing of overlying sediments. Figure 7 shows 
the basement structure based on magnetic intensity values for the Cottageville area 
(Shumaker, 1978). The basement contours are closely correlated with the edge of the Rome 
Trough and give an appearance of en/echelon blocks that step-up to the west. Martin and 
Nuckols (1976) postulated that fractures in the Devonian shales in the Cottageville gas- 
producing areas result from reactivation movement of the basement fault blocks comprising 
the trough. 
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1 
2: 

Analysis performed by Lamey, Biabolok and Childers (1978). 
Analysis performed by Ceochem Laboratories, Inc. 



I J 

ISOPACH 
ZONE II - LOWER HURON 

C. 0. NUCKOLS/I97K 

4 

/ 4.0 -- - - / .I.. . 
-202 



Figure 6 Brown shale gas fields, thickness of Brown shales [from deWitt, 
et al, 19751, and approximate position of the Rome Trough in 
West Virginia. Thick areas of dark drganic-rich shale that 
overlie this Cambrian fault block may be the area of greatest 
potential for new exploration<aftCK* Patclwn, 1977). 

& 

co 
. 



UGR File #C048/A79, V.2 
NVU Dept. of Geology E Geography 
Oct. 1979 419. 



STRUCTURE 
TOP OF BERE A 

t. B. IYCKOlS/lS71 

4 

1 

\ \ \ 

I 
s- 

b- 
I 
I 

.* iONTOUK INTERVAL: 1) FT v 

FIGURE 8 



I 
i /= 

STR"CT"RE E.B.nucy/I#7 

jg ,-ao00 
B?TTOM OF LOWER HURON / 

g /’ AH- I’. 

8 
1 



eJ-. -:...e -.s~,~-a/n, :, V.L 
IVVU Dept. of Geology E Geography 
Oct. 1979 422. 

-. 



i 

. 

UGR File K048/A79, v.2 
WVU Dept. of Geology 4 Geography 423. 
Oct. 1979 



_ _ . _ . . c 4”“w’/ i. ; , d  .L 

!WJ Dept. of Geology & Geography 
Oct. 1979 

424. 

/ v vvvvv~vvvvv~ 

rri t z 



UGR File #C048/A79, 13.2 
.NVU Dept. of Geology 6 Geography 
Oct., 1579 0 Folding and/or faulting causing structural disruptions (fracturing) of rock units. struc- 

tural anomalies and disruptions are the main mechanisms for gas production in the Devonian 
Shales. Within certain areas of the Gas Field "bench-like" or "hinge-like" structural 
features cnn be discerned. These features appear as stair-step like features on structural 
croaa sections and could possibly be the last reminents of basement associated en/echelon 
faults of the west flank of the Rome Trough (Figures 8 and 9). In addition to this strut- 
tural feature are the multiple cross faults that have created other fracture systems 
(Figures 8 and 9). 

A direct consequence of these fracturing mechanisms can be exhibited in Natural Open Gas 
Flows (Figure 101 and Final Open Gas Flows (wells that have been stimulated - Figure.11). 
Another effect of fractures and faults upon the organic shale reservoir rock is the reser- 
voir pressure decline after years of infield drilling. This can easily be illustrated by 
graphically plotting initial reservoir pressures against the year in which the wells were 
drilled (Figure 12). As displayed graphically in Cottageville, the shale reservoir appears 
to be somewhat pressure depleated after 1942 (Figure 12); i.e. fracture systems. 

l Surface fracturing, principal stress directions and subsurface fracturing play key roles as 
direct indicators of potential sh:ilc gas production. Surface ,joint measurements in the Mt. 
Alto and Cottageville 7% minute quadrangle, primary stress directions from shallow core 
sites in the southern portion of the gas field, along with mineral lined fractures found in 
core well Jackson - 1369 all indicate three primary directions of potential fracturing: 

DIRECTION 

I II III - - 

Surface Joints3 East - West N - N 20' W l N 50� - 60' W 

Primary Stress 
Direction4 N 65' - 9o" W(E-W) N IO0 w -N 15'E N 40' - 60' E 

Mineral Lined 
Fractures5 N SO0 - 90" W(I:-W) N IO0 - 2o" w N 40' - 50' E 

'From this data it is very apparent that surface fracture data (i.e. joints) can directly be 
correlated with subsurface fracture data. 
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ABSTRACT 

As part of a hydrogeologic study of west-central Jackson County, lineaments were mapped and water 
wells were characterized for physical and chemical parameters, especially in the Cottageville area. 
Short straight photolineaments are significantly associated with water well yields in gallons per 
minute, with wells closer than 100 feet having higher yields. Such lineaments act as anomalous zones 
about 200 feet in width with respect to water wells. Short photolineaments are not in general asso- 
ciated with gas well yield, but gas wells located within 0.5 miles of a short photolineament bearing 
N 60°W-N90oW (WNW) yield at significantly greater rates (as natural initial open flow) than wells 
near other photolineaments. The density of WNW photolineaments is also significantly and directly 
associated with gas well yield-. Water well yield has no relationship to Landsat or curvilinear 
lineaments. However, gas wells located within 0.25 miles of one Landsat lfneament or within 0.5 
miles of a curvilinear lineament over one mile long yield at significantly lower rates. High con- 
centrations of nitrate and sulfate, and'especially of bicarbonate and total hardness in shallow 
ground water are significantly associated with high expected (interpolated) gas well yield. Tenta- 
tive conclusions from sparce data indicate that gas well yield will be significantly higher when 
gas wells are located in areas having ground-water concentrations exceeding 500 mg/l, 250 mg/l, 13 
mg/l, and 34 mg/l for bicarbonate, total hardness, nitrate, and sulfate respectively. In summary, 
short photolineaments make a good exploration tool for locating water wells; both WNW photolineament 
density and ground water quality may serve new exploration techniques for Devonian shale gas in the 
Cottageville, but Landsat and curvilinear lineaments should be avoided. 

INTRODUCTION 

A hydrogeologic investigation in the Cottageville area of Jackson County, West Virginia, was under- 
taken in part to explore the possibility of relating hydrogeology and aqueous geochemistry to the 
occurrence of Devonian shale gas. Any relationships established between near-surface hydrogeologic 
or geochemical parameters and gas yield would be useful in developing additional exploration tech- 
niques for Devonian shale gas. 

1 Figure 1 depicts the study areas. The first phase of thislstudy involved the investigation of 86 
water wells and one spring in the hydrogeology study area. Physical well parameters such as well 
depth, depth to water, well yield, and casing depth were obtained from-well owners or drillers. The 
topographic setting and most probable aquifer unit were determined with the aid of topographic maps, 
a structural contour map of the Pittsburgh Coal, and a general stratigraphic column for the study 
area. 

Short photolineaments were also mapped for the hydrogeologic study area from low altitude black and 
white photography having scales of 1:20,000 and 1:38,000. The photolineaments represent nearly 
straight stream channel OK valley segments over 0.25 miles in length.(but usually less than one mile 
long). These were identified and plotted on 7 l/2 minute topographic maps for the study area.1 
Also identified and plotted were a few Landsat lineaments defined by straight stream or valley sec- 
tions or aligned stream meander bends. A third type of lineament is the curvilinear type. These 
lineaments are generally at least one mile in length and are defined by continuously curved valleys 
or streams which lack inflection points in their general curvature. They were determined from and 
plotted on the 7 l/2 minute topographic maps. 

Water quality tests were also performed for 86 wells and one spring.1 Temperature and specific con- 
' ductance were measured in the field, and two water samples were taken from each well. Cne sample 
was treated with acid and later analyzed in the laboratory for iron, calcim. and magnesium concen- 

-A trations. The second sample was treated with a biocidal agent which also retarded algae growth, and 
was kept cool until chemical analyses for pH, bicarbonate, nitrate, sulfate, chloride, and sodium 
could he performed in the laboratory. 

-. PHUTOLINEAMENT ASSOCIATIONS 

Mapped lineaments for the gas field study area are shown in Figure 2. Several short photolineaments, 
five curvilinear lineaments, and one Landsat lineament are evident in this area. Water well yield 

-- (in gallons per minute) was tested as a function of well proximity to each of the three types of map- 
ped llneaments for the entire hydrogeology study area (see Figure 1). 

Water wells located within 100 feet of a short photolineament yield water at significantly greater 
rates than more distant wells. This difference is significant with a 0.06 probability of error 
(probability that there is no significant difference between two groups of tested data), by the 
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Mann Whitney U (l-tailed) statistical test.2 Of those wells within 100 feet of a short photolinea- 
ment, wells within 50 feet yield water at significantly greater rates (about 50 percent greater) 
than wells 50-100 feet from such a lineament, This difference is significant with a 0.05 error 
probabilityby the Mann Whitney U test. These trends in well yield were expected and have been well 
documented by Lattman and Parizek as well as other researchers.3 Apparently, short photolineaments 
often represent underlying fracture zones which are associated with significantly increased aquifer 
permeability. Iience water wells located on photolineaments usually have higher-than-average yields. 
The probable fracture zones under photolineaments of the study area are roughly 200 feet in width. 

Landsat and curvilinear lineaments seem to have no definite relationships with water well yield. NO I 
significant associations were found between water well yield and well proximity to either Landsat or 
curvilinear lineaments, based on the Mann Whitney U test. Landsat lineaments (and other lineaments 
from high altitude ima ery) 

% 
mapped by Werner were tested in addition to those few Landsat lineaments 

mapped by the authors. Water wells near the curvilinear lineaments produced at about the same rate 1 
as wells in other valleys. Whatever the reason for these non-associations, Landsat and curvilinear 
lineaments are both distinctly different from short photolineaments in both appearance and effects. 

Gas well yield was next tested for possible associations with mapped lineaments in the gas field 1 
study area (see Figures 1 and 2). Figure 2 shows the locations of Devonian shale gas wells both 
within and surrounding the Cottageville gas field. Only depicted are those wells for which natural 
initial open flows are known (E. B. Nuckols III, personal communication, 1978). Natural initial open , 
flow was judged to be the most reliable gas production variable representing relative gas reservoir 
and gas well potential. Therefore, only this variable was used in statistical tests of lineament 
associations. Significant research on gas well production trends and associations is reported by 
several researchers.4,5,6*7,8,9 . 

Considering short photolineaments of Figure 2 first, there is no apparent relationship between nat- 
ural open flow and the proximity of gas wells to short photolineaments. No significant flow diff- 
erence exists (by the Mann Whitney U test) between gas wells within 0.5 miles and gas wells greater 
than 0.5 miles from a short photolineament. Natural open flow likewise does not change significantly 
for wells between 0.0 and 0.5 miles of a photolineament. 

However, when short photolineament orientation is taken into account, it is evident from Figure 3 
that natural open flow varies with the orientation of nearby photolineaments. Gas wells within 0.5 
miles of short photolinraments bearing N 600W to N 90°W, or WNW, have a greater proportion of high- 
yielding gas wells (over 100 MCF/day) than do gas wells within 0.5 miles of other short photolinea- 
ments. This difference is significant by the 2X2 Fisher contigency test, with an error probability 
of 0.03. Furthermore, Figure 3 indicated that gas wells within 0.5 miles of short photolineaments 
oriented N 75OE to N 9OoE are relatively high producers, on average. Combining this class of gas 
wells with the WNW class produces a combined class within 0.5 miles of photolineaments bearing N 60°W 
to N lOSoW, which has the maximum potential for high-yielding gas vells. A 2X2 chi-square contin- 
gency test comparison of this enlarged well class with other wells shows a significant difference at 
the 0.05 alpha probability. 

Although WNW-bearing photolineaments have a significantly great proportion of high-yielding gas wells 
in their vicinity, a more direct test of such photolineaments was necessary to determine their use- 
fulness as an exploration tool. The density of WNW photolineaments is compared to contoured trends 
for natural initial open flow in Figure 4. The 100 and 500 MCF/day contours for natural open flow 
were plotted assuming that the changes in gas flow rate would be linear between adjacent gas wells. 
These contours are partly a function of the density of gas wells; contours in areas with low gas 
well densities, such as the northwestern extension of the 100 MCFfday contour, are probably overly 
optimistic in their prediction of shale gas reserves. These contours therefore represent a liberally 
depicted version of the Cottageville gas field. 

The density of plotted WNW photolinesments was calculated from Figure 2 by use of a moving average 
technique and an orthogonal grid of lines defining square sections. the grid was oriented parallel 
to the north-south and east-west directions, and had sections that were 0.5 miles long on each side. 
The WNW photolineament density was calculated for 1.0 square mile sections by the moving average 
technique, and was plotted at the center of each square mile section. This density was then con- 
toured. Figure 4 illustrates WNW photolineament density contours of 1.0 mile length per square mile 
area, and of 50 percent by total length per square mile area. The highest WNW photolineament den- 
sities occur inside the depicted contours and within the Cottageville gas field. 
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Chi-square contingency (2X2) tests were then performed on the moving average data for WNW photo- 
lineaments. Eighty one sample points vere classified in two 2X2 tests for each dens$:y variable. 
One test compared greater-than-100 MCF/day with less-than-100 MCF/day points, and the second test 
compared greater-than-500 MCF/day with less-than-500 MCFfday points. The statistical test results 
indicate that WNW photolineament density (both as miles length per square mile area and as percentage 
of lineament lenght per square mile) is significantly associated with both the greater-than-100 ?lCF/ 
day and greater-than-500 HCF/day contoured areas of Figure 4, at alpha probability values ranging 
from 0.02 to 0.001. However, these tests are biased because the 81 tested points are not mutually 
independent samples, since they were generated by the moving average technique. 

Therefore, a second set of contingency tests were performed on the.four sets of independent 1.0 mile 
square sections that define the 81 points tested above. First, the number of tested points was in- 
creased from 20 to 80 by multiplying each box of the 2X2 contingency tables by 4. This step had the 
effect of increasing the sample frequencies to a hypothetical number of independent sample points 
which were about equal to the 81 non-independent points tested initially. This action was taken to 
overcome the biasing effect of 2X2 contingency tests against statistical significance for a low norm- 
ber of samples. The net result of these test sets was that at least 3 out of 4 tests of independent 
sample points were significant at a 0.05 or lower alpha probability, for associations between WNW 
photolineament density and gas well yield areas from Figure 4. Therefore, the association of high 
WNW photolineament density and high gas production areas (either greater-than-100 MCF/day or greater- 
than-500 MCF/day) is considered significant by the authors. 

The WNW photolineament density could seNe as the basis of a new exploration tool for Devonian shale 
gas in the Cottageville area. Figure 4 shows that if gas wells are located within areas having den- 
sities greater than 1.0 mile per square mile, about 75 percent of these wells would have natural open 
flows exceeding 100 MCF/day, and about 50 percent of these-wells would have flows exceeding 500 MCF/ 
day. When gas wells are located in areas with more than 50 percent of photolineaments bearing WNW 
per square mile, about 62 percent of the wells would have natural open flows exceeding 100 MCF/day 
and about 38 percent would exceed 500 MCFfday. 

Statistical tests were also performed on gas well yield as a function of WNW photolineament densities 
of less-than-O.50 versus greater-than-O.50 miles length per square mile. The associations are again 
significant at the 0.05 alpha probability, but using the area within the 0.50 density contour (not 
shown in Figure 4) would not prove as successful as the area within the 1.0 density contour for gas 
exploration. Testing of gas wells within 0.5 miles of short photolineaments bearing N 60°W-N lOSoW 
yielded similar results to those already described for the WNW photolineaments. However, the den- 
sity of photolineaments in the enlarged orientation class do not associate quite as well with gas 
production rate as the WNW photolineaments previously described. 

An explanation of the associations between WNW photolineaments and gas yield must involve the subsur- 
face geologic structure represented by these photolineaments. It is reported that a major fracture 
orientation eti8sts in the east-west direction in the Cottageville gas field, based on surface outcrop 
and core data. Increased gas reservoir permeability, along fractures oriented approximately east- 
west, is probably a major cause for the high gas yields in the Cottageville field. A more extensive 
structural analysis of gas trends is given by Nuckols.8 

Both Landsat and curvilinear lineaments were also tested against gas well yield for the gas field 
study area. The one Landsaf lineament along Mill Creek appears to have a negative effect on gas pro- 
duction, as shown in Figure 4. Natural open flow is lover for gas veils located within 0.25 miles 
of this lineament than for wells 0.25 to 0.50 miles distant. This relationship is significant at the 
0.05 alpha probability level by the Mann Whitney U test, but not by the contingency test. This re- 
sult supports the conclusion of W rner, 

e 
that Landsat lineaments appear to be detrimental to gas pro- 

duction in the Cottageville area. s5 A test of curvilinear lineaments shows gas yield to be signifi- 
cantly lower for gas wells located within 0.5 miles of such lineaments than for more distant wells. 
This difference is significant for a 0.01 alpha probability by the Mann Whitney U test. Therefoke, 
Landsat and curvilinear lineaments are to be avoided in exploring for Devonian shale gas, at least in 
the Cottageville area. Perhaps dee 1 penetrating fractures have bled off the shale gas under these 
lineaments, as suggested by Werner. 9 83 

GROUND WATER-GAS YIELD ASSOCIATIONS 

Water well yield and well water quality were next compared to the yields of nearby gas wells in the 
gas field study area, to see if water well data could provide new exploration techniques for Devonian 
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shale gas. A hypothetical figure for expected gas well yield was generated by linear interpolation 
between the two gas wells nearest and on opposite sides of a water well or spring, for each of the 
20 wells and one spring within the gas field area. Only one water well could not be assigned an ex- 
pected gas yield value. 

Results of plots and tests for water well (and spring) yield indicate that no apparent relationships 
exist between water yield (in gallons per minute) and expected natural open flow (in MCF/day). 

Water quality parameters were next tested for possible associations with expected natural open flow. 
Figure 5 illustrates plots of concentration versus gas flow rate, for the four most promising para- 
meters of those analyzed. The horizontal dashed lines on these four plots arbitrarily separate the 
gas yields into high and low classes, for comparison to concentration.. Statistical tests, involving 
2X2 contingency tables and the Fisher exact probability test, were used to identify any significant 
gas yield differences between high and Low concenrrations. Vertical lines were arbitrarily drawn to 
distinguish high from low concentration values. Although the data are sparce, statistically positive 
trends are evident from the statistical tests; expected gas yield tends to be higher near wells with 
high concentrations of bicarbonate, total hardness, nitrate, or sulfate. Test results are signifi- 
cant at the 0.007, 0.031, 0.079, and 0.094 error probabilities respectively, for bicarbonate, total 
hardness, nitrate, and sulfate. High concentration samples also show significantly higher gas yields 
than low concentration values, as determined by the Mann Whitney U test at the 0.05 alpha level. 
Other tested chemical parameters which did not significantly relate to expected gas yield are total 
iron, temperature, pH, chloride, and sodium. 

The chemical parameters of ground water which seem to best relate to expected gas yield are bicarbon- 
ate and total hardness concentrations. These parameters show the strongest statistical associations 
which are least likely to be coincidental. These two ground water parameters may be applied with 
caution as exploration tools. From the tested data, about 83 percent of the selected well sites with 
over 500 mg/l bicarbonate have high expected gas open flows (over 100 MCF/day). An even higher per- 
centage of wells with over 250 mg/l hardness would make good gas well sites, as defined above. These 
data suggest that some relationship exists between gas reservoir production potential and shallow 
ground water quality. However, the scarcity of data requires that these associations be considered 
tentative, until more water well information can be collected to further test the observed associa- 
tions of Figure 5. 

No explanations are apparent to the authors for the observed associations of ground water quality and 
expected natural open flow. Water wells with high concentrations of bicarbonate, total hardness, ni- 
trate, or sulfate have no common factor in their hydrogeologic setting. These wells differ in aqui- 
fer type, well elevation, well depth, well bottom elevation, well yield, topographic setting, and 
lineament proximity. 
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INTRODUCTION 

PURPOSE AND SCOPE 

There is an increasing demand for natural gas and other fossil 

fuels today. Locating sites of high-yielding Devonian shale gas wells 

would help satisfy future demands for natural gas. Developing new and 

inexpensive exploration techniques for Devonian shale gas based on 

hydrogeologic criteria would aid in locating such well sites. There . 

is also an increasing demand for fresh ground water today. Developing 

ground-water exploration methods for high-yielding water wells with 

good quality water would help satisfy future fresh water needs. Fu- 

ture economic growth and rural quality of life are both dependent 

on securing increased supplies of adequate water. 

The purpose of this study was to investigate for possible as- 

sociations between near-surface hydrogeologic variables and Devonian 

shale gas production in the Midway-Extra field of, northern Putnam 

County, West Virginia. The foremost goal of this research was to dis- 

cover inexpensive exploration techniques for locating high-yielding 

Devonian shale gas wells. Other objectives were to determine what 

effect hydrogeologic setting has on water-well yield and ground-water 

quality. The major hydrogeologic parameters investigated were photo- 

lineaments, water-well yield, and shallow ground-water chemistry. 

Photolineament and stream proximity, topographic setting, and aquifer 

sequence were investigated for their influence on water-well yield 
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and ground-water quality, as future aids in ground-wate_r exploration. 

’ I 

LOCATION OF STUDY AREA 

The study area lies in the northern portion of Putnam County 

and is covered by six 7 l/2 minute quadrangle maps (Figure 1). The 

northern boundary is the Mason County line; the western and south- 

western boundary is the Kanawha River floodplain; the southeastern 

boundary is State Route 34; and the eastern boundary is the Jackson 

County line. Surface rocks of the study area are in the Dunkard and 

Monongahela groups (Wilmoth, 1966). The area is in the Appalachian 

Plateau physiographic province, and is characterized by high-relief . 

terrain with elevations ranging from 500 to 1,500 feet. The population 

is primarily clustered in small communities along the Kanawha River, 

with scattered settlements occurring on ridge tops and valley floors. 

GEOLOGY OF STUDY ARRA 

Stratigraphic Setting 

The study area is underlain by basically horizontal strata, the 

Permio-Pennsylvanian Dunkard and Monongahela groups. These groups are 

composed primarily of cyclic sequences of sandstone, siltstone, red and 

grey shale, limestone and coal (Krebs, 1911). The Dunkard Group over- 

lies the Monongahela Group. Quaternary alluvium that is present along 

the Kanewha River has been excluded from the study. 
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The Dunkard Group Is the youngest group of consolidated rocks in 

the area and is exposed in the northwestern portion of Putnam County. 

Only the lower 570 foot portion of the Dunkard Group is present (Wilmoth, 

1966). It consists of interstratified red and varicolored sandy or 

limy shale, grey, green, and brown sandstone, some calcareous shale, a 

few thin beds of coal, and nodular fresh-water limestone (Wilmoth, 1966). 

The Dunkard Group reportedly has more red shale and less coal than the 

Monongahela Group. Owing to this lithologic feature, and its higher 

topographic position, the Dunkard Group is in general a poorer water- 

bearing formation than the Monongahela Group (Wilmoth, 1966). 

The Monongahela Group is 230 to 320 feet thick in the study area 

and it occurs at the land surface throughout most of Putnam County. 

The Monongahela Group is composed of grey and brown sandstone, red and 

varicolored shales, minor beds of limestone, coal and fireclay. 

Several coal units occur in this group, including the Pittsburgh, Red- 

stone, Sewickley, and Waynesburg coals (Wilmoth, 1966). 

The rock units of these two groups are largely discontinuous 

laterally, which makes detailed analysis and construction of a general- 

ized stratigraphic column difficult for Dunkard or Monongahela group 

strata (Wilmoth, 1966). 

Structural Setting 

The study area lies within the Plateau Province of the central 
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Appalachians. The structure of the surface rocks in the area is 

characterized by very low relief synclinal and anticlinal folds. The 

rocks generally range in dip from 7 to 145 feet per mile (Wilmoth, 1966). 

The major structural features of economic importance in the study 

area are located at depth, and parallel Devonian brown shale gas pro- 

duction (Figure 2). The dominant structural features are the Midway 

anticline and adjacent synclines. The anticline can be traced in the 

subsurface from Kentucky into the study area, striking approximately 

N60°E and plunging northeastward into the Appalachian basin (Schaefer, 

.1979). 

Separating the Midway and Extra sections of the Midway-Extra 

gas field is a low-relief anticline which strikes about N15OW. This 

structure intersects the Midway anticline near the center of the study 

area, and the structural relief is greatly reduced where the two 

structures merge (Schaefer, 1979). 

Midway-Extra Gas Field 

Located in Putnam County, West Virginia, the Midway-Extra gas 

field is defined for this study by a narrow band of 97 gas wells pro- 

ducing primarily from the Devonian brown shales. This field is approx- 

imately 100 square miles in area, with only about one third of the total 

area producing significant flows (Schaefer, 1979). . 

The first well in the area was drilled and completed in 1947. Of 
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the 97 wells drilled within the producing margin of this field, slightly 

better than 50 percent were drilled during the period 1947 to 1952. 

This drilling completed the Midway section of the field. Current drill- 

ing in the Midway-Extra field is concentrated in the Extra portion 

of the area (Schaefer, 1979). 

The Devonian brown shales referred to in this study occupy only 

a small part of the total Devonian shale section. These shales are 

commonly identified by their high radioactivity and low density, and 

are equivalent to the Lower Hunon Shale Member of the Ohio Shale 

(Schaefer, 1979). 

I The overall thickness:of the Upper'and Middle Devonian shales 

ranges from less than 1,000 feet in the extreme western counties of 

West Virginia, to over 3,200 feet in eastern Ranawha County (Ragnall 

and Ryan, 1976). The entire Upper and Middle Devonian section changes 

facie8 eastward, generally becoming coarser in grain size (Schaefer, 

1979). 

As reported by Schaefer (1979) there appears to be a definite 

correlation between production and stratigraphy within the Devonian 

shales of the Midway-Extra field. Not only are the brown shales the 

more productive, but specific low-density, high-organic zones within 

these shales are the most productive. While there is not a precise 

one-to-one correlation between stratigraphy and shows from well to 

well, there is clearly a tendency for shows to correlate by stratigraphic 
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position. 

PREVIOUS IN'V!3STIGATIONS 

With respect to previous investigations, only previous hydro- 

geologic and lineament studies which may relate directly or indirectly 

to natural gas production will be discussed. Reported studies are 

limited to the inrnediate study area or to similar terrains elsewhere 

in West Virginia. 

Several studies by Werner (1976, 1977a, 1977b), Jones and Rauch 

' (1978a), and Ryan (1976) involved investigations of possible aasoci- 

ations of photolineaments with natural open flow gas production. Werner 

(1976, 1977a, and b) reported on the association of lineaments derived 

from Landeat imagery (Landsat lineaments) with natural open flow gas 

production. Werner (1977a) examined Landsat linesments in Wayne, Mason, 

and Jackson counties of West Virginia, and concluded that the natural 

open flow is lower for gas wells located on or near such lineaments. 

Jones and Rauch (1978a) found that in the Cottageville area of Mason 

and Jackson counties, gas wells located within 0.25 miles of one Landsat 

lineament or within 0.50 miles of a curvilinear linesment over one mile 

'long produced at significantly.lower rates, and that in general Landsat 

and curvilinear lineaments should be avoided when locating Devonian 

brown shale gas wells. 

Ryan (1976) found results that conflict with those of Werner 
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(1977a) with respect to Landsat lineaments and natural open flow gas 

production within the Hays1 field of western Virginia and southeastern 

Kentucky. Geologically, the Hays1 area is located at the northeastern 

end of the Pine Mountain overthrust, with the Hays1 gas field located 

within the tear-faulted zone. The main producing formation in that 

area is in the Berea Siltstone at an average depth of 4,000 feet (Ryan, 

1976). Considering only the hydraulically fractured Berea wells, Ryan 

(1976) stated that those gas wells located on or within 1,500 feet of 

major linesment zones have an open flow after fracturing greater than 

those wells more than 1,500 feet from a lineation. In conclusion, Ryan 

(1976) believes that better wells are associated with natural fracture 

zones in this type of geologic and topographic terrain. Werner (1977a) 

expressed several possible reasons for the discrepancy in findings of 

the two studies. First, the lithologies of the producing formations 

are different. The producing horizon in the Hays1 field is the Berea 

Siltstone; the producing horizon in western West Virginia is the Devonian 

shale. The two rock types behave differently under stresses which 

produce fracturing. Second, the Hays1 field is located in an area of 

Appalachian thin-skinned tectonics where the area in West Virginia is 

probably not. Another point which may have a bearing on this relation- 

ship is one indicated by Kulander, Dean, and Barton (1977); if the gas 

conduits in the Devonian shales were primarily horizontal fractures 

and those in the more competent silts and sands of the Berea (or similar 
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units) were nearly vertical fractures, the widely different associations 
- - 

observed between Landsat lineaments ‘and gas production might be reason- 

able. Also, if horizontal fractures are the primary natural conduits 

of Devonian shale gas to wells, and if the lineaments studied represent 

major vertical fracture zones, then the vertical fractures may have 

vented sufficient gas to make rock in their immediate vicinity nonpro- 

ductive (after Werner, 1977a). 

Short photolineaments, defined by low-altitude black-and-white 

aerial photography, were studied by Jones and Rauch (1978a) in the 

Cottageville, West Virginia area. These photolineaments were shown 

to have a positive influence on natural open flow gas production. 

Their findings indicate that gas wells located within 0.50 miles of a 

short photolineament bearing N60°W-N90°W (WNW) yield at significantly 

greater rates than gas wells near other photolineaments, but that short 

photolineaments are not in general associated with gas well yield 

(Jones and Rauch, 1978a). The importance of these short WNW-oriented 

photolineaments may be in their relationship to mineralized fracture 

orientations dominant within the gas producing horizons at Cottageville. 

The primary reservoir in the Cottageville field is Brown Shale Zone 

XI. Rock cores taken from a high-producing well in this field show 

that fracture orientations down through Zone II exhibit considerable 

dispersion in the orientation of mineral-lined fractures, however 

three directions predominate: N40°-50"E, NIOO-20°W, and N80°-90"W 
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(Larese and Heald, 1976). Furthermore, the WNW photolineament trend 

is oriented about 60°-90' from the regional structural (fracture) 

trend of N40°-50°E in the Cottageville area as reported by Martin and 

Nuckols (1976). The combination of fracture orientations N40"-50"E 

and N60°-90°W might tend to maximize fracture permeabilities within 

the gas bearing formations. 

Short photolineaments and their relationship to the occurrence 

of ground water in elastic rock terrains, within the Appalachian Pla- 

teau geologic province of West Virginia, have been investigated by 

several workers: Sole (1975), Jones and Rauch (1978a, 1978b), Holland, 

Rauch, and Werner (1977), and Steffy (1975). All of these reports agree 

on the original relationship cited by Lattman and Parizek (1964), that 

increased yields for wells in close proximity to photolineaments pro- 

bably indicates a greater degree of weathering and therefore higher 

porosity and permeability for nearby rocks. Lattman and Parizek (1964) 

originally defined such photolineaments as fracture traces less than 

one mile in length, with a zone of influence about 400 feet wide in 

the carbonate rock terrain of central Pennsylvania. However, they 

also indicated that the distance within which a well must be located 

of a photolineament before its yield is greatly influenced is naturally 

dependent upon the width of the associated fracture.zone, the rock 

lithology within the linesment, and the structural characteristics of 

this rock. Sole (1975), in studying the hydrogeology of the Pricetown, 
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West Virginia area, found that the water well productivity and well 

proximity to the nearest photolineament are significantly associated 

above the 90 percent probability level. Jones and Rauch (1978a, 1978b) 

tested water well'yield as a function of well proximity to photo- 

lineaments. They found that wells located within 100 feet of a photo- 

lineament yield water at significantly greater rates than more distant 

wells at a 0.05 alpha probability level. Of those wells within 100 

feet of a photolineament center line, wells within 50 feet yield water 

at significantly greater rates than wells 50-100 feet from the lineament, 

at an 0.05 alpha probability level. Holland, Rauch, and Werner (19771, 

in their hydrogeologic study of water well yields and ground-water 

quality in north-central Tyler County, West Virginia, tested well 

proximity to photolineaments against water well yield. Results show 

that wells located within 200 feet of a photolineament had signifi- 

cantly higher yields than all other wells. Furthermore, median yield 

differences indicate that near-lineament wells produce at about 2 l/2 

times the rate of wells not near photolinesments. Steffy (1975), 

used nonparsmetric statistics to test for associations of well yield 

(gpm) with well proximity to the nearest photolineament in Tucker County, 

West Virginia; wells located within 100 feet of a photolineament in this 

area had significantly higher yields than more distant wells, at an 0.07 

alpha probability level. 
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Some researchers have investigated the relationships between 

ground-water chemistry and photolineament proximity. Sole (1975), 

found no definite relationships between photolineaments and ground- 

water chemical parameters, except that the variable pH was signifi- 

cantly higher near photolineaments; he concluded that this associ- 

ation had no logical cause for its significance. Steffy (1975) found 

that iron and total hardness were both signif1cantl.y greater in wells 

which are within 100 feet of a photolineament. Jones and Rauch (1978b) 

found that photolineaments appear not to be related to ground-water 

chemistry in their study area. Holland, Rauch, and Werner (1977) found 

that photolineaments appear to be minimally associated with ground- 

water chemistry; for wells within 200 feet of a photolineament, the 

iron and calcium concentrations were significantly higher at the 0.05 

alpha probability level, magnesium concentrations were significantly 

higher for wells near photolineaments at the 0.10 alpha probability 

level. Explanations for these associations are uncertain (Holland, 

Rauch, and Werner; 1977). Steele et. al. (1976) however, found that 

wells located off of photolineaments had greater calcium and magnesium 

concentrations than those located on photolineaments. Steele et. al. 

(1976) conducted an investigation in carbonate rock terraine, which 

could explain why they found different associations between hardness and 

photolineaments than did Steffy and Holland et. al. for West Virginia 

elastic rock terrains. Steele et. al. (1976) also found that nitrate 
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and phosphate were present in higher concentrations in wells located 

on photolineaments, probably because of the greater ease of entry of 

pollutants, such as fertilizer and animal wastes, into wells near photo- 

lineaments. 

Jones and Rauch (1978a) also investigated possible relationships 

between shallow ground-water chemistry and natural open flow gas pro- 

duction from Devonian shales in the Cottageville, West Virginia area. 

Their findings indicate that certain ground-water chemistry parameters 

are significantly related to natural open flow gas production. Speci- 

fically, they found that concentrations of nitrate and sulfate, and 

especially of bicarbonate and total hardness are significantly associ- 

ated with high expected (interpolated) gas well yield, near water well 

sites (Jones and Rauch, 1978a). 
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METHODS OF INVESTIGATION 

LINEWENT MAPPING 

Landsat Lineaments 

Lineamenta derived from Landsat satellite imagery, termed Landsat 

lineaments, were located on images having scales of 1:1,000,000 and 

plotted on the appropriate 7 l/2 minute topographic quadrangle maps. 

The Landaat lineaments were defined as natural straight-line features, 

such as straight stream or valley segments, aligned stream meander 

bends, or tonal streaks in vegetation or soil cover. The instrument 

used to locate and identify such lineaments was the 12-Golor Datacolor/ 

Edge Enhancer System. The four mapped Landsat lineaments were then 

ranked with regard to the certainty of their existence, with a rank of 

"1" indicating near certainty and a rank of "2" indicating questionable 

certainty. Furthermore, the Landsat lineaments were classified according 

to the nature of their appearance on the Landsat image; a classification 

of "T" indicates a tonal appearance derived during contrast mixing 

visual enhancement, and a classification of "E" indicates an edge 

appearance found during edge enhancement observation of the satellite 

image representing the study area. 

Short Photolineaments 

Short photolineaments were also mapped for the study area from 
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low-altitude black-and-white photographs having scales of about 1:20,000 

and 1:38,000. The photographs were&examined with the aid of a pocket 

stereoscope which facilitated recognition of rectilinear surface features 

as defined by Rauch (1979, oral communication), and Lattman (1958). 

Lattman (1958) defined short photolineaments to be fracture traces, be- 

lieving that such lineaments usually represent fracture zones. Approxi- 

mately 270 short photolineaments were plotted on six 7 l/2 minute topo- 

graphic quadrangles of the study area. The photolineaments represent u 

rectilinear surface features corresponding to nearly straight stream 

channels, valley segments or tonal differences in soil cover or vege- 

tation. Plotted photolineaments are at least 0.25 miles in length and 

are not generally more than 1.00 miles long. Eachlplotted photolineament 

was recorded and ranked in order of the certainty of its existence. 

A ranking of "1" indicates a most-certain photolineament location while 

a ranking of "3" indicates a least certain photolineament location; a 

ranking of "2" is intermediate, or indicates moderate certainty. 

FIELD METHODS 

Geophysical Techniques 

Electrical resistivity surveying was used as a geophysical technique 

to test for the possible presence of a near-surface fracture zone under 

a selected short photolineament located within the study area. A class 

"l" photolineament, mapped from low-altitude black-and-white aerial 
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photographs, was tested. A perpendicular survey line was chosen across' 

the selected photolineament, as shown in Figure 3. 

A tri-potential resistivity survey was performed, as described 

by Kirk (1976). This type of survey involved four metal electrodes 

placed in line in the ground, with a 30 foot electrode spacing. A Soil 

Test resistivity meter was used to determine the electrical resistance 

of the ground area under the survey line, As a general rule, the pene- 

tration depth of the electrical current is about equal to the distance 

between adjacent electrodes (Kirk, 1976). Three electrode arrays were 

used, the CPPC, CPCP, and the CCPP arrays, where "C" represents a current 

electrode and "P" represents a potential electrode. Apparent electrical, 

resistance was recorded from the resistivity meter for all three arrays 

at each survey station. The survey was run on nearly-level ground in 

order to minimize the effects of topography on the observed resistivities. 

During electrical resistivity surveying, an electrical current 

is put into the ground artifically and the potential difference between 

the current that returns and the original current is measured. This 

enables one to calculate the apparent resistance of the medium in quest- 

ion. The apparent resistivity was then calculated from the apparent 

resistance values by use of equation (l), after Kirk (1976). 

f- RCA/L) (1) 
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where, P - apparent resistivity 
R - resistance 

A - cross-sectional area of medium in question 

L - length of medium in question 

The electrical resistivity is defined as the resistance of a given 

material of a given unit dimension (Kirk, 1976). 

Several equations were utilized to correct data collected from 

the resistivity meter for non-homogenous geologic and geometric con- 

siderations. The correction factors from Kirk (1976) are as follows: 

f CPPC = 2MaaR (2) 

-P CPCP = 3sa'R (3) 

P CCPP = 6ga.R (4) 

where, f = apparent resistivity 

a = electrode spacing 

R - resistance measured by resistivity meter 

C - current electrode 

P - potential electrode 

In general, large differences among the apparent resistivity values for 

.the three electrode arrays indicate anomalous resistivity zones. 

Another useful quantity determined from an electricaii resistivity 

survey is a %. This variable is a measure of the asymmetry of resistivity. 9 

and is determined by the following equation ffxna Kirk (1976): 

n p %- CPPC - &CCPP +PcPcP) x 1oo 
QCPPC (5) 



I c .L __.. - I .-2, L, - , I a‘- 

WVU Dept. of Geology E Geography 
Oct. 1979 

464. 

Large absolute values of A% generally indicate a resistivity anomaly 

zone. 

A fracture zone may exhibit no discernible difference in resis- 

tivity from that of the surrounding rock, or it may raise or lower 

measured resistivity values (Kirk, 1976). For example, a clean sand- 

stone with a fracture zone would tend to show a lower resistivfty than 

the surrounding rock; this is due to the introduction of ground water 

with relatively high dissolved solids into the fracture porosity, re- 

placing the relatively dilute ground water in the surrounding rotk. 

A fracture zone in shales, however, would tend to have a higher resis- 

tivity than that of the surrounding rock due to relatively fresh water 

being introduced in comparison to the water trapped in pore spaces 

within the shale. This trapped pore water would have a higher dissolv- 

ed solids concentration than that for the more permeable sandstone. 

This latter case is similar in effect to that presumed to occur in the 

area of Figure 3, because of the predominant shale nature of the 

country rock in the study area. 

Water Well Sampling 

Seventy-three domestic water wells and 7 springs were inventoried 

in the study area. The inventoried wells and springs are located pri- 

marily along secondary roads. Wells to be inventoried were selected 

where available, within the heart of the Midway-Extra gas field, and a 

._ 
1 
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spacing of at least one mile between adjacent wells was generally used 

for the whole study area. Figure 4 shows the locations of springs and 

water wells inventoried for this study. Wells that were sampled are 

limited to drilled wells only; dug.wells and wells with water condition- 

ers were avoided. 

Water well data of this study were primarily obtained by the author. 

The data collected for each well were: well use; well depthi'depth to 

static water level; well yield (gpm); well diameter; depth of casing; 

depth of pump placement; pump capacity; and a number or ranking of yield. 

These physical water well parameters were determined from interviews 

with well owners and/or well drillers. In addition, the topographic 

setting of each well (hill, slope, or valley) was obtained from on- 

sight inspection. Six 7 l/2 minute topographic quadrangles covering 

parts of the study area were used to determine the well-top elevation 

of each inventoried well. A complete list of physical water-well data 

is contained in Appendix A of this report. 

Of the 73 water wells and 7 springs inventoried, 32 water samples 

were collected. Sampling sites were selected so as to permit about 50 

percent of these sites to be located within the producing margin of 

the Midway-Extra gas field; the remaining well sites were located beyond 

the producing margin of the gas field. Before collecting each water 

sample, the water pump was allowed to run to empty the holding tank and 

pipes of standing water present; this allowed direct sampling of ground 
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water from the aquifer. For each well sampled two water samples were 

collected and stored in quart-sized containers. The water temperature 

was recorded with a standard Celsius thermometer, and the specific con- 

ductance was determined by a Beckman Solu-Bridge conductance meter in 

the field. Approximately 10 drops of concentrated HCl were added to 

one sample container to insure that dissolved iron, calcium, and mag- 

neaium would remain in solution. The unacidified samples were kept 

cool in a cooler while in the field, then in a refrigerator until chemi- 

cal analyses were completed in the laboratory. 

Pumping .Tests 

Pumping tests were performed on two water wells where access to 

the well top was possible. Pumping tests were performed for the purpose 

of obtaining more accurate determinations of water well yield and aqui- 

fer transmlsaivity for wells in the study area. Owner permission to 

conduct the pumping tests was difficult to obtain, since it was a cost 

and inconvenience to the well owner. Pumping tests were performed on 

wells EL-80 and RO-29. Data obtained from these pumping tests are con- 

tained in Appendix H of this report. 

A Soil Test electric well line was used to first determine the 

depth of the static water level before pumping, and well water was not 

pumped or used for at least one hour prPor to each pumping test. Next, 

the well was pumped continuously for 20 and 10 minutes time for wells 
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EL-80 and RO-29 respectively, and the pumping rate was periodically 

measured in gallons per minute with the aid of a watch and a 3 gallon 

measuring bucket. The depth to water was recorded and both the draw- 
0 

down and specific capacity of the well were determined, using the fol- 

lowing formulas: 

Drawdown = (static water depth) - (water depth after pumping) (6) 

Pumping Rate (gpm) 
Specific Capacity = 

(7) 
Drawdown (ft> 

Transmissivity is an indication of the permeability of an aquifer, 

It was determined by the following formula modified after Jacob (1963): 

264 Q 
T= 10810 t/t' 

S 

Where T is transmissivity in gallons per day per foot of aquifer width; 

Q is the pumping rate in gallons per minute; s is the drawdown in feet; 

t is the time in minutes since pumping began; and t' is the time in 

minutes since pumping stopped. This formula assumes that the coefficient 

of storage (S) remains constant during and after well pumping. In 

reality this does not necessarily occur* Jacob (1963) discussed the 

problem and offered an appropriate correction by modified equation (9): 

264 Q 
T- [ (lORlo t/t'> - lOglo (s/ill] (9) 

S 
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Where S is the coefficient of storage during pumping and S' is the 

coefficient of storage after pumping. The graphic plotting of draw- 

down (s) versus the common log of ratio t/t' can be expressed by 

equation (10) after Jacob (1963): 

Slope * As/Aloglo (t/t') 

After determining the slope of the line, the coefficient of 

missivity can be calculated by equation (11) modified after 

(1963): 
T * 264 Q/Slope 

(10) 

trans- 

Jacob 

(11) 

When the coefficient of storage does not remain constant, the plotted . 

slope line of equation (10) does not pass through the origin and the 

calculated value of T is somewhat inaccurate (Jacob, 1963). 

DETERMINING ADEQUACY OF WATER WELL YIELD 

Where possible, the author recorded well yield in gallons per 

minute &pm). However, where gpm yield data were not available an 

ordinal measure of water well adequacy was recorded as an estimate of 

yield. The assigned adequacy rankings are as follows: IA = inadequate 

for owners' supply of water; BA - barely adequate for the owners' supply 

of water; A - adequate water supply; TD - more than adequate supply of 

water or supplies two dwellings; and AA - well driller reported inabil- 

ity to bail the well dry. 
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The adequacy ranking technique used was a modified version of that 

used by Friel and Bain (1971). The purpose of the adequacy ranking was 

to attempt to assign a median water'well yield (gpm) to water wells with- 

out known or reported gpm yield data. Before assigning an adequacy 

rank to any well, certain important factors were considered. For in- 

stance, each well owner was questioned about his water well use, especial- 

ly concerning appliances such as washing machines and dish washers which 

use large amounts of water. Furthermore, the number of residents and 

wash rooms were considered before an adequacy rank was assigned. 

When the water well inventory was completed and adequacy ranks 

were applied to all wells, a list of known water well yields was con- / 
a 

strutted for each adequacy group as shown in Table 1. The median water 

well yield in gpm for each adequacy group was then recorded. These 

median values were then assigned to other wells of each adequacy group 

which lacked reported water gpm yield data. In this way every water 

well could be later used for nonparametric statistical tests of hydro- 

geologic or gas well variables which might possibly be associated with 

water well yield. 

AQUIFER DETERMINATIONS 

Inventoried water wells were located in the stratigraphic column 

to determine the rock units most likely to supply water to these wells. 

Because of the scarcity of published stratigraphic descriptions or geo- 
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TABLE 1 

WATER WELL ADEQUACY RANKING 

Adequacy rating for 
1 

water well yield IA BA A TD AA 

No. of wells in 
each class 12 7 19 2 9 

Median well yield no 
(gpm) when known 0.0 0.58 1.0 12.5 data 

i 

Key : 

LA = inadequate supply of water 

BA - barely adequate supply of water 

A - adequate supply of water 

TD - more than adequate supply of water or supplies two dwellings 

AA - well driller reported inability to bail well dry 
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physical logs, and the complexity and extreme lateral variation of 

strata, unequivocal aquifer determinations for each water well were 

impossible. Indirect methods were therefore employed to determine the 

major stratigraphic sequence containing the aquifer for each inven- 

toried water well in the study area. Two major sources of stratigraphic 

data were provided by Krebs (1911) and Wilmoth (1966), and Ii&ted 

amounts of stratigraphic data were also supplied by well drillers and 

well owners. A generalized stratigraphic column was then prepared from 

these data. 

The data supplied by Rrebs (1911) consisted of three stratigraphic 

sections: (1) the Pliney core section located in Pliny of the Buffalo 

District in Putnam County, at the mouth of Plantation Creek; (2) the 

Bear Branch section taken descending into Bear Branch of the Buffalo 

District in Putnam County, and joining the Henderson core drill hole 

(P-25); and (3) the Sigman section taken descending into Sycamore Branch, 

1 l/2 miles south of Sigman of the Pocatalico District in Putnam County, 

and joining the O.P. Honaker core drill hole located on the Sycamore 

Branch of the Left Fork of the Poca River. From these data a generalized 

stratigraphic cross section was constructed through the study area. 

For each core of the stratigraphic cross section the top of the Pittsburgh 

Coal was used as datum. 

The minimum elevation of the aquifer supplying water to each well 

was first determined by subtracting the well depth from the elevation 
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at the well top. Next, this well bottom elevation was translated on a 

perpendicular line to the stratigraphic cross section, and was corrected 

for structure by using the elevation of the Pittsburgh Coal at each well 

site, as determined from the structural contour map from Krebs (1911). 

After having located the well bottom within the stratigraphic cross 

section, the entire well depth was then constructed on this section, 

from which determinations of the moat probable aquifer eequence was 

derived for each of the 74 water wells inventoried. 

Because of the previously mentioned variability in thickness 

.and lateral. continuity of the individual rock units of northeastern 

Putnam County, a stratigraphic section or "aquifer sequence" was 

assigned 'to each well, rather then a single lithologic unit. Aquifer 

sequences range from 50 to 165 feet in total thickness, and each aquifer 

sequence contains at least one major sandstone unit capable of supplying 

water to a well. Relatively thin limestone beds are present in the 

study arsa:(Wilmoth, 1966) but they are too discontinuous to be con- 

sidered as major aquifers. 

A generalized stratigraphic column was constructed from the 

stratigraphic cross section and is shown in Figure 5, This generalized 

strati&graphic column represents the defined aquifer sequences which were 

assigned to water wells of the study area. The Dunkard and Monongahela 

rock units considered in this study are commonly highly variable and 

largely discontinuous laterally. Caution must therefore be exercised 
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30’ Jo1 lytown sandstone 

1 
Aquifer sequence #I 

25’ sandy shoje 

50’ Hundred sandstone 
i 

Aquifer sequence X2 

45’ Upper Marietta sandstone 

Aquifer sequence #3 

25’ Creston red shale 

Aquifer sequence #4 

20’ Washington red shale 

25’ Mannington sandstone 
Aquifer sequence %5 

25’ red shale 

40’ Waynerburg sandstone 
1.5’ Waynesburg coal --- Dunkard C?arp- 

honcmgahe la Group 

Aquifer sequence #6 

125’ sandy shales 
I 

1.5’ Sewickley coal 

20’ Ci lboy sandstone 

65’ shales and limastone 
Aquifer sequence #7 

32’ Un iontown sandstone 

25’ shale 
Aquifer sequence X8 

I ’ Reds tone coa 1 
--I 

40’ Pittsburgh sandstone 

1 
Top of Pittsburgh coal - Datum 

Aquifer sequence b’9 

--- 

Figure 3 Generalized stratigraphic column, for the study area. 
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when making interpretations from Figure 5. 

CHEMICAL ANALYSIS 

Field measurements were made for each sampled water well for 

temperature and specific conductance. Each set of water samples was 

then analyzed in the laboratory for concentrations or values of the 

following aqueous geochemical parameters: pH, bicarbonate, total iron, 

hitrate, total hardness, calcium hardness, sulfate, chloride, and 

sodium. All parameters were me+asured within 48 hours after sampling 

to reduce the possibility of chemical changes before analysis. 

The pH value of each unacidified water sample was determined by 

a Beckman Electromate pH meter in the laboratory. The probable error 

involved in determining the pH value is 2 0.10 considering analytical 

error and possible changes over time between field collection and 

laboratory analysis. 

Bicarbonate (HCO;') was analyzed on the unacidified water samples, 

by titration for alkalinity with a standard HCl solution and a Beckman 

Electromate pH meter (after Brown et. al., 1970). The inflection p&nt 

of the bicarbonate titration curve was then used to determine the titrat- 

ion endpoint (at approximately 4.5 pH). The bicarbonate concentration 

was then calculated, assuming bicarbonate is the only component of 

alkalinity. The probable error involved in determining the bicarbonate 

concentration is 2 3 percent, considering analytical error and possible 
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changes due to time. 

Total iron (dissolved and suspended) was determined by colori- 

metry analysis with the Iiach Chemical Company DR-EL chemical analysis 

kit, using the acidified water samples (Brown et. al., 1970). Final 

concentration values were determined after the initial values were 

adjusted for meter scale, reagent blank, and sample bottle corrections. 

The estfmated precision error for iron is 2 3 percent. 

Nitrate was analyzed on unacidified water samples using the 

Hach Chemical Company DR-EL unit. A cadmium-reduction method described 

by Brown et. al. (1970) was followed, according to instructions by 

Hach Chemical Company (1977). The initial nitrate values were also 

corrected in a similar fashion as those for iron to determine Phe 

final nitrate concentration values. The estimated precision error 

for nitrate concentrations is + 10 percent. 

Sulfate was determined using acidified water samples and the Hach 

Chemical Company DR-EL test kit (Hach Chemical Company, 1977). The 

turbidimetric method was used in this case, and after the tests were 

completed the in&al concentrations were corrected in the same manner 

as for iron and nitrate. The estimated precision error for sulfate 

concentrations is f 10 percent. 

EDTA titration methods, modified after those described by the 

Hach Chemical Company (1973),were followed to determine the calcium 

and total hardness values for the acidified water samples. Hardness 
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was expressed as mg/l equivalents of dissolved calcium carbonate 

(CaC03). The estimated precision error for these chemical variables 

is 2 2 percent. The calcium concentration was then determined from 

the calcium hardness titration tests. Magnesium hardness was determin- 

ed by subtracting the calcium hardness from total hardness values, 

and magnesium concentration was then calculated. It was assumed that 

only calcium and magnesium compose total hardness and that other al- 

kali earth cations are negligible. 

Chloride was analyzed for using the standard mercuric nitrate 

titration technique as outlined by the Bach Chemical Company (1973). 

Unacidified water samples were titrated with a standard Hg(NO3)2 

solution. The estimated precision error for chloride concentrations 

measured in this study is + 3 percent. 

Sodium was analyzed for using an Evans Electoselenium Ltd. 

atomic absorption spectrophotometer (Brown et. al., 1970). NaCl stand- 

ards were run before and after every five samples for calibration of 

the analysis technique. Unacidffied water samples were used, and the 

estimated precision error for sodium concentrations is + 5 percent. 

A complete list of chemical variables for the analyzed waters 

is contained in Appendix B of this report. 

DATA ANALYSIS 

An exploratory data analysis, followed by appropriate statistical 
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tests, was conducted to investigate possible associations among the 

collected data. The author was specifically interested in determining 

what measured parameters might relate to water well yield, water well 

chemistry, and Devonian shale gas well yield. Several methods were 

used to detect possible association trends in the data. The exploratory 

analysie methods used involved visual data inspection, scattergrams, 

graphs, histograms, and 2x2 contingency tables. 

Photolineaments were also considered with respect to statistical 

analysis. After the photolineaments were plotted on the appropriate 

maps, the proximity of each water well and gas well to the nearest photo- 

lineament was measured and recorded as was the photolineament class 

(see Appendicies E, F, and G). Statistical tests were then performed 

to determine the significance of any relationships of water well and 

gas well yields with photolineament proximity. Appropriate photo- 

lineament orientations were also recorded and later tested statistically 

for any significant associations with gas well yields. In addition 

to locating the short photolineaments on the appropriate 7 l/2 minute 

quadrangle maps, two photolineament density maps were constructed. 

The photolineament density maps depict class "1" photolineament density 

in miles per square mile, and N60aW-N30"E photolineament density in 

miles per square mile. The two photolineament density maps were con- 

structed by placing a square-mile orthogonal grid overlay on the study 

area with grid lines parallel to the north-south and east-west 
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directions. The length of each photolineament in question was then 

measured, .and the cumulative lineament length per square-mile section 

of grid was determined and plotted at the center point of each square- 

mile grid section. A total of 100 square-mile grid sections were con- 

sidered. The center points of these grid sections were then hand 

contoured. 

Nonparametric statistical tes.ts were used to test for significant 

differences between sets of data which would indicate critical associ- 

ations. These are "distribution free" tests and do not require many 

observations or samples. Also, few assumptions or criteria must be met 

by the data tested (Siegel, 1956). Two statistical tests were primarily 

used to test for differences between two sets of data - the Mann-Whitney 

U test, and the Yates-corrected chi-square test for two independent 

samples (Siegel, 1956). 

Mann-Whitney U test 

When at least ordinal data are involved, the Mann-Whitney U test 

may be used to test whether two independent groups of obseNation8 have 

been drawn from the same population. This is one of the most powerful 

of the nonparametric tests, and it is a most useful alternative to the 

parametric t test when one cannot meet the t test's assumptions, or when 

interval or ratio scale data are not available (Siegel, 1936). 

Given two groups of obseNation8 from two populations, population 
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A and B, the null hypothesis (Ho) is that A and B have the same dis- 

tribution. The alternative hypothesis (Ha) against which we test Ho 

IS that A is stochastically larger than B, a directional hypothesis 

(Siegel, 1956). Next, ranks are assigned to each observation for 

the composite of both groups of observations, for a particular variable. 

Then Ha is tested to see if the observation ranks for the first group 

are significantly different from those of the second group. For group 

sample sizes greater than 20 the equations (from Siegel, 1956) for com- 

puting U are: 

nl(nl + 1) 
U * nln2 + - Rl (12) 

2 

U' 
n2(q + 1) 

- qn2 + - R2 (13) 
2 

where, Rl = sum of the ranks assigned to the smaller group whose 

sample size is nl; R2 - sum of the ranks assigned to the larger group 

whose sample size is n2. 

The statistical significance of U or U', whichever is smaller, 

is then determined from the appropriate table (Siegel, 1956). Further- 

more, as n1 and n 2 increase in size, the sampling distribution of U 

rapidly approaches the normal distribution, and one may determine the 

significance of an observed value of U by calculating z (Siegel, 1956). 
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Tables provided by Siegel (1956) are used to determine the statistical 

significance of the observed z value. U' is calculated primarily to 

provide a check for the value of U; only U is used in determining the 

value of 2. 

Yates-Corrected Chi-Square Test 

The Yates-corrected chi-square test is used for testing trends 

in observed frequencies of a 2x2 contingency table with respect to an 

H 0. The form of such a table is given in Table 2. The following form- 

ula is used to calculate the Yates-corrected chi-square value: 

x2 I N(AD - BC - N/2)2 

(A+D)(C+D)(A+C) (B+D) 
(15) 

where, N - the total sample size; A, B, C, and D * observed 

cell frequencies (see Table 2). This formula has the additional 

advantage of incorporating a correction for continuity which makes 

this a conservative test and markedly improves the approximation of 

the computed X2 values by the chi-square distribution (Siegel, 1956). 

For each of the many tests run using either the Mann-Whitney U 

or the Yates-corrected chi-square test, the 0.05 alpha probability 

value was considered the upper limit for statistical significance for 

calculated error probabilities. However, other less significant 

probability results were often useful for interperting some data trends. 

The results of these statistical tests are presented under the RESULTS 

AND DISCUSSION section. 
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TAB&E 2 

2x2 CONTINGENCY TABLE 

Variable Tested 

1 
Low High 

s 
Data Group I A B A+B 

Data Group II C D C+D 

\ 

A+C B+D N 

Key: 

A, B, C, and D represent cell frequencies or number of 

observations corresponding to the four data classifications. 
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RESULTS AND DISCUSSION 

LWEAMKNTS 

Linesments were mapped and are plotted on Figure 6, both for 

Landsat and short photolineaments. Landsat lineaments are located 

primarily in the western and southwestern portion of the study area. 

Short photolineaments are more abundant and more evenly distributed 

throughout the area. 

The geophysical resistivity survey was performed over a photo- 

lineament to determine the presence of any underlying fracture zones. 

Figure 3 shows the location of the short photolinesment and perpen- 

dicular electrical resistivity survey line (A-A'). The overall setting 

of Figure 3 is also indicated on Figure 6. Figures 7 and 8 show the 

plotted resistivities and delta percent curves respectively. The 

most distinct features of the survey plots are the CCPP peaks and 

trough between stations 3 and 5 of Figure 7, and the delta percent 

peak centered about stations 3 and 4 of Figure 8. Kirk (1976) defined 

this type of resistivity display as being typical of the effect of a 

positive resistivity contrast created by an ancrmaly associated with 

a fracture trace, where fracture resistance exceeds rock resistance. 

This is logical since the photolineament is located within the domi- 

nantly shale lithologies of the area; the introduction of relatively 

dilute ground water into fracture porosity in shale would replace more 
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conductive ground water in the surrounding rock, creating a positive 

resistivity anomaly (Kirk, 1976). The relatively large positive re- 

sponse of the delta percent curve near station 4 of Figure 8 indicates 

that the probable fracture zone extends to a depth of at least 30 

feet. However, no definite determination of the depth can be made 

since only one electrode spacing survey was run across the fracture 

z,one (Kirk, 1976). The combined plots of Figures 7 and 8 tend to in- 

dicate the presence of a fracture zone centered near station 4, with 

a zone of influence of at least 60 feet in total width (Kirk, oral 

communication, 1979). 

Although electrical resistivity surveys may be useful in locating 

and confirming surface fracture zones, factors reducing the usefulness 

of these surveys include topographic, lithologic, and..ground-ater 

storage variations as well as improper spacing of the electrodes. 

One or more of these factors could lead to an incorrect interpretation 

of the subsurface. For this reason, electrical resistivity surveying 

alone should not be relied upon to predict subsurface features. 

However, electrical resistivity surveying was useful in interpretating 

the subsurface nature of one photolineament in the study area. 

WATER WELL YIELD ASSOCIATIONS 

Water well yield data and other physical water well data are 

located in Appendix A of this report. Physical water well data were 
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collected for 74 domestic water wells and 7 springs in the study area. 

Reported depths of sampled water wells range from a minimum of 30 feet 

to a maximum of 300 feet, with a median depth of 140 feet. Reported 

depths to water varied from 4 feet to 154 feet with a median depth of 

35 feet. Approximately 32 percent of the inventoried wells are located 

in valleys, with 43 percent located on hills, and the ranaining 25 per- 

cent located, on hill slopes. Generally, water well yields of the area 

are considered to be low with a median yield of about 1.0 gallons per 

minute (gpm). Inventoried well yields range from a high of 20.0gpm 

to a low of 0.0 gpm. Median gpm yield values, obtained from the pre- 

viously mentioned adequacy ranking technique, were assigned to wells 

without known gpm yield data. Specific capacity and aquifer trans- 

missivity data are available for two wells in the study area and are 

contained in Appendix H of this report. 

Lineament Proximity 

Nonparametric statistical tests were performed to determine if 

any associations exist between water well yield (gpm) and water well 

proximity to the nearest lineament. Both Landsat lineaments and short 

photolineaments were investigated for associations with water well yield. 

Landsat Lineaments 

Only 6 water wells from the study area are located within a 
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distance of 2000 feet of a Landsat lineament. Water well yields were 

tested statistically for less than versus greater than specific distances 

from such lineaments. The distances tested were 500, 1000, and 2000 

feet. The statistical tests show that wells located within 2000 feet 

of a Landsat lineament do not yield water at significantly different 

rates than wells beyond 2000 feet of such lineaments in the study area. 

Furthermore, no significant differences exist for yields of.water wells 

within 500 and 1000 feet of such Landsat lineaments, compared to more 

distant wells. Whatever the reason for these non-associations, Landsat 

lineaments are distinctly different from short photolineaments in both 

appearance and effect. 

Short Photolineaments 

The Mann-Whitney U test was performed to test the effect of short 

photolineament proximity on water well yield. The test was performed 

for wells greater than versus less than a specific distance from the 

nearest photolineament, as indicated on Figure 6. The specific proximity 

distances tested were 100, 150, and 200 feet. Too few wells were 

located within 50 feet of a photolineament to warrant statistical 

analysis. Results of these tests are given in Table 3. The symbols 

H and L are used in these Mann-Whitney U test tables to indicate 

high and low median values. 

It was found that photolineaments are excellent locations for high- 
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TABLE 3 

WATER WELL PROXIMITY TO PHOTOLINEAMENT 
vExsus 

WATER WELL YIELD 

well proximity"t0 
nearest photolineament 

No. of wells in 
S 100 feet ,100 feet Probability of error 

each class 6 65 

Median well 
yield hwd 12.5 1.0 

Mann-Whitney - 
U Results H 
(l-tailed) 

L 0.0102 

well proximity to 
nearest photolinearnent 

No. of wells in 
< 150 feet >150 feet Probability of error 

each class 9 62 

Median well 
yield (gpm) 12.5 1.0 

Mann-Whitney 
U Results H L 
(l-tailed) 

0.0057 
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TABLE 3 (continued) 

WATER WELL PROXIMITY TO PHOTOLINEAMENT 
VERSUS 

WATER WELL YIELD 

well proximity to 
nearest photolineaplent 

. 

1200 feet >200 feet Probability of error 
No. of wells in 
each class 19 52 

Median well 
yield (gwd 4.0 1.0 

Mann-Whitney 
U Results H L 0.0015 
(l-tailed) 

well proximity to 
nearest photolineament 

each class 

Median well 
yield (gpm> 2.0-4.0 1.0 

Mann-Whitney 
U Results H L 0.0329 
(l-tailed) , 

well proximity to 
nearest photolineament 

1 No. of wells in 1 
(150 feet 150-200 feet Probability of error 

I I 
each class 9 10 

Median well 
yield (gpm> 12.5 2.0-4.0 

Mann-Whitney 
U Results H L >0.05 
(l-tailed) (not significant) 
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yielding water wells. The optimum zone of influence for photo- 

lineaments is approximately 400 feet wide. Water wells located within 

200 feet of a plotted photolineament's center line have significantly 

higher yields than more distant wells, at a 0.01 alpha probability 

level. Median yields of wells 150-200 feet of a photolineament center 

line are less than median yields of wells O-150 feet from such center 

lines, but significantly more than wells located greater than 200 feet 

from these center lines. Within 200 feet of a photolineament center 

line there are no significant changes in well yield as the center line 

is approached, at a 0.05 alpha probability level; however, water well 

yields do tend to increase as the center line of a plotted photolineament 

.- 
1 

is approached. The higher yields for water wells located within 200 feet 

of a short photolineament are most likely the result of high fracture 

permeabilities associated with fracture zones. 

Other Physical Features 

Aspects of hydrogeologic setting, other than lineament proximity, 

were tested for possible associations with water well yield. The 

factors tested include topographic setting, stream proximity, and 

aquifer sequence. 

Topographic setting shows a significant effect on water well 

yields within the 0.05 alpha probability level determined by the Mann- 

Whitney U test, with test results shown in Table 4. Yields are 
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TABLE 4 

WATER WELL YIELD VERSUS TOPOGRAPHY 

Slope Hill Valley Probability of error 
NO. of wells in 
each class 18 31 23 

Median well 
yield (gpm) 1.0 0.8 5.0 

Mann-Whitney 
U results L H 0.0329 
(lytailed) , 

H L 0.0307 

L H 0.001 
. 

. 

WATER WELL YIELD VERSUS STREAM PROXIMITY 

well proximity to 
nearest stream 

O-200 Leek >200 feet 
No.of wells in 

Pfobability'6f"&tlter, , 
each class 22 49 

Median well 
yield (md 1.0-1.7 1.0 

Mann-Whitney 
U results H L 
(l-tailed) 

0.0024 
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significantly higher for wells in valleys when compared with yields 

from water wells located on hilltops, at a 0.001 alpha probability 

level; median water well yields for valley wells are six to seven 

times greater than those for hilltop wells. Furthermore, hillside- 

slope yields are significantly greater than hilltop yields at a 0.05 

alpha probability level. Valley water- well yields are also significantly 

greater than hillside-slope well yields at a 0.05 alpha probability 

level. The effect of well proximity to a stream on well yield was 

also tested, with test results shown in Table 4. Water wells located 

within 200 feet of a stream have significantly higher yields than 

more distant wells, according to Mann-Whitney'U test results at a 0.01 

alpha probability level. 

Higher water well yields indicated for valley wells, and especially 

for wells within 200 feet of a stream, can be explained by the fact 

that: (1) the recharge area is larger for valley wells than for hilltop 

or slope wells; (2) the water table is generally closer to the surface 

in valleys; (3) valleys tend to be more greatly weathered with greater 

aquifer permeabilities resulting; and (4) recharge from streams may occur 

for nearby wells (Davis and Dewiest, 1966). 

The majority of water wells located within 200 feet of a photo- 

lineament occupy low topographic positions. Statistical tests were 

performed to determine if a photolineament's effect on water well yield 

was strictly a function of topography. The Mann-Whitney U test was 
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used to determine if any significant relationships exist between in- 

creased well yield and short photolineament proximity for valley wells 

only. The specific distances tested were 100 and 200 feet, and the 

results of these tests are contained in Table 5. Median well yield 

differences tend to indicate that valley wells located near photo- 

lineaments do yield more on average than other valley wells, but they 

. do not yield significantly more. These results tend to indicate that 

a photolineament's observed effect on water well yield is not strictly 

a function of topography. 

Of the 69 water wells for which aquifer sequence could be deter- 

mined, 28 wells are located in the Dunkard Group and 41 wells are 

located in the Monongahela Group. Yields from water wells located 

within the aquifer sequences shown in Figure 5 were statistically tested 

for possible significant differences in well yield as a function of 

aquifer sequence. Table 6 contains the results of these tests. Aquifer 

sequences 1 and 4 were excluded from testing because they contain too 

few wells for proper tests! No significant differences are apparent 

between the six aquifer sequences tested against aquifer sequence 

number 6, the highest-yielding sequence, at a 0.05 alpha probability 

level. Included in aquifer sequence 6 is the Waynesburg Sandstone; 

median well yields tend to indicate that this unit is the best aquifer 

for most of the study area. Possible reasons for the importance of 

rock sequence 6 as an aquifer unit are: (1) the lateral continuity of 
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TABLE 5 

WATER WELL PROXIMITY TO PHOTOLINEAMENT 

VERSUS 

VALLEY WATER WELL YIELD 

valley well proximity to 
nearest photolineament 

O-100 feet >lOO feet 
No. of wells in 

Probability of error 

each class 5 18 

Median well 
yield (gpm) 12.5 1.0-5.0 

Mann-Whitney 
U results H L 
(l-tailed) 

>0.05 
(not significant) 

valley well proximity to 

nearest nhotolineament 

O-200 feet ,200 feet 
No. of wells in 

Probability of error 

each class 11 12 

Median well 
yield (gpd 12.5 1.0-5.0 

Mann-Whitney 
U results H L 
(l-tailed) 

70.10 
(not significant) 
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the Waynesburg Sandstone throughout the study area; (2) a lower strat- 

igraphic position for the Waynesburg Sandstone than for the majority 

of sandstone lithologies in the stratigraphic column; and (3) a thick 

sequence of shales interstratified with thin sandstone beds underlying 

the Waynesburg Sandstone in sequence 6, increasing the possibility of 

multiple aquifers within this. sequence. 

GROUND WATER CHEMISTRY 

Ten water chemistry variables were measured for 32 tested water 

wells and springs to determine if any important chemical trends or 

associations are present that might aid in exploration for ground water 
. 

or Devonian shale gas in the Midway-Extra study area. The water chemistry 

parameters analyzed were concentrations of total iron, chloride, total 

hardness, calcium, magnesium, bicarbonate, sulfate, and sodium, as well 

as pH and specific conductance; data for these sampled wells are located 

in Appendix B. These water chemistry variables were selected because 

they represent the major chemical parameters of ground water, and they 

are relatively inexpensive and easy to analyze. The following is a 

brief report on each water chemistry variable, including its sources 

and general nature of occurrence in ground water. 

Nitrate 

Nitrate was selected for analysis because of its role in indi- 
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eating pollution from surface contaminants such as sewage or nitrogen 

fertilizers (Hem, 1970). Also, nitrate was shown to be significantly 

associated with increased gas well yield in the Cottageville, West 

Virginia area by Jones and Rauch (1978a). 

In this study, nitrate did not exceed the maximum recommended 

level of 45 mg/l recommended by the United States Public Health Service 

(1962). The maximum concentration observed occurred in well WI-59 

which had 13.6 mg/l nitrate. The data suggest that although high con- 

centrations of nitrate are not common it is a persistent water quality 

parameter. Nitrate concentrations that are noticeably above background 

values for this study area (above about 5 mg/l) may well indicate ground- 

water pollution; this occurs for wells BA-5, WI-g, m-45, BA-55, and 

WI-59. 

In this study, the highest concentration of nitrate occurred 

in well WI-59. At the time of sample collection the owner was in the 

process of relocating his septic tank. His septic system had been 

located approximately 100 yards directly uphill from the water well. 

Domestic sewage may have contributed nitrate to the ground-water system. 

The organic portion of sewage is a source of ammonium ions which is 

oxidized to form nitrate (Hem, 1970). As nitrate is easily leached 

from the soil, and readily permeates an aquifer, the high nitrate con- 

centration of well WI-59 may be the result of domestic sewage pollution. 

The probable sources of high-nitrate values for the remaining wells 
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could not be determined from field observations, however. 

Total Iron 

Iron is an abundant and widespread constituent of rocks and soils. 

Dissolved iron in excess of 0.3 mg/l is objectionable in water for 

it causes reddish-brown stains on clothing, utensils, and plumbing 

fixtures (Johnson,‘1975). 

In the study area, pyritic shales and pyrite in coal seams are 

probably responsible for significant amounts of iron in sampled ground 

water. Iron concentrations (for dissolved and colloidal iron combined) 

vary from 0.04 to 11.20 mg/l for'sampled well waters. In this -study, 

the highest concentration of total iron occurred in well WI-~. The 

owner of this well has reported that a coal seam was encountered during 

drilling of the well. Seven of the 32 sampled wells have iron contents 

exceeding 0.3 mg/l. Five of these wells are located in aquifers of the 

Monongahela Group which reportedly has more coal than the Dunkard 

Group; this possibly accounts for the high total iron values of these wells. 

Sodium and Chloride 

Chloride occurs as Cl' in solution and is present in all natural 

waters. Sodium is generally in the form of the Na+ ion (Hem, 1970). 

The most likely sources for Cl- and Na+ in well waters are: (1) connate 

brines trapped during marine sedimentation; and (2) road salts infil- 
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trating into the ground-water system from the surface (Davis and Dewiest, 

1966). 

Three study area wells (RO-24, RO-26, and WI-58) have excessive 

chloride concentrations (over 250 mg/l), according to U.S.P.H.S. (1962) 

standards. These same wells have the highest sodium concentrations of 

those studied, and are in general located in lower Monogahela Group 

rocks, and in low-elevation areas (with elevations not exceeding 610 

feet). Upconing of connate marine brines that were trapped during 

marine sedimentation is the single most probable source of'the high 

chloride and sodium concentrations for these three wells. 

Total Hardness, Calcium and Magnesium 

Hardness is a qualitative term representing the soap-consuming 

capacity of water. The greater the amount of alkaline earth metals 

dissolved in water, of which calcium and magnesium are the most important, 

the greater is the amount of soap required to overcome the complexing 

aation of hardness ions. Hardness is expressed in terms of an eqaiva- 

lent concentration of calcium carbonate (Hem, 1970). In the tabulated 

data "Total Hardness" represents the sum of calcium and magnesium 

hardness. Calcium and magnesium occur as Ca* and Mg* cations 

in water (Hem, 1970). 

Most dissolved calcium and magnesium are probably derived 

from the dissolution of carbonate-bearing cement or thin limestone 
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units in rock strata of the study area. Calcareous shales also consti- 

tute a major source of calcium and especially magnesium to ground 

water(Hem, 1970). The two highest,total hardness wells (greater than I 
400 mg/l as CaC03> are located in aquifer sequences 2 and 3. This 

seems logical since sequence 2 is largely composed of calcareous shale. 

The well located in sequence 3 may quite possibly be obtaining high 

total hardness concentrations from sequence 2. 

Bicarbonate 

There are two important sources of bicarbonate in natural ground 

waters. Dissolved bicarbonate (HCO?) may originate directly or in- 

directly from the dissolution of carbonate bearing rocks or minerals 

(especially in carbonic acid), and from the decay of organic matter 

(hence H2CO3). These sources are shown by equation (16): 

CaC03 + H2C03SCa * +2HCO$ (16) 

Ten of 14 wells with bicarbonate concentrations exceeding 40Q m&l 

are located in aquifers of the Monongahela,Group. Wilmoth (1966) 

described both the Dunkard and Monongahela group waters as being of the 

sodium and calcium bicarbonate type. A third probable source of 

bicarbonate relating to methane gas will be discussed later. 
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Sulfate 

The most common form of sulfate under normal Eh conditions is 

the SOi ion (Hem, 1970). Pyrite (FeS2), a major source of sulfate in 

ground water, can occur in all lithologies present in the study area 

but is primarily associated with coal (Hem, 1970). When pyrite weathers 

as a result of contact with aerated ground water, the sulfide mineral 

is oxidized to yield sulfate ions. This is probably the reason for the 

high sulfate (and total iron) concentration of well WI-B, mentioned 

earlier with respect to "total iron". 

Excessive sulfate concentrations greater than the recommended 

value of 250 mg/l (U.S.P.H.S., 1962) can corrode plumbing fixtures and 

act as a laxative (Hem, 1970). However, sulfate does not usually 

create any serious health problems. The maximum sulfate content for 

sampled well waters was 145 mgll. No adverse effects should be present 

due to sulfate in ground waters of the study area. 

Specific Conductance 

Specific conductance represents the total effect of all dissolved 

ions in ground water, and it is proportional to total dissolved solids. 

Specific conductance values greater than 750 micro-mhos/cm indicate 

excessive dissolved solids according to the lJ.S:P.H.S. (1962) standards, 

and Hem (1970). Specific conductance ranged from 85 to 6025 micro-olhos/ 

cm in ground waters of the study area. High specific conductance values 
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are associated with high dissolved NaCl contents, or with high total 

hardness or bicarbonate concentrations. Most wells with very high 

conductances (over about 1000 micro+nhos/cm) are located in valleys 

and are characterized by excessive dissolved NaCl, especially well 

WI-58. The most likely source of the poor water quality for these 

wells is upconing of connate marine brines in response to water well 

pump iw3 . 

PH 

Values of pH for ground water in the study area range from 5.80 

to 8.13. These values are all of acceptable quality. Differences in 

pH reflect variations in the lithology and mineralogyoaf rocks located 

near the well and aquifer. Pyrite and carbonate minerals probably 

have the greatest potential to affect pH values in the study area. 

Pyrite reacts to give off H+ ions into solution when in contact with 

aerated water, effectively lowering the pH value of water; carbonate- 

bearing rocks .in contact with ground water react to release bicarbonate, 

effectively raising pH values. The values of pH were determined in the 

laboratory only, and may differ slightly from the original field pH 

values because of a 24 hour delay in laboratory measurement. 



UGR File K048/A79, v.2 
WVU Dept. of Geology & Geography 
Ott, 1979 505. 

TRENDS IN GAS YIELD 

Initial open flow refers to gas production prior to fracturing 

of the gas producing horizon. Final open flow refers to gas production 

after fracturing of the producing horizon. No standard procedure 

for measuring these flows is believed to have been followed; although 

somewhat suspect, these flow values are the best that are available. 

Both initial and final open flows were used in the statistical analysis 

of possible associations between Devonian shale gas well yield and 

hydrogeologic setting. When this study began, it was intended that 

only initial open flow data be used. The assumption was.that initial 

open flow would more nearly represent the geologic environment of the 

gas producing portion of the study area. however, Schaefer (oral 

communication, 1979), who has done extensive work on the producing 

characteristics of the Midway-Extra gas field, asserts that final open 

flow is a more dependable and representative measure of gas production 

rate with respect to geologic controls. Furthermore, he suggests 

that final open flow is more representative of the commercial success 

for gas wells and of productivity from gas reservoirs. For this 

reason final open flow gas production was considered with respect to 

possible associations with lineaments and hydrogeologic parameters. 

Initial and final open flow for gas wells are in Appendix C of this 

report and are from Schaefer (1979). 

Figure 9 shows the locations of Devonian shale gas wells in the 
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Midway-Extra gas field. Figure 6 shows the location of Devonian shale 

gas wells, domestic water wells, Landsat lineaments, and short photo- 

lineaments in the study area. Figure 10 shows a polygonal area de- 

fining the Midway-Extra gas field portion of the study area. The 

polygonal area was constructed for the purpose of delineating the area 

to be tested in the statistical analyses for possible lineament-hydro- 

geologic trends with gas well yield. The polygonal boundaries were 

constructed by connecting the outermost gas well locations in the study 

area as shown. The 8 gas wells shown outside the polygonal area of 

Figure 10 were not considered because they are outside the defined 

limits of the Midway-Extra gas field (Schaefer, 1979). Other wells 

of Figure 9 were excluded from the polygonal area of Figure 10 because 

they either lacked production data or lay outside the limits of the 

study area. 

Figure 11 shows contoured initial open flow for the study area, 

and Figure 12 shows final open flow contoured for the study area. Both 

initial and final open flow contour trends are expressed in terms of 

thousands of cubic feet of gas per day (MCF/day). The contours were 

drawn assuming that the changes in gas flow rate would be linear between 

adjacent wells. The position and trend of the contours are therefore 

partly a function of gas well density; contours in areas of low gas 

well density are probably optimistic in their prediction of shale gas 

reserves. 
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LINEAMENT ASSOCIATIONS WITH GAS WELL YIELD 

Landsat Lineamen& 

The effect of Landsat lineaments was considered with respect to 

initial and final open flow gas production for the Midway-Extra study 

area. In addition to contoured production trends, Figures 11 and 12 

show locations of Landsat lineaments. These figures show that Landsat 

lineaments do not intersect high-producing areas of the gas field, but 

rather appear to bound these areas to the north and south, and are 

generally parallel to the general gas-producing trend. As suggested 

by Werner (1977a), perhaps these lineaments represent deeply-penetrat-. . 

ing fractures that have bled off Devonian shale gas to the surface. 

In the Midway-Extra area Landsat lineaments are poor locations for 

Devonian shale gas wells, and are to be avoided. Werner (1977a), and 

Jones and Rauch (1978a) have indicated in these studies that Landsat 

lineaments are associated with poor-yielding gas wells in the Cottage- 

ville area. 

. ..’ 

Photolineaments by Orientation 

Short photolineaments were next tested for possible associ- 

ations with initial and final open flow gas production data within 

the study area. Appendices F and G contain initial and final 

open flow gas well yields, as well as the orientation, proximity, 
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and class of the nearest short photolineament for each gas well 

with production data. 

Initial open flow gas well yield is higher for wells near a 

photolineament, but the association is not a strong one. It was 

therefore decided to test gas well yield against photolineament or- 

ientation. Figure 13 shows plots of initial open flow gas well yield 

versus photolineament orientation. Median trends for 30" classes, 

shown in Figure 13, indicate that photolineaments oriented N60°W- 

N30'E are associated with higher average gas well yields than are 

photolineaments of other orientations. Statistical test results of 

Table 7 indicate that gas wells located near photolineaments oriented 

N60°W-N30°E are relatively high producers when compared to wells 

located near photolineaments of other orientations. This association 

is statistically significant at a 0.05 alpha probability level. Short 

photolineaments bearing N60°W-NO'W show a somewhat less certain as- 

sockion with initial open flow gas well yield, while NOOE-N30"E or- 

iented photolineaments are not significantly associated with open flow 

at the 0.10 alpha probability level. These results indicate that 

N60°W-N30'E oriented photolineaments, representing approximately 61 

percent of the photolineaments within the gas field, are significantly 

associated with increased initial open flow gas well yield. However, 

subdivisions of this optimum 90' photolineament class do not show 

strong associations with initial open flow, and are not useful. 
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Photollnesment Orientation 

Figure 13 Plota of initial open flow gas well yield (in MCF/,day) versus 
orientation of the nearest photollneament to a gas.well. 
Solid dots indicate class '(1" photollneaments, larger dots 
indicate more than one well. 



UGR File #C048/A79, v.2 
WVU Dept. of Geology 6 Geography 
Oct. 1979 

514. 

TABLE 7 

INITIAL OPEN FLOW GAS WELL YIELD VERSUS PHOTOLINEAMENT ORIENTATION 

(Measured to nearest photolineament) 

Photollneament Orientation 

N60°W-N30°E Others Probability of error 
No. of wells in 
each class 46 ' 30 

Median well 
yield (MCF/day) 21-24 14-15 

Mann-Whitney 
U results H L 0.026 
(l-tailed) 

N60°W-NO'W ? Others Probability of error 
No. of wells in 
each class 35 41 

Median well 
yield (MCF/day) 24 15 

Mann-Whitney 
U results Ii L 0.078 
(l-tailed) 

NO“E-N30'E Others Probability of error . 
No. of wells in 
each class 21 55 

Medianwell 
yield (MCF/day) 21 18 

Mann-Whitney 
U results H L 0.179 
(l-tailed) (not significant) , 
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Final open flow is higher on the average for wells near a photo- 

lineament, but the relationship appears not to be strong. Photollneament 

orientation was also investigated for stronger associations with final 

open flow. Figure 14 shows plots of final open flow gas well yield 

versus photollneament orientation. Again, median yields are greatest 

for the three photollneament orientation classes between N60°W-N30°E. 

Short photollneaments bearing N60°W-N30'E and N60"W-NO"W were tested to 

see if the same associations for initial open flow also show up for 

final open flow data. Table 8 shows the Mann-Whitney U tests for photo- 

llneament orientation by final open flow; gas wells located nearest 

photollneaments oriented N60"W-NO"W are on the average relatively high 
. 
producers. This is a statistically significant association, at the 

0.05 alpha probability level. Short photollneaments oriented N60°W- 

N30°E show a somewhat less certain relationship to increased final 

open flow, that would be significant at a 0.10 alpha probability level. 

The tests of Table 8 indirectly indicate that NO'E-N3O"E oriented photo- 

llneaments are not so important with respect to increased final open 

flow as are N60"W-NO"W oriented photollneaments. Approximately 42 per- 

cent of the photollneaments in the gas field area are oriented N60"W- 

NO'W. 

Photollneament Proximity 

Initial open flow gas well yield was compared with the proximity 
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Figure 14 Plots of final open flow gas well yield (in MCF/day) versus 
orientation of the-nearest &otolineament to a gas well. 
Solid dots Indicate class "1" photollneaments; larger dots 
indicate more than one well. 
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TABLE 8 

FINAL OPEN FLOW GAS WELL YIELD VERSUS PHOTOLINEAMENT ORIENTATION 

(Measured to nearest photolineament) 

w 

Photollneament Orientation 

N60"W-NO"W Others Probability of error 
No. of wells in 
each class 40 56 

Median well 
yield (MCF/day) 202-207 146 

Mann-Whitney 
U results H L 0.048 

L (l-tailed) 

Photollneament Orientation 

N60"W-N30"E Others Probability of error 
No. of wells in 
each class 55 41 

Median well 
yield (MCF/day) 207 146 

Mann-Whitney 
U results H L 0.071 
(l-tailed) 
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of photollneaments oriented N60°W-N30°E as shown in Figure 15. Statlstl- 

cdl tests were performed that compared yields ~for gas wells within 0.4 

kilometers of such photollneamenfs; with yields for wells located 

-greater than 0.4 kilometers from the nearest photollneament. A critical 

distance of 0.4 kilometers was chdsen because this distance appears to 

represent a natural break in the plotted yields. Only class "1" and "2" 

photollneaments were plotted in Figure 15 because they represent better 

than 95 percent of these photollneaments, and the most certain photo- 

llneament locations. It appears from the statistical results of Table 9 

that Devonian shale gas wells located within 0.4 kilometers of photo- 

llneaments oriented N60"W-N30°E yield at significantly higher rates than 

do wells located greater than 0.4 kilometers distance of these photo- 

llneaments, in the gas field study area. 

A direct test of final open flow gas well yield versus photollneament 

proximity by orientation was not conducted. However, results of other 

tests concerning final open flow .and photollneament proxlmlty by class 

indicate the importance of photol.ineament proximity to final open flow 

gas well yields. These associations are discussed later in this report 

with respect to 'Photollneaments by Class'. 

Photollneament Density 

Although photollneaments oriented N60°W-N30°E have a greater 

proportion of high-yielding gas wells in their vicinity, a more direct 
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Figure 15 Plot of initial open flow gas well yield (in MCP/day) versus 
the well proximity to the nearest photblineament oriented 
N60"W-N30“E. Larger dots indicate more than one well. 
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TABLE 9 

INITIAL OPEN FLOW GAS WELL YIELD VERSUS PHOTOLINEAMENT PROXIMITY 

Distance to nearest class "1" 
photolineament oriented.N60°W-N30°E 

, L-o.4 Km. 
No. of wells in 

>0.4 Km. Probability of error 

each class 17 13 

Median well 
yield (MCF/day) 3q 15 

Mann-Whitney 
U results H 
(l-tailed) 

L 0.05 



r ’ 

UGR File BC048/A79, v.2 
!4VU Dept. of Geology E Geography 
.Oct. 1979 521. 

test of such photolineament associations was necessary to determine 

their usefulness as an exploration tool. In order to test the use- 

fulness of N60°W-N30"E bearing photolineaments in exploration for 

Devonian shale gas, a density map was prepared for these lineaments 

and compared to the gas yield trends of Figures 11 and 12. The density 

map of Figure 16 was prepared as previously indicated in 'Data Analysis' 

of this report. Figure 16 represents hand-contoured density in miles 

per square mile, based on 100 square-mile sections. The photolineament 

de.nsity map of Figure 16 was superimposed on the gas yield maps of 

Figures 11 and 12, to determine if significant overlaps occur between 

high photolineament density and high gas yield areas. A second orth- 

ogonal grid defining square sections 2000 feet long on a side was super- 

imposed on the overlays of Figure 16 on Figures 11 and 12; grid line 

intersections were then counted as points occurring in one of four type 

areas - high photolineament density and high gas yield; high photo- 

lineament density'and low gas yield; low photolineament density and 

high gas yield; and low photolineament density and low gas yield. 

The 221 grid points were categorized, totaled for each area type, and 

plotted in 2x2 contingency tables. Chi-square contingency tests with 

the Yates correction were then performed to determine if any significant 

associations exist between N60°W-N30"E photolineament density and gas 

yield, for both initial and final open flows and for various definitions 

of high versus low density and gas yield. The only data tested were for 
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grid points located within the polygonal area of Figure 10. 

A second point counting technique was also used to test for 

associations between photolineament density and open flow gas 

production. This technique consisted of classifying individual 

Devonian shale gas wells within the polygonal area into 2x2 con- 

tingency tables for testing. However, statistical tests based on 

this technique are considered to be more biased than those based on 

the orthogonal-grid method of point counting, since gas wells are 

not randomly located; a greater number of gas wells have been drilled 

close to other successful gas wells. For this reason results from 

tests performed by this technique are not reported for all cases. 

The Yates-corrected chi-square contingency tests (Siegel, 1956) 

were first performed on initial open flow production data for 

N60'W-N30'E photolineament density within the polygonal area. The 

221 sample points were classified in two 2x2 contingency tests, 

comparing initial'open flow gas yield greater than versus less than 

100 MCF/day, with photolineament densities greater than versus less 

than 1.50 and 2.00 miles per square mile. both statistical tests 

of Table 10 indicate that initial open flow gas well yield is sig- 

nificantly associated with N60"W-N30°E photolineament density at a 

0.001 alpha probability level. A second set of 2x2 contingency tests 

were performed similar to those of Table 10, but considering 97 

sample points represented by the individual gas well locations instead 
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TABLE 10 

INITIAL OPEN FLOW GAS WELL YIELD 
VERSUS 

DENSITY OF N60°W-N30'E BEARING PHOTOLINEAMENTS 

(Based on orthogonal grid point-counting method) 

Gas Well Yield Low 1.50 mi/miz High 
Probability of 

Low 190 11 201 error < 0.001 

100 MCF/day chi-square * 29.9 

High 11 9 20 Success rate- 
45% 

201 20 N=221 

Photolineament Density 

Gas Well Yield Low 
Low 1, 201 -;b;;;;o;' 

100 MCF/day chi-square - 26.8 

High 15 5 20 Success rate = 
71% 

214 7 N = 221 
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of the orthogonal grid of points. Statistical test results of Table 

11 indicate that initial open flow gas well yield is significantly 

associated with photolinesment density with regard to the 1.50 and 

2.00 miles per square mile density contours at the 0.001 and 0.01 

alpha probability levels respectively. Although this last technique 

is considered biased with respect to its test results, it does tend 

to confirm observed trends found using the orthogonal grid method of 

point counting. 

Tests were also performed for determination of possible as- 

sociations between N60*W-N30°E photolineament density and final open 

flow gas production; A total of 221 orthogonal grid points, within 

the polygonal area, were classified into 2x2 contingency tables and 

the Yates-corrected chi-square tests were then performed. The test 

results of Table 12 indicate that N60°W-N30"E photolineament density 

is significantly associated with final open flow gas production for 

a critical density of 1.50 miles per square mile and critical produc- 

tion rates of 100, 500, and 1,000 MCF/day, at alpha probability 

values of 0.01, 0.001, and 0.05 respectively. Furthermore, N60'W- 

N30"E photolineament density is significantly associated with final 

open flow gas well yield for a critical density of 2.00 miles per 

square mile and critical production rates of 100 and 500 MCF/day, 

at alpha probabilities of 0.05 and 0.01 respectively. Another chi- 

square contingency test indicated that N60“W-N30“E photolineament 
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TABLE 11 

INITIAL OPEN FLOW GAS WELL YIELD 
VERSUS 

DENSITY OF N60°W-N30"E BEARING PHOTOLINEAMENTS 

(Based on gas well locations as points) 

Photolineament Density 

Gas Well Yield 

100 MCF/day chi-square = 16.8 

High 1 9 1 8 1 17 Succe;;;ate = 

84 13 N = 97 
. 

Photolineament Density 

Low High 
Gas Well Yield 2.00 ml/ml2 

1 Probability of 
Low 79 1 80 error < 0.01 

100 MCF/day chi-square = 10.0 

High 13 4 17 Success rate = 
80X 

92 5 N * 97 

.- 
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. TmLE12 

FINAL OPEN ROW GAS WELL, YIELD 
VERSUS 

DENSITY OF N60"W-N30°E BEAFUNG PHOTOLINEAMENTS 
(Based on orthogonal grid pbint-counting method) 

Photolineament Denefty 

Gas Well Yield 

LOW 

100 MCF/day 

=gh 

Low 
1.50 mi/mi2 

HQh 

Probability of 
96 2 98 error < 0.01 

chi-square = 9.0 

106 17 123 Success rate - 
89% 

Gas Well Yield 

Low 

500 MCF/day 

Hish 

Gas Well Yield 

Low 

1,000 MCF/day 

Wh 

202 19 N - 221 

Photolineament Deasity 

LOW 

1.50 ml/ml2 
High 

4 

186 a 

16 11 

202 19 N 

Probability of 
194 error < 0.001 

chi-square = 35.9 

27 Success rate = 
58x: 

* 221 

Photolineameat Density 

Low 
1.50 ml/ml2 

High 

200 Probability of 
17 217 error < 0.05 

chi-square = 4.3 

2 2 4 Success - rate 
ll.% 

202 19 N * 221 
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TABLE 12 (continued) 

Photolineament Density 

Low High 

Gas Well Yield 2.00 mi/m12 
I rl 

Probability of 
Low 96 0 96 .error < 0.05 

100 MCF/day chi-square = 3.9 

High 118 7 125 Success rate = 
100% 

214 7 N = 221 

Photolineament Density 

Low High 

Gas Well Yield 2.00 mi/mi2 
Probability of 

Low 186 3 189 error 0.01 < 

500 MCF/day chi-square 7.4 - 

High 28 4 32 Success rate = 
57% 

, 

214 7 N = 221 

-1 
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density is not significantly associated with gas well yield when 

critical values of 2.00 miles per square mile and 1,000 MCF/day 

final open flow gas production are considered, at the 0.10 alpha 

probability level. 

Results of statistical tests indicate that N60°W-N30“E 

photolineament density could serve as the basis for a new explor- 

ation tool for Devonian shale gas, especially in the Midway-Extra 

area. The success rate of each 2x2 contingency test was determined 

by the percentage of gas wells in high photolineament density areas 

that have high yields. Success rate is in this way a measure of the 

probability of successfully locating 'high' yielding gas wells as a 

function of a specific photolineament density contour. Table 10 in- 

dicates ‘that if gas wells are located within areas having N60“W-N30“E 

photolineament densities greater than 2.00 miles per square mile, about 

71 percent of these wells would have initial open flows exceeding 100 

MCF/day. If gas wells were located in areas having N60°W-N30"E photo- 

lineament densities greater than 1.50 miles per square mile, about 45 

percent of these wells would have initial open flows exceeding 100 

MCF/day. Table 12 indicates that if gas wells were located within 

areas having N60°W-N30"E photolineament densities greater than 1.50 

miles per square mile, about 89 percent of these wells would have 

final open flows exceeding 100 MCF/day; about 58 percent of these 

wells would have final open flows exceeding 500 MCF/day; and about 
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11 percent of these wells would have final open flows exceeding 

1,000 MCF/day. If gas wells were located in areas having N60°W-N30"E 

photolineament densities greater than 2.00 miles per square mile, 

about 100 percent of these wells would have final open flows ex- 

ceeding 100 MCF/day, and about 57 percent of these wells would have 

final open flows exceeding 500 MCF/day. These test results IndS- 

cate that the 2.00 miles per square mile photolineament density 

contour is the\more successful for gas.exploration of the two 

N60°W-N30"E photolineament density contours tested. However, . 

photolineament density areas exceeding 2.00 miles per square mile 

are smaller*than those exceeding 1.50 miles per square mile, which 

would place greater restrictions on gas exploration. 

Photolineaments by Class 

The possible effects of photolineament class on photolineament- 

gas well yield associations were next tested for initial and final open 

flow gas well yields. These tests were conducted by comparing the 

yield of each gas well within the polygonal area to the class of the 

nearest photolinesment to each we&l, Appendix F contains a list of 

initial open flow data tested, and Appendix G contains a list of 

final open flow data tested. These data consist of gas well yield in 

MCF/day, the distance in kilometers from each of these wells to 

the nearest photolineament,and the photolineament orientation 
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and classification. 

The effect of photolineament class was determined by the Mann- 

Whitney U test, with test results shown in Table 13 for initial open 

flow data. Although initial open flow is usually higher for wells 

located nearest a class "1. (most certain) photolineament, it is not 

significantly higher, at the 0.05 alpha probability level, when con- 

sidering photolineaments of any orientation. However, when N60"W-N30'E 

photolineament orientation alone is considered, Table 13 indicates 

that class "1" photolineaments are significantly associated with in- 

creased initial open flow gas well yield at a 0.05 alpha probability 

level, when compared to class "2" and "3" photolineaments. 

Final open flow data were next tested for possible associations* 

of gas well yield with photolineaments based on class. The Mann-Whitney 

U test results of Table 14 indicate that final open flow is not signi- 

ficantly higher for gas wells near class "1" photolineaments at a 0.05 

alpha probability level, when photolineament orientation is ignored. 

However, when just photolineaments oriented N60°W-NO"W are considered, 

class "I" photolineaments are significantly associated with high final 

open flows for nearby gas wells at a 0.10 alpha probability level, when 

compared to yields of wells near class "2" and "3" photolineaments. 

These combined test results tend to indicate that the class or certainty 

of expression of photolineaments may be important in associations with 

gas well yield, but that photolineament class should be used in con- 
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TABLE 13 

INITIAL OPEN FLOW GAS WELL YIELD VERSUS PHOTOLINHAMENT CLASSIFICATION 

(Measured to nearest photolineament) 

Photolineaments of any orientation 

Class "1" Class "2" & "3" 

1 No. of wells in 1 I 
Probability of error 

I 
each class 23 53 

Median well 
yield (MCF/day) 24 17 

Mann-Whitney 
U results H L >0.05 
(l-tailed) (not simificant) 

Photolineaments oriented N60"W-N30°E 

Class "1" Class "2" 6 "3" Probability 

No. of wells in 
each class 

Median well 
yield (MCF/day) 

Mann-Whitney 
U results 
(l-tailed) 

21 28 

24 21 

H L 

of error 
1 

0.048 
b 
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TABLE 14 

FINAL OPEN FLOW GAS WELL YIELD VERSUS PHOTOLINEAMENT CLASSIFICATION 
(measured to the nearest photollneament) 

Photolineaments of any Orientation 

No. of wells in 
Class "1" Class "2" 6 "3" Probability of error 

each class 29 67 

Median well 
yidd @CF/day) 298 163 

Maan-Whitney 
U results H L .O.lO 
(l-tailed) (not v) 

. 

Photolineaments Oriented N60“W-NO“W 

Class "1" 
No. of wells in 

Class "2" f "3" Probability of error 

each class 23 17 

Median well 
yield (MCF/day) 315 189 

Mann-Whitney 
U reeults H 
(l-tailed) 

L 0.064 
c 
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junction with other more important geologic criteria, such as photo- 

lineament orientation, for gas explbtation in Devonian shales. 

Photolinesment Proximity 

Initial and final open flow gas well yields were next tested 

for possible associations with the proximity of gas wells to the near- 

est photolineament of a certain class. Figure 17 shows plots of initial 

open flow gas well yield versus gas well proximity to the nearest class 

* "1" or "2" photolineament. A natural break in this plot may occur at 

0.4 kilometers, with most high-yielding wells located within 0.4 kilo- 

meter's of a class "1" or class "2" photolineament. However, Mann- 

Whitney U test results of Table 15 indicate that gas wells located 

within 0.4 kilometers distance of class "1" or "2" photolineaments are 

not significantly associated with higher initial open flow, at the 0.05 

alpha probability level. The same test results occurred for wells near 

class "1" photolineaments, as shown in Table 15. However, Table 9 also 

indicates that gas wells located within 0.4 kilometers of class “1” 

photolineaments oriented N60°W-N30'E yield significantly greater amounts 

of natural gas than do wells located further than 0.4 kilometers from 

such photolineaments, at a 0.05 alpha probability level. 

Figure 18 illustrates plots of final open flow gas well yield 

versus class "1" photolineament proximity. Again, it appears that high 

yields are associated with wells located within 0.4 kilometers of a 
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Figure 17 Plot of initial open flow veraus gas well proximity fd 
the nearest class "1" or "2" photolinesment. Larger dots 
represent more than one well. Black'dbts represent wells 
near class "1" photolineaments. 
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TABLE 15 

INITIAL OPEN FLOWGAS WELL YIELD 
VERSUS 

PROXIMITY OF PHOTOLINRMRNT SBYCLASS 
(measured to the nearest photolineament) 

class "1" or "2" photolineamente 

40.4 Km. MI.4 Km. Probability of error 
No. of wells in 

each class 44 21 

Medfan well 
yield (MCF/day) 21 . 15 . 

Mann-Whitney 
U results H L >0.05 
(l-tailed) (not significant 

class "1" photolineaments 

so.4 Km. PO.4 Km. r Probability of error 
No. of wells In 

each clam 17 6 

Median well 
yield (MCFldap) 30 show-15 

Mann-Whitney 
IJ results H L 7 0.05 
(l-tailed) (not significant) 
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Figure 18 Plots of final open flow versus gas well proximity to - 
the nearcst'class "1" photolineament. 
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class "1" photolineament. The Mann-Whitney U test was used to de- 

termine if any significant associations exist between final open flow 

gas well yield and photolineament proximity. The statistical test re- 

sults of Table 17 indicate that class "1" photolineaments do relate to 

final open flow for nearby gas wells, whereas class "2" and "3" photo- 1 

lineaments do not. Table 17 indicates that only gas wells located with- 

in 0.4 kilometers of a class "1" photolineament yield at significantly -1 

higher rates (at a 0.05 alpha) than do gas wells located greater than 

0.4 kilometers from class "I." photolineaments. However, it should be 

noted that approximately 86 percent of these class "1" photolineaments 

have N60°W-NO'W orientations. The significant test result for class 

- "1" photolineaments may therefore be a function of photolineament ori- 

entation more than photolinesment class. 

Photolineament Density 

Although class "1" photolineaments appear to have a greater pro- 

portion of high-yielding gas wells in their vicinity, a more direct 

test of such photolineament associations was necessary to determine 

their usefulness as an exploration tool. In order to test the useful- 

ness of class "1" photolineaments In exploration for t)cvonian shale 

gas, a density map was prepared for these lineamente and compared to 

the gas yield trends of Figures 11 and 12. The density map of Figure 

19 was prepared as previously indicated in "Data Analysis" of this re- 
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TABLE 16 

FINAL OPEN FLOW GAS WELL YIELD VERSUS PROXIMITY OF 
PHOTOLINEAMENTS BY CLASS 
(Measured to nearest photolineament) 

Class "1" Photolineaments 

go.4 Km. 20.4 Km. Probability of error 
No. of wells in 

each class 22 7 

Median well 
yield (MCF/day) 367-377 103. 

Mann-Whitney 
U results H L 0.018 
(l-tailed) 

Class "1" & "2" Photolineamcnts 

to.4 Km. 20.4 Km. Probability of error . 
No. of wells in 

each class 52 28 

Median well 
yield (MCF/day) 211-207 169-189 

Mann-Whitney 
U results H L 70.10 
(l-tailed) (not 8 -1 

Class "1"; "2", & "3" Photolineaments 

LO.4 Km. >0.4 Km. Probability of error 
No. of wells in 

each class 63 33 

1 Median well 
I I I 
I 1 I 1 

yield (MCF/day) 169 163 

Mann-Whitney 
U results H L 70.10 
(l-tailed) fnot sinnificant) 

s 
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port. Figure 19 represents hand-contoured density in miles per square 

mile, based on 100 square-mile sections. The class "1" photolineament 

density map of Figure 19 was superimposed on the gas yield maps of 

Figures 11 and 12, to determine if sdgnificant overlaps occur between 

high photolineament density and high gas yield areas. A second ortho- 

gonal grid defining sections 2000 feet square was superimposed on the 

overlays of Figure 19 on Figures 11 and 12; grid line intersections 

were then counted as points occurring in one of four type areas - high 

photolineament density and high gas yield; high photolineament density 

and low gas yield; low photolineament density and high gas yield; and 

low photolinesment density and low gas yield. The'221 grid points 

were categorized, totaled for each area type, and plotted in 2x2 con- 

tingency tables. Chi-square contingency tests with the Yates correction 

were then performed to determine if any significant associations exist 

between class "1" photolineament density and gas yield, for both initial 

and final open flows and for various definitions'of high versus low 

density and gas yield. The only data tested were for grid points located 

within the polygonal area of Figure 10. 

A second point counting technique was also used to test for as- 

sociations between photolineament density and open flow gas production. 

This technique consisted of classifying individual Devonian shale gas 

wells within the polygonal area into 2x2 contingency tables for testing. 

However, statistical tests based on this technique are considered to be 
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more biased than those based on the orthogonal-grid method of point 
I_ 

counting. For this reason results from tests performed by this tech- 

nique are not reported for all cases. 

Yates-corrected chi-square (2x2) contingency tests were performed 

with respect to initial open flow gas well yield and the density of 

class rcl" photolineaments shown in Figure 19. Density contours of 

0.50 and 1.00 miles per square mile were used and test results are 

shown in Table 17. These test results indicate that class '(1" photo- 

lineamenf density is not significantly associated with high initial 

open flow gas well yield a't a 0.10 alpha probability level. Further- 

more, the calculated rate of success is less than 10 percent for each 

case. 

Chi-square (2x2) contingency tests were also performed to deter- 

mine the existence of possible associations between class "1" photo- 

lineament density and final open flow gas well yield by comparing 

Figure 19 with Figure 12. A total'of 221 sample points, obtained from 

the orthogonal grid within the polygonal area, were classified into 

four 2x2 contingency tables for the Yates-corrected chi-square tests. 

The results of Table18 indicate that class "1" photolineament densities 

greater than 0.50 miles per square mile are significantly associated 

with final open flow gas well yield exceeding 100 and 500 MCF/day, with 

alpha probabilities of 0.10 and 0.01 respectively. Table 18 indicates 

that class "1" photolineament densities greater than 1.00 miles per 
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TABLE 17 

INITIAL OPEN FLOW GAS WELL YIELD 
VERSUS 

DENSITY OF CLASS "1" PHOTOLINEAMENTS 

(Based on orthogonal grdd point-counting method) 

Photolineament Density 

LOW 

High Gas Well Yield 0.50 ml/ml2 1 
Probability of 

Low 128 72 200 error >O.lO 
(not significant) 

100 MCF/day chi-square = 0.; 

High 14 7 21 Success rate * 
9% 

142 79 N - 221 

Photolineament Density 

Low 
Gas Well Yield Low , 180 1.00 i""' 2oHQh / 

100 MCF/day 

High )1( 

Probability of 
200 error> 0.10 

(not significant) 

chi-square = 0.2 
21 Success rate = 

9% 

199 22 N = 221 
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TABLE 18 

FINAL OPEN FLOW GAS WELL YIELD 
VEWJS 

DENSITY OF CLASS "1" PHOTOLINEAMENTS 

(Based on orthoganal grid point-counting method) 

Photolineament Density 

Gas Well Yield 

100 MCF/day I chi-square = 3.3 

High 67 59 126 Success rate = 
65% 

130 91 N = 221 

Photolineament Density 

Low 
Gas Well Yield 

1 

130 91 N = 221 

-.-. 
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TABLE 18 (continued) 

. 

Photolineament Density 

LOW High 

Gas Well Yield 1.00 ml/ml2 
Probability of 

LOW 124 8 132 error < 0.05 

100 MCF/day chi-square - 5.5 

t High 74 15 89 Success rate - 
65% 

. 

198 23 N - 221 

Photolineament Density 

Low High 

Gas Well Yield 1.00 @/ml2 

LOW 
Probability of 

180 14 194 error < 0.001 

500 MCF/day &i-square 14.7 - 

High 18 9 27 Success rate - 
39% 

198 23 N - 221 
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square mile are significantly associated with final open flow gas 

well yields exceeding 100 and 500 MCF/day, with alpha probability 

levels of 0.05 and 0.001 respectively. A similar set of tests were 

performed with the 104 individual gas wells having final open flow 

production data as points. The test results of Table 19 indicate 

that class "1" photolineament densities greater than 0.50 miles per 

square mile are significantly associated with final open flow gas 

well yield exceeding 500 MCF/day, at a 0.10 alpha probability level. 

Also, class "1" photolineament density areas of greater than 1.00 

miles per square mile are significantly associated with final open 

~ flow gas well yields exceeding 500 MCF/day, at a 0.01 alpha proba- a 

bility level. The statistical test results of Table 18 are consid- 

ered to be more trustworthy than those of Table 19. As mentioned 

earlier in this report, the technique of point counting individual 

gas wells is biased because the points represented by these wells 

are not mutually independent observations in the statistical sense. 

Results of these statistical tests Indicate that class "1" photo- 

lineament density could serve as the basis for a moderately success- 

ful exploration tool for locating Devonian shale gas wells in the 

Midway-F&tra area.' Table 18 indicates that if gas wells are located 

within areas having class "1" photolineament densities exceeding 0.50 

miles per square mile, about 65 percent of these wells would have 

final open flows exceeding 100 MCF/day, and only about 20 percent of 
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TABLE 19 

FINAL OPEN FLOW GAS WELL YIELD 
VERSUS 

DENSITY OF CLASS "1" PHOTOLINEAMENTS 

(Based on gas well locations as points) 

Photolineament Density 

Gas Well Yield 

-500 MCF/day 

HQh tTjTj 19~tl~ 

69 35 N = 104 

Photolineament Density 

Gas Well Yield 
Low i,85 Pz;~;i~;yg;f 

500 MCF/day 

High Ai19 ::;,r-' 

94 10 N - 104 
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these wells would have flows exceeding 500 MCF/day. Table 18 in- 

dicates that if gas wells are located in areas with class "1" photo- 

lineament densities exceeding 1.00 miles per square mile, approxi- 

mately 64 percent of these wells would have flows exceeding 100 MCF/day, 

and about 39 percent of these wells would have final open flows 

exceeding 500 MCF/day. Table 19 indicates that gas wells located in 

areas with class "l'! photolineament densities exceeding 0.50 miles 

per square mile, about 29 percent of these wells would have final 

open flows exceeding 100 MCF/day. In areas with class "1" photolin- 

eament densities exceeding 1.00 miles per square mile, about 60 percent 

of these wells would have flows exceeding 500 MCF/day. Analysis. of 

Table 19 indicates that the proportion of wells yielding over 500 

MCF/day exceed the proportion of random grid points in these cate- 

gories (from Table 18). This fact supports the argument for biased 

statistical tests involving gas wells as points, since gas wells are 

not independently located. 

A comparison of test results indicate that N60"W-N30"E photo- 

lineament density is a better and more accurate exploration tool; -for 

locating successful Devonian shale gas wells than is class "1" photo- 

lineament density. This might be explained by the fact that classifi- 

cations of certainty is subjective in nature, vhkle~:photolineament . 

orientation is not. Also, most class "1" (most certain) photolin- 

eaments have the critical N60°W-N30'E orientation. 
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Summary and Interpretation of Lineament Associations 

Test results from both the Mann-Whitney U and the Yates-corrected 

chi-square (2x2) contingency tests indicate that N60"W-N30'E (and N60°W- 

NO'W) oriented photolineaments would be important exploration tools 

for locating successful Devonian shale gas wells in the Midway-Extra 

area. Locating wells near one or more photolineaments of the right 

orientation should aid in gas exploration, but all photolinesments 

(of any orientation or class) are not in general useful. Locating 

wells near on; or more class "1" (most certain) photolineaments, would 

also appear to be less useful for locating successful Devonian shale gas 

wells than locating' wells near photolineaments oriented N60°W-N30°E and 

especially N60°W-NO'W. Furthermore, Landsat lineaments app.eat to have 

adverse effects on production rapes from Devonian gas shale reservoirs. 

Test results concerning photolineament orientation and increased 

Devonian shale gas production, are consistent with the results of Jones 

and Rauch (1978a) in the Cottageville field of Jackson County, West 

Virginia. Their findings indicate that gas wells located nearby short 

photolineaments bearing N60°W-N90°W (WNW) yield at significantly greater 

rates than do gas wells located near other photolineaments. Martin and 

Nuckols (1976), found the fracture orientations to be primarily N40°E- 

N50°E in geologic cores taken from the gas producing horizons (Zones II 

and III) within the cottageville field. More importantly Larese and 

Heald (1977) noted that in part of Zone II (the primary reservoir in the 



-GA .rlie :%048/A/C’, v.d 
IWJ Dept. of Geology G Geography 
Oct. 1979 

550. 

Cottageville field), the primary mineralized fracture trend is about 

N80°-9O'W. The N60°-90°W bearing photolineaments studied by Jones 

and Rauch (1978a) may therefore represent permeable fractures of the 

same orientation within Zone II of the Devonian shales. Seismic wi- 

dence indicates the presence of Basement faulting, associated with 

the west side of the Rome trough, dissipating upward into the Devonian 

shales; this may be the source of fracturing in these shales (Shumaker, 

et. al., 1979). 

The optimum WNW photolineament trend in the Cottageville area 

is oriented at about a 60° angle to the regional structural trend of 

N40°-50°E. The regional structural trend in the Midway-Extra area 

is approximately N60°-70°E, and the optimum photolinesment orientation 

of N60"W-N30"E (or N60°W-NO'W) is about 60°-90" different from this 

regional structural trend. It appears that the northerly change in 

regional trend from Midway-Extra to the Cottageville gas field may 

be consistent with the westerly change in optimum photolineament 

orientation between Midway-Extra and Cottageville gas fields. This 

suggests that fractures oriented 60"-90' off strike are critical in 

defining the cross-strike extent of these shale gas fields. 
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GROUND-WATER ASSOCIATIONS WITH GAS WELL YIELD 

Water-Well Yield 

Water well yield was compared to initial and final open flow gas 

well yields to determine if any associations exist that would suggest 

a new gas exploration tool based on water well yield. Yields in gal- 

lons per minute were obtained and tested for a total of 29 water wells 

in the polygonal gas field area. The Mann-Whitney U test was used to 

statistically test these possible associations. In constructing data 

for the Mann-Whitney U tests of Table 20, yields of the nearest gas 

well to each of the 29 water wells were considered, and water well 

yield was treated as the independent variable in classifying water 

well-gas well pairs into one of two groups for testing. Two groups of 

well pairs were compared for gas well yield, pairs with water well yield 

exceeding 1.0 gpm (the median yield) versus pairs with water well yield 

equal to or less than 1.0 gpm. Statistical test results of Table 20 

indicate that water well yield is not significantly associated with 

gas well yield at a 0.05 alpha probability level. Likewise, no definite 

trends between water well yield and gas well yield were discovered 

for the Cottagwille gas field (Jones and Rauch, 1978a). 

Ground-Water Chemistry 

The ground-water chemical parameters of Appendix B were next tested 
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TABLE 20 

INITIAL OPEN FLOW GAS WELL YIELD VERSUS WATER WELL YIELD 

Sl.0 gpm 71.0 gpm Probability of error 
No. of wells in 

each class 12 17 

Median well 
yield (MCF/day) 17 show-15 

Mann-Whitney 
U results H L 70.10 
(l-tailed) (not significant) 

FINAL OPEN FLOW GAS WELL YIELD VERSUS WATER WELL YIELD 

tl.O gpm 71.0 gpm Probabdlity of error 
No. of wells in 

? 

each class 12 17 

Median well 
yield (MCF/day) 47 145-280 

Mann-Whitney 
U results L H 70.10 

, (l-tailed) , (not significant) , 
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against expected (contoured) initial and final open flow gas well 

yield, to determine ff any associations are present. These chemical 

parameters were tested for 19 water wells sampled within the Midway- 

Extra gas field. Of all the chemical parameters tested, none show 

statistically significant associations with initial open flow and 

just two exhib'it significant associations with final open flow. 

Figure 20 shows plots of chemical concentrations for bicarbonate and 

nitrate versus final open flow gas well yield. These are the only 

two chemical parameters displaying strong associations with final 

open flow. The two horizontal lines of the scattergrsm in Figure 

20 separate the gas well'yields into high and low classes, for com- 

parison with chemical concentrations of bicarbonate and nitrate. 

Table 21 contains the Mann-Whitney U test results for the data plotted 

in Figure 20. The test results indicate that bicarbonate and nitrate 

are significantly higher for water wells located in gas field areas 

exceeding 100 MCF/day final open flow. These associations are statis- 

tically significant at alpha probabilities of 0.05 and 0.025 for 

bicarbonate and nitrate respectively. Other chemical parameters of 

Appendix B do not significantly relate to expected gas well yield in 

the study area. Chemical concentrations were not tested with respect 

to 500 MCF/day contoured areas because too few water wells are lecated 

in such areas. 

The plotted data of Figure 20 indicate that optimum sites for 
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Figure 20 Plots of cheraicsl concentrations of bicarbonate and 
nitrate versus final open flow gas well yiad, within 
the polygonal area of the Midway-Extra gas field. 
Larger dots indicate more than one well* _ 
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TABLE 21 

FINAL OPEN FLOW GAS WELL YIELD VERSUS BICARBONATE CONCENTRATION 

2100 MCF/day 4108 MCF/day Probability of error 
No. of wells in 

each class 14 5 

Median Bicarbonate 
Concentration 397-474 319 

h/l) 
Mann-Whitney 
IJ results H L <0.05 
(l-tailed) 

FINAL OPEN FLOU GAS WELL YIELD VERSUS NITRATE CONCENTRATION 

. 

2100 MCF/day 4100 MCF/day Probability of error 
No. of wells in 
each class 14 5 

Median Nitrate 
Concentrations 1.87-1.98 1.32 

k/l) 
Mann-Whitney 
U results H L <0.025 
(l-tailed) 
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high-yielding Devonian shale gas wells would be near water wells 

having at least 470 mg/l bicarbonate or at least 1.75 mg/l nitrate. 

From the data tested, about 43 percent of the tested water well sites 

in high-yielding gas areas (with over-100 MCF/day final open flow) 

exceed 470 mg/l bicarbonate. Likewise, approximately 70 percent of 

the water wells in high-yielding gas areas exceed 1.75 mg/l nitrate. 

On the other hand, no tested wells in low yielding gas areas (with 

less than 100 KF/day final open flow) have chemical concentrations 

over 470 mg/l bicarbonate or over 1.75 mg/l nitrate. 

Jones and Rauch (1978a), in their study of water quality para- 

meters and expected natural open flow for gas wells in the Cottageville 

area, found that expected gas yield tends to be higher near water wells 

with high concentrations of bicarbonate, total hardness, nitrate, and 

sulfate. The chemical parameters of ground water which seem to best 

relate to expected gas yield in the Cottageville area are bicarbonate 

and total hardness concentrations (Jones and Rauch, 1978a). These 

parameters show the strongest stntistical associations which are least 

likely to be coincidental, according to Jones and Rauch (1978a). From 

their tested data, they found that about 83 percent of the selected well 

sites with over 500 mg/l bicarbonate have high expected initial open 

flows (over 100 MCF/day). The similarities in research findings between 

this study and that of Jones and Rauch (1978a) strongly suggest that 

some relationship exists between gas production potential and shallow 
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ground-water chemistry, for at least bicarbonate and nitrate. 

A possible explanation may be offered for the extraordinarily 

high concentrations of bicarbonate in shallow ground waters of the 

high-producing gas areas; some bicarbonate in these cases may be 

generated by the oxidization of methane gas by bacteria to form bi- 

carbonate (Rauch, oral communication, 1979). It is possible that 

trace amounts of methane gas could be migrating upward from the 

Devonian shales along fracture zones. Once in shallow ground water, 

such gas would be unstable and oxidize with the help of bacteria, 

creating high concentrations of bicarbonate over a prolonged time 

period. No explanations are readily apparent for the observed as- 

Sociation between high ground-water nitrate concentration and high 

final open flow gas well yield. It is possible that this relation- 

ship is coincidental, and nitrate may be concentrating in shallow 

ground water from surface contamination sources, such as septic tanks. 

However, it is also possible that high nitrate concentrations are 

tied up in some way with Devonian shale gas production, since Jones 

and Rauch (1978a) also found nitrate to be associated with high ex- 

petted gas well yield (over 100 MCF/day). From results obtained so 

far, ground water chemistry may well prove to be useful in the future 

as a new exploration tool for locating successful Devonian shale gas 

wells. 
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SUMMARY OF CONCLUSIONS 

Based on the data collected for this report and statistical 

analyses performed on that data, the following conclusions con- 

cerning hydrogeologic criteria and Devonian shale gas production 

can be drawn. 

11 Landsat lineaments have no apparent effect on water well 
s 
yields, and are associated with low natural gas production in the 

Midway-Extra gas field. 

21 Water well yields are greater for wells within 200 feet of 

a short photolineament than for wells located greater than 200 feet 

from such photolineaments. 

31 Topographic position significantly affects water well yields 

in the study area. Valley wells yield at significantly greater rates 

than do hillside, slope, or hilltop water wells. 

41 In general, ground-water quality in northeaseern Putnam County 

is good, with only a few cases where the maximum recommended concen- 

trations were exceeded. 

51 Gas wells located nearest short photolineaments oriented 

N60"W-N30'E and especially N60°W-NO"W are relatively high producers 

on the average, with respect to initial and final open flow gas well 

yields. Short photolineament orientation is therefore useful to con- 
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sider for locating high-yielding Devonian shale gas wells. 

61 Gas well proximity to short photolineaments is not signifi- 

cantly associated with gas well yield in general. However, when 

photolineaments oriented N60°W-N30'E are considered, there is a sign- 

ificant association between gas well yield and photolineament.proximity. 

Specifically, when gas wells are located within 0.4 kilometers of such 

a photolineament, they tend to y.ield significantly greater amounts of 

natural gas in the Midway-Extra area. 

71 High N60"W-N30% photolineament density areas, when compared 

to contoured trends for initial and final open flow gas well yields, 

show a significant association with high Devonian shale gas production. 

Photolineament density could therefore serve as the basis for a new 

exploration tool for locating successful Devonian shale gas wells in 

the Midway-Extra area. 

81 Initial and final open flows are not significantly greater for 

gas wells near class "1" (most certain) photolinesments'compared to wells 

near less certain photolineaments. However, class "1" photolineaments 

oriented N60°W-N30'E are especially well associated with high producing 

gas wells. 

91 High density areas for class "1" photollneaments are significantly 

associated with high initial and final open flow gas well yield, but 

these results are less significant and less useful than associations for 

N60"W-N30"E photolineament density. 
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103 Water well yield shows no significant relationship with 

initial or final open flows for nearby gas wells. 

111 Statistical tests indicate that final open flow gas well 

yield tends to be higher near water wells with high concentrations 

of bicarbonate and nitrate. Sites where ground-water concentrations 

exceed 470 mg/l for bicarbonate or 1.75 mg/l for nitrate are especially 

well associated with high-yielding gas wells. These two ground-water 

parameters might be applicable in exploration for Devonian shale gas 

in other areas. Other chemical parameters did not significantly re&e 

to increased expected gas well yield. 
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APPENDIX A 

PHYSICAL WATER WELL DATA 
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Appendix A 

PHYSICAL WATER WELL DATA 

Data Code: 

*Y v = valley location, h = hilltop location, s = slope or hillside location. 

** - Specific capacity measured as gallons per minute per foot of water drawdown. 

*** - Aquifer sequence numbers refer to stratigraphic units described in Figure 4. 

**** - Adequacy; IA = inadequate water supply; BA = barely adequate water supply; A = adequate water 
supply; TD = more than adequate water supply or supplies two dwellings; AA = driller 
reported inability to bail well dry. 

Well Code: 

(BA-) = Bancroft 7-l/2 minute topographic quadrangle 
(EL-) = Elmwood 7-l/2 minute topographic quadrangle 
(RO-) = Robertsburg 7-l/2 minute topographic quadrangle 
(KE-) = Kenna 7-l/2 minute topographic quadrangle 
@I-) - Sissonville 7-l/2 minute topographic quadrangle 
(WI-) = Winfield 7-l/2 minute topographic quadrangle 



UELL TOPDCRAPRIC SURFACE WELL WELL DEPTH ‘Kl DEPTH OF UBLL 
NIJNBER WNRP SBlTING* ELEVATIW DEPTH DIAMBTBR UATER 

SpECIPIC AQUIFER 
CASING 

0-r.) (FT.1 
YIELD CAPACIM** SBQDBNCE*** ADEQllMXS*&* 

(IN.) (FT.) (Ff.) (GPH) 

U-1 Il. II. Bailey 
KS-3 D. Jones 
SI-4 B.Hondey 
M-5 T.Gibeoa 
M-6 J.Cesto 
M-7 H.Uill 
WI-B C.Ylng 
m-9 H.Levine 
WI-10 N.Uopklas 
WI-11 G.Psreoas 
UI-12 S.Uorhan 
M-13 D. Storchcr 
M-14 D. Luklert 
SI-15 F.Arthur 
51-16 E.Hanno 
RA-17 P.Clendenin 
EL-18 D.Smalley 
EL-19 J.Uithrow 
WI-20 V.Ceeto 
UI-21 B.Lukiert 
WI-22 T.NoffeinBer 
WI-23 P.Coddard 
RO-24 J.Criree 
W-25 C.Hartln 
W-26 &Stoves 
Ml-27 tl.Hertin 
WI-28 D.Weara Sr. 
RO-29 L.PenninBton 
W-30 tl.Catee 
80-31 U. Boeee 
RO-32 G.Stanley 
RO-33 H.Blackehlre 
RO-34 C.Bailea 
RO-35 J.Bsilee 
RO-36 T.Bailes 
RO-38 U.Jividen 
N-39 D.Lukiert 
EL-40 J .Prye 
EL-41 &Null 

h 
h 
h 
h 
h 
h 
h 
h 
h 

t: 
h 
h 
V 

a 
V 

t 
a 
V 
V 

V 

a 
V 

V 

V 
V 

0 
V 

V 
V 

h 
h 
h 
h 
h 
h 
V 

V 

1080 
980 
960 
939 
960 
920 
920 
930 
890 
840 
920 
960 
910 
860 
040 
700 
660 
1000 
900 
600 
620 
610 
600 
590 
600 
610 
620 
580 
620 
590 
600 
930 
900 
830 
920 
950 
900 
680 
640 

220 
90 
150 
103 
200 
250 
200 
100 
150 
152 
230 

86 
125 

30 
125 

35 
85 
150 
240 
100 
100 
85 
80 
86 
157 

75 
50 
00 
70 

90 
175 
112 
150 
145 
102 
235 

42 

6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
10 

6 
6 
6 

t 
6 
6 
6 
6 
6 
6 
4 
6 
6 
6 
6 

20 
27 

30 

20 

65 
4 

40 
5 

20 

100 
30 
20 

10 

30 
20 
37 
35 

60 

60 

15 

20 

12 
12 

20 
12 

11 
10 
11 
18 
15 
11 
11 
30 
25 

32 

44 

30 

30 
13 
20 

0.0 
3.3 
0.5 
3.0 
0.0 

0.8 

1.0 
0.0 

a.7 
0.5 
0.1 

17.0 

0.0 

0.8 
0.8 
0.8 

2.0 

560 
0.0 

1.0 
0.0 
0.8 
0.1 

2 
2 

a 
6 
6 
6 
5 

6 
6 
2 
7 
9 
9 
9 
8 
8 
8 
7 
7 

0.74 7 
6 

IA 
A 

BA 
A 

IA 
IA 

A 
A 
A 

A 
IA 
TD 
BA 
BA 
BA 
AA 
TD 
BA 
IA 

A 
A 
A 
A 
A 
AA 
AA 

A 
A 
A 
A 
A 
IA 
TD 
A 
A 
A 
IA 
TD 
A 

vl 
Q\ 
co 
. 
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WELL TcmmAPHIc SUBFACE WELL WELL 
NIBIBER OUNER 

DEPTH TO DEPTH OF URLL 
SUITING* 

SPECIFIC 
ELEVATION DEPTH DIAMETER WATER 

AQUIFER 
CASING 

(FT.) 0-r.) (III.1 0-r.) m.1 
YIELD CAPACITY** SEQUENCE*** ADF~\lACW*k* 
WH) 

EL-42 &Frye 
EL-43 &Null 
EL-44 D.Swlley 
EL-46 D.Araten 
51-47 A.Bmith 
SI-48 J.Klnp 
SI-49 Y.Creen 
SI-50 G.Coldirea 
M-51 n.wi1u 
M-52 C.Preoch 
M-53 II. French 
M-54 D.Freach 
M-55 L.Null 
M-56 P.Pareooe 
WI-57 T.Richerdeoo 
UI-58 C.Blackeeship 
WI-59 T. Cobb’ 
UI-60 P.Blackehire 
W-61 D.Johneon 
UI-62 R.Blackehire 
W-63 D.Bleckehire 
UI-64 H.Jcromee 
WI-65 &Cobb 
WI-67 N.Critt 
UI-69 J.Horton 
WI-70 B.Horton 
WI-71 L.Priddy 
EL-73 L. Bush 
EL-75 O.Stone 
KL-76 S.ArbouBh 
EL-77 U.Thompaon 
M-78 V.Salth 
M-79 K.Casto 
EL-80 0. Stone 

SPRINGS 
KR-2 D.Joaee 
RD-37 D.Johasoa 
U-45 R.Uillard 
WI-66 R.Reedy 
WI-68 L.Crltt 
WI-72 C.Hamon 
EL-14 W.May 

V 

V 
h 
h 
h 
h 
h 

: 
0 
a 
0 
I3 
a 
V 

V 

e 
V 

V 

. 
V 

V 

V 

h 
0 
8 
V 

h 
h 
h 
h 
h 
h 
V 

655 
660 

1000 
980 
1050 
1020 
1030 
950 
840 
820 
B20 
820 
720 
690 
610 
610 
670 
600 
630 
690 
590 
650 
040 
040 
760 
670 
590 
960 

1040 
1050 
970 
1000 
850 
640 

0 1000 
a 940 
a 680 
0 740 
0 800 
a 760 
B 1000 

40 6 
210 6 
180 6 
267 6 
132 6 
300 6 
140 6 

175 
136 
175 
150 
110 
79 

105 
144 
65 
75 

125 
86 
70 

150 
155 
250 
165 
200 
102 
150 
125 
90 

200 
130 
70 

6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

6 
6 

110 
120 
31 
60 

142 
120 
154 

45 
15 

17 
18 
10 

35 

52 

25 

25 

25 

20 

25 
15 
15 

21 

19 
30 
32 

21 

35 

8 

13 
12 

0.5 
1.0 

0.8 
0.0 
0.6 

1.7 
4.0 
1.6 

1.8 

1.0 

0.0 

0.0 

0.0 
1.0 
0.1 
0.0 

20.0 3.13 

6 
5 
6 
6 
6 
6 
7 
a 
9 
9 
8 
9 
B 
7 
6 
9 
B 
9 
2 
1 
1 
2 
3 
6 
6 

TD 
AA 
BA 
A 
IA 
BA 
IA 
BA 
TD 
A 
A 
A 
A 
A 
AA 
AA 
A 
AA 
A 
IA 
TD 
A 
TD 
A 
IA 
TD 
AA 
IA 
A 
IA 
IA 
A 

BA 
A 
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APPENDIXB 0 

CHEXICAL WATER WELL DATA 



Specific Total 
Well No. Tenperatura Coaductooce PM Bicarbonate Total Icon Nitrate tlardneea Calcium WBtIUh Sulfate Chloride Sodium 

(Cel~lUO) (unro/u) (pu unite) (-8/l) (loll) hi/l) (a/l) l (mB/l) (m&/l) (w/l) (q/l) (ma/l) 

Ire-3 
BI-4 
M-5 
WI-8 
WI-9 
UI-10 
WI-11 
EL-16 
WI-21 
UI-23 
N-24 
RO-25 
RO- 26 
Eo-29 
W-32 
m-34 
Ro-37 
0A-45 
61-48 
BA-51 
BA-52 
M-55 
BA-56 
WI-57 
WI-58 
M-59 
WI-60 
WI-61 
WI-63 
WI-64 
UI-65 
UI-66 

15 
13 
13 
18 
17 
16 
18 
13 

:: 
14 
10 
13 
11 
12 
9 
1 
14 
8 
13 
15 
16 
16 
15 
16 
22 
15 
19 
17 
20 
9 
9 

1080 
1400 
680 
315 
710 
460 
715 
600 
535 
480 
2100 
1200 
4025 
990 
560 
1100 
340 
85 
240 

E 
650 
560 
520 

6025 
1060 
1000 
895 

1275 
Boo 
650 
195 

7.00 425 
7.20 432 
6.78 282 
7.05 32 
7.71 . 376 
7.99 280 
8.13 479 
7.30 334 
7.99 319 
7.90 305 
8.04 587 
7.92 449 
1.90 408 
7.10 460 
5.80 55 
7.50 596 
6.73 156 
5.98 13 
6.39 109 
7.18 144 
7.96 508 
7.36 313 
7.65 311 
7.18 270 
7.89 469 
7.55 521 
7.09 474 
8.13 529 
7.91 495 
8.03 499 
7.61 397 
6.50 68 

0.07 1.32 4118 120.0 45.7 7 
0.13 1.76 548 136.0 51.0 13 
0.05 5.94 282 73.0 24.0 13 

11.20 1.32 130 26.0 16.0 81 
0.07 8.65 220 47.0 25.0 6 
0012 1.87 280 50.0 22.0 34 
0.04 1.69 198 50.0 18.0 10 
0.15 1.76 119 35.0 8.0 22 
0.10 1.69 158 42.0 13.0 B 
0.52 0.99 120 39.0 5.0 8 
0.43 1.10 22 6.0 2.0 5 
0.04 1.54 64 18.0 5.0 5 
0.08 1.10 58 16.0 4.0 6 
0.92 0.05 149 39.0 13.0 9 
1.68 1.32 206 64.0 11.0 3 
0.04 0.80 70 22.0 6.0 17 
0.31 0.00 100 26.0 9.0 28 
0.16 5.28 32 8.0 3.0 14 
0.21 1.76 98 29.0 6.0 12 
0.12 1.10 124 31.0 11.0 16 
0.30 3.41 22 5.0 2.0 8 
0.08 9.68 242 66.0 19.0 16 
0.08 2.20 201 54.0 16.0 7 
0.85 1.32 215 71.0 9.0 11 
0.11 1.54 83 22.0 7.0 7 
0.06 13.60 238 14.0 31.0 145 
0.21 1.76 68 20.0 4.0 6 
0.05 1.98 86 25.0 6.0 25 
0.09 1.45 52 15.0 3.0 5 
0.10 1.76 29 8.0 2.0 12 
0.05 1.98 75 21.0 6.0 10 
0.29 4.18 70 20.0 7.0 18 

Well Code - BA - hncroft 7.5+inute topographic quadrnogle, EL - Elmwood 7.5-mioute topographic quadrangle, 
PO - Robertoburg 7.hinute topographic quadrangle, KE - Kenna 7.hinute topographic quadrangle 
91 - Slssonville l.kinute topographic quadrangle, WI - Winfield 7.5-minute topographic quadrangle. 

* - Total Hardness is expraesed ae rgfl 03. 

157 
186 
64 
9 

52 
5 
5 

17 
9 

28 
367 
156 
974 
133 
167 
67 
13 
4 
10 
14 
35 
37 
23 

2031 
20 
90 
34 
139 
23 
13 
26 

48 
55 
30 
9 

59 
50 
92 
94 
52 
71 

546 
254 
801 
185 
45 

234 
30 
4 
8 
11 

234 
22 
34 
19 

1722 
115 
193 
167 
234 
162 
113 

6 
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APPENDIXC 

MIDWAY-EXTRA GAS PRODUCTION DATA 

(FROM SCHAEFER, 1979) 
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KEY: 

Elevations are in feet with respect to sealevel. 

IOF =. . mitial open flow gas production, 

FOF- fjtnal open flow gas production, 

BR. SH. - Brown shale. 

All data after Schaefer, 1979. 
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APPENDIX D 

ELECTRICAL RESISTIVITY FIELD DATA 



/ 

.- 

Station number 

1 

2 

3 

4 

5 

6 

7 

a 
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ELECTRICAL RESISTIVITY FIELD DATA 

CPPC CCPP CPCP 
Resistance Resistance Resistance 

. 12.7 4.3 10.0 

17.0 5.0 

77.0 64.1 9.5 

21.4 ' 8.8 12.0 

55.3 50.2 11.4 

19.7 6.7 12.5 

18.0 6.2 9.6 

18.7 6.0 10.7 

13.4 

Delta peeent 

-12.6 

-8.24 

+4.54 

+2.80 

-11.4 

+2.54 

+12.2 

+10.7 

9 17.5 5.5 10.1 +lo.a 

10 18.6 

11 15.1 

7.6 7.6 +18.3 
. 

6.4 7.8 i-6:00 

12 13.3 3.9 7.5 +14.3 

13 11.2 2.7 6.0 i-22.3 

14 10.8 2.4 5.7 +25.0 

15 9.2 3.2 1.3 +51.5 

Resistance units are in ohm/feet. 

.- 
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WATER WELL-PHOTOLINEAMENT PROXIMITY DATA 

580. 



. 

O-100 feet 

BA-17 
EL-43 
EL-42 
WI-63 
Ro-30 
RO-31 

UGR File #C048/A79, v-2 

WU Dept. of Geology E Geography 
Oct. 1979 581. 

Proximity of Water Wells to Nearest Photoilneament 

101-150 feet 

WI-60 
EL-41 
RO-25 

151-200 feet 

WI-58 
EL-18 
EL-40 
BA-51 
BA-53 
RO-29 
WI-23 
RO-24 
RO-36 
SI-16 

Greater than 200 feet 

RO-26 
RO-27 
WI-51 
WI-71 
BA-13 
RO-34 
WI-70 
WI-65 
RO-32 
KE-3 
BA-5 
BA-56 
BA-52 
BA-54 
WI-8 
WI-10 
WI-11 
WI-21 
WI-28 
RO-35 
EL-46 
BA-55 
WI-59 
WI-61 
WI-64 
WI-67 
EL-75 
BA-78 
RO-38 
SI-48 
WI-9 
WI-22 
BA-14 
EL-19 
SI-50 
SI-4 
SI-15 
EL-44 
EL-76 
RO-39 
BA-6 
KE-1 
WI-7 
WI-12 
WI-20 
RO-33 
SI-47 
SI-49 
WI-62 
WI-69 
EL-73 
EL-77 
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APPENDIXF 

INITIAL OPEN FLOW-PHOTOLINEAMbT DATA i 
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Phoco1Lbramt PdOtouzwmurt 
clue Orimtatioo . 

377 0.33 
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1 
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t&r 

2' 236 0.00 ussw 
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0.55 2 NSO*W 

4S 0.30 2 N30W 
ii 0.42 0.25 2 NlS*E 
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0.80 1 NllW 
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0.35 1 

30 
Nl4w 

O.J3 1 
30 

1713 
0.30 2 

29 
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0.00 2 
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NS27r 
0.40 2 N74W 

24 0.10 1 N 
21 0.20 1 
21 

N6S.E 
0.60 

21 
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0.30 I N23.E 
21 0.10 1 
21 

Nl5.W 
0.55 2 

23. 
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0.60 2 
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N55*E 
0.20 2 
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N25W 

0.35 3 
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l5 0.35 t' 

NWE 

l5 
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I5 

N33W 
0.50 1 

15 
N4'E 

0.25 2 
15 

N72W 
a. 60 '2 

I.5 
N72W 

0.50 2 N52'E 
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-_. ,-.*n ,I-(-$ 
.s ‘p 

Guwdl Distaaca to Nurut Pb to1inu.M PhotoliuEoat 
'ifold &CF/ dAT) Pbtimt cm) clup ‘ouint8tioli 

14 

Y 
S 

ebv 
m 
r&v 
*how 
oholl 
rhov 
rhov 
rhov 
rbov 
rhov 
sbov 
shov 
rhou 
rhow 
ShOV 
dlow 
ShOU 
ShOU 
rhov 
ahou 
show 
ohow . 
rhov 
rhou 
show 
ShOU 

1.2S 
0.22 
0.40 
0.20 
0.40 
0.90 
0.7s 
0.10 
O.SO 
0.0s 
0.10 
0.31 
0.35 
0.40 
0.20 
0-u 
Oe6S 
0.38 . 
0.20 
0.35 
0.9s 
0.50 
0.10 
0.0s 
0.05 
0.20 
0.18 
0.08 
0.50 
0.90 

3 
3 
2 
2 

f 
2 
3 
2 
3 
1 
1 
3 
3 

NSl'EO 
N7OW 
N2l.E 
Nl6*t 
WS2.E 
MS2'E 
NSS*t 
NS0.E 
N2.l.E 
N43.E 
N 

Nl5.w 
NS*E 

Nb6.E 
N5.W 
N 

N46.E 
N73w 
N 

N46.E 
NS4.E 
NSO*W 
N78'E 
N8lW 
N 

N5O.W 
N19.W 

Nbw 
N34.W 
Nb6-E 
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FINAL OPEN FLOW-PHOTOLINEAMENT DATA 

585. 
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ll 
10 

; 
a 
8 

: 
7 
6 

c 6 
6 

.bb 
09 
I89 
,87 
52 
48 

iit 
SO 

ii 
03 
su 
Sll 
SW 
499 
b9S 
424 
432 
381 
379 
377 
372 
367 
358 
350 
336 
329 
329 
325 
3l5 
298 
283 
273 
270 
246 
239 
231 
2u 
207 
202 

0.33 
0.10 
0.40 
6.65 
o.so 
0.10 
0.30 
0.25 
0.00 
0.35 
0.55 
0.30 
0.60 
0.25 
0.90 
0.90 
0.20 
0.13 
0.00 
0.15 
0.65 
0.25 
0.60 
0.7s 
0.10 
0.30 
0.40 
0.20 
0.10 
0.29 
0.40 
0.60 
0.50 
0.30 
0.10 
0.10 
1.00 
0.10 
0.20 
0.80 
0.35 
0.40 
0.00 
0.50 

1 
3 
2 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
1 
1 
3 

2 
1 
2 
1 
1 
2 
3 

112”11 
Nl5w 
NJl'v 
N28.X 
11 

IVlFW 
N68-W 
N27.E 
NS5*E 
NSS*E 
m57r 
N72-W 
154.X 
N58.E 
Nllw 
Nl3W 
N45.E 

N 
N4S* E 
N33w 
NSS*E 
N18.E 
N54 'v 
N2O.E 
Ipu*g 
N16.E 
rn0.E 
N23'E 
NS4.E 
F26.W 
N52.E 
NLSW 
m5w 
NS0.E 
N2O.E 
N80.w 
NS0.W 
a35w 
NSO)u 
N7b-W 
NS2w 
N50.W 
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Diatauca to Nauut Pbt01La'Ynt PM to1in-t 

202 0.80 1 
196 

Nli-u 
0.35 2 

193 0.05 
ia9 0.55 5 

%F 

179 
mow 

0.2s 

169 
n6s-x 

0.30 
169 

: lt727r 
0.70 2 

163 
NS0-W 

0.7s 3 
ua 

165-t 
0.20 3 

lb6 
lt4S-S 

0.05 3 
146 

N4S.E 
0.3s 1 

Ef 0.10 0.60 2 %Z 
2 N72-w 

140 0.30 2 u3ow 
l27 0.5s 2 
119 0.50 2 271 
IL9 0.40 2 N4S.E 
ll9 0.05 2 
ll2 

N8lW 
0.25 2 

103 
Nl2.E 

0.50 1 
103 

N3OW 
0.05 1 

103 
N 

0.60 1 N 
100 0.40 2 U28.E 

1.25 3 US1.E 
. E 0.15 2 Nl3W 

94 0.10 2 N71.E 
8S 0.75 2 
ab 

NS8-E 
0. OS 1 

84 
Nl3-W 

O.bO 3 
a4 

NS0.E 
0.90 84 N4SwE 
0.20 

84 

22 
mow 

0.10 2 
82 

13% 
1.20 2 

:I 

n7nLmw 
0.20 2 N2S.U 
0.10 3 

73 
1020-E 

0.60 2 
66 

N45.E 
O.bO 2 

61 
N72W 

0.22 
60 

3 N7ow 
0.10 2 

82 
N70-E 

0.20 1 N6S.E 
0.35 3 

57 
KIS-E 

0.20 2 
48 

NlSW 
0.20 1 

47 
Nil-W 

0.33 
43 : 

Nl5-E 
0.60 

39 
N2.E 

0.50 2 
36 

N20-E 
0.10 2s 1 NS-W 
0.10 3 

24 
NSO-E 

0.30 3 
23. 

N78.E 
0.60 

14 
NU-E 

60 1.00 0.40 NS3.E 
N2O.E 
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APPENDIXH 

PUMPING TEST DATA 



I 

Pumping Test Data 

Well Number 
and Owner 

Probable 
Aquifer 

Static Water Level 
(feet below surface) s Q 

RO-29 
(L.Pennington) 

Gilboy (ss) 44.0 8.83' 6.51 

EL-80 
(O.Stone) Waynesburg (ss) 19.25 . 2.58' 8.09 

s = drawdown in feet after maximum duration of pumping, 

Q = pumping rate iu gallons per minute; 

, 

C 

0.74 

3.13 1615.55 

C = specific capacity in gallons per minute per foot of drawdown, 

T= transmissivity in gallons per day per foot of aquifer width. 

T 

311.68 10 min. 

20 min. 
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ABSTRACT 

A hydrogeologic study was condiicted in the Midway-Extra gas 

field where gas wells tap Devonian shales in northern Putnam County, 

West Virginia. Lineaments were mapped and shallow ground water was 

surveyad for physical and chemical parameters, to determine if lineaments 

or ground water may be useful for shale gas exploration. Landeat 

lineaments, defined from satellite imagery, have no apparent effect 

on water well yield and are associated with low gas well yields. 

Short photolineaments, defined from low-altitude stereo photography, 

are excellent sites for high-yielding water wells and good sites for 

high-yielding gas wells in general. These lineaments appear to 

represent permeable zones about 400 feet wide a6 shallow depth. The density 

of photolineamenta orientated N60°W-N30'E is especially well associated 

with high-yielding gas well trends. Final open flow is especially great 

for gas wells near water wells or springs having high bicarbonate 

or nitrate concentrations. High bicarbonate content Is in part 

likely to be caused by oxidation of methane gas in shallow ground 

water. Photolineamenrs and ground water chemistry may well prove to 

be valuable exploration tools for Devonian shale gas in other areas. 
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APPENDIX F 

Geophys i cal Data 

Richard T. Williams 
James E. Ruotsala 

. -.-. 
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A Review of the report by K. G. Kirk which appeared in the 1977- 

1978 Devonian Shales Project Annual Report under the title a 

“A Petite High Resolution Seismic System for Coal Investigation” 

Richard T. Williams 
James E. Ruotsala 

West Virginia University 
Department of Geology and Geography 

Morgantown, West Virginia 26506 

‘I 

October 19 79 
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A seismic reflection survey was conducted at the Pricetown, 

West Virginia, in-situ coal gasification site during the 1977- 

1978 fiscal year. The data and an interpretation were presented 

in a paper by K. G. Ki rk appended to the 1977-1978 annual report. 

One part of that paper is re-examined here. While similar com- 

ments apply to the remainder of the paper, the present discus- 

sion is limited to the Pricetown I I data 

The Pricetcwn data were recorded us 

seismograph in a slightly different conf 

present one. However, the modifications 

since the Pricetown data were recorded, are of a technical 

nature and do not affect the discussion presented. 
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Serious problems are readily ident.ifiabie in the Pricetown II interpre- 
tation, on the basis of fundamental considerations from the theory of reflec- 
tion profi 1 ing. Each of these is treated in a separate paragraph below. 

The horizontal scale is incorrect. In the simple case of horizontal 
subsurface reflectors and lateral hcmogenei ty , reflection depth-points are 
located midway between the shot-point and geophone. Thus, the horizontal 
interval at which the subsurface is mapped is one-half the geophone spacing. 
In this survey the geophone spacing was 40 feet; so the distance between 
traces on the seismic section should be 20 feet. Because of this error, 
subsurface features will be incorrectly located, and their horizontal dlmen- 
sion will be distorted. In addition, it is possible that incomplete subsur- 
face coverage was obtained, with gaps between adjacent six-trace records. 

Apparent acoustic energy arrives at zero-time. In a seismic reflection 
survey the first event to arrive on the field record wi 11 be either the 
di rect ray, or a critically refracted ray, depending on the local geology 
and shooting geometry. At the Pricetown I I si te there is a sandstone that 
has velocity (VP) near 7400 ft/sec essentially at the surface, and the first 
arrival will be the direct ray moving across the geophone spread at that 
velocity. Prior to this event, the seismic trace wi 11 be quiescent. On the 
Pricetown data, there is apparent acoustic energy from the start of the 
trace, indicating a severe noise problem at an amplitude as great as any of 
the events identified as reflections. If this noise persisted throughout 
the recording interval, it would mask any seismic signals. An alternative 

I explanation of.the event at time-zero is that the seismograph was starting 
late, and that zero-time is incorrectly located on the seismic time section. 

Events having opposite polarity on the seismic section are identified 
as coals. Coal has a very low acoustic impedance compared to most other 
rocks. For that reason, it will consistently exhibit a negative reflection 
polarity, as defined by the direction of the first excursion of the reflec- 
tion wave form. On the Bison system, polarity from trace to trace for a 
single shot may not be consistent, but on a particular trace the polarity 
should not change. On the Pricetown II section, reflection events having 
opposite polarities are both identified as coals, which is impossible. 

There are several seismic events missing from the section. Each of 
the reflection events identified in the previous report coincides with a 
change in the seismic velocity on a nearby continuous velocity log (CVL). 
However , a comparison of the section with a synthetic trace, formed by 
the convolution of a simple wavelet with a reflectivity function derived 
from the CVL, shows primary events that are not present on the seismic 
data. The data and synthetic trace are shown for side-by-side comparison 
in Figure 1. Also missing from the data are the various first-order sur- 
face multiples and peg-leg multiples that should be associated with good 
reflectors, like coals. Multiples are not included in the synthetic trace. 
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The seismic expression of the interpreted fracture zone is inappro- 
priate. If there were a fracture zone open to near the depth of the 
Pittsburgh coal, it is quite unlikely that it would completely mask 
reflections from coals above the Pittsburgh. The expected effect of the 
fracture zone is to decrease the seismic velocity, and in terms of the 
reflection travel times it could be manifested in one of two ways: 

1. If the subsurface coverage is greater than 36%, ray paths that 
lie only partially within the fracture zone must exist. On 
these traces, the normal-move-out (NMO) wi 11 not have the usual 
hyperbolic form, and the NM0 correction would be unsuccessful. 
However , it would be possible to estimate the extent of the 
fracture zone by modeling the observed move-out. 

2. If the subsurface coverage is less than 36%, it would be 
possible (but unlikely) that ray paths from one shot could 
1 ie entirely within the fracture zone, while no other traces 
were affected. In that case, the NM0 correction would be 
successful and subsurface reflectors would be correctly posi- 
tioned on the time section, and the resulting anomaly could be 
interpreted either as an anomaly in vertical velocity ~a 
subsurface structure. 

While these two cases i 1 lustrate the problem with the previous interpreta- 
tion of the data as a velocity anomaly, it is the opinion of the authors 
that neither of the above cases are likely to apply to the Pricetown II 
data for reasons outlined in the following paragraphs. 

The most reasonable explanation of the anomaly previously interpreted 
as a fracture zone is that it is the result of an inadvertent halving of 
the sampling interval in the upper 200 mi 11 iseconds (ms) of data, either 
by operator error or instrument malfunction. Close examination of the six 
anomalous traces on the Pricetown II section shcws that the apparent fre- 
quency above 200 ms’ is about 300 Hz. Below 200 ms, and on a 11 other 
traces on the sect ion, the apparent frequency is exactly double, about 600 
Hz. Postponing questions about how it could happen, if the first 205 ms 
of the six traces is compressed to half that, 102 ms, and the event at 209 
ms is mbved up unchanged, that event, identified as the Pittsburgh, allgns 
perfectly with the Waynesburg. Consideration of the character of the 
anomalous event (polarity and number of cycles in the wave form) supports 
this alignment. The event has the wrong polarity and perhaps one cycle 
too many to be the “Pittsburgh” but is consistent with the ‘Waynesburg,” 
and no other. To understand how 102 ms of data could be represented as 
205 ms, some understanding of the operation of the Bison seismograph is 
required. The seismograph uses an analog-to-digital converter (A/D) to 
store 256 values of the seismic trace in solid-state memory. The val ues 
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are samples of the trace, taken at equal time intervals, for a total record 
length which is switch-selectable. The switch that controls the record 
length has seven positions: 10.24 ms, 20.48 ms, 51.2 ms, 102.4 ms, 204.8 
ms, 512 ms, and battery check. The last position activates a voltmeter to 
check the batteries, and must be used frequently . It would be qui te easy 
to accidentally set the record length to 51.2 ms rather than 102.4 ms 
(labeled 100 ms) after checking the battery, and then to correct the error 
after checking the battery later, and never notice that the swi tch had been 
in the wrong position. At Pricetown the six-trace record was played onto 
a strip-chart recorder one trace at a time, from the digital memory through 
a digital-to-analog converter (D/A). The digital record itself was not 
preserved. The physical length of the analog record from the chart recorder 
remains constant, regardless of the time I-ength of the record. Thus the 
sampling interval can be halved on one or more records, and the error can 
be detected only by a critical examination of the data. Although the 
problem has been described in terms of operator error, it could also result 
from an electricai/mechanical malfunction of the record length switch. 

In summary, it is clear that no fracture zone was detected on the 
Pricetown I I seismic profile. No statement concerning the existence or 
nonexistence of a fracture zone can be based on that data. Further, it is 
unlikely that the events on the data, identified as reflections, have 
seismic origin. More likely, in the opinion of the authors, the events 
are fortuitous and optimistic correlations of noise bursts with velocity 
lows on a nearby CVL, It is possible that this opinion would have to be 
modified after an examination of the original strip-chart records, but 
these appear to be lost. It is certain that actual seismic data could not 
be “cleaner” than the synthetic trace in Figure 1. 

In addition to the presentation of the Pricetown data, the report 
last year also contains unsupportable, optimistic statements concerning 
the capabilities and value of the seismic system currently under develop- 
ment at West Virginia University. The authors feel that it is necessary 
to correct any misconceptions resulting from those statements at this time. 

It is emphasized that the fundamental concept of a high resolution 
reflection seismic tool is considered to be very valuable, and attainable. 
It is only in the technical aspects that the authors consider the earlier 
report to be unrealistic. This subject has been partially treated in the 
Executive Summary of the Annual Report containing this paper, and those 
remarks will not be repeated. 

In his report Kirk expresses the opinion that a high resolution seismic 
system that is inexpensive was demonstrated to work we1 1, and that the data 
from the system required substantially no processing prior to interpretation. 
Both of these ideas are wrong. The sys tern has been very expens i ve , in terms 
of cost per mile of seismic line. Although the system now appears to be 
ready for field tests (scheduled for October 16) no usable seismic reflection 
data has been obtained with it during the past two years. (Its present state 
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OISTANCE iN FEET 
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trace generated using the sonic log of a well 
(USBM #2 Dal 1 ison) is compared to the data 

recorded at the Pricetown I I site by K. Kirk. The synthetic trace 
differs from real data in that it does not exhibit the exponential 
amplitude decrease with two-way time caused by spherical divergence 
of the wave front, and multiples are not included. 
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of readiness can be directly attributed to an electronics technician, who 
has worked with it on a full time basis for the past month.) Further, the 
capabilities of the present system are limited, as discussed in the Execu- 
tive Summary. A full-featured seismic field system capable of recording 
the highest qua1 ity data would require a larger initial expenditure, about 
$250,000 based on a Texas instruments DFS-V , plus the cost of the shot-hole 
drill. It would not involve larger personnel costs since it can be opera- 
ted by the same four-man crew requi red’ by the Bison-based system. Since 

the TI system is delivered tested, and with training for the operators, 
there need be no delay between the hardware purchase and the start of data 
collection. The Tl system, and similar ones by other manufacturers p are 
petite in petroleum industry terms, and are as portable as the present WVU 
sys tern. Their true cost, in terms of their ability to produce geologic 
information, is less than the cost of the system under development. 

The opinion expressed in the previous report, that high resolution 
seismic data can be processed by microcomputers, is also unrealistic. High 
resolution processing is more demanding than conventional applications. 
However , it is not necessarily true that a full size computer is needed, or 
even that a la,rge computing system wi 11 be capable of even modest reflec- 
tion-seismic processing tasks. (See the discuss ion of WVNET in the Execu- 
tive Summary.) In recent years the cost of computing hardware has decreased 
dramatically (witness calculators and digital watches), and minicomputer- 
based seismic data processing systems have appeared on the market. In such 
systems the actual processing is done by specialized peripheral devices 
(array processors) while the minicomputer itself merely moves the data from 
tape or disk to the array processor, and finally to the plotter. The cost 
of such systems can be much less than processing charges on a nonspecial ized 
large system. The low-cost TIMAP by Texas Instruments, for example, costs 
approximately $160,000 which includes a complete package of processing soft- 
ware and user training. 

In reflection seismology, as elsewhere, one gets what one pays for. 
The method is expensive in absolute terms, but it is the least expensive 
tool for mapping in detail potential oi 1 and gas reservoirs. It is the 
method by which virtually all new discoveries are made, and its cost must 
be balanced against its capabilities. The idea that the resolution can be 
increased so that the method can be applied to the exploration problems of 
potential eastern gas shale production seems quite promising. Within the 
limits of available resources, work towards this goal is continuing at WVU. 
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