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iiB.'STXACT 

Natural gas produc:ion from the Devonian black shales of the Appalachian Basin is mainly from 
fracture permeability. Uells which intersect many natural or induced fractures are expected to be 
better producers than wells intersecting few cr no fractures. Uatural fracture zones often appear 
as photolineaments on various types of remote sensing imagery. Kn some areas, phocolineaments have 
been demonstrated to be loci of improved production of hydrocarbons. CJhotolineaments are also often 
related to surface and subsurface fractures and stress fields. The various relationships of all 
these features in the Devonian shale gas production areas of western West Virginia were investigated 
during this project. Photolineaments were mapped from satellite and aircraft imagery; surface 
fractures vere measured at outcrops; subsurface fractures vere measured on cores: and natural gas 
initiai open flow data were obtained from driiler's Logs. Fractures were found to relate to the 
pri3ary directions of nearby photolineaments; however, there was considerable scatter in this data. 
Wells of high initial open flows are usually found between rather than.on or near photolineamencs. 

I?ITXODUCTION 

A significant 'fraction of all hydrocarbon production is from wells which aither have intersected 
natural fractures or which have had fractures artificially produced in then. Such production comes 
from formations which, altSough "tight", have considerable hydrocarbons trapped in intergranular 
porosity. These formations have such lov intergranuiar permeability that hyd:ocarbons, even naturai 
gas, can only be produced economically from fractures. The Yiddle and Upper Devonian black shales 
of the Appalachian &sin which underlie the Plateau and eastern Continental physiographic provinces 
are excellent examples of the fractured hydrocarbon reservoir. It has been estimated chat as much 
as 460 quadrillion cubic feet of gas - potentially 200 co 300 years supply - may be in these shales; 
of this, about 285 trillion cubic feet could be extr acted under expectable conditions of technology 
and economics [l]. Since most of the wells are presently only marginally profitable, any exploration 
:echnique which decreases the ratio of low- to Sigh-producing veils would increase the ultimate 
recovery . 

The aim of the present project is to ul timateiv develop a technique for ?l.anning wells which 
zses low-cost remote sensing methods. !4apping of fractures and use of such maps in planning well 
fields has been a routine procedure in many areas. ?TormaUy photolineaments are napped from air 
photos, sacallite imagery, and any other type of itimagery available. ?~otolinement3 are continuous 
linear or curvilinear features or alignments of discrete features which can be dececced on aerial 
photbgraphs or ocher imagery [Z]. Such procedures have been found to be of significant aid in some 
arid terrains such as those of northern Africa or southwestern Asia. In the Cnited States, photo- 
lineament mapping has been successfully used as an +xplora:ion cool by Columbia Gas in :heir Haysi 
Field in western Virginia and southeastern Kentucky. Here it was found chat for veils producing from 
the rather tight Berea siltstoneS, those vel's drilled.on or near photolineaments produced at about 



C'iiCe :he rate of :he other h-ells [3]. The pot2ntial usefulness of cSe phocoLineament mapping 
?roced*Jres in Ersc:ured teserroirs is not restricted specifically :o sitir.3 of veils. X relarion- 
ship has been demonscraced among tie orientation patterns of photolineanents, surface fractures, 
subsurface fractures, and regional stress fields [4]. ThUS, 2ven il specific siting cannot be done, 
the techniques can still be used for predicting induced fracture orientations in various stimulation 
procedures. 

YET1100 OF STliDY 

Regional photolineaments were mapped from satellite imagery at scales of L:1,000,000 
and L:S,OOO,OOO. Local patterns ;iere mapped at various scaLes, but most commonly at 1:250,000 (the 
standard scale of the Eastern Gas Shales Project). Surface fractures (joints) uer2 measured on 
outcrops in selected areas; orientation patterns were pLoc:ed; and pref2rred orientation directions 
determined. Subsurface data are scarce, and only :hat data derived from a core in Jackson County, 
'H'esc Virginia, was used iii :his study (published in [S], p. l&17), Initial oper, flow figures were 
obtained from driller's Logs on file with the Wese Virginia GeoLogical and Economic Survey. 

The area chosen for this study consists of portions of West Virginia and eastern Kentucky with 
nrall adjacent portions of Vi rginia and Ohio also inciuded (figure 1). The reasons Eor choosing 
this area have been outlined previously [6]. RrLefLy, this area is of interest for cvo chief 
reasons : it is geologically or topographically different r'rom other areas where remote sensing 
methods have been applied in tS2 past; and it is underlain by the Devonian gas shales. Tvo areas 
oE Xest Virginia srere chosen for detailed study: 1) the Jackson-r!ason County area, which contains 
the Cottageville (Xount ALto) Gas Field and has been the scene of intensive investigations by 
personneL of :he Yorgantown Energy Research Center of ZXDA and others; 2) Vayne County, which has 
passing through it several major photolineamenc; associated vith the 38th Parallel Lineament and 
also has available a considerable amount of initial open ELov data for Devonian shale gas wells. 

RESULTS MD ClJRRE.XT ST.A?XS 

This is the third and final year of :his project. x full discussion of this project will be 
available in the final contract report and only a summary will be presented here. Results of 
pevious years have already been reported [6]; only brief summaries of the current year wi.LL be 
given here. 

3c'Jc k1ci2sts ,'3xzdures d 

One of the major tasks cf this project has been the evaluation and development of procedures 
and research tools. .tiong these are the statistical techniques used to test the s'3lilari:y or 
alssrniLarity of sets of orientation data. Last year it vas discovered that the Wald-yolfowitz 
Runs Test could be used to compare orientation data distributions. Subsequently, other tests oere 
evaluated and one, Kuiper's modification of the Kolmogorov-Smirnov Test (71 was adopted for use in 
some of the scacistical analyses. A computer program to plot orientation diagrams and :o provide 
the statis:ical analyses of the data distributions was completed. Additionally, a general mapping 
computer program to aid in the analysis of the various types of data utilized by this project vas 
completed. A discussion of the characteristics of these programs is beyond the scope of this :epor 
but they viLL be fuLLy described in the contract finaL r2port. 

.?e Scttons~t,n 77' ?koro ZinemenLs to GeoZogiccZ "adures 

This year ’ 3 effort in terms of this phase of the project consisted of collecting data on joints 
and comparing this with Large-scale photolineament maps. Yeasurements of orientation and other 
properties of fractures in outcrops are the primary field data utilized in this project. A relation- 
ship between orientation of fractures in surface outcrops and fractures in subsurface hydrocarbon 
reservoirs 'has been established for some areas [B]. There is also a rclatlonship between surface 
fractures and photolineamencs in some areas [9, LO]. In the final report of this contract, there 
~~~11 be a more extensive discussion of these relationships; only a brief example of problems ancoun- 
tered and results obtained will be given here. 

?xj kms 2n2o’msars~. tn Jackson County (figure 1 shows location), ci-12 surface rocks are of 
the ?ermo-? ennsylvanlan Dunkard Group vhicn ts primarFLy a d2Ltarc sequence consisting of gray and 
red sudstones, siltstones. and :hannel and bar sandscones. The nosc'prevalent rocks in outcrop are 
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the sandstones. There are several reasons vhy fractures measured on these sands:ones may not be 
reliable indicators of regional fracture ?atcerns. The sandstones tend :o be relaclvely small 
pazches surrounded by :he mdstones. Th;s leads to two conditions. First, regional fractures may 
not be propagated through the mudsiones lnco the sandstones. Thus, fractures seen in the sandscones 
may .deLl be due CO fracturing of a brittle mass only poorly supported by the surrounding, rather weak 
sudstones and breaking up under its own weight. Second, the irregular shapes of the sandstone bodi*a 
can cause refraction of a propagating fracture and so change its orientatron by twisting the propa- 
gating wave front about an axis parallel to :he direction of propagation. Ln this case, although 
the fractures are related to regional fracture ?acterns, the direc:ions found :end to differ from 
that pattern. 

The effects of these problems are partially reduced by a regionai analysis employing several 
thousand measurements. With this quantity of data, errors introduced by factors active in small 

, areas are eliminated or greatly attenuated. In any case, however, any analysis done cannot depend 
on’s snaZt error margin. 

r?esutts. Figure ? shows the most important preferred orientations at outcrops in :he general 
area of the Cottagevilla Gas Field. Figure 3 is a summary of the more prominent photolineaments of 
the same area as the joint measurwnencs. A comparison of figures 2 and 3 shows that several of the 
trends are coincident. The major preferred directions on both diagrams are approxizately the same. 
There is, however, clearly n0S conplece agreement between the two pat:etns. Assuming a relationship 
betveen the Cvo types of features, the disagreement becveen the cvo sees of orientations could be 
caused by either L) the dis:ortions of joint directions by sand lenses as outlined above, or 2) a 
difference in reaction of the short (jotncs) and long (p'hotolineaments) fearures CO regional stresses 
which may have varied in direction. There is, however, too much coincidence of the orientations of 
the c;x) sets of data for it to be ignored entirely. Thus, it appears char the photolineament maps 
may seme to ac least partially predic: surface outcrop fracture directions. 

Predicting subsurface fracture orientation from phocolineaments is less certain. It is diffi- 
cult to evaluate this relationship mainJ.y because of the Lack of data, However, in the vicinity of 
the core from vhich the subsurface orientation measurements vere taken is one outcrop site. The 
relationship between the two-sets of orientation measurements is not clear-cut, but at least one of 
the major directions of the surface outcrop matches the chief subsurface fracture oriencarfon. From 
this meager evidence, one may uostulate a relationship berveen surface and subsurface fractures, and 
irdirectly between subsurface fractures and photolineaments. Such a relationship needs extensive 
testing, however, before it can be applied as a predictive tool. The additional step of predicting 
subsurface fractures induced during stimulation of wells is even less certain because of addi:ional 
restrictions placed on their formation by conditions under which they form. 

3e lat3msizl3 0;’ Initial @en ?lows nd ?hototinementa 

X considerabLe amount of raw data has been gathered. About 400 wells Ln Wayne County and 160 
wells in the Jac.kson+lason County area were found vhich included gas yield data for the Devonian 
shales. Xost of the data is after-shot initial open flows although some natural open flows and 
underway gas tests were also fodnd. 

?roblerns encomtzred. Seth the photolineanent and the gas initial open flow data presented 
problems. The gas production figures were derived from driller's logs on file vith the West Virginia 
Geological and Economic Survey. The information on such logs is of variable quality. Often it 
difficult to determine the source formation of the gas produced. It is possible also that some of 
the gas ascribed to the Devonian shale may come from another formation. Despite attempts :o eLimi- 
nate errors of this r?ature, it is possible that some errors nevertheless remain in the data. 

Thotolineament mapping presents mny problems. Affecting the analysis most is the choice of 
imagery type and scale which in turn affects the type of photolineament mapped. If too large a 
scale is chosen, the map vhich results vi11 have have far too many lines for usefulness in most 
cases. Almost any point vould be on or near a photolineament and any kind of analysis depending on 
relative locations Muld probably be meaningless. (This type of map is not totally useless, however, 
since orientation patterns can still be obtained from it.) In this particuiar study, for example, 
it vould be useless to have a mQ on which the photolineaments are closer together than the UeLLs- 
In such a case, all wells would be "near" photolineaments. 

It is also apparent that photolineaments mapped from different scales (and rypes) of imagery do 
not necessarily represent t?ae same type of features. Literature reports of the width of the influ- 
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ence zone of Qhotolineaments rang2 from GO fset to 1 niLe. Yost OE this difference is probably due 
i0 imagery scale choic2s Vhich r2Sd.i in ghotoLin2ament maps vhich preferentially depict certain 
types of photolineamencs. There is, howaver, no evidence that the influence 20172 vidth of photo- 
lineanents is alvays relaccd to imagery scale. Rus , any test made for the relationship of prox's%ty 
of a veil co a phocolineament and hydrocarbon production All have the uncertainty related to influ- 
enis zone vidth. 

.?ZSZi Lb;. Test analyses vere done for Uayne County and for the Jackson-tYason County area. The 
phocolineanent Paps for both areas (figures 4, 5, 6, and 7) ver2 prepared in a similar manner. 
Individual maps vere produced for 2ach of the types of imagery availabla (8 maps for Jackson-Mason, 
4 maps Ear Zayne). These vere then superimposed and those photolineaments vhich appeared On Wo or 
more maps vere eutract2d and are shovn on figures 4-7. Superimposed on these photolineament maps are 
the before- and after-shot ooen flow data. 

The results for ‘dayne County s2em to indicate that the natural open fLovs are Less on or near 
photolineaments. After-shot open fiovs are not clearly related to photolineaments. Although some 
of the veils vith high after-shoe flovs do fall on or near the photolineaments, even more fall bet- 
ween them. There are no high natural open flows on or near photolineaments (except possibly for one 
case). 

The picture for the Jackson-Mason County area is similar.. An additional photolineament map vas 
produc2d from imagery at a scale of 1:55,000 for the Cot:agevill2 Gas Field because of the close 
spacing and generally higher yields of those wells. TSe results were no diff2rent than chose above. 
The wells vith high initial open flovs vere not near photolineaments. 

These results are not antirely unexpected in light of the probable characteristics of :he 
features reqresenced by Qhotoiineaments. Such features are generally zones of undetermined (but 
ranging at least frcm 40 fact to I mile) vidth in which the rocks differ from those around them. and 
in particular, where the racks are more fractured than the surrounding rock. If no secondary miner- 
aiization has caused sealing of the fractures. such zones should be much more permeable than the 
country rock. Hovever, since phocolineaments, by the fact that they can be seen on aerial imagery, 
susc represent conditions ac the surface of the earth, and if these cpnditicns (i.e., fractur+ng) 
exist to the depth of the gas reservoir, then it is entirely reasonable that the gas has been vented 
to the surface through the f:accure permeability. The only conditions under vhich one might +xpect 
bett+r production due tc such fracture zones would be if they were very weli sealed above the gas 
reservoir . 

Thus, it appears :hat the Locations of phocolineamencs are poor choices for gas veils in the 
area investigated. S2veral possible explanations exist for the apparent discrepancy of findings of 
this study and that ref+renced for the Xaysi Field [3]. First, the lithologies of the producing 
r'omations are diffsrent. The producing horizon in the Haysi Field is ths Bsrea siltsone; the 
producing horizon in vestern Uest Virginia is the qevonian shale. The two rock types behave differ- 
ently under stresses vhich produce fracturing. Second, the ;iaysi Fi2J.d is Located in an area of 
Appalachian thin-skinned tectonics, where the areas of this s?Jdy are probably nOC. 

CONCLUSION 

Photolineament maps may be us2d to predict surfacz fracture orientations, and indirectly may 
also be useful to predict subsurface fracture orientations. Both of these relationships must be 
further t2sted. particularly in areas of different lithologies and different tectonic histories. 
Yatural open flows of gas wells in :he study area appear to be'lov on photoLineaments, vith high 
open flovs occurring only between photolineaments. High values of after-shot open flovs appear to ' 
be more uniformly distributed. Chances of good uells appear to be slightly enhanced by avoiding 
Locations near phocolineaments seen on small-scale imagery. 
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PENNSYLVPNIA . . 

VIRGINIA 

Figure 1. Area of study. The overall photolineament study covers the area 
shown in stipple pattern. The area of West Virginia underlain by the Devonian 
gas shales is approximated by the shaded area. 3 - Jackson County, U - Uayne County. 
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Jackson 

Figure 2. Joint pactarns in part of Jackson County, 'Aesc Virginia. The rosettes 
indicate the orientation peaks ac individual outcrops. Lishc Lines are 
interpolations of chase directions betveen.outcrops and are probabiy indicative 
oi the regional trends. 

Jackson 
Coun cy 

Figure 3. .Yajor ?hotolineaments in the portion of Jackson County for which 
joint data is shown in figure 2. Photolineaments are derived Eron LGDSAT, 
Skylab, and high-altitude aircraft imagery. ?hotolineaments shown are visible 
an tvu ar more of the eight images used., 
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Figure h. Yap of kyne County, 'dest Virginia showing major photolineaments (those visible on 
two or aora of the four kcages used) and narural initial open flows of gas yells. Small dots 
indicate relatively yoor wells, large dots relatively good wells. 
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Figure 5. As in figure &, sxcepc ribat after-shot initial open flows are depicted. 
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Figure 6. Yap of Jackson County and a portion of ason County, blest Virginia, shoving major 
photolineaments (those visible on Tao or more of the eight knages used) and natural open flow 
Of gas wells. Large dots indicate good wells, mall dots relatively poor wells. 
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Fi;ure 7. :As in figure 5, except :hat after-shot initial production is depicted. 
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