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INDIVIDUAL WELL REPORT
FROM THE PROGRAM ON

CHARACTERIZATION AND ANALYSIS OF
DEVONIAN SHALES AS RELATED TO
RELEASE OF GASEOUS HYDROCARBONS
WELL K-4 JOHNSON COUNTY, KENTUCKY
by

R. S. Kalyoncu and M. J. Snyder

INTRODUCTION AND SUMMARY

Various characterization tasks were performed on 54 cored shale
samples from Johnson County, Kentucky. Core samples were obtained from depths
of 967 to 1510 feet. A total of 126 samples were canned for several DOE
contractors, including Battelle Columbus. ''Free' gas analyses indicate
the presence of significant quantities of higher chain hydrocarbon gases in
the K-4 shales. Hydrocarbon gas release rates and kinetic studies indicate
that diffusion coefficients are inversely proportional to the square root
of the molecular weight of diffusing species.

Although wide scatter is observed in the chemical and physical
characterization data, good correlations exist between the hydrocarbon gas
contents and various laboratory characterization values (physical and
chemical). A number of one-to-one relationships are pointed out and discussed
throughout the text.

Lithologically, inorganic portioms of K-4 shales are composed
predominantly of quartz and illite with small quantities of pyrite and various

carbonate minerals.
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OBJECTIVE AND SCOPE

The objective of this program is to determine the relationships
between shale characteristic, hydrocarbon gas content, and well location-
to provide a sound basis for defining the productive capacity of the
Eastern Devonian Shale deposits and for guiding research, development,
and demonstration projects to enhance the recovery of natural gas from the
shale deposits. The program includes a number of elemental tasks as a
part of the Resource Inventory and Shale Characterization subprojects
of DOE's Eastern Gas Shales Project and is designed to provide a wide
variety of support data for that project.

A large number of core samples of gas bearing Eastern Devonian
Shale will have been examined by the end of the program. After the
characterization data for individual wells have been compiled, attempts
will be made to establish the interrelationships between the shale characteristics,
the hydrocarbon gas content, and well locations from which the samples were
obtained, employing the Automatic Interaction Detection (AID) Analysis.

The following tasks comprise the total efforts in this research

program:
Task Descriptive Title
1 Core Sampling
2 Gas Content and Gas Release Kinetics
3 Chemical Characterization of Shale
4 Physical Characterization of Shale

5 Lithology of Shale

ANALYSIS AND DISCUSSION OF THE CHARACTERIZATION DATA

Detailed descriptions of the experimental procedures employed in
the execution of the elemental tasks were reported in the Appendix of the
Fifth Quarterly Technical Progress Report (OR0O-5205-5) submitted to U.S./DOE
in January of 1978.

BATTELLE — COLUMBUS



Task 1. Well Coring

Shale core samples from the K-4 well (Johnson County, Kentucky)
were obtained in December 1978. Fifty-four samples were collected for Battelle
and 72 samples for other DOE contractors. It took a total of ten barrels

to obtain all the samples. Coring was made at depths between 967 and 1510 feet.

Task 2. '"Free" Gas Analysis and Release Kinetics

Qualitative and quantitative results on the hydrocarbon gases in
the free space surrounding the shale sample in the sealed canisters are
presented in Table 3. The K-4 well exhibits significant quantities of
higher chain hydrocarbon gases (C2 through Cg) though methane is still the
major hydrocarbon gas. Total hydrocarbon gas content of the shales is also
significant. Various statistical parameters of the hydrocarbon gas contents
are given in Table 4. Total hydrocarbons make up about 38 percent of the
gas mixture in the sealed canisters, which translates to an average
hydrocarbon gas content of 0.55 cubic foot of gas per cubic foot of shale.

General hydrocarbon gas diffusion coefficients at 28 and 80 C
were determined for sample K-4-1069. Total hydrocarbon gas contents agree
well with the last points shown in Figure 3. The diffusion coefficient
measured at temperatures of 28 and 80 C are 5.0 x 107 and 1.1 x 10-6 cmz/sec,
respectively. Concentration values extrapolated to zero times in Figure 3
are 0.7 v/v and 2.9 v/v, respectively. Analysis of the individual components
of the hydrocarbon gas mixtures during diffusion studies showed that the
residual gas in the 80 C specimen was primarily propane, with small amounts
of butane and pentane. The 28 C specimen showed some methane, but was
again primarily propane.

Some of the shortcomings of the total hydrocarbon measurement as
an indicator of gas diffusion rates were eliminated by modifying the experimental
system to allow the determination of the diffusion coefficients of individual
hydrocarbon gas species. The system permitted the analysis of the effluent
gas as a function time. Thus, the individual diffusion coefficients for

each of the gas species effusing from the shale samples could be determined.
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In addition, attempts were made to shorten the time requirements for the
diffusion experiments by using smaller experimental shale samples. This
modification worked well with shales having high gas contents and low diffusion
coefficients. On the other hand, full size core samples still need to be

used for shale samples having either high diffusion coefficients or low

gas contents.

Figure 4 illustrates the type of results currently obtained
with the modified method. In the figure the numbers refer to the number
of carbon atoms in the species detected (e.g., 1 stands for methane).

For purposes of clarity in presenting the data some data points have been
omitted in Figure 4. Table 5 summarizes the diffusion coefficients and total
gas contents derived from these data.

Although there is some scatter in these data, the diffusion
coefficients appear to be, for the most part, inversely proportional to the
square root of molecular weight for the various species. This suggests
a Knudsen or molecular diffusion process for flow of the hydrocarbons
through the shale matrix. With sample K-4-1280, the apparent activation
energy for the process is 3.1 + 0.4 kcal/mole.

It should be noted that the apparent gas contents for the K-4-1280
samples are different at the two temperatures. Not only are the individual
component concentrations lower for the 25 C sample, but the relative ratios
of the various hydrocarbons are different. This suggests that the two samples
should not be considered as representative of the same material, and the
apparent temperature dependence of the diffusion coefficients is therefore
suspect.

It should also be noted that the K-4 shales exhibit relatively
high contents of the higher chain hydrocarbons (e.g., C2, C3, C4) in
comparison to other shales examined thus far. Indeed, the total ethane,
propane, and butane contents exceed the methane content in many K-4 samples.
Thus, the commercial significance of this well is potentially greater than

that of other wells showing comparable methane contents.

BATTELLE — CoLUMBUS
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TABLE 5. DIFFUSION COEFFICIENTS AND GAS CONTENTS

Shale Sample; Vc/V
TC Hydrocarbon D,cml/sec p.E.(a) Shale(b) p.g.(a)

K-4-1280; Methane 2.0 x 106 4 0.39 12

80 C Ethane 1.2 x 10-6 4 0.23 7
Propane 1.0 x 1076 4 0.31 6
Butanes 9.9 x 10-7 6 0.25 8

K~-4-1280; Methane 7.9 x 10-7 9 0.28 11

25 C Ethane 5.2 x 10-7 24 0.12 15
Propane 5.6 x 1077 12 0.11 9
Butanes (1.4 x 10-6) 19 0.04 38

K-4-1069; Total

80 C Hydrocarbons 1.1 x 10-6 - - -

K-4-1069 Total

25 C Hydrocarbons 6.0 x 10~/ - - -

(a) Percentage probable error based on least squares fit of data
(b) Volume of gaseous hydrocarbon per volume of shale

BATTELLE — COLUMBUS
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Task 3. Chemical Characterization Data

Total carbon, hydrogen, nitrogen (C-H-N), and sulfur values are
depicted in Table 6. Carbon values vary between 0.3 and 11.1 percent with
an average value of 3.6 percent, whereas hydrogen contents range from
0.1 to 1.4 percent averaging a value of 0.56 percent for 54 samples. A
large scatter is also observed in the sulfur contents, which vary between
0.1 and 4.3 percent showing an average value of 2.0 percent for the well.
Several bands can be observed in the carbon versus depth relationship
as illustrated in Figure 5. Increasing carbon contents are observed from
950 to 1075 feet depth, followed by a decrease from 1075 to 1300 feet.
"Then, again an increase in carbon contents from 1300 to 1425 feet is observed.
Similar bands are also noticeable in Figure 6 showing hydrogen versus depth.
Figure 7 is H/C atomic ratio versus depth. Sulfur contents versus depth are
plotted in Figure 8. A decrease in sulfur contents is apparent between 950
and 1150 feet, and a decrease is observed between 1050 and 1350 feet. And
finally, a decrease between 1350 and 1475 feet is seen from Figure 8.
Although there is a wide scatter in the data, a general increase in the
hydrocarbon contents is observed with increasing carbon (Figure 9),

hydrogen (Figure 10), and sulfur contents (Figure 11).

Task 4. Physical Characterization

Table 7 summarizes the density, porosity, and surface area
results for the K-4 well. Porosity values in this table have been calculated
from the density data. Mean values for bulk and true densities are 2.57
and 2.66, respectively. These density values result in a mean value of
4.1 percent for the porosity. Mean value of the surface area is 2.2 cmz/g
with 1.95 and 2.45 having lower and upper limits respectively. Statistical
parameters on physical characterization data are given in Table 8.

As usual, the physical characterization data covers a wide range
of values. But, even with this large scatter a good correlation between the
bulk density and hydrocarbon gas contents is seen in Figure 12. Increasing

hydrocarbon gas contents is observed with decreasing bulk densities. Bulk

BATTELLE — COLUMBUS
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density versus carbon data also show a similar relatiomship (Figure 13).
Such a relationship between the bulk density and hydrogen contents is less
apparent (Figure 14). Figures 16 and 17 depict sulfur and porosity values
as a function of bulk density.
Porosity values determined from the mercury intrusion experiments
are tabulated in Table 9. Detailed data on pore size and porosity distribution
are given in Appendix A.
Permeability measurements were also made on several K-4 shales.
The results are given in Table 10. Average permeability is about

5 x 1076 darcy.

Task 5. Lithology of K-4 Shales

Several K-4 shales were examined under the petrographic microscope
and by SEM/EDAX. K-4 shales are composed predominantly of quartz, illite,
and small amounts of pyrite.

Except for the top and bottom samples, the shale samples were
similar. These intermediate samples were composed mainly of the clay minerals,
predominantly illite, as well as quartz, and small amounts of pyrite. As
shown in the energy dispersive analysis in Table 11, the K content of the
intermediate samples, which is taken to be indicative of the illite content,
is similar. The Si content of these samples is also similar. There is a
gradual increase in Fe content with depth, but the S contents vary little.

Sample No. K-4-969, at the top, was predominantly quartz. Further,
the quartz in this sample was coarser than in the samples below it, the grains
ranging up to about 90 um, compared to a maximum size range of 20 to 35 um
in all of the other samples. Though no Ca was indicated by EDAX in the top
sample, a carbonate mineral taken to be calcite was observed in the powder
sample examined by petrographic microscope. Pyrite was not noted in this
top sample either by the powder examination or EDAX.

The sample No. K-4-1495, at the bottom, differed from the inter-
mediate samples largely in that it contained an abundance of carbonate mineral.
The relatively high Ca count of 7.1 indicates a carbonate mineral.

Both powder examination and EDAX results indicate an absence of pyrite in

this sample.

BATTELLE — COLUMBUS
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TABLE 9. MERCURY INTRUSION POROSIMETRY DATA

SEQUENCE ID POROSITY
NUMBER NUMBER PERCENT

1 K-4~ 969 7.02
3 K-4~ 989 10.92
5 K-4-1009 5.46
7 K-4-1039 2.60
9 K-4-1059 4.96
11 K-4-1079 5.20
13 K-4-1096 5.46
15 K-4-1126 5.46
17 K-4-1143 4.42
19 K-4-1163 5.20
21 K-4-1183 5.20
23 K-4-1201 0.23
25 K-4-1221 5.46
27 K-4-1241 0.23
29 K-4-1260 5.72
33 K-4-1300 5.46
35 K-4-1319 8.84
37 K-4-1339 7.80
39 K-4-1359 0.23
41 K-4-1379 2.86
43 K-4-1399 5.98
45 K-4-1419 2.86
47 K-4-1436 7.54
49 K-4-1456 8.58
51 K-4-1476 8.06
53 K-4-1495 9.36
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TABLE 10. HELIUM PERMEABILITY OF K-4 SHALES

Sample I.D. Permeability,
Number Darcy
-6
K-4- 969 6.67 x 10
K~4~1126 4.99 x 1070
K-4~1300 5.81 x 1070
K-4-1399 9.16 x 10°°
K-4-1505 4.99 x 1070




39

- - - - - - - 0°00T - - - - - utreas ziiend
- - = 8¢ "0 - ¢'¢L S°LC - - - - - - ureiy 21rakq
s%°0 0£°0 (970 - - - - € LS §°6¢ - - [AA S urei) 931111
6€£°0 91°0 0%°0 i 11 - VAR VAR T°1¢ %v'¢ 1°L €°8 - SovI-v-4A
9¢°0 %10 ¢SS0 6°¢C 80 ¢€°¢ L9 S'%9 6°91 - - 8°8 - 6LET-%-4
T€°0 €T1°0 O%°0 0°¢c 8'0 ¥%°C LY 0°%9 1°0¢ - - 0°8 = 06¢T-%-A
[C°0 Z1°0 S%°0 ¢'T 0T 8¢ Iy 2799 6°LT - - 0°8 - E8TT-%—1
%Z2°0 01°0 0%°0 €T ¢°0 8¢ 9°¢ 8°69 8°91 - - 8°9 - 6/01-%-4
0t°0 20°0 0¢°0 © L°0 - 7°C '98 6°8 - - 81 - 696 —%-1
TIS/TV TIS/A Tv/A S/=24 TL S a4 1S v 3 ©eD ! eN 9fdueg oTeys

s3uno) QT 124 IUNO) JUdWTH

STTIVHS %-N 40 SASATVNV FATISEIASIA ADYHANL ~TT AT9VL



SEM views in Figures 18 through 23 show typical fracture surfaces

of the samples.
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FIGURE 18. SEM MICROPHOTOGRAPH OF SAMPLE K-4-969
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FIGURE 19. SEM MICROPHOTOGRAPH OF SAMPLE K-4-1079
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FIGURE 20. SEM MICROPHOTOGRAPH OF SAMPLE K-4-1183
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700 X

SEM MICROPHOTOGRAPH OF SAMPLE K-4-1290

FIGURE 21.
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SEM MICROPHOTOGRAPH OF SAMPLE K-4-1379

FIGURE 22.
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SEM MICROPHOTOGRAPH OF SAMPLE K-4-1495

FIGURE 23.
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