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ABSTRACT

Forty—-seven shale samples from the coal measures of the Middle
Pennsylvanian Breathitt qumation were examined petrographically to
determine, which shale attributes most directly influence slake durabil-
. ity. The petrographic study combined thin section examination with
x-ray diffraction analyses of clay mineral orientation and clay minera-
logy. Slake durability indices were obtained using a 60 minute, one
cycle test and oven-dried samples. Multiple Ilinear regression indi-
cates a high degree of correlation between slake durability indices
and two measured shale characteristics, clay percent and clay mineral
oriéntation. A discriminant function, using these two characteristics,
proved successful in differentiating slakable from durable shales,
correctly classifying 37 of the 47 tested_samples.

All shales studied were deposited in shallow, upper delta plain,
interdistributary bays, and eight diSCinct shale types were identified.
Detailgd petrographic descriptions are provided for claystones, clay-
shales, mudstones, mudshales, siltstones, laminated siltstones, sideri-

tic shales, and organic shales.
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ABSTRACT

Forty—seven shale samples from the coal measures of the Middle
Pennsylvanian Breathitt Formation were examiﬁed petrographically to
determine, which shale attributes most directly influence slake durabil-
ity. The petrographic study combined thin section eiamination with
x-ray diffraction analyses of clay mineral orientation and clay minera-
logy. Slake durability indices were obtained using a 60 minute, one
cycle test and oven-dried samples. Multiple linear regression indi-~
cates a high degree of correlation between slake durability indice§
and two measured shale characteristics, clay percent and clay mineral
orientation. A discriminant function, using these two characteristics,
proved successfu} in differentiating slakable from durable shales,
correctly classif&ing 37 of the 47 tested samples.

All shales studied were deposited in shallow, upper delta plain,
interdistributary bays, and eight distinct shale types were identified.
Detailgd petrographic descriptions are provided for claystones, clay-
shales, mudstones, mudshales, siltstones, laminated siltstones, sideri-

tic shales, and organic shales.



INTRODUCTION

When describing an outcrop, geologists qften note the slope-form-
ing nature of interbedded shale wunits, resulting from weathering.
However, some shales seem to resist physical breakdown much better
than others, leadihg one to wonder if some subtle difference in shale
composition may be responsible for this phenomena. An dinvestigation
of shale weathering could answer several related problems. From a
geologic viewpoint, for example, what sedimentologic factors controlled
the compositiqnal variation within the shale units? Fine-grained
deposits are often described in rather vague terms, and a detailed
petrographic analysis may provide information on shale deposition that
is freqﬁently overlooked. An engineer might ask if geqlogic data and
interpretation could be used to predict the slake durability of a
particular shale, This is an especially significant question in coal
measure shales which are removed, and 1ater4used for backfill in strip
mining operations.

This investigatiqn uses shale petrology to clearly characterize
the depositional environment, and to better explain slake durability
test results. The sléke durability test, often used by engineers to
evaluate éhale weatherability, measures a rock sample's resistance to
weakening and disintegration during a cycle of drying and wetting
(Franklin and Chandra, 1972). Slake durability predictions, based on
a practical, field classification for shales are also examined.

Samples were obtained from the Middle Pennsylvanian Breathitt

Formation, which contains many coal seams resulting from cyclic sedi-



mentation (Wanless, 1975, p. ‘40). Breathitt sediments were deposited
in numerous, deltaic sequences prograding into a shallow, epeiric sea
(Baganz et al., 1975, p. 190). This depositional setting provides
many, fine-grained units suitable for study, but they tend to be very
discontinuous laterally, making correlation very difficult even for
‘the coals, the most continuous facies in these units (Hester, 1977,
p. 39). To examine lateral variations in correlative shale units,
the field area was confined to the Vest Quadrangle in Knott County,
Kentucky where three, recently drilled cores, and several geophysical

logs were obtained within a 12.2 mile?Z (31.6 km2) area (Fig. 1).

GEOLOGIC SETTING

Over 27,000 km? of Pennsylvanian rocks are exposed in eastern
Kentucky (Rice et al., 1979, p. F-14). This study concentrates on
Middle Pennsylvanian sediments deposited in the Pocohontas Basin,
situated between the Dunkard and Warrior Basins. All three major
basins are 1located in the Appalachian Plateau. A more detailed,
regional setting for the Pocohontas Basin, as discussed by Horne and
Ferm (1976, p. 3-6) follows.

The basiﬁ is elongate, extending from Tennessee, through most of
eastern Kentucky and southern West Virginia. The folded Appalachian
Mountains bound the basin to the east, while the Cincinnati Arch and
the Nashville Dome form the western boundary. East-west trending,
growtih faults separate the Pocohontas Basin from the Dupkard Basin, to

the north, and the Warrior Basin, to the south. Sedimentary deposits
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begin a tenfold increase in thickness as they cross the Paint-Creek
Fault Zone, at the basin's northern border. These faults have little
or no surface expression (Smith, 1971, p. 2). Pennsylvanian sediments
in the Pocohontas Basin, accumulated on the down-thrown (south) side
of this fault system, where they expand to over 1,160 meters. Post-
Carboniferous thrusting has altered the minor faults forming the basin's
southern border, effectively concealing these structures.

No structural deformation exists in the Vest Quadrangle, Knott
County, Kéntucky; with Middlgv Pennsylvanian strata dipping gently

(0.5°) to the east.

STRATIGRAPHY

Pennsylvanlan stratigraphy in eastern Kentucky has been thoroughly
described by Rice et al. (1979), Rice (1981), and Wanless (1975)
with the following brief review compiled from all three sources. As
Fig. 2 shows, the Lee, Breathitt, and Conemaugh Formations coupose the
entire Pennsylvanian section.

When the Mississippian Period drew to a close, predominantly ma-—
riﬁe deposition gave way to shallow water, clastic deposition in east-
ern Kentucky. As a result, the sparsely fossiliferous, red, green,
and gray shales of the Mississippian Pennington Formation were, in
places, unconformably overlain by the orthoquartzitic sands of the
PennsYlvanian‘Lee Formation. The Lee has been divided into three
members, which intertongue with the Breathitt Formation in Lower to
Middle Pennsylvanian strata. Massive, pebbly orthoquartzites charac-

terize the basal Livingston Conglomerate, Rockcastle Sandstone, and



EASTERN KENTUCKY

SERIES
FORMATION

UPPER
PENNSYLVANIAN
CONEMAUGH

Brush Creek Limestone

Skyline Coal

Lost Creek Limestone
Hazard #9 Coal

Z
= Hazard #8 Coal Zone
g e Hazard #7 Coal
ﬁ = Hazard Coal Zone
o | 2
g | & Haddix Coal Zone
A - Magoffin Member
£
2
g Fire Clay Coal Bed
Kendrick Shale Member
Corbin Sandstone
b 7 e Member
. . .
£~
bd
2§ &
w3 =) Rockcastle Sandstone
me] @ = Member
g5l + | =
- =3
= =
& |
P

Livingston Conglomerate
Member

Figure 2. Generalized stratigraphy for Pennsylvanian rocks
in eastern Kentucky, showing selected members and coal beds
in the Breathitt Formation (modified from Rice, 1981, Fig.

D).



Corbin Sandstone Members.

Lithic graywackes, gray shales and siltstones, and coals charac-
terize the Middle Pennsylvanian Breathitt Formation. Most economic
coal beds in the Pocohontas Basin are found in this formation. This
investigation deals primarily with the shales surrounding the Hazard
Coals. Danilchik and Waldrop (1978) discuss the extent and thickness
of the coals found in the Vest Quadrangle. The Hazard Coal Zone can
be as thick as 12.0 meters, and contain as many as four coal beds, all
less than 0.3 meters thick. The Hazard No. 7 Coal typically splits
into numerous, thin coal beds in the southeast quarter of the quad-
rangle. The Hazard No. 8, or Francis Coal Zone, refers to a 6.0 meters
thick, shale and coal sequence, in which combined coal thickness aver-
agés about 3.6 me;ers. The Hazard No. 9, or Hindman Coal, varies from
0 to 1.5 meters thick across the Veét Quadrangle,\and has not been
mined in the southeast quarter.

Rapid, lateral variations in lithology make it difficult to corre-
late these coal beds across the coal field. However, other beds can
. be used as stratigraphic markers within the Breathitt Formation. These
include the Fire Clay Coal Bed, and the marine units, such as, the
Kendrick Shale, the Magoffin Member, and the Lost Creek Limestone.

Erosion has removed the siltstones and shales of the Upper Penn-

sylvanian Conemaugh Formation from all but northeastern Kentucky.

CLASSIFICATION

Over the years, the term shale has developed two separate meanings.



One definition restricts shales to laminated, clay-rich rocks, while
the other refers to the entire class of fine-grained rocks (Tourtelot,
1960, p. 342). Fine—grained rocks are those with over 50 percent of
their components less than 62 microns in size. In this study, shale
refers to the entire class of fine-grained rocks - not just the lami-
nated variety.

Traditionally, color and fissility are used to classify shales
(Pettijohn, 1975, p. 278). Classifications dependent .on fissility,
a shale attribute not exhibited in the.subsurface.(Spears, 1950), are
restricted to field use, while two, recently proposed classifications
(Picard, 1971; Lewan, 1978) are more applicable to the laboratory than
to the field. This study requires a classification equally well suited
to outcrop, subsurface, and laboratory work. Classifications based
on texture (grain size), and presence or absence of laminae (Lundegard
and Samuels, 1980; Potter et al., 1980, p.' 16) most satisfactorily
describe the coal measure shales in question, both in cores and thin
sections.

The classification used (Table 1) is essentially that of Potter
et al. (1980), modified by adding two new classes based on percent
siderite (greater than 15 percent), and percent organic matter (greater
than 20 percent). These two classes were added to accommodate shales
that obviously contain abundant siderite either as nodules or thick
laminae, and the black, organic-rich shales, both easily identified
in core samples. Eight shale types were recognized (Plate 1): clay-

stone, with 66~100 percent clay, and its laminated equivalent clayshale;



TABLE 1

CLASSIFICATION FOR COAL MEASURE SHALES

% CLAY SIZE - - -
CONSTITUENTS 0-32 33-65 66-100
MASSIVE SILTSTONE | MUDSTONE |[CLAYSTONE
LAMINATED \
LAMINATED MUD A
SILTSTONE UDSHALE |[CLAYSHALE

> 15% SIDERITE

SIDERITIC SHA

LE
]

> 20% ORGANICS

ORGANIC SHALE

(modified from Potter et al., 1980, Table 1.2)




Plate 1. Typical slabbed cores of: A) claystone,
B) clayshale, C & D) mudshale, E) siltstone, F) lam-

inated siltstone, G) sideritic shale, and H) organic
shale.
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nudstone, with 33-65 percent clay, and its laminated equivalent mud-
shale; siltstone and laminated siltstone, with 0-32 percent clay;
sideritic shale, with greater than 15 percent siderite; and organic
shale, with greater than 20 percent organic material.

The term 'stone' applies to massive rocks, and the term 'shale' to
rocks comprised of greater than 10 percent laminations (Lundegarde and
Samuels, 1980, p. 783). Laminae are less than 10 mm, thick, and may
result from changes in grain size, color, or fabric. Alternating
layers of silt-sized quartz and clay minerals, commonly produce laminae
in these shales. The quartz grains are rarely graded. Concentrations
of either siderite or organic matter result in color laminae. Fabric
laminae, resulting from the parallel arrangement of clay flakes, are
only a few microns thick, very discontinuous in thin section, and
nearly impossible to see in polished slabs. The terms even, wavy,
discontinuous, and parallel or non-parallel (Fig. 3) describe laminae

shape (Cole and Picard, 1975).

SHALE PETROLOGY
Complete description of shales dinvolves both x-ray diffraction
analyses, and thin section examination., X-ray diffraction identifies
clay and carbonate minerals, and quantitatively determines clay mineral
orientation, Thin section description provides information on overall
composition, laminae, and biogenic structures. The procedures used
are outlined below. The section entitled 'Petrographic Types' combines

the results from all the analyses.
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Methods

Representative samples were selected from each of the three, de-
scribed cores, and divided so that approximately 300-400 grams could be
saved and used later in the slake durability test. The remainder was
then embedded in a plastic casting resin to help prevent any destruc-
tion resulting from parting or slaking during further preparations.

Two chips were cut from each embedded sample, one perpendicular
to bedding, and one parallel to bedding. Both chips were then.polished
on progressively finer, carborundum sandpaper until all scratches were
removed, and a perfectly flat surface obtained. After grinding, the
chips were approximately 8.mm. thick., Three separate x-ray diffraction
traces were obtained from each chip, using a General Electric XRD-5,
x-ray diffraction unit.

The fabric index (FI), a measure of the clay mineral orientation,
was calculated using the equation:

FI = V/(P+V)

where V= peak height from the perpendicular chip, and P= peak height
from the parallel chip (Fig. 4) (0dom, 1967, p. 611). Three separate
runs allowed averaging the peak heights, as recommended by Meade (1961,
p. B-276). The above equation yields values ranging from 0.0 (perfect
orientation) to 0.5 (random orientation). Odom (1967, p. 613) associ-
ated fabric indices to the degree of clay mineral orientation as fol-

lows:

0.0

Very Good
0.10

Good



‘PARALLE
RALLEL p A) GOOD ORIENTATION
2
P1

Fl,z = V1/(P1 +V,)

=0.14
(A)

= V2/(P2 + V2)

M/ Flyoa

PERPENDICULAR
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\") \Y}
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Figure 4. Technique used in determining the
10 angstrom and 7 angstrom clay mineral orien-
tations. (fabric indices).

14



15

0.20
Fair
0.30
Poor
0.40
Very Poor
0.50

The chip cut perpendicular to bedding was then used to make ultra-
thin, thin sections, approximately 10 microns thick. Two hundred
points were counted on a Zeiss, étudent microscope at a magnification
of 500X, as suggested by Broadhead and Potter (1980, p. 6). Seven
components were recognized (Table 2): ’clay, mica, quartz and feldspar,
carbonate, organics, pyrite, and others. Several textural parameters
were noted, including quartz grain size, largest mica, and sorting of
the quartz and feldspar fraction. Fifty grains were measured to arrive
at the average quartz size. The long axis of se;eral, randomly chosen
micas in each thin section were also measured. Laminae thickness,
shape, and contacts with the surrounding matrix were noted.

Semi-quantitative, clay mineral analyses were performed on several
samples, by first suspending the less than 2 micron size fraction in
water. Using the techniques of Kinter and Diamond (1965), two, orient-
ed clay mineral mounts were made for each tested sample. One oriented
mount was air-dried, and then analyzed on the x~ray diffractometer,
subsequently solvated with ethylene glycol, and analyzed again. The
second oriented mount was heated to 350°C., analyzed, then heated to
550°C., and analyzed again. These procedures permitted accurate iden-
tification of the clay minerals present, and an estimation of their

relative abundance.
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TABLE 2

SUMMARY OF SHALE COMPONENTS

*#Quartz: Monocrystalline, angular to sub-rounded, equant to elongate,
straight extinction common.

*Feldspar: Fresh, twinned plagioclase, or orthoclase partially altered
to clay.

Clay Minerals: Identified as illite, mixed~layer (illite-smectite),
kaolinite, and chlorite. Less than 20 microms.

Micas: Commonly muscovite and chlorite, with very rare biotite.
Greater than 20 microns. ‘

Organics: Opaque, amorphous material, and translucent, amorphous,
reddish-orange material. Opaque matter’ dominates.

Pyrite: Ubiquitous, pyritized organics, rare euhedral grains.

Carbonate: Identified as siderite. Occurs as disseminated anhedral to
euhedral grains, cements, nodules, or laminae.

Others: Trace amounts of zircon, hornblende, tourmaline, and chert.

* Quartz and feldspar counted together.
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Sixty~two polished slabs were assigned rock names, and approximate
clay percentages based on comparisons with similar samples examined in
thin section. Additionally, selected samples were studied with a scan-
ﬁing electron microscope to inspect clay mineral orientation effects

on porosity.

Clay Mineral Orientation

Optical and scanning electron microscopy can be used to qualita-
tively examine clay mineral orientation. However, x-ray diffraction
techniques are considered superior, providing quantitative results
for several different clay minerals (Tchalenko et al., 1971, p. 69).
The principles ipvolved are straiéht-forward. X-ray diffraction inten-
sity varies with the amount and orientation of the clay minerals within
the analyzed area. Peak heights, thé vertical distance from the peak
maxima to the base line (Kazi, 1975, p. 883), serve to measure the
diffraction intensity. The fabric index equation FI = V/(P+V5, conpares
the relative abundance of clay minerals with basal planes oriented in
the plane of the perpendicular section to the relative abundance of
the same minérals with basal planes oriented in the plane of the paral-
lel section (Odom, 1967, p. 611). Using this ratio effectively cancels
out any changes in intensity caused by variations in crystallinity or
clay mineral abundance (Meade, 1961, p. B-276).

The 72 and 10; reflections occur consistently in all the samples
tested, and fabric indices were calculated for both. In almost every

-] -]
case, the 7A and 10A indices are slightly different, resulting from
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the presence of muscovite and micaceous chlorite in many samples.
These micas do not exhibit the same degree of uniform extinction as
the surrounding clay matrix, when examined in thin section. To
alleviate this discrepancy, the 7Afand 10; fabric indices were averag-
ed (Table 3). This "average orientation” provides a more complete
description of the overall shale fabric,

Gipson (1965), and O'Brien (1970) relate preferred clay mineral
orientation to shale fissility, Assuming that a fissile shale is
more susceptible to physical breakdown (slaking), the factors control-
ling cléy mineral orientation could be significant to this investiga-
tion. However, the effect different variables have on shale fabric is
controversial, as the following conclusions from Odom (1967), and
Gipson (1966) indicate. Orientation improves as organic matter become;
more abundant, while preferred orientation diminishes with an increase
in silt, and carbonate content. Both authors agree that overburden
weight does not effect orientation, but disagree on improved orienta-
tion with increasing clay content., More recently, Spears (1976, p.
724), and Curtis et al. (1980, p. 338) concluded that fissility is

dependent on shale laminae, and that although bioturbation may destroy

these laminae, the shale fabric is left undisturbed.

Clay Mineralogy

The clay mineralogy seems to be relatively constant throughout the
stratigraphic interval studied, judging by the similar diffraction pat-

terns acquired from the orientation analysis. To determine exactly how



SAMPLE

Svi-1
SV1-3
SV1i-8
SV1i-10
SV1-13
SV1-14A
SvVi-16
SvV1-17
Svi-18A
Svi-19
SV1i-20
Sv1-22
SV1-25A
SV1-32
SV1-32A
§v1-33
SV1-36
SvV1-39
SV1i-40

LV8-3
LV8-6
LvV8-9
LV8-10
LV8-12

104

23
18
25
29
17
12
11
15
15
15
15
14
22
23
18
10
16
20
22

27
17
22
18
18

o
7A

28
32
36
26
26
19
23
25
23
18
21
24
37
33
16
28
21
22

27
18
26
20
27

CLAY MINERAL ORTENTATION RESULTS

AVERAGE

ORIENTATION

24
23
28
33
22
19
15
19
20
19
16
18
23
30
26
13
22
21
22

27
18
24
19
22

TABLE 3

(FIx100)

SAMPLE

LV8-13
LV8-14
LV8-17
LV8-19
LV8-21
Lvg-22
LV8-~25
LV8-38
LV8-42

LV1-1

LV1-6

LV1-7

LVi-11
LV1-12
LV1-13
LV1-14
LV1-16
LV1-30
Lv1i-31
LV1-33
Lvl-34
Lv1-37
LV1-41

AVERAGE

ORIENTATION

28
12
13
30
24
22
14
24
32

20
41
15
14
24
14
17
41
14
12
22
22
29
32

61
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much, if any, variation exists in the clay mineralogy, samples display-
ing the most widely differing macroscopic characteristics were selected
for the clay mineral analysis.

After interpreting the air-dryed, glycoléted, and heated (to 350°
and 550° C.) diffraction traces (Fig. 5), four clay minerals, illite,
expandable mixed~layer, kaolinite, and chlorite, were identified. The
broad peak on the low angle side of the 102, air-dryed reflection is
produced by the expandable component (smectite) in the mixed-layer

_clay. Upon heating to 350° C., this peak intensifies as the expandable
layer collapses. Following treatment with ethyleﬁe glycol, the 102
peak area represents only pure illite, the smectite layers having
expanded to a higher d spacing (Hosterman and Loferski, 1978, p. 1l1l).
Kaolinite loses its crystallinity after heating to 550° C., causing

° PN

the 7A peak to almost completely disappear. The 14 A peak intensifies,
and shifts to 13.8 ; at 550° C., an indication that a Mg-chlorite is
present (Chen, 1977, p. 46). Kaolinite and chlorite weré differentiat-
ed using the couplet at 3.54 2 (chlorite), and 3.58 ; (kaolinite).

Percentages of the various clay components were caiculated using

the weighting factors of Biscaye (1965), Johns et al. (1954), and the

following equations:

(A)(100)/(A+B) = % illite
(B)(100)/(A+B) = % B

(C)Y(%B) = % kaolinite
%B = % kaolinite = % chlorite
(D)(100)/(A1-D) = 7% mixed layer

Where; A = area under the 10A glycolated peak x 4
A; = area under the 10A glycolated peak
B = area under the 7A air-dryed peak

4B relative amount of kaolinite + chlorite
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HEATED 550°C

HEATED 375°C

GLYCOLATED

AIR DRIED

Figure 5. Typical diffraction traces, obtained
from one of the sampled Breathitt Fm. shales, in-
dicate the presence of illite, expandable mixed-
layer, kaolinite, and chlorite.



AVERAGE COMPCSITION FOR EACH SHALE TYPE

TABLE 5

(Percent)

. QUARTZ +
SHALE TYPE CLAY FELDSPAR MICA ORGANICS PYRITE CARBONATE OTHERS
Claystones 77.1 6.9 5.9 6.5 2.1 1.4 0.1
Clayshales 78.3 7.7 5.0 5.7 1.3 1.5 0.5
Mudstones 45.6 28.8 14.8 4.9 1.7 3.9 0.4
Mudshales 43.7 24.3 17.0 8.2 1.2 5.2 0.3
Siltstones 29.8 43.0 15.0 4.5 2.1 5.5 0.1
Lam. Silt-

stones 28.5 41.2 13.0 6.0 2.2 9.0 -
Sideritic :

Shales 53.8 12.2 7.9 4.0 2.1 19.8 0.2
Organic

Shales 65.0 3.0 . 1.2 27.5 3.2 - -



TABLE 6

AVERAGE TEXTURAL PARAMETERS FOR EACH SHALE TYPE

(Microns) ) '
AVERAGE

SHALE TYPE QUARTZ SIZE LARGEST QUARTZ LARGEST MICA CLAY ORTIENTATION
Claystones 14.8 62.8" - 70.6 0.26
Clayshales 9.6 29.2 70.8 0.15
Mudstones 28.0 84.4 178.6 0.22
Mudshales 29.8 80.8 176.4 0.21
Siltstones 43.6 134.4 ’ 202.5 0.25
Lam. Silt-

stones 37.6 : 98.1 193.8 } 0.24
Sideritic

Shales 19.9 48.8 103.1 0.17
Organic

Shales 10.0 30.0 31.2 0.28

G¢
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percent, averaging 6.9 percent. The quartz grains are angular to
subangular, elongate to equant, and very well sorted. Average grain
size varies from 2.5 to 187.5 microns, averaging 14.8 microns. Quartz
is monocrystalline with straight extinction, and is found scattered
throughout the clay matrix, except in rare cases, where it is concen-
trated in remnant silt laminae. No feldspars were observed, but x-ray
diffraction indicates their presence.

Clay minerals are the dominant components, varying from 67 to 89
percent, averaging 77.1 percent. Clays are light brown and light green
in thin section, and have been identified as mostly illite and mixed-
layer (illité~smec£ite), with lesser amounts of kaolinite and chlorite,
The clay minerals seldom display uniform extinction, which is in accord
with fabric indices ranging from 0.17 (good) to 0.42 (very poor), and
averaging 0.26 (fair). Equidimensional kaolinite booklets up to 9
microns wide were observed.

Micas consist of muscovite and chlorite in amounts ranging from 2
to 9 percent, and average 6.9 percent. The largest micas are between
27.5 and 125.0 microns long, and average 70.6 microms in leﬁgth. Micas
are oriented either parallel or subparallel to bedding.

Claystones contain from 3 to 12 percent organic material, avérag—
ing 6.5 percent. Opaque, amorphous, black material is much more abun-
dant than translucent, amorphous, orange-red material. Very fine,
disseminated opaque mnatter is ubiquitous, and spheroidal masses up to
30 microns in diameter are rare., These pellet-like structures are

commonly aggregated, and arranged diagonally, cutting across bedding,
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as do burrows. Translucent material regularly appears as strands up
to 4 omm. long. Most claystones are rooted, with rootlets comprising
much of the organic material,

Pyrite varies from trace amounts to 7 percent, averaging 2.1 per-
cent. Finely disseminated, anhedral érystals are dbiquitous. Euhedral
crystals up to 12 microns wide are also present. Most opaque, amor-
phous, black organic matter is pryritized.

Carbonate, identified as siderite by x-ray diffraction, is seldom
present in claystones, and occurs only in trace amounts, or rarely up
to 8 percent, with an average of 1,4 percent., Disseminated grains
120.0 micrgns wide, appear similar to radiaxial fibrous cements,

Siderite is commonly associated with burrows.

Mudstones: Tﬁe quartz and feldspar fraction ranges from 12 to 48 per-
cent, averaging 28.8 percent. These gralns are subangular to angular,
elongate to equant, and well sorted. Grain size varies from 2.5 to
155.0 microns, and averages 28.0 microns. Quartz grains are monocry-
stalline and clear, with only rare inclusions. Straight extinction is
more characteristic than undulose extinction. Twinned plagioclase,
and feldspars partially altered to clays are present in small quantity.

Clays may be the dominant component, or be subordinate to silt in
the mudstone group. Amounts vary froﬁ 33 to 65 percent, averaging
45,6 percent, This wide variation produces a notable difference
between the clay-rich muds (50 to 65 percent clay), and the silt-rich
muds (33 to 50 percent clay). Although this differentiation is easily

made in thin section, it was judged too difficult to use in the field,
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and was not pursued. The clay fraction consists mostly of illite and
mixed—-layer (illite-smectite), with lesser amounts of kaolinite and
chlorite. Fabric indices vary from 0.10 (good) to 0.33 (poor), with
an average value of 0.22 (fair).

Micas range from 6 to 20 percent, averaging 14.8 percent. Musco-
vite is most abundant, followed by chlorite and very rare biotite.
The largest micas have lengths from 75.0 to 225.0 microns. Long axes
may be oriented parallel or almost perpendicular to bedding.

Opaque, amorphous organic matter exceeds that of the translucent,
reddish~orange variety in all cases. Total organicecs vary from trace
amounts to 12 percent, and average 4.9 percent. The opaque material
occurs as small disseminated grains, large irregular particles 1.5 mm.
long, or spheroidal masses 15.0 microns in diameteé. Strands of trans~-
lucent material up to 700.0 microns long, result from rooting. Organic
matter 1s commonly squashed, or bent around quartz grains.

Pyrite occurs in pyritized organic matter, and as very rare, small
disseminated grains. Amounts range from trace wvalues to 3 percent,
‘averaging 1.7 percent.

Siderite varies from trace amounts to 13 percent, averaging 3.9
pefcent. Elongate patches up to 130.0 microns long are arranged paral-
lel to bedding. These patches may appear opaque, resulting from con-
centrations of many, smgll (less than 2 microms) siderite rhombs and
intermixed clay. Siderite also appears as nodules 4.5 x 1.2 mm., or
as rare, euhedral rhombs 105.0 microns wide.

Chert, and the heavy minerals zircon and tourmaline commonly occur
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in trace amounts.

Mudshales: Compositionally, mudshales are very similar to mudstones.

Only the minor variations in abundance and size of the major components
are discussed,

Quartz and feldspar range from 16 to 42 percent, averaging 24.3
percent. Grain size varies from 2.5 to 165.0 microns, and averages
29.8 microns.

Clays vary from 33 to 57 percent, averaging 43.7 percent. Fabric
indices range from 0.14 (good) to 0.41 (poor). This unusuall& poor
orientation for a laminated shale, most likely results from bioturba-
tion. The average fabric index is 0.21 (good).

The amount of mica varies from 13 to 27 percent, and averages 17.0
percent, with the largest miggs ranging from 20.0 to 350.0 microns long,
averaging 176.4 microns in length.

Organics range from 3 to 13 percent, and average 8.2 percent.
Rooting is absent in these laminated rocks., Mudshales contain up to
3 percent, pyritized org;nic matter, Pyrite averages 1.2 percent.

Siderite varies from trace amounts to 1l percent, averaging 5.2
percent, Irregular patches may be 112.0 microns long, and isolated,
anhedral crystals up to 35.0 microns wide were noted.

Mudshales contain silt, clay, organic, and sideritic 1laminae.
Silt, clay, and organic laminae may occur together, although alternat-~
ing silt and clay are the most typical combination. Silt laminae, con-
sisting of poorly sorted quartz grains, which fleat in a clay matrix,

range from 0.2 to 2,2 mm, thick. Long and point grain~to—grain contacts
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are common.

Organic laminae 0.1 to 0.2 mm. thick, consist of abundant, long,
thin, parallel strands of organic material, interspersed with clay
and silt. Sideritic laminae contain concentrations of siderite and
clay, and average 2.4 mm. thick. Silt and clay laminae are even paral-
lel, even discontinuous parallel, or discontinuous wavy parallel, Or-
ganic laminae are discontinuous. Sideritic laminae are even parallel.
Contacts with the surrounding rock are commonly gradational, and

rarely sharp.

Siltstones: Quartz and feldspar range from 37 to 54 percent, averaging
- 43,0 percent, The grains are subrounded to angular (mosgiy subangular),
and poorly sorted, with sizes varying from 5.0 to 225.0 microns. The
average grain size is 43.6 microns. Quartz is dominantly monocrystal-
line, but rare polycrystalline grains are present. Both straight and
undulatory extinction are common. Twinned plagioclase, and orthoclase
pértially aitered to clay are relatively abundant (approximately 5
percent).

These fairly clay-rich siltstones contain clay in amounts from 29
to 31 percent, averaging 29.8 percent. Illite and mixed-layer (illite-
smectite) are the most abundant clay miﬁerals, followed by kaolinite
and chlorite., Fabric indices range from 0.22 (fair) to 0.30 (poor),
with an average of 0,25 (fair).

Micas consist predominantly of muscovite and chlorite, along with

rare biotite. Amounts range from 12 to 23 percent, and average 15.0

percent. Largest micas vary from 20.0 to 270.0 microns long, with the
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average long axis being 202.5 microns in length., Micas are commonly
oriented subparallel to bedding, and often bend around quartz grains.

Opaque, amorphous, organic matter dominates over the translucent,
reddish-orange variety. Total organics vary from 1 to 8 percent,
averaging 4.5 percent. Rooting accounts for most organic material,
but opaque organics are scattered throughout the matrix. Some organic
matter is aligned parallel to bedding.

Pyrite ranges from trace amounts to 3 percént; averaging Z.i per-
cent. Pyritized organics are common, while disseminated grains occur
only rarely.

Siderite occurs as isolated crystals, and elongate, irregular
patches from trace amounts to 15 percent, averaging 5.5 percent,
Subhedral to euhedral rhombs range in size from 18.0 to 60.0 microns.
Siderite replacing quartz is rare.

Trace amounts of chert, zircon, and tourmaline are present.

Laminated Siltstones: Compositionally, laminated siltstones are essen-

tially the same as siltstones, and only the slight differences 1in
abundance and grain éize, of the major components, are discussed,

Quartz and feldspar vary from 32 to 51 percent, and average 41.2
percent., The moderately sorted grains range from 5.0 to 130.0 microns,
averaging 37.6 microns.

Laminated siltstones contain clay in amounts from 2] to 32 percent,
with an average of 28,5 percent. Fabric indices between 0.19 (good)
and 0.32 (poor) exist, and average 0.24 (fair).

Micas are present in amounts from 9 to 18 percent, averaging 13.0
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percent. Largest micas range from 100.0 to 250,0 micromns long, with
the average long axis being 193.8 microns.

Organics range from 3 to 10 percent, averaging 7.2 percent. Organ-
ic matter is concentrated in laminae, or results from rooting.

Pyrite 1s either absent or very rare, the greatest amount being 2
percent, with an average of 0.9 percent.

Siderite ranges from 2 to 14 percent, and averages 9.0 percent.
Siderite occurs as euhedral rhombs 62.5 microns wide, and as very fine
grains concentrated in small, nodule-like masses.

Silt, clay, and organic laminae are present in laminated silt-
stones. Silt and clay laminae commonly alternate., Silt laminae, 0.12
to 2.4 mm. thick, are composed of poorly sorted quartz grains, floating
in a clay matrix. Reverse grading of the quartz grains is rare.
Organic laminae consist of thin, parallel strands of translucent, red-
dish-orange, organic matter concentrated in laminae 0.08 to 1.0 mm.
thick. Clay laminae, 0,12 to 2.4 mm. thick, are produced by well
oriented clay minerals interspersed with fine silt and siderite. Most
silt and clay lawinae are even parallel, or discontinuous wavy parallel,
Organic iaminae are discountinuous wavy parallel. In all samples, con-

tacts with the surrounding rock are gradational.

Clayshales: Clayshales are similar to claystones except for the pres-
ence of laminae, and much better clay -mineral orientation. Fabric
indices range from 0.12 to 0.19 (both good), and average 0.l5 (good).
This is the best orientation exhibited by any of the eight petrographic

types.



Plate 2. Photomicrographs of: A) claystone, B) clay-
shale, C) mudstone, D) mudshale, E) siltstone, F) lam-

inated siltstone, G) organic shale, and H) sideritic
shale,
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Organic, sideritic, and clay laminae are present in clayshales.
Clay laminae, up to 0.2 mm. thick, consist of well oriented, pure clay
layers. Organic laminae, 0.1 to 0.9 mm. thick, are characterized by
elongaté strands of organic matter, along with interspersed clay, and
poorly sorted quartz grains. Sideritic laminae, 0.1 to 0.7 mm. thick,
result from concentrations of abundant siderite, combined with silt
and clay. Organic laminae are even parallel, or discontinuous wavy
parallel. Clay laminae are even parallel, and sideritic laminae are
discoﬁtinuous wavy parallel. Contacts with the surrounding matrik are

gradational.

Sideritic Shales: Clay content varies from 22 to 78 percent, while

quartz and feldspar range from 1 to 33 percent. As indicated by these
values, ;ideritic shales may have the textures of silts, muds, or clays.

Siderite ranges from 17 to 22 percent, averaging 19.8 percent,
Elongate, nodule-like patches, parallel to bedding are common, and sub-
hedral to euhedral crystals, as large as 45 microns, are rare, Sider-
ite occurs as nodules, laminae, cements, ané very fine, disseminated
grains.,

Although the classification does not require laminae for this
shale type, most samples do contain either organic or sideritic lami-
nae, often occurring together., Organic laminae are thin, 0.0l to 0.3
mm., discontinuous wavy parallel, and composed of long, stringy,
organic matter. Sideritic laminae, 1.2 to 5.0 mm. thick, are commonly

discontinuous wavy parallel. Both types have gradational contacts

with the surrounding rock.
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Organic Shales: These shales would normally be classified as clay-

stones, but organic material is wunusually abundant (20 percent or
greater), making them quite distinctive, and easily differentiated
from other claystones.,

Total organics vary from 24 to 31 percent, averaging 27.5 percent,
Opaqﬁé, amorphous organics occur as very fine, disseminated grains.
Both the opaque material and the translucent, reddish-orange material
form long strands (5 mm.), which are contorted and bent in a completely
random fashion. In other instances, the organics form thick, 0.04 to
2.4 mﬁ., discontinuous wavy parallel laminae. Contacts with the sur-

rounding matrix are sharp.

DEPOSITIONAL ENVIRONMENT

Throughout Pennsylvanian time, deltas deposited a thick, clastic
wedge of sediments in eastern Kentucky (Rice et al., 1979, p. F-l4;
Wanless, 1975, p. 40). In the Pocohontas Basin, deposition was greatly
influenced by the growth faults associated with the Paint Creek Fault
Zone. The increase in basin subsidence, created by these féults,
produced not only thicker sedimentary accumulations, but also concen-
traﬁed deposition in a smaller area, allowing similar environmental
units to stack vertically, ome upon another (Ferm, 1974, p. 93). Ver-
tically stacked upper delta plain deposits, Jjust west of the Vest
Quadrangle, have been documented (Cobb et al., 1§81; Dever, 1971).
These previous interpretations, support this author's conclusion that

an upper delta plaln environment extended across the Vest Quadrangle
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during Middle Pennsylvanian time, and accounted for sediments over 100
meters thick, an interval extending from the Haddix Coal to the Skyline
Coal (Fig. 6).

The upper delta plain is one of three commonly accepted environ-
ments in the delta complex, lying between the lower delta plain and the
alluvial plain, as shown in Fig. 7 (Donaldson, 1979; Ferm et al.,
1971). Thick, interdistributary bayfill shale sequences, and distrib-
utary mouth bar sands dominate lower delta plain deposits, while dis-
tributary channel sands (primarily point bar deposits), and thin, flood-
plain shales characterize the alluvial plain. The upper delta plain
contains elements common to both the lower delta plain and the alluvial
plain, including shallow interdistfibutary bays and distributary chan-
nels.

Lithologies existing 1in the upper delta plain are discussed in
greater detail on the following pages, with speciallemphasis on the
interdistributary bayfill shales. Features characterizing thekseveral,
upper delta plain facies identified in the three cores described for
this study (Appendix V) have been summarized from the works of Horne

and Ferm (1976), Flores and Arndt (1979), and Donaldson (1979).

Distributary Channels: Sand is much more abundant than shale

in the upper delta plain, ranging in thickness from 15 to 24
meters, and extending from 2 to 11 km, 1laterally. Such massive,
linear, lenticular sand bodies developed as distributary channels
migrated across the delta, allowing point bar deposits to coalesce

and stack upon each other.
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SV 1
(ELEV. 426.7m.)

10.3m.

LV 8
(ELEV. 483.3m.)

39.7m,
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74.2m.
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LV 1

71 coaL
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Figure 6. Correlation of fine-grained units associated with the major
coal seams in the Breathitt Formation. Figs. 8-10 describe the shales
surrounding the Hazard coals in greater detail.
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SPLAY SANDS

INTERDISTRIB.
BAY SHALES

LAKES, PONDED
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Figure 7. Three, major depositional environments found in.a delta complex
with the approximate location of the study area, at the time the bayfill
shales associated with the Hazard No. 7 Coal were being deposited, also shown
(modified from Ferm et al., 1971, Fig. 2).
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These sands are medium to coarse grained, lithic graywackes
or arkoses. Gravel lags of siderite nodules, shale clasts, and
coal spars are found near the channel's scoured base. Grain size
decreases upward, as the bedding changes from festoon, cross—lami-
nae or cross—beds in the lower portions, to smaller scale cross-
laminae and planar bedding in the upper portions. Rippled, par-

tially rooted, sandstones and siltstones cap the channel deposits.

The fine to medium grained, lithic graywacke sandstones, described
in this study, occur in units up to 20 meters thick, the result of sev-
eral, vertically staéked point bars from the same progradational cycle
(Donaldson, 1979, p. 125). However, because the distributary channels
were constantly migrating across each other, the complete fining upward
cycle is seldom preserved. The finer grain size indicates deposition

nearer the lower reaches of the upper delta plain.,

Interdistributary Bays: The area between distributary chan-

nels is referred to as an interdistributary bay, whether the water
body is oﬁen or closed to the sea (Elliot, 1974, p. 612), Used
in this sense, the term includes both the upper delta plain’'s
shallow bays, and shallow lakes., In this study, the only distinc-
tion made between the two is based on lateral extent. Bays range
from 3 to 8 km. wide, while lakes occupy less than a 3 km. area.

A single bayfill deposit is 1 to 8 meters thick, with shale
being the dominant lithology. The upward coarsening sequence of

fine-grained sediments begins with claystone or seatearth, at the
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base, followed by coal, and then shale with numerous plant fossils
and rare, freshwater pelecypods. Further seaward, but still in
the upper delta plain, marine or brackish water faunas, and bur-
rowing become more evident. Siltstones from adjacent levees, and
sporadic crevasse splay sands aid in filling the bay. Coal swamps
develop once the bays fill sﬁfficiently to allow land plants to
take hold,

Levees: Located adjacent to channels, these deposits can be
as thick as 8 meters. Both tﬁickness and grain size decréase
away from the channel. Poorly sorted, crudely laminated, partial-
ly rooted silts and silty sands characterize 1levee deposits.

Crevasse Splays: These usually lobe-shaped sand bodies occur

as discrete, coarse beds in the interdistributary bayfill shales
(Elliot, 1974, p. 613). Internally, splay sands are distinguished
by convolute and small scale cross laminae in the lower portious,
changiné to parallel laminae and c¢limbing ripples near the top.
Major splays enter the bay through breaches in the levee system.
Thinner sand bodies are deposited near the bay margins by overbank

flooding.

Shales are the most poorly described lithology in the upper delta
plain, bayfill deposits. This study's detailed petrographic analysis
provides the first in-depth look at the compositional variations exist-
ing in these 'dark gray' shales. Although many interesting shale
attributes were revealed through this analysis, only a few were select-

ed to demonstrate the complex, vertical and lateral relationships
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existing in bayfill sediments. The characteristics chosen include clay
percent, bedding type (laminated vs. massive), and the presence of
rooting and siderite. These features are all graphically displayed
for the bayfills surrounding the Hazard Coal Zone, the Hazard No. 7
Coal, and the Hazard No. 8 Coal Zone in Figs. 8, 9 A +B, and 10, respec-
tivelY(

As these figures illustrate, the bayfill shales do not display the
steady decrease in clay percent expected in a 'coarsening upward' delta
sequence. Instead, the amount of clay fluctuates in lithologies rang-
ing from clays to silts, which may be either laminated or massive.
Siderite also appears to behave unpredictably, being virtually absent
in some cases (Fig. 10), while being quite common in others (Fig. 9B).
Rooting is restricted to seatearths and levees, though at times it is
notably absent from the latter.

>To explain the lithologic changes in and across these bays, it is
necessary to first determineiwhere the three sampled cores are located
in relation to the delta complex, as a whole. One possible interpreta-
tion is shown in Fig. 7. This setting places core LV8 near a major
distributary channel, core LVl near a crevasse splay, and core SV in
the central region of an interdistributary bay. Remembering that
growth faults in this region caused similar depositional environments
to stack vertically, a seéting such as this (or very similar to it)
applies equally well to the bays developed around all the Hazard
coals. Brachiopods, found in the thicker shales overlying the Hazard

No. 7 Coal, indicate that deeper, more brackish to marine bays were
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forming at this time, probably in response to a slight transgression
of the seas.

The fluctuation in clay percent can then be attributed to numerous,
crevasse splays injecting sands into the bays near shore, and a finer
silt fraction which reached far out into the bays. The end result is
that the normal coarsening upward trend is frequently disrupted across
the entire bay. Subsidence, created aé the underlying shales compact,
also helps explain the fluctuation in clay percent. As the bdys fill,
a thin (1 to 3 meter), coarsening upward sequence of clays, muds, and
silts is produced. If and when subsidence occurs, a similar sequence
will begin developing directly above the previous one, again resulting
in an apparently erratic change in clay percent, as in core SVI (Figs.
9 A+B). Subsidence also permits oréanic matter to accumulate over
long periods in the same area, conditions necessary to produce thick,
minable coals such as the Hazard No., 7 and Hazard Né. 8.

Abundant, clay-rich, laminated shales suggest that quiet, undis-
turbed waters. existed in these bays, at least, between interruptions
caused by crevasse splays. This low energy environment would allow
the slow depoéition needed to produce clay laminae (Spears, 1976, p.
724)., When laminae either fail to develop or are destroyed, massive
shales result. Massive underclays are thought to form when, 1) sus-
pended clays undergo massive flocculation upon contacting more saline
waters, 2) dewatering inhibits the normal reorientation of clay floc-
cules under load, or 3) laminae are disrupted by root penetration

(Wanless, 1969, p. 137). The remaining, massive bayfill shales most
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likely resulted from rooting, along with other forms of bioturbation.

The irregularly bedded silts which have been interpreted as levees
in Figs. 9 A+B, lack the characteristic rooting common to levee depos-
its. However, the cores may have penetrated the levees' subaqueous
portions., These poorly drained areas support water tolerant, non-woody
Vegetation (Flores and Arndt, 1979, p. 119), which may be less likely
to leave rooting traces.

Siderite nodules, laminae, and cements are found throughout the"
bayfill shales, but become much more common in core 8V1. To explain
this distribution, conditions favoring siderite production must be
explored. In ancient shales, siderite is the product of early diagene-
sis, resulting when iron 1s mobilized in an organic-rich, reducing,
diagenetic environment with high pH (7 to 8), and low Eh (0 to -2)
(Blatt et al., 1980, p. 575; Baganz et al., 1975, p. 184). One must
assuﬁe that these conditions were wmore prevalent in the thick, clays
and muds deposited further seaward (in the vicinity of core 8SV1). A
detailed geochemical study is required to verify such a general obser-
vation, and would add new insights into siderite distribution in upper

delta plain, bayfill shales.

SLAKE DURABILITY
A process known as 'sl;king' causes many earth materials to disin-
tegrate or crumble when exposed to water or air. The slake durability
test measures a rock's resistance to such physical decomposition over

relatively short time periods. Although chemical and physical weather-
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ing are long term processes, the test does simulate short term weather-—
ing effects on clay-rich rocks, by subjecting samples to accelerated
climatic slaking events (alternate wet and dry phases). Simultaneous
sieving determines the amount of slake induced, grain size reduction.
Predicted slake durabilities are important mnot only for immediate
engineering considerations, but also because slaking creates increased
surface areas, which may accelerate the long term weathering effects.

Engineers often use slake durability test results to aid in plan-
ning and designing highway embankments (Stollar, 1976;’Wood and Deo,
1975), but shale decomposition is also a concern in coal mining opera-
tions. Conlin (1954) used slake durability to characterize good and
poor coal mine roof rock, a questiondble application, because so many
other geologic factors (fracture systems, faults, bedding planes and
joints, gas and water pressures in overlying strata) produce potential
roof hazards, as well (Overbey et al., 1973). However; the ability
to predict slaking characteristics can be quite beneficial in strip
mining, wﬁere shales may compose a large part of the removed overburden.
To meet the Kentucky Bureau of Surface Mining requirements for a dur-
able rock fill, 80 percent of the total overburden material, must
have slake durability indices greater than 90 percent, conditions very
much dependent on how the shales slake,

Testing Procedure: The standard apparatus for testing slake dura-

bility consists of several (2 to 4), wire mesh drums, which rotate at
20 revolutions per minute, in troughs filled with the slaking fluid.

Franklin and Chandra (1972) more completely describe the device, and
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discuss the many factors influencing the test results. Unfortunately,
no standard technique for conducting the test exists. This analysis
uses one, 60 minute cycle and oven—-dried material, a highly regarded
procudure for differentiating Pennsylvanian shales based on slaking
characteristics (Hopkins and Gilpin, 1982).

All 47 samples examined petrographically were subjected to the
slake durability test, as were several samples assigned rock names by
macroscopic examination. Each sample was divided into approximately 8
equidimensional pieces, and then oven-dried at 110° C., for twelve
hours. They were then carefully weighed, with 300-400 gramsiconsidered
an ideal, initial (before testing) weight. After inserting the weighed
samp;es, the apparatus was filled with tap water at 25° C., and operat-.
ed for exactly one hour. Upon compiéting the test, the samples were
removed from the drums, dried for another twelve hours, and finally

weighed. The slake durability index (SDI) was calculated as follows:
SDI = 100 Weight (final) / Weight (initial)

These values are accurate to the nearest 0.l percent. Slaking process-
es effect shales in different ways, almost completely disintegrating
some samples, while leaving others relatively intact (Plate 3). Appen-
dix IT tabulates the slake durability test results, and notes the

physical appearance of the samples following the test.

IDENTIFYING AND INTERPRETING
THE ESSENTIAL VARIABLES

Defining the relationship between shale petrology and slake dura-



Plate 3. Appearance of samples following the slake
durability test: A) SDI = 31.3%, B) SDI = 46.5%,
C) SDI = 75.3%, and D) SDI = 98.5%.
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bility requires isolating the most significant variables effecting dur-~
ability, from the eleven observed shale attributes. The ways in which
each variable, or combinations of these variables could effect the
slaking process are numerous, creating such a complex problem that
statistical analyses must be utilized to find a solution. Multiple
linear regression and the discriminant function can explain such multi-
variate data, both estimating slake durability, and suggesting which
shale characteristics most directly influence this property.

Multiple Regression as described by Davis (1973, p. 413-430),

Crow et al. (1960, p. 169-182), and Krumbein and Graybill (1965, p.
391-400), predicts the value of a dependent variable y, based on any
number of independent (known) variables xj, X7, ..., Xg, using the
general equation:
y = a.+ byxy + boxy + ... + brxy

The partial regression coefficients b;, by, ..., by, and the constant
a, are estimated from the given data. Percentage of the total variance
of y, explained by any independent variable, is determined by squaring
that variable's partial correlation coefficient r, and multiplying by
one hundred. This value, 100 r2, is the highest for the most signif-
icant variable in the regression equation, and lower for the other
variables as they become less important. In a stepwise analysis, the
most significant variable is entered into the equation first followed,
in order, by the less significant varables, constantly improving the
correlation, but by progressively smaller amounts, as each is added.

"Multiple Regression” a program from the SPSS package (Kim and
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Kohout, 1975, p. 320-367) analyzed the effect eleven petrographic char-
acteristics (the independent variables x; to Xji, seerTable 7), obtain-
ed from each of the 47 shale samples, had on slake durability (the de-
pendent variable y). The results are summarized in Table 7. Two shale
attributes, clay percent and average clay mineral orientation, are
clearly the most significant variables, accounting for 52.7 percent of
the total variance. All the remaining variables combined, explain only
an additional 10 percent of the total variance. Errors between pre-
dicted slake durability indices and the actual values (Appendix IIIS,
indicate that the derived regression equation does not reliably explain
the slaking behavior of the examined shales. Classifying the shales
as either durabie (SDI's greater than 90 percent), or slakable (SDI's
less than 90 percent) might prove more efficient, and is readily
accomplished by a discriminant function.

A discriminant function, discussed by Krumbein énd Graybill (1965,

p. 359-367), Davis (1973, p. 442-456), and Shimp et al. (1969, p. 567-
574), assigns an individual sample, possessing several observed charac-
teristics Xj, X9, s+e, Xk, to one of two or more predetermined groups.
The function:
z =a+ ajx] +agxy + ... + oapxp

transforms all the observed characteristics from one sample, into a
single discriminant score (z), with the constants a, aj, aj, «.., ag,
computed to maximize the separation between the various groups. As
exemplified below, group membership is determined by the position of a

sample's z-score along the line defined by the discriminant function.



TABLE 7

SUMMARY OF MULTIPLE LINEAR REGRESSION RESULTS

INDEPENDENT VARIABLES b 100 r? 100 r? CHANGE
Clay Percent, x; -0.8441 37.508 37.508
Clay Orientation, X, ~40.2336 52.739 15.231
Carbonate Percent, X3 0.6893 55.555 2.816
Lamination, x, 3.9032 57.452 1.897
Burrowing, xg 13.5390 58.522 1.070
Pyrite Percent, xg -3.3270 59.969 1.448
Average Quartz Size, x4 -0.4558 62.006 2.037
Rooting, xg -5.5117 62.826 0.820
Mica Percent, xg 0.2366 62.948 0.122

* Quartz Percent, xjg - - -
* Organic Percent, Xxjj -
Constant, a 142.9973

Multiple Correlation Coefficient, R = 0.7934

* Insignificant, not included in computation.

%S
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This study requires a discriminant function yielding the maximum
separation between durable and slakable shales. Clay percent (x;) and
clay orientation (x3), the two most significant shale attributes pre-
dicting slake durability indices, were used in "Discriminant Analysis"”,
an SPSS program (Klecka, 1975, p. 434-467), examining their effective-
ness as discriminating variables, The discriminant function computed
is:

z = 5.5074 - 0.0556 %7 + 11.9276 x9 .
The ¥ ratio for this discriminant function is F=14.50, exceeding the
critical F value at the 99 percent confidence level F(p 44) =5.15.
Accordingly, clay percent and clay orientation combined, significantly
discriminate between durable and slakabie shales,

To classfy a sample, the centers of the durable group (Zj) and
the slakable group (Zj), along the discriminant function, must first
be calculated by substituting the group mean values for clay percent

(§i,l’ ;1’2) and clay orientation (22,1,‘§2,2) into the above equaﬁion:

Z) = 5.5074 = 0.0556 x1,1 + 11.9276 x5 )
= 5.5074 - 0.0556 (43.7037) + 11,9276 (0.2004) = =0.6872
Zy = 5.5074 = 0.0556 x| o + 11.9276 x5 7

5.5074 - 0.0556 (62.1500) + 11,9276 (0.2490) = 0.9181

The discriminant index (Zg) the point dividing the durable and slakable

groups, is the midpoint between Z; and Zj,

Zg = (Z1 + Z9)/9

(-0.6872 + 0.9181)/2 = 0.1154

If the z-score of a sample is greater than Z, the shale is classified
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as slakable, whereas, if z is less than Zp, it is classified as durable
(see Fig. 11 for examples of this classifying procedure).

Calculated z-scores, for the 47 samples in this study (Appendix
IV), correctly classify 37 samples (79 percent) as durable or slakable.
As z-score distributions demonstrate (Fig. 12), the classification is
improved by incorporating the remaining nine variables, x3 to xj) (re-
fer to Table 7), into the function. However, this much more complicat-
ed equation increases the efficiency only 10 percent, correctly classi-
fying 42 samples (89 percent). The beét discriminant function is omne
requiring the least number of variables to assign an unknown sample to
the correct group at some predetermined level of acceptance. For this
reason, the function using clay percent and clay orientation is consi-
dered superior to orie needing all eleven variables.

A plot of clay percent versus clay mineral orientation, for the
tested samples, graphically displays the discriminant analysis results
(Fig. 13). The distribution of points indicates that shales with
more than 40 percent clay and clay orientations exceeding 0.20 (fair
to poor) are, usually, slakable. Separating the two shale groups, is
a line drawn normal to the direction of maximum slope of the discrimi-
nant function, passing through the midpoint between the slakable and
durable group means, Another way to position this line involves evalu-
ating the discriminant function at the discriminant index, Zg:

Zp = 0.1154 = 5.5074 - 0.0556 %} + 11.9276 x9
All samples with x; and xp values satisfying this equation must, by

definition, fall directly between the two groups, somewhere along the



Zq = DURABLE GROUP MEAN

y4
z 0 y4
-l ) lI 1 1 i 1 | )
-1.2 -0.8 -0.4 0 ‘ 0.4 0.8 1.2 1.6
DURABLE ! SLAKABLE

Zo = DISCRIMINANT INDEX

Examples

A) For a sample with clay percent = 49 and clay mineral
orientation = 0.20:

z, = 5.5074 - (0.0556)(49) + (11.9276)(0.20) = -0.3979
z5 is less than Z,, a DURABLE shale.

B) For a sample with clay percent = 83 and clay mineral
orientation = 0.19:

z, = 5.5074 - (0.0556)(83) + (11.9276)(0.19) = 1.3736

z, 1is greater than Zy, a SLAKABLE shale.

Figure 11. Use of z-scores and the discriminant function in
classifying samples as durable or slakable.

Zo = SLAKABLE GROUP MEAN
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Figure 12. z-score distributions showing the effect differ-

ent variables and combinations of variables have on the dis-

criminant function's ability to distinguish slakable (tri-

angles), from durable (circles) shales.

Selected values of

the discriminant are shown, along with the position of the
discriminant index, Zg.
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Figure 13, Plot of average clay mineral orientation vs. clay
percent for the tested samples, showing the line of separaration
between the durable and slakable shale groups, as determined by
the discriminant function. Closed circles and triangles repre-
sent durable and slakable samples, respectively. Open symbols
represent incorrectly classified samples. Group means for the
durable group (large open circle), and the slakable group (large
open triangle) are also shown.



60
line of separation. Any two such samples, define the line.

Taylor and Spears (1970) attribute slaking to two major processes:
intra—-particle expansion or swelling of clay minerals, especially smec-
tite, and air-breakage associated with capillary pressures. Air-break-
age; described by Olivier (1979, p. 262), results when capillary action
draws fluid into a dessicated shale, trapping and compressing the air
previously in the pores. Tﬁis causes the mineral skeleton to fail
along the weakest plane, exposing new surfaces to similar occurrences.
fhe following discussion examines the effect abundant c¢lay and poor
clay miﬁerél orientation have on the above two processes,
As clays and clay-sized particles become more abundant in a shale,
" pore spaces correspondingly diminish in size. The inverse relationship
" between pore radius and capillary pressure (Taylor and Spears, 1970, p.
498),'ailéws these smaller pores to create greater capillary pressures,
promoting air-breakage and subsequent slaking. Abundant mixed-layer
clay (illite-smectite), present throughout the coal measure shaleé
studied, fﬁkther enhances slaking. Smectite, when expanded, produces
unequal local pressures in the shale matrix, eventually breaking down
the rock (Vaﬁ Eekhout, 1976, p. 63). This process is more effective
in clay-rich shales, with proportionately higher amounts of smectite.

Porosity is critical to the slaking process, as previously suggest-
ed. Poor clay mineral orientation results 1in increased porosity
(Gipson, 1966, p. 896; Heling, 1970, p. 258), providing more opportuni-
tieé for capillary pressure and air-breakage to destroy a shale. A

comparison between flocculated and dispersed clays, demonstrates the
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effect clay mineral orientation has on porosity (Fig. 14). Unless
intense overburden pressures significantly alter ancient shale fabrics,
the more porous, random fabric present in flocculated clays, should
also exist in poorly oriented shales. The scanning electron microscope,
which permits direct observation of clay mineral orientation (O'Brien,
1970; Barrows, 19805, was used to verify this hypothesis. Several
samples) with widely differing slake durability indices, were examined
with the SEM. Shales with low SDI's and poor orientations, displayed
the porous, random fabric found in flocculated clays, while shales
lwith higher SDI's and good orientations, appeared similar to dispersed
clays (Plate 4). These observations confirm the important control

clay mineral orientation has on porosity and slake durability.

DURABILITY CLASSIFICATION
FOR SHALES

Present durability classifications wusually require results from
several, different engineering tests (Chapman et al., 1976; Wood and
Deo, 1975; Olivier, 1979), a timé consuming process. However, as just
demonstrated, petrographic criteria can predict the outcome of the
slake durability test, suggesting that a geologically oriented shale
classification might also sérve as a durability classification. Such
a combination, ;ould permit slake durability predictions to be made by
carefully inspecting a shale sample, while still in the field,

The field classification used in this study, utilizes the two most
significant variables in predicting slake durability., Obviously, clay

percent plays a major role in classifying shales, while clay mineral
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Figure 14, Model relating flocculated clays to poorly or-
iented shales, and dispersed clays to well oriented shales,
demonstrating the effect orientation has on controlling
porosity (modified from Moon, 1972, Fig. 7).



Plate 4., SEM photos of shale samples showing: A) poor-
ly oriented clays viewed parallel to bedding, B) poorly
oriented clays viewed perpendicular to bedding, C) well
oriented clays viewed parallel to bedding, and D) well
oriented clays viewed perpendicular to bedding.
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orientation is, indirectly, related to the presence or absence of lami-
nae., The following discussion, based on SDI's obtained from samples
within each of the eight shale classes (Table 8), examines this classi-
fication's ability to differentiate between slakable and durable shale
lithologies.

Claystones and organic shales are slakable., Both lithologies

con;ain abundant clay, and have random shale fabriecs (FI's from
0.21 to 0.41)., SDI's range from 2.8 to 75.3 percent, with only
one sample having an anbmaiously high SDI of 89 percent.
Clayshales are durable, if the laminae.are well developed and
consist of alternating clay and silt layers or siderite, SDI's
range from 89.5 to 92.7 percent, when such laminae are present.
If the laminae are wavy discontinuous parallel, and organic-rich,
SDI's tend to‘ be very low, ranging from 49.5 to 76.8 percent.

Mudshales, sideritic shales, siltstones, and laminated silt-

stones are all durable types. SDI's range from 90.8 to 98.6 per—
cent. Only two exceptions were encountered, a mudshale with an
SDI of 8l.1 percent, and a siltstone with an SDI of 73.7 percent.

Mudstones are the most difficult to assign relative durabili-
ties, having SDI's between 44,4 and 98.0 percent. Even the dis-
tinction noticed in thin section between clay-rich muds (clay
greater than 50 percent), and silt-rich muds (clay 1es§ than 50
percent) fails to efficiently separate these samples into either

durable or slakable types.

Except for mudstones, which necessitate further engineering tests,



TABLE 8

SHALE TYPES. WITH ASSOCIATED SLAKE DURABILITY INDICES

CLAYSTONES

CLAYSHALES

MUDSTONES

SAMPLE

Sv1i-8
SvVi-13
SV1-25A
SV1-37
SvV1-39
LV8-3
LV8-9
LV8-16
LV1-6
LV1-33

Svi-12
Sv1-23
LvV8-10
LV8-14
LV1-30

Svi-1
sv1-3

- SV1-14

SV1-17
Sv1-19
SvVi-23
Sv1i-33
LV8-13
LV8-15
Lv8-17
LV8-19
Lv8-21
LV8-38
LV1-1

LV1-7

LV1-11
LV1-13
LV1-37
LV1-41

© SDI

58.5
55.0
31.3
89.0
75.3
34.7

2.8

68.2
51.1
64.8

76.8
98.5
49.5

"93.8

92.7

44,4
76.4
92.3
98.0
94.0
94,9
83.6
96,0
94.1
94.1
84.5
96.2
77.7
95.3
94,2
95.2
96.4
75.8
84.1

MUDSHALES

SILTSTONES

LAMINATED

SILTSTONES

ORGANIC
SHALES

SIDERITIC
SHALES

SAMPLE

SV1-15
SVi-16
SVi-18A
SVi-22
SV1-28
LV8-6
LV8-25
LV1-16

SV1-21
SV1-32
SV1-324
SV1-34
LVe-12
LV8-22

SV1-14A
Svi-26
Svi-27
Sv1-30
SV1-36
LvV8-30
LV8-42
LV1-34

Svi-10
SV1-25
SV1-40

SV1-20
Lv1-12
LV1-14
LV1-31

65
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the field classification shows definite promise as a durability class-

ification for Pennsylvanian, coal measure shales (Table 9).

CONCLUSIONS
Shales of Hazard age, in the Vest Quadrangle, were deposited in
shallow, upper delta plain, interdistributary bays, Crevasse
splays frequently interrupted the prevailing, quiet water sedimen-—
tation, common to this depositional environment. Eight identified
shale lithologies, reflect the compositional wvariation in and
across these bayfill deposits.
Detailed shale petrology aids in the interpretation of slake dura-
bility; Multiple linear regéession indicates that two shale
attributes, clay percent and clay mineral orientation, exert the
most influence on slake durability.
A discriminant function, using clay percent and clay mineral orien—
tation as the discriminating variables, successfully differenti-

ates slakable from durable shales, correctly classifying 79 per-

cent of the tested samples.

The field classification, used in this study, functions as a dura-
bility classification, except for mudstones. Mudstones display a
wide variety of compositions and slaking characteristics, not

predictable by simple field examination.



TABLE 9

RELATION OF FIELD CLASSIFICATION TO DURABILITY

% CLAY SIZE |

CONSTITUENTS 0-32 33-65 66-100
SLAKABLE
MASSIVE DURABLE OR SLAKABLE
DURABLE
LAMINATED DURABLE | DURABLE | DURABLE
> 15% SIDERITE DURABLE
> 20% ORGANICS SLAKABLE

L9
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SUGGESTIONS FOR FURTHER STUDY
Shales with more diverse compositions, obhtained from different de—
positional environments, need to be examined. This approéch will bet~-
ter determine the effect clay mineralogy and environment of depositioen

have on the engineering properties of shales.
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APPENDIX I

PETROLOGY OF BREATHITT FORMATION COAL MEASURE SHALES

Part A. Counted Samples

DEPTH QUARTZ +
SAMPLE (meters) SHALE TYPE FELDSPAR CLAY MICA ORGANICS PYRITE CARBONATE OTHERS ROOTED BURRCWED

Core #10-714 (SV1), Starfire Coal Co.14Vest.Quadrang£e

SVl-1 10.86 Mudstone 48 44 6 tr - 1 tr - -
SV1-3 12.29 Mudstone 44 35 16 - 1 3 1 - -
svi-8 16.24 Claystone 11 71 9 8 tr tr - - -
SV1-10 38.44 Org. Shale 4 64 2 24 6 - - yes -
SV1-13 4G.57 Claystone 15 74 6 4 1 - - yes yes
SV1-14A 43.00 Lam. Siltstone 32 32 15 10 2 9 - - -
SV1i-16 45.03 Mudshale 16 57 16 9 1 tr tr - -
Svi-17 65.38 Mudstone 40 33 13 4 2 8 - - -
SV1-18A 66.62 Mudshale 28 49 13 5 tr 4 tr - -
SV1-19 69.06 Mudstone 14 65 12 6 1 2 - - - -
SV1-20 70.13 Sid. Shale ’ 1 78 tr 2 1 17 tr - -
Sv1-22 71.88 Mudshale 20 48 15 10 1 6 - - -
SV1-25A 76.22 Claystone 5 - 89 2 3 1 - - yes -
Svi-32 81.80 Siltstone 54 30 12 1 3 - - yes yes
SV1-32A 82.05 Siltstone 37 29 23 8 3 - - yes -
SV1-33 82.36 Mudstone 13 53 14 6 1 13 - - -
Svi-36 84.28 Lam. Siltstone . 41 30 18 8 1 2 - yes -
SV1-39 86.58 Claystone tr 81 4 6 tr 8 ~ - -
SV1-40 8%.12 Org. Shale 2 66 tr 31 tr - - yes -
Core #8 (LV8), Leeco Coal Co., Vest Quadrangle

LV8-3 11.10 Claystone 4 80 7 8 tr tr - yes -
Lv8-6 14.10 Mudshale 22 41 18 13 1 5 - - -
LvV8-9 17.40 Claystone 7 80 4 4 4 tr tr - -
Lv8-10 38.52 Clayshale 3 83 4 6 3 tr tr - -

5 2 14 . 1 - -

LV8-12 41.90 Siltstone 37 29 12
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APPENDIX I -~ Part A.

DEPTH QUARTZ + :
SAMPLE (meters) SHALE TYPE FELDSPAR CLAY MICA ORGANICS PYRITE CARBONATE OTHERS ROOTED BURROWED
Core #8 (LV8), Leeco Coal Co., Vest Quadrangle
Lv8-13 44.70 Mudstone 34 39 15 6 1 5 - - -
LV8-14 45.60 Clayshale 10 74 8 4 1 2 1 - yes
LV8-17 48.79 Mudstone 12 59 15 12 1 1 - - -
LvV8-19 51.36 Mudstone 26 50 15 5 3 tr tr yes -
Lv8-21 53.82 Mudstone 26 42 16 9 tr 6 tr - -
Lv8-22 55.06 Siltstone 44 31 13 4 tr 7 tr - -
LV8-25 83.63 Mudshale 18 34 27 9 1 11 - - -
Lv8-38 100.05 Mudstone 30 51 - 14 3 2 - - yes -
LV8-42 122,42 Lam. Siltstone 41 31 10 3 tr 14 tr - -
Core #9 (LV1), Leeco Coal Co., Vest Quadrangle
LvVi-1 15.58 Mudstone 33 34 14 5 2 11 1 - -
LVIi-6 21.60 Claystone 8 67 9 7 7 2 - yes yes
LV1-7 22.44 Mudstone 25 52 15 4 3 1 - - -
LV1-11 25,58 Mudstone 25 41 20 6 3 5 - ~ -
LV1-12 26.09 Sid. Shale 33 22 15 6 2 22 - - -
LV1-13 26.57 Mudstone 28 39 17 7 3 -5 1 - -
LVi-14 27.80 Sid. Shale 5 71 2 2 tr 19 tr - -
Lvi-16 30.83 Mudshale 42 33 13 3 3 5 1 - -
LV1-30 46.11 Clayshale 10 78 3 7 - 2 - - -
LV1-31 55.69 Sid. Shale 10 44 14 8 3 21 - - -
LvV1-33 58.86 Claystone 5 75 6. 12 2 - - yes -
LV1-34 60.57 Lam. Siltstone 51 21 9 8 - 11 - - -
LV1-37 62.50 Mudstone 32 45 20 tr 1 1 tr - -
LV1-41 77.05 Mudstone 30 49 14 4 2 - 1 yes -
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Part B. Samples Classified Based on Estimated Clay Percent

APPENDIX I - CONTINUED

DEPTH DEPTH
SAMPLE {meters) SHALE TYPE CLAY SAMPLE {(meters) SHALE TYPE
Core #10-714 (Sv1), Starfire Coal Co., Vest Quadrangle
SV1-2 iz.11 Mudstone 60 SV1-24 74.00 Clayshale
SVl-4 13.17 Mudstone 60 SvV1-25 75.55 Org. Shale
SV1-5 13.93 Clayshale 90 SVi-26 1 76.72 Lam. Siltstone
Svli-6 14.17 Mudstone 60 Sv1-27 77.00 Lam. Siltstone
Svl-7 15.69 Clayshale 90 Sv1-28 78.06 Mudshale
SV1-9A 37.25 Claystone 75 SvV1-30 79.44 Lam. Siltstone
SVl-11A 39.11 Mudshale 50 Svi-31 81.46 Mudstone
Svl-12 39.32 Clayshale 90 SV1-34 83.10 Siltstone
SV1-14 41.37 Mudstone 33 Svi-35 83.40 Claystone
SvVi-15 43.86 Mudshale 50 Sv1i-37 85.60 Claystone
Svi-21 70.64 Siltstone 16 Sv1-38 86.10 Claystone
SvV1-23 73.82 Mudstone 50
Core #8-(LV8), Leeco Coal Co., Vest Quadrangle
LV8-1 10.09 Lam. Siltstone 30 Lv8-27 84.43 Siltstone
LV8-2 10.39 Claystone 85 Lv8-28 85.12 Lam. Siltstone
LV8-4 11.30 Mudshale 50 LV8-30 92.49 Sid. Shale
LV8-5 12.20 Lam. Siltstone 16 LV8-31 92.99 Claystone
Lv8-7 15.85 Claystone 70 Lv8-32 93.76 Siltstone
Lv8-8 17.05 Claystone 80 LV8-34 95.75 Mudstone
Lv8-15 46.38 Mudstone 60 Lv8-37 99.41 Clayshale
Lv8-16 48.44 Claystone 83 Lv8-39 116.26 Claystone
LvV8-20 52.15 Lam. Siltstone 30 LV8-41 121.63 Siltstone
LV8-26 84.25 Claystone 83

CLAY

83
66
32
24
50
25
33
24
66
66
66

23
16
75
75
25
33
75
83
33
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APPERDIX I - Part B.

DEPTH DEPTH
SAMPLE (meters) SHALE TYPE CLAY . SAMPLE (meters) SHALE TYPE CLAY

Core #9 (LV}1), Leeco Coal Co., Vest Quadrangle

Lvi-2 16.21 Mudshale 65 LVi-26 42.00 Mudshale 45
LV1-3 17.23 Clayshale 78 Lvi-27 43,23 Claystone 90
LVi-5 17.74 Clayshale 75 LV1-29 45,76 Clayshale 66
Lv1-9 . 23.32 Sid. Shale 58 . LV1-31A 56.53 Siltstone 8
LV1-10 24,13 Mudstone 40 Lv1-32 58.34 Mudshale 44
LV1-15 30.10 Siltstone 25 LV1-35 61.15 Mudstone 60
Lvi-21 37.52 Clayshale 75 LV1-36 61.84 Clayshale 75
Lv1-22 39.49 Lam. Siltstone 32 LV1-38 63.34 Lam. Siltstone 20
Lv1-23 39.82 Mudshale ' 58 . LV1-39 74.58 Claystone 90
LV1-25 40.67 Sid. Shale 33 LV1-42 77.73 Mudstone 33
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SAMPLE

Svi-1
Svi-3
Sv1-8
SV1i-10
Svi-12
SV1-13
SV1-14
SVI-14A
SV1-15
SV1-16
Svi-17
SV1-18A
Svi-19
SV1-20
SV1-21
SVi-22
Sv1-23
SV1-24
SV1-25
SV1-25A
SV1-26
sv1-27
SvV1-28
SV1-29
SV1-30
SVi-32
SV1-32A

SHALE TYPE

Mudstone
Mudstone
Claystone

Org. Shale
Clayshale
Claystone
Mudstone

Lam. Siltstone
Mudshale
Mudshale
Mudstone
Mudshale
Mudstone

Sid. Shale
Siltstone
Mudshale
Mudstone
Clayshale

Org. Shale
Claystone

Lam. Siltstone
Lam. Siltstone
Mudshale

Lam. Siltstone
Lam. Siltstone
Siltstone
Siltstone

ELAKE DURABILITY TEST RESULTS

INITTIAL WEIGHT

APPENDIX II -

FINAL WEIGHT

(grams) (grams) SDI APPEARANCE AFTER TEST

398.3 179.2 45.0 completely fragmented

393.8 302.0 76.7 mostly intact, some fragments
384.0 226.6 59.0 partly fragmented

399.4 187.8 47.0  completely fragmented

382.1 294.2 76.8 mostly fragmented

399.5 221.5 55.4 completely fragmented

361.2 333.8 92.4 mostly intact, some fragments
370.1 355.4 96.0 intact, edges rounded

389.9 364.0 93.4 mostly intact, some fragments
347.8 282.7 81.3 completely fragmented

300.8 294.8 98.0 intact, edges rounded

396.1 376.2 95.0 mostly intact, fissile

381.6 359.1 94.1 mostly intact, few fragments
378.8 351.1 92.7 mostly intact, few fragments
377.5 354.7 94.0 intact, edges rounded

375.0 361.7 96.4 mostly intact, few fragments
362.0 343.8 95.0 mostly intact, few fragments
264.1 260.4 98.6 intact

293.8 188.2 64.1 completely fragmented

366.6 117.6 32.1 completely fragmented

362.0 340.8 94.2 intact, edges rounded

274.6 270.6 98.6 intact

367.5 355.2 96.6 intact, edges rounded

391.2 355.4 90.8 mostly intact, fissile

358.2 338.1 94.4  intact, edges rounded

360.7 348.6 96.6 intact, edges rounded

260.2 192.8 74.1 partly fragmented
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SAMPLE SHALE TYPE
SV1-33 Mudstone
SV1-34 Siltstone
SV1-36 Lam. Siltstone
Sv1-37 Claystone
SV1i-39 Claystone
SV1-40 Org. Shale
Lv8-3 Claystone
LV8-6 Mudshale
L.v8-9 Claystone
LV8-10 Clayshale
LvV8-12 Siltstone
Lv8-13 Mudstone
LV8-14 Clayshale
LV8-15 Mudshale
LV8-16 Claystone
Lv8-17 Mudstone
LV8-19 Mudstone
LV8-20 Lam. Siltstone
LV8-21 Mudstone
Lvg-22 Siltstone
LV8-24 Siltstone
LvV8-25 Mudshale
LV8-38 Mudstone
LV8-42 Lam. Siltstone
LvVi-1 Mudstone
LvVi-6 Claystone
Lvi-7 Mudstone
LVi-11 Mudstone
LV1-12 Sid. Shale
Lv1-13 Mudstone

INITIAL WEIGHT

FINAL WEIGHT

(grams) {grams) SDI APPEARANCE AFTER TEST

389.3 326.2 83.8 completely fragmented

388.8 369.1 94.9  intact, edges rounded

382.9 356.3 93¢1 mostly intact, few fragments
387.1 345.0 89.1 partly fragmented, fissile
347.4 262.6 75.6  partly fragmented

365.1 259.3 71.0 completely fragmented

147.2 53.7 36.4 completely fragmented

352.8 332.2 94.2 intact, edges rounded

385.0 14.7 3.8 disintegrated

388.5 194.3 50.0 completely fragmented

383.2 366.4 95.6 dintact, edges rounded

387.1 371.8 96.1 intact, edges rounded

391.7 367.5 93.8 partly fragmented, fissile
371.0 349.2 94.1 intact, edges rounded

353.8 242.8 68.6 mostly fragmented

376.1 354.1 94.2 mostly intact, few fragments
382.5 323.8 84.4 mostly fragmented.

384.9 365.8 95.0 intact, edges rounded

387.6 373.2 96.3 mostly intact, few fragments
376.4 360.8 95.9 intact, edges rounded

313.7 287.1 91.5 intact, edges rounded

395.4 373.3 94.4  mostly intact, few fragments
363.6 283.5 . 78.0 partly fragmented '
376.1 362.4 96.3 dintact, edges rounded

376.0 358.5 95.3 intact, edges rounded

392.9 203.0 51.7  mostly fragmented

390.1 367.7 94.3 mostly intact, few fragments
380.2 361.9 95.2 intact, edges rounded

372.1 359.2 96.5 intact, edges rounded

370.8 357.8 96.5 intact, edges rounded
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SAMPLE SHALE TYPE
LV1-14 Sid. Shale
LV1-16 Mudshale
LV1-30 Clayshale
Lv1-31 Sid. Shale
LV1-33 Claystone
LvV1-34 Lam. Siltstone
Lvi-37 Mudstone
LV1-41 Mudstone

INITIAL WEIGHT

FINAL WEIGHT

(grams) (grams) SDL APPEARANCE AFTER TEST
383.3 357.4 93.2 intact, edges rounded
399.1 373.8 93.7 intact, edges rounded
392.5 364.4 92.8  partly fragmented, fissile
389.2 383.4 98.5  intact

~ 359.8 234.6 65.2 completely fragmented
332.3 320.9 96.6 intact, edges rounded
356.6 271.4 76.1 - partly fragmented
397.0 334.4 84.2 mostly fragmented
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APPENDIX III

SLAKE DURABILITY INDICES PREDICTED BY
MULTIPLE LINEAR REGRESSION

ACTUAL PREDICTED ACTUAL PREDICTED
SAMPLE SDI SDI RESIDUAL _ SAMPLE SDI SDI - RESIDUAL
SVl-1 45.0 75.5 -30.5 LV8-13 96.1 88.0 8.1
Sv1i-3 76.7 87.2 -10.5 ’ LV8-14 93.8 86.8 7.0
SV1-8 59.0 65.2 - =-6.2 LV8-17 - 94.2 84.6 9.6
Sv1-10 47.0 45.3 ' 1.7 LV8-19 84.4 66.5 17.9
Sv1-13 55.4 71.6 ~16.2 Lv8-21 96.3 90.3 6.0
SV1-14A 96.0 99.1 -3.1 LV8-22 95.9 91.1 4.8
SV1-16 81.3 84.8 -3.5 LV8-25 94.4 115.5 -21.1
Svi-17 98.0 90.0 8.0 Lv8-38 78.0 68.0 10.0
SV1-18A 95.0 88.7 6.3 LV8-42 96.3 97.0 -0.7
SV1-19 9.1 75.6 18.5
SV1-20 92.7 74.0 18.7 Lvi-1 95.3 93.9 1.4
SvV1-22 96.4 94.6 1.8 LV1-6 51.7 52.2 -0.5
SV1-25A 32.1 38.9 -6.8 Lv1-7 94.3 78.3 16.0
SV1-32 96.6 85.9 10.7 LV1-11 95.2 89.6 5.6
SV1-32A 74.1 87.0 ~12.9 LV1-12 96.5 108.5 -12.0
Sv1-33 83.8 94.9 -11.1 LV1-13 | 96.5 91.2 5.3
SV1-36 93.1 99.4 -6.3 LV1-14 93.2 85.7 7.5
SV1-39 75.6 65.8 9.8 LV1-16 93.7 75.1 18.6
SV1-40 71.0 71.7 ~0.7 LV1-30 92.8 72.4 20.4
LV1-31 98.5 106.4 ~7.9
Lv8-3 36.4 53.0 -16.6 LV1-33 65.2 54.5 10.7
LV8-6 94.2 90.3 3.9 LV1-34 96.6 108.6 -12.0
LV8-9 3.8 48.4 44,6 LvV1-37 76.1 80.2 -4.1
Lv8-10 50.0 58.4 -8.4 - LV1-41 84.2 69.8 14.4
Lv8-12 95.6 9l1.5 4.1 '

z8



APPENDIX IV

DISCRIMINANT FUNCTION CLASSIFICATION OF SHALE SAMPLES AS DURABLE OR

- SLAKABLE, USING CLAY PERCENT AND CLAY MINERAL ORIENTATION.

ACTUAL PREDICTED
SAMPLE GROUP GROUP Z SCORE
Svi-1 Slakable Durable ~0.1947
Svi-3 Slakable Durable -0.8151
SvV1-8 Slakable Slakable 1.7858
Svi-10 Slakable Slakable 1.9924
SvVl-13 Slakable Slakable 1.2372
SV1-14A Durable Durable -1.4593
SvV1-16 Slakable Durable -0.5443
svi-17 Durable Durable -1.4036
SV1-18A Durable Durable -0.3934
SvV1l-19 Durable Slakable 0.3782
sSV1-20 Durable Slakable 0.7443
Svi-22 Durable Durable ~0.6876
SV1-25A Slakable Slakable 2.1917
Sv1-32 Durable Durable -0.2586
SV1-32A Slakable Durable -0.7914
SV1-33 Slakable Durable -1.0056
SV1-36 Durable Durable -1.2128
SV1-39 Slakable Slakable 1.5077
SV1i-40 Slakable Slakable 0.7918
. LV8-3 Slakable Slakable 2.1677
LV8-6 Durable Durable -1.0774
LV8-9 Slakable Slakable 1.8099
LvV8-10 Slakable Slakable 1.3805
Lv8-12 Durable Durable ~-1.2685

SAMPLE

LV8-13
LV8-14
LV8-17
LvV8-19
Lv8-21
Lv8-22
LV8-25
LV8-38
LV8-42

LVi-1

LV1-6

LV1-7

LVi-11
LV1-12
LvV1-13
LV1-14
LV1-16
LV1-30
Lv1-31
LV1-33
LV1-34
LV1-37
LV1-41

Discriminant Index, Zg = 0.1154

ACTUAL PREDICTED

GROUP GROUP Z SCORE
Durable Durable 0.0040
Durable Durable 0.0445
Durable Durable -0.6715
Slakable Slakable 0.8550
Durable Durable -0.3061
Durable Durable -1.1572
Durable Durable -1.9443
Slakable Slakable 0.1951
Durable Durable 0.0356
Durable Durable -1.2287
Slakable Slakable 3.1137
Durable Durable ~-0.8227
Durable Durable -1.5545
Durable Durable -1.4198
Durable Durable -1.6659
Durable Slakable 0.4738
Durable Slakable 1.2205
Durable Slakable 0.5057
Durable Durable -1.6260"
Slakable Slakable 1.2929
Durable Durable ~1.7140
Slakable Slakable 0.4573
Slakable Slakable 1.3079

£8
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APPENDIX V

SAMPLED CORE DESCRIPTIONS

EXPLANATION

Medium to Coarse Sandstcne .
T Shal
(0.250 - 1.000 mm.) Qrganic Shale

Very fine to Fine Sandstone

(0.062 = 0,250 mm.) Coal
. : DOOEOOE .
Siltstone/Laminated Siltstone Siderite
IO
AN
Mudstone/Mudshale \’/'\,f\/ Coal spar
Claystone/Clayshale : ‘:Zi::SZE Gravel lag

Scale: 50 mm. = 1 meter

Note

Colors described after coating with oil.

Laminae described according to Cole and Picard (1975), see Fig. 3.
Sorting refers to the quartz and feldspar fraction.

Coals were absent in several cases. Thicknesses were determined from

driller's logs, data from the Kentucky Geological Survey, or gamma-
density logs.

All contacts are gradational, unless otherwise noted.

All rock units drawn to scale except for sandstones thicker than
1.10 meters.
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Core #10-714 (SVl), Starfire Coal Co., carter coordinates 22-L-77,
100" FSL x 1200' FEL, elev. 1400', Vest Quadrangle, Knott
County, Kentucky.

depth
(meters)

12.2

9.45 m., casing and/or not recovered

66.0 cm. of Claystone, dark greenish gray to
dark gray (5GY4/1-N3), hackly, soft, 90%

clay - 107% silt, fissile parting, plant frag-
ments, slickensides, thin silt bed with dis-
continuous wavy parallel laminae less than

1 mm. thick, 48.3 cm. from top

10.2 cm. of Mudshale, dark gray (N3), hackly,
hard, 60% clay - 40% silt, wavy parallel silt
laminae 1-3 mm. thick

8.9 cm. of laminated Siltstone, moderate yel-
lowish brown (10YR5/4), discontinuous wavy
parallel clay laminae less than 1 mm. thick

2.5 em., of Claystone, olive gray to dark
greenish gray (5Y4/1-5GY4/1), soft, 85% clay
- 15% silt, abundant organic material, root-
ed, sharp basal contact

12.7 cm. of Coal

6.4 cm. of Claystone, same as 2.5 cm. clay-
stone above

16.5 cm. of Coal

1.3 m. of Mudstone, olive gray (5Y4/1), soft,
447 clay - 567% silt, laminae completely dis-
rupted, platy parting, abundant rooting,
plant fragments, slightly darker and more or-
ganic rich immediately below coal, infrequent
thin siltstone beds

24.1 cm. of Mudstone, olive gray to dark green
gray (5Y4/1-5GY4/1), hackly, moderately hard,
60% clay - 407% silt, platy parting, rooted




12.5

16.0
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25.4 cm. of Mudstone, olive gray to dark green-
ish gray (5Y4/1-5GY4/1), hackly, moderately
hard, 60% clay - 40% silt, platy parting,
rooted -

21.6 cm, of fine Sandstone, greenish gray
(5GY6/1) at top, light olive gray (5Y6/1) at
base, average grain size .125-,177 mm., very
well 'sorted, even parallel laminae

24.1 cm. of very fine Sandstone, greenish gray
(5GY¥6/1), average grain size .088-.125 mm.,
very well sorted, infrequent laminae in upper
5 cm.

16.5 cm. of Mudstone, medium dark gray (N4),
55% clay - 457% silt, silt decreases toward base,
even parting surfaces

43.2 cm. of Mudstone, dark gray (N3), brittle
to hackly fracture, moderately hard, 607 clay -
407% silt, platy parting with even surface,
sparse mica

38.1 cm. of fine Sandstone, dark greenish gray
to dark gray (5GY4/1-N3), average grain size
+125~,177 mm., very well sorted, cross lamin-
ated '

20.3 cm. of Clayshale, dark greenish gray to
dark gray (5GY4/1-N3), brittle, hard, 90% clay
- 10% silt, even parallel color (siderite) lam-
inae 2 mm. thick, approximately 5% siderite

48.3 cm. of Mudstone, dark gray (N3), brittle,
hard, 60% clay - 407% silt, silt decreases to-
wards base, flaggy parting, sparse plant frag-
ments, sharp basal contact

86.3 cm. of Clayshale, dark gray to dark green-
ish gray (N3-5GY4/1), hackly, moderately hard,

90% clay - 10% silt, even discontinuous para-. .

llel laminae, fissile parting with £fairly even

surface

53.3 cm. of Clayshale, medium dark gray (N4),
hard, 90% clay - 107% silt, even parallel color
(siderite) laminae 1-2 mm., thick, fissile part-
ing, plant fragments, sharp basal contact




16.5

24.5
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53.3 cm. of Claystone, moderate olive brown

.(5Y4/4), hackly, moderately hard, 71% clay -

29% silt, infrequent even parallel siderite
and organic laminae 1 mm. thick, striking
color contrast

2.9 m. of massive, fine to medium Sandstone,
light gray (N7), average grain size .177-.250
mm. in upper 2.0 m., .350-.500 mm., in lower
0.9 m., well sorted, clay clasts at top, at
1.9 m., and at 2.1 m.,.rare thin even para-
llel laminae in lower 0.9 m., basal 15.2 cm.
is fractured

55.9 cm. of cross-laminated, fine Sandstone,
light gray (N7), average grain size ,177-.250
mm., very well sorted, laminae 3 mm. thick

43.2 cm, of cross-bedded, fine Sandstone, ‘
light gray (N7), average grain size .177-.250
mm., clay clasts at 17.8 cm.

R
_f’a'eq_q?d@_-

4,1 m. of massive, medium Sandstone, light
gray (N7), average grain size .177-.350 mm.,
coarsening downward, moderately sorted, infre-
quent clay clasts, rare cross-laminae, basal
1.1 m. fractured, gravel lag at base

cont.
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28.6
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99.1 cm. of massive, medium Sandstone, light
gray (N7), average grain size ,177-.350 mm.,
coarsening downward, moderately sorted, infre-
quent cross~laminae and clay clasts

47.0 cm. of cross-laminated, medium sandstone,
grayish orange (l0YR7/4), average grain size
«250-.350 mm., moderately sorted, thin organ~
ic rich laminae

1.6 m. of massive, medium Sandstone, light
gray (N7), average grain size .177-.350 mm.,
moderately sorted, isolated cross-~laminae,
clay clast at 67.1 cm.

24,1 cm., of massive, medium Sandstone, light
gray (N7), average grain size .250-.350 mm.
moderately sorted, rare thin even parallel

~laminae

78.7 cm. of massive, medium Sandstone, yellow-
ish gray (5Y8/1), average grain size .250-.350
mm. , moderately sorted, upper 35.6 cm. frac-
turedwith abundant clay clasts, lower 15.2 cm.,
fractured

1.6 m. of massive, medium Sandstone, light
gray (N7), average grain size .250-.500 mm.,
moderately sorted
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33.9
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17.8 cm. of medium Sandstone with rippled coal
spar, clay clasts, yellowish gray (5Y8/1),
average grain size .250-.350 mm., moderately
sorted

1.4 m. of rippled Sandstone, light gray (N7),
average grain size .177-.250 mm. in upper 22.9

.cm., ,250-.350 mm. to base, very well to well

sorted, laminae become less abundant toward
base

20.3 em. of cross-laminated, medium Sandstone,
light gray (N7), average grain size .250-.350
mm, ,moderately sorted

1.2 m, of massive, medium Sandstone, light
gray (N7), average grain size .250-,350 mm.,
moderately sorted, rare coal spars

20.3 cm. of cross-laminated, fine Sandstone,
light gray (N7), average grain size .177-.250
mm.,, coaly organic rich laminae

48.3 ¢cm. of massive, fine Sandstone, light
gray (N7), average grain size .177-.250 mm.,
very well sorted

cont.
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40.6 cm. of laminated, fine Sandstone, light
gray (N7), average grain size .177-.250 mm.,
very well sorted, organic rich even parallel
laminae

95.2 cm. of massive, fine Sandstone, light
gray (N7), average grain size .177-.250 mm.,
well sorted, isolated even parallel laminae

15.2 cm. of massive, fine Sandstone with
large clay clasts and siderite pebble, aver-
age grain size .177-.250 mm., well sSorted

30.5 em. of cross-laminated, fine Sandstone,
light gray (N7), average grain size .177-.250
mm., very well sorted, cross-laminated coal
spars

35.6 cm. of Mudshale, dark greenish gray
(5GY4/1), hard, 50% clay - 50% silt, cross-
laminated with wavy, convolute laminae, follow-
ed by 2.5 cm. of siltstone with clay clasts

and siderite nodules, slickensides, plant
fragments

61,0 cm. of medium Sandstone with randomly
orlented, abundant, large coal spars, average
grain size ,.250-.350 mm., moderately sorted

40.6 cm. of rippled, fine Sandstone, average
grain size .177-.250 mm., moderately sorted,
rippled coal spars

14.0 cm, of massive, fine Sandstone, light
gray (N7), average grain size .125-.177 mm.,
very well sorted, rcoted

15.2 cm., of Claystone, medium dark gray to
dark greenish gray (N4-5GY4/1), hackly, hard,

. 75% clay - 25% silt, slickensides, plant

fragments, rooting, mica
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1.4 m. of Organic Shale, medium dark gray (N4),
hackly, hard, 647 clay - 36% organics, lamin-
ation destroyed, rooted, slickensides

2.5 cm., of Coal

11.4 cm. of Clayshale, grayish black (N2),
hackly, hard, 90%.clay - 10%Z organics, wavy
parallel coal spar less than 1 mm. thick

15.2 e¢m. of fine Sandstone, average grain size
.177-.250 mm., moderately sorted, with slump-
ed shale and coal spar

14,0 em. of Mudshale, medium dark gray (N4),
50% clay - 50% silt, wavy parallel silt lam-
inae 1-2 mm. thick, minor bioturbation, sand
bed 2.5 cm. thick, .177-.250 mm.

45.7 cm. of Clayshale, top is dark gray (N3)
base is grayish black (N2), hackly, even para-
llel siderite laminae 3 mm. thick, discontin-
uous wavy parallel near base, fissile parting

66.0 cm. of Coal

74.9 cm. of Claystone, greenish gray to dark
greenish gray (5GY6/1-5GY4/1), hackly, soft,
73% clay - 27% silt, rooted, slickensides,
dark green glauconite-like grains .710 mm.

1.7 m. of Mudstone, gradational color change
from dark greenish gray (5GY4/1) at top to
dark gray (N3) at base, hackly, hard, 33% clay
- 67% silt, platy parting, plant fragments,
rooted, trace siderite, mica
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45.7 cm. of laminated Siltstone, medium gray
(N4), 32% clay - 68% silt, even parallel silt
laminae 1 mm. thick, flaggy parting

1.8 m. of Mudshale, dark gray (N3), brittle,

hard, 50% clay - 50% silt, even discontinuous
parallel silt laminae less than 1 mm. thick,

flaggy parting, siderite and organic laminae

1 mm. thick increase in lower 68.6 cm., plant
fragments

20.3 cm. of Mudshale, dark gray to dark green-
ish gray (N3-5GY4/1), hackly, hard, 60% clay -
407% silt, even parallel silt and clay laminae
1-4 mm. thick, sand bed at 10 cm., erosive
basal contact

72.4 cm. of massive, medium Sandstone, yellow-
ish gray (5Y8/1), average grain size .177-.350
mm., well sorted, occasional coal spar

73.7 cm. of rippled, fine Sandstone, yellowish
gray (5Y8/1), average grain size .125-.250 mm.,
well sorted, becomes massive at 25.4 cm. for
22.9 cm., rare coal spars
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81.3 cm. of massive, fine Sandstone, very
light gray (N8), average grain size .177-
<250 mm., very well sorted, infrequent coal
spars

49,5 cm., of cross-laminated, medium Sandstone,
grayish black to yellowish gray (N2-5Y8/1),
average grain size .250-.350 mm., moderately
sorted, laminae less than 5 mm. apart in upper
20.3 cm., becoming cross-bedded toward base

19.1 cm. of massive, medium Sandstone, yellow-
ish gray (5Y8/1), average grain size .350-.500
mm. , moderately sorted, with abundant clay
clasts

2.0 m., of massive, medium Sandstone, yellow-
ish gray (5Y8/1), average grain size .350-.500
mm. , moderately sorted, rare coal spars

35.6 cm. of massive, medium Sandstone, yellow-
ish gray (5Y8/1), average grain size .177-
«350 mm., moderately sorted, with clay clasts
and coal spars

11.4 cm., of laminated, fine Sandstone, very
light gray (N8), average grain size .177-.250
mm,., , well sorted, organic rich laminae 6 mm.
thick

19.1 cm. of massive, medium Sandstone, yellow-
ish gray (5Y8/1), average grain size .250-.350
mm. , very well sorted, clay clasts and coal
spars abundant in lower 10.2 cm.
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91.4 cm. of massive, fine Sandstone, very
light gray (N8), average grain size .177-
.250 mm., very well sorted

25.4 cm. of cross-laminated, fine Sandstone,
as above

78.7 cm, of massive, fine Sandstone, as above
with 3.8 cm. of rippled coal spar 30.5 cm.
from base

1.1 m. of generally massive, medium Sandstone,
light gray (N7), average grain size .250-.350
m., well sorted, rare coal spars, alternating
with 4 cross-laminated units 7.6 to 22.9 cm.
thick

2.4 m, of massive, medium Sandstone, light
gray (N7), average grain size .250-.350 mm.,
size increases downward, well sorted, isolated
thin ripple laminae ‘
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1.3 m. of rippled, fine Sandstone, light gray

'(N7), average grain size .177-.250 mm., well

sorted, rare coal spar, 38.1 cm. .0f massive
sand at 76.2 cm. <

1.6 m. of massive, medium Sandstone, light

gray (N7), average grain size .250-.350 mm.,
very well sorted, infrequent ripple laminae
and coal spars

48.3 cm., of rippled, medium Sandstone, as
above, with large coal spars, clay clasts,
and siderite pebbles in basal 10.2 cm,

25.4 cm. of massive, fine Sandstone, light
gray (N7), average grain size .177-.250 mm.,
well sorted

25.4 cm, of rippled, fine Sandstone, as
above

61.0 cm, of massive, medium Sandstone, light

gray (N7), average grain size .250-.350 mm.,

well sorted, large coal spar 5 mm., thick 8.9
cm. from base : ‘

71.1 cm. of cross-laminated, medium Sandstone,
light gray (N7), average grain size .250-.350
mm., well sorted, laminae 2 mm. thick, 20.3
cm, of massive sand at 81.3 cm.
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68.6 cm. of rippled, medium Sandstone, simi~
lar to previous unit

95.2 cm. of massive, medium Sandstone, light
gray (N7), average grain size .250-.350 mm.,
very well sorted

25.4 cm. of medium Sandstone, light gray (N7),
with clay clasts in upper 10.2 cm., followed
by cross-laminae and rippled coal spar to
base, average grain size .250-,350 mm., moder-
ately sorted

86.4 cm. of rippled, fine Sandstone, light
gray (N7), average grain size .177-.250 mm.,
very well sorted

55.9 cm. of massive, fine Sandstone, light
gray (N7), average grain size .177-.250 mm.,
very well sorted, with 3.8 cm. of rippled
coal spar 15.2 cm. from base
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3.3 m. of alternating Mudshale and Mudstone,
olive gray to dark greenish gray (5Y4/1-
5GY4/1), hard, with plant fragments, mica,
iron staining (siderite). Mudstones contain
33% clay ~ 67% silt. Mudshales contain

497% clay - 517 silt, with even discontinuous
parallel silt laminae 1-2 mm. thick, rare
bioturbation, silt content and laminae thick-
ness decrease toward base.

9 units were differentiated, the 5 mudshale
units range from 7.6 cm. to l.l1 m. thick,
the 4 mudstone units range from 6.4 cm. to
36.8 cm. thick

1.8 m. of Mudstone, dark greenish gray
(5GY4/1), hard, 65% clay - 35% silt, slabby
parting, siderite, plant fragments
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55.9 em. of Sideritic Shale, grayish black

(N2), hackly, 78% clay - 5% silt - 17% sid-
erite, slabby parting, small siderite nod-

ules 1x5 mm.

40.6 cm. of Siltstone, medium gray to dark
greenish gray (N5-5GY4/1), laminae destroyed
by bioturbation, brachiopods, silt decreases
toward base

2.9 m. of Mudshale, dark gray (N3), hackly,
487 clay - 527% silt, discontinuous wavy
parallel silt and organic laminae 1 mm,
thick, plant fragments, mica, siderite

74.0

cont.

17.8 cm. of Mudstone, olive black (5Y2/1),
hackly, hard, 50% clay - 50% silt, churned
(bioturbated), flaggy parting
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20.3 cm. of Clayshale, olive black (5Y2/1),
hackly, hard, 83% clay - 17% silt, even
parallel color laminae 1-2 mm. thick, flaggy
parting, sharp basal contact

69.8 cm., of Coal

10.2 cm. of Claystone, grayish black (N2),
hackly, soft, 90% clay - 10% organics, slick-
ensides, coal fragments

50.8 cm. of Coal

33.0 cm. of Organic Shale, grayish black (N2),
hackly, soft, 66% clay - 2% silt ~ 32% organ-
ics, rooted

39.4 cm. of Coal

RN

20.3 cm. of Claystone, medium dark gray (N4),
hackly, soft, 907% clay - 107% silt, slicken-
sides, rooted

87.6 cm. of laminated Siltstone, medium gray
(N5), blocky, 32% clay - 68% silt, wavy para-
1llel silt and organic laminae 1-2 mm. thick
in uppetr 67.3 cm., wavy discontinuous clay
laminae less than 1 mm. thick in lower 20.3
cm., horizontal burrow, plant fragments, root-
ing, disseminated siderite

1.4 m. of Mudshale, dark greenish gray
(5GY4/1), hackly, hard, 50% clay - 50% silt,
wavy parallel silt laminae 2-3 mm. thick,
slabby parting, plant fragments, mica, sid-
erite
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25.4 cm., of Sideritic Shale, olive black
(5Y2/1), hackly, hard, 70% clay - 11% silt -
197% siderite, discontinuous wavy parallel
organic laminae less than 1 mm. thick, blocky
parting, siderite nodules, plant fragments

48.3 cm. of Mudshale, medium dark gray (N4),

hard, 40% clay - 60% silt, discontinuous wavy

=] parallel laminae less than 1 mm. thick, slick-
\\\\\ensides, coal spar, plant fragments

27.9 cm, of laminated Siltstone, olive gray
to medium dark gray (5Y4/1-N4), hard, 25%
clay - 75% silt, even parallel silt and clay
laminae 1-4 mm. thick, silt increases toward
base, plant fragments, coal spar, rare sid-
erite

50.8 cm. of laminated, very fine Sandstone,
light ‘gray (N7), average grain size .088-
.177 mm., very well sorted, with even para-
llel organic laminae

1.1 m. of fine Sandstone, light gray (N7),
average grain size .177-.250 mm., well sort-
ed, upper 35.6 cm, massive, lower 71.1 cm.
rippled with organic rich wavy laminae

16.5 em. of Coal

21.6 cm. of Mudstone, dark greenish gray
- (5GY4/1), hackly, hard, 337% clay - 67% silt,
slickensides, plant fragments, rooted

52.1 cm., of Siltstone, medium light gray to
greenish gray (N6-5GY6/1), hackly, 30% clay =~
70% silt, disrupted laminae, slickensides,
plant fragments, rooted
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88.9 cm. of Mudstone, medium gray (N4),
hackly, hard, 53% clay - 347Z silt - 13% sid~
erite, slabby parting, small siderite nod-
ules, plant fragments.

83.1

58.4 cm. of Siltstone, medium light gray (N5),
247 clay - 71% silt -~ 5% siderite, discontin-
uous wavy parallel clay laminae in lower 33.0
cm., plant fragments

49.5 cm. of Claystone, medium gray (N4), hack-
ly, hard, 66% clay - 34% silt, slabby parting,
3 mm, clay clasts, rooting, trace siderite

1.2 m. of laminated Siltstone, dark gray (N3),
30% clay - 70% silt, discontinuous wavy silt
and clay laminae 1-2 mm. thick, flaggy parting,
plant fragments

90.2 cm. of Claystone, dark gray (N3), hackly,
hard, 66% clay - 34% silt, rare very thin,
discontinuous parallel laminae, clay increases
to 90% between 43.2 and 57.2 em., plant frag-
ments, slickensides

86.3
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96.5 cm. of Claystone, medium gray (N5),
hackly, hard, 81% clay - 11% silt - 8% sid-
erite, slightly siltier in upper 60.9 cm.,
plant fragments

87.2 —ppmmmmd

61.0 cm., of Coal

il Iyt 17.8 cm. of Claystone, olive gray (5Y4/1),
' soft, 90% clay - 107 silt, slickensides

47.0 cm. of Coal

17.8 cm. of Organic Shale, dark gray (N2),
— hackly, soft, 66%Z clay - 2% silt - 327 or-
: ganics, discontinuous wavy parallel organic
3 laminae 3 mm. thick, slickensides

43.2 cm of Coal

27.9 cm. of Organic Shale, same as previous

organic shale
89.4
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Core #9A (LV1), Leeco Coal Co., carter coordinates 15-K-78,

depth
(meters)

5.7

1400' FNL x 1600' FWL, elev. 1410', Vest Quadrangle, Knott
County, Kentucky.

3.0 m. of casing

1.2 m. of cross-bedded, fine Sandstone, pale
yellowish orange (10YR8/6), average grain
size .177-.250 mm,, well sorted, beds 1 cm.
thick, iron stained, massive in basal 15.2 cm.

20.3 em, of laminated, medium Sandstone, light
gray (N7), average grain size .177-.350 mm.,
well sorted

25.4 cm. of massive, medium Sandstone, as
above

1.0 m. of rippled, fine Sandstone, pale yel-
lowish orange (l0YR8/6), average grain size
.177-.250 mm., well sorted, ripples occur in-
frequently throughout

1.9 m. of massive, medium Sandstone, pale
yellowish orange (10YR8/6), average grain
gize .250~,350 mm., well sorted
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1.5 m. of cross-bedded, medium Sandstome,

: pale yellowish orange (10YR8/6), average
grain size .177-.350 mm., moderately sorted,
ripples in upper 20.3 cm.

ceet,
.
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1.4 m. of massive, medium Sandstone, pale
yellowish orange (10YR8/6), average grain
size .250-.350 mm., moderately sorted, very
infrequent ripples :

45,7 em. of cross-bedded, medium Sandstone,
pale yellowish orange (1OYR8/6), average
grain size .177-.350 mm., well sorted, be-
coming rippled in lower 15.2 cm.

30.5 cm. of massive, medium Sandstone, as
above

11.2

78.7 cm. of rippled, medium Sandstone, as a-
bove, with clay clasts up to 1.5 cm. long,
and organic rich ripple laminae in basal 21.6
em., 17.8 cm. of massive sand 20.3 cm. from
top
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40.6 cm. of massive, medium Sandstone, pale
yellowish orange (10YR8/6), average grain
size .250<.350 mm., very well sorted

17.8 cm. of massive, medium Sandstone, light
gray (N7), with coal spars

52.1 cm. of cross-laminated to laminated, me-
dium Sandstone, light gray (N7), average
grain size .250-.350 mm., very well sorted

20.3 cm. of massive, medium Sandstone, light
gray (N7), with coal spars

2.2 m. of cross-laminated and rippled, medium
Sandstone, light gray (N7), laminae become
more abundant and organic rich toward base,
average grain size .177-,350 mm., moderately
sorted

59.7 cm. of Mudstone, medium gray (N5), hard,
34% clay - 55% silt - 11% siderite, plant
fragments

94.0 cm, of Mudshale, dark gray (N3), hard,
65% clay - 35% silt, even parallel organic
and silt laminae 1-2 mm. thick, laminae slight-

ly inclined
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43,2 cm., of Clayshale, dark gray to dark green-
ish gray (N3-5GY4/l), hackly, moderately hard,
78% clay - 227% 'silt, wavy parallel to even
parallel clay and siderite laminae 1 mm. thick,
clay laminae disrupted by large pyrite nodules
(6-15 mm.), abundant plant fragments

17.8 cm. of Mudshale, dark gray (N3), hard,
50% clay - 50% silt, even parallel silt lamin-
ae 1-2 mm., thick, sand in top 2.5 cm.

organic laminae 1-2 mm. thick, slightly in-
clined, rare siderite

: 27.9 cm. of Clayshale, dark gray (N3), moder-
; ately hard, 75% <clay - 25% silt, even parallel

38.1 cm: of massive, medium Sandstone, light
gray (N7), average grain size .250-.350_mm.,
very well sorted

19.1 em. of rippled, medium Sandstone, as
above

25.4 ci. of massive, medium Sandstone, as
above, becoming laminated in basal 5.1 cm.

30.5 cm. of rippled, medium Sandstone, as
above, with clay clasts and coal spars

58.4 cm. of massive, fine Sandstone, light
gray (N7), top 7.5 cm. laminated, average
grain size .177-.250 mm.,.moderately sorted .

size of sand .177-.250 mm.

47.0 cm, of rippled, medium Sandstone with
abundant clay clasts, light gray (N7), aver-
age grain size ,250-.350 mm., well sorted

: 19.1 cm. of laminated Siltstone, medium light
: gray (N6), 16% clay - 747 silt+sand - 107 or-
. ganics, wavy parallel laminae, average grain

90.2 cm. of rippled, medium Sandstone, 1ight
gray (N7), average grain size .250-.350 mm.
very well sorted
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6.4 cm. of Claystone, dark gray (N3), brittle,
moderately hard, 80% clay - 207 silt, slick-
ensides -

2.5 em. of Coal

1.1 m. of Claystone, medium gray to dark
greenish gray (N5-5GY4/1), 67% clay - 31%
silt - 2% siderite, rare disc¢ontinuous silt
laminae, slickensides, rooting, clay clasts,
plant fragments

25.4 cm. of Mudstone, dark greenish gray
(5GY4/1), hard, 52% clay - 47% silt - 1% sid-

\\\\\erite, rooted, very rare burrows

43.2 cm. of interbedded Mudstone/Siltstone,

medium gray (N5), approximately 25% clay -

‘ 75% silt in siltstone, beds up to 6 cm.
\\\\\Fhick, rare bioturbation

15.2 cm. of Siltstone, dark greenish gray
(5GY4/1), laminae destroyed (churned), sid-
erite nodules .o

50.§:cm. of Sideritic Shale, dark greenish
gray (5GY4/1), hard, 587 clay = 22% silt -

erite in nodules and disseminated grains, a-
bundant plant fragments

\\\\\20% siderite, silt decreases toward base, sid-

73.7 cm. of Mudstone, medium gray (N5), hard,
407 clay - 50% silt - 10% siderite, siderite
in nodules and diffuse laminae

73.7 cm., of rippled, fine Sandstone, dark
greenish gray (5GY4/1), average grain size
.088-.250 mm., well sorted, infrequent sid-
erite nodules
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62.2 m., of Mudstone, dark greenish gray
(5GY4/1), 40% clay - 55% silt - 5% siderite,
even parallel organic and siderite laminae

2 mm. thick, small burrows, plant fragments,
erosive basal contact

8.9 cm. of rippled, fine Sandstome, light
gray (N7), average grain size .177-.250 mm.,
very well sorted

27.9 cm, of Sideritic Shale, dark greenish
gray (5GY4/1), 22% clay - 56% silt - 22% sid-
erite, infrequent plant fragments

1.5 m. of Mudstone, medium gray (N3), hard,
39% clay - 617% silt, even parallel organic
laminae 1-2 mm. thick, infrequent siderite
laminae, abundant plant fragments and leaf
impressions, 8.9 cm. of siltier mudshale at
1.1 m,

29.2 cm. of Sideritic Shale (clayshale), dark
gray to dark greenish gray (N3-5GY4/1), hack-
ly, moderately hard, 717 clay - 107 silt -

~ 19% siderite, discontinuous wavy parallel
siderite laminae, abunadant plant fragments,
sparse coal spar

57.9 cm., missing, logged as 39.6 cm. of (324)
dark gray, massive, sandy shale, followed by
18.3 cm. of (124), dark gray shale

87.6 cm. Coal

21.6 cm.,, missing, logged as (127), dark gray
fire clay
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31.8 cm. of Coal

53.3 cm. of Siltstone, dark greenish gray
(56Y4/1), 25% clay - 75% silt+sand, sand
averages ,088~.125 mm., abundant plant frag-
ments

52.1 cm., of Mudshale, dark gray (N3), 33%
clay - 63% silt - 4% siderite, discontinuous
wavy parallel clay laminae 1-3 mm. thick,
small horizontal burrows, slickensides, plant
fragments

53.3 cm. of rippled, fine Sandstone, light
gray (N7), average grain size .125-,177 mm.,
very well sorted, sparse bioturbation

\

16.5 cm. of laminated Siltstone, dark green-
ish gray (5GY4/1), 30% clay - 70% silt, even
parallel silt laminae 2 mm. thick increasing
in abundance downward, sparse bioturbation

34,3 cm. of cross-laminated, very fine Sand-
stone, light gray (N7), average grain size
.088~.125 mm., laminae approximately 2 mm.
thick, slightly inclined to parallel, clay
laminae increase toward base

17.8 cm. of Mudstone, dark gray to medium
dark gray (N3-N4), brittle to hackly, hard,
407 clay ~ 607 silt, abundant plant fragments

14.0 em., of Siltstone, medium gray (N5), 207%
clay - 80% silt, rooting, plant fragments

50.8 cm., of cross-laminated, fine Sandstone,
light gray (N7), average grain size .125-.177
mm,, very well sorted

16.5 cm. of Mudstone, medium gray to dark
greenish gray (N5-5GY4/1), hard, plant frag-
ments
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22.9 cm. of cross-laminated, fine Sandstone,
light gray (N7), average grain size .125-.177
mm., very well sorted, infrequent rooting,
clay clasts at base

30.5 cm. of Siltstone, dark gray (N3), 30%
clay - 70% silt, rooted

26.7 cm. of laminated, fine Sandstone, aver-
age grain size .177~.250 mm., very well
sorted, infrequent rooting

17.8 cm, of laminated Siltstone, dark gray
(N3), 327% clay - 68% 'silt, even parallel
sandy (.177-.250 mm.) laminae

20.3 cm. of fine Sandstone, light gray (N7),
average grain size .177-.250 mm., rippled in
upper 2.5 cm., massive for next 10.2 cm.,
then cross~bedded to base, beds 1l cm. thick

40.6 cm. of fine Sandstone interbedded with
Siltstone, light gray to dark gray (N7-N3),
beds up to 5.1 cm. thick, steeply inclined

(slump), rare siderite, erosive basal con-

tact

2.2 m, of cross-laminated, fine Sandstone,
light gray (N7), average grain size .177-.250
mm,, very well sorted, laminae 1-5 mm. thick,
clay clasts in upper 7.6 cm.

AN

30.5 cm. of massive, medium Sandétone, light
gray (N7), average grain size .250-.350 mm.,
moderately sorted, erosive basal contact

7.6 cm. of Mudstone, dark gray (N3), hard,
60% clay - 40% silt, plant fragments, mica

40.6 cm. of Clayshale, dark greenish gray
(5GY4/1), soft, 75% clay - 20% silt - 5% sid-
erite, discontinuous wavy parallel organic
laminae, siderite nodules, plant fragments,
erosive basal contact
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15.2 cm. of Siltstone, olive gray (5Y4/1),
hackly, 20% clay - 80% silt, rooted, plant
fragments, slickensides at base :

16.5 cm. of rippled, very fine Sandstone,
medium dark gray (N4), average grain size
.177~.250 mm., rare bioturbation

62.2 cm. of laminated, medium Sandstone,
light olive gray (5Y6/1), average grain size
.250-,350 mm., moderately sorted, upper 36 cm.
abundantly rooted

1.1 m. of laminated Siltstone with interbedded
Sandstone, dark greenish gray (5GY4/1), 33%
clay - 67% silt+sand, even parallel laminae
1-5 mm. thick, rare plant fragments

12.7 cm. of laminated, fine Sandstone, light
gray (N7), average grain size .177-.250 mm.,
very well sorted

21.6 cm. of Mudshale, dark gray (N3), hard,
607% clay - 40% silt, even discontinuous par-
allel silt laminae 1 mm. thick, disseminated
pyrite

41.0

12.7 cm. of Clayshale, medium gray (N5),

changing to grayish black (N2) at base, soft,
90% clay - 107 silt, even parallel clay lam-
inae 1-5 mm. thick

25.4 cm, of Coal

12.7 cm. of Claystone, olive gray (5Y4/1),
hackly, 90% ¢lay - 10% silt, plant fragments,
slickensides

45.7 cm, of Sideritic Shale (mudstone with in-
terbedded very fine sand .088~.125 mm.), dark
greenish gray (5GY4/1), 33% clay - 52% silt -~
15% siderite, rooted, sharp basal contact
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72.4 cm, of rippled, fine Sandstone, light
gray (N7), average grain size .177-.250 mm.,
very well sorted

41.7

71.1 cm. of Mudshale, dark gray (N3), hard,
45% clay - 50% silt - 5% siderite, even par-
allel siderite, organic, and silt laminae
1-4 mm. thick, plant. fragments, rare bio-
turbation .

73.7 cm. of rippled, fine Sandstone, light
gray (N7), average grain size .125-,250 mm.,
well sorted, 12.7 cm. of cross-lamination
beginning at 30.5 cm.

38.1 cm. of Claystone, dark gray (N3), héckly,
90% clay - 10%Z silt, abundant plant and woody
fragments, rooting, slickensides, flaggy
parting

33.0 cm. of laminated Siltstone, light gray
(N7), 20% clay - 80% silt, discontinuous wavy
parallel laminae

29.2 cm. of rippled, very fine Sandstone,
light gray (N7), average grain size .088-.125
mm., very well sorted, rooted at base

17.8 cm. of Mudshale, medium gray (N5), hard,
40% clay - 607 silt, wavy parallel laminae

less than 1 mm. thick, rooted

44,7

10.2 cm. of rippled, fine Sandstone, light

gray (N7), average grain size .177-.250 mm.,
very well sorted

26.7 cm. of Mudshale, dark gray (N3), hard,
50% clay - 50% silt, wavy parallel laminae
1 mm, thick, flaggy to slabby parting




44.9

113

20.3 cm. of cross-laminated, fine Sandstone,
medium light gray (N6é), average grain size
.125-,177 mm., very well sorted, laminae

1 mm. thick '

49.5 cm. of Mudshale, medium gray (N5), hard,

.60% clay - 407 silt, even parallel laminae

1-5-mm. thick

21.6 cm. of laminated Siltstone, medium dark
gray (N4), 32% clay - 687 silt, even discon-
tinuous parallel silt laminae 1 mm. thick

78.7 cm. of Clayshale, dark gray (N3), moder-
ately soft, fines downward from 66% clay -

34% silt to 78% clay - 157% silt - 7% organics,
even parallel clay laminae 1-3 mm. thick, sid-
erite bands, plant fragments, slickensides at
base, very even parting surface

30.5 cm. of Coal

2.0 m. of massive, medium Sandstone, light
gray (N7), average grain size .250-.350 mm.,
moderately sorted, clay clasts at 15.2 cm.

48'7

2.8 m. of rippled and cross-laminated, medium

Sandstone, light gray (N7), average grain size
+250~,350 mm., moderately sorted, laminae

1-2 mm. thick, 1l massive bed, infrequent coal

spar
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2.4 m. of massive, medium Sandstone, with
abundant coal spars, light gray (N7), aver-
age grain size ,250~.350 mm., poorly sorted,
pebbles (siderite), clay clasts, several
gravel lag deposits

1.0 m. of massive, medium Sandstone, with
rare ripples, pebbles, and coal spar, aver-
age grain size ,350-.500 mm., moderately
sorted, erosive basal contact

1.3 m. of Sideritic Shale (clayshale), me-
dium gray (N5), moderately hard, 447 clay -
21% siderite - 8% organics ~ 277 silt, even
parallel organic laminae 2 mm. thick, abun-
dant siderite nodules, plant fragments, rare
coal spar

6.4 cm. of Siltstone, grayish black (N2),

30% clay - 707% silt, coal spars and clay

clasts

10.7 em. of Coal
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54.6 cm. of Siltstone, greenish gray (5GY6/1),
8% clay - 927 silt+sand, laminae destroyed by
abundant rooting, rare vertical burrows, sand
averages .088-,125 mm,

45.7 cm. of medium Sandstone with interlamin-
ated shale, light gray (N7) and dark gray
(N3), average grain size .250-.350 mm., shale
laminae are wavy parallel 2-3 mm, thick, rare
oblique burrows, 60% ss. - 40% sh.

8.9 cm. of massive, medium Sandstone, with
coal spar and clay clasts, average grain size
«250-.350 mm., well sorted

50.8 cm. of fine Sandstone with interlamin-
ated shale, light gray (N7) and dark gray
(N3), average grain size .125-.250 mm., very
well sorted, shale laminae are wavy parallel
1-3 mm. thick, 65% ss. - 35% sh., rare root-
ing and siderite

15.2 cm. of Siltshale, medium gray to light

olive gray (N5-5GY6/1), 10% clay - 90% silt,
wavy parallel laminae less than 1 mm. thick,
becomes sandy at base .125~.177 mm., erosive
basal contact

'HEHHKHY

47.0 cm. of Mudshale, dark gray to medium
dark gray (N3-N4), soft, 44% clay - 517% silt
- 5% siderite, even parallel silt and sider-
ite laminae 1-3 mm. thick, plant fragments

16.2 cm. of Coal

49.5 cm. of Claystone, medium gray (N5), mod-
erately soft, 75% clay - 197 silt - 67% organ-
iecs, wavy parallel organic laminae less.than
1 mm. thick, rooted, slickensides, coarsening
downward

cont,

1.2 m. of fine Sandstone with interlaminated
shale, light gray (N7) and dark gray (N3),

‘average grain size .177-.250 mm., well sorted,

wavy parallel organic laminae, shale becomes
dominant toward base
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50.8 cm, of laminated Siltstone, light gray
(N7), 16% clay - 8% organics - 76% silt,
discontinuous wavy parallel organic laminae
1 mm. thick, disseminated siderite, (flaser
bedding) :

79.2 cm, of Mudstone, medium gray (N5), hard,
607 clay - 40% silt, slabby parting with
even surface, disseminated siderite

40.6 cm. of Clayshale, dark gray (N3), hack-
ly, soft, 75% clay - 20% silt - 57% siderite,

'even parallel siderite and organic laminae

1-3 mm. thick, plant fragments, rooting,
slickensides

1.1 m. of Mﬁdstone, light olive gray (5Y4/1),
457% clay - 55% silt, large clay pebble 1.5 x
3.0 em.,, becomes sandy toward base, rooted

45,7 cm. of laminated Siltstone, light gray
(N7), 20% clay - 80% silt+sand, discontinuous
wavy parallel organic laminae, sand averages
.125-,177 mm.,

96.5 cm. of rippled, fine Sandstone, light
gray (N7), average grain size .125-.177 mm.,
very well sorted
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25.4 cm. of laminated, fine Sandstone, light
gray (N7), average grain size .177-.250 mm.,
well sorted '

1.2 m. of rippled, fine Sandstone, as above,
very well sorted

29.2 em, of massive, fine Sandstone, as above,
moderately sorted .

41.9 cm. of cross-laminated, medium Sandstone,
light gray (N7), average grain size .250-.350
mm,, well sorted, laminae 3 mm. thick

41.9 cm., of massive, fine Sandstone, light
gray (N7), average grain size .177-.250 nm.,
well sorted

2.1 m. of cross-laminated to cross-bedded,
medium Sandstone, light gray (N7), average
grain size .350-.500 mm., moderately sorted

62,2 cm. of rippled, medium Sandstone, light
gray (N7), average grain size .250-.350 mm.,
well sorted, very infrequent clay clasts



70.0

118

1.7 m. of massive, fine Sandstone with clay
clasts and coal spars at 1.3 m., light gray
(N7), average grain size .177-.250 mm., mod-
erately sorted ’

1.5 m., of cross-bedded, fine Sandstone, as
above, beds 1 cm. thick

47.0 em. of massive, medium Sandstone, light
gray (N7), average grain size .250-.350 mm.,
moderately sorted, rare coal spars and clay
clasts near base

76.2 cm., of Coal

69.8 cm. of Claystone, dark greenish gray
-(56Y4/1), soft, 90% clay - 10% silt, clays
appear to swell, rooted
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1.2 m., missing, logéed as (547), rooted,

gray sandstone

b e e - ——

91.4 cm. of Mudstone, medium gray to olive
gray (N5-5Y4/1), hackly, hard, 49% clay -
51% silt, clay decreases toward base, abun-
dant rooting, plant fragments

— — — . — —

90.2 cm, of Mudstone, olive black (5Y2/1),
hard, 337% clay - 627 silt - 5% disseminated
siderite, slightly darker than above unit

47.0 cm. of rippled, fine Sandstone, light
gray (N7), average grain size ,125-.177 mm.,
very well sorted

30.5 cm., of massive, fine Sandstone with shale
rip-up clasts and infrequent ripples, average

\\\\\:grain size .177-.250 mm., -very well sorted
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80.0 cm. of rippled, very fine Sandstone,
light gray (N7), average grain size .088-~.125
mm., very well sorte@, infrequent coal spars

3.8 cm, of Mudshale, dark gray (N3), hard,
65% clay - 357% silt, even parallel laminae
1 mm., thick

48.0 cm., missing, logged similar to above
unit

38.1 cm. of rippled, fine Sandstone, light
gray (N7), average grain size .177-.250 mm.,
well sorted

1.7 m. of cross-laminated to cross-bedded,
medium Sandstone, light gray (N7), average
grain size ,250-,350 mm., moderately sorted,
very infrequent coal spars

1.1 m. of massive, medium Sandstone, as above,
well sorted

62.2 cm. of cross-bedded, medium Sandstone,
as above, beds up to 2.5 ecm. thick
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61.0 cm. of massive, medium Sandstone with
abundant coal spars,.siderite pebbles, and
shale clasts, poorly sorted

1.5 m. of rippled, fine Sandstone, light
gray (N7), average grain size .177-.250 mm.,
well sorted

27.9 cm. of medium Sandstone with rippled
coaly laminae, average grain size .250-.350
mm., well sorted, rare siderite nodules

24.1 cm, of massive, medium Sandstone, light
gray (N7), average grain size ,350-,500 mm.,
well sorted, infrequent coal spars

6.4 cm. of massive, medium Sandstone with
abundant clay clasts, average grain size .250-
.350 mm,, moderately sorted

1.2 m. of massive, medium Sandstone with in-
frequent coal spars, light gray (N7), average
grain size .250-,350 mm., very well sorted

6.4 cm. of Mudshale, dark gray (N3), moderate-
ly hard, 407% clay - 60% silt, wavy parallel
Jlaminae, plant fragments
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66.0 cm. of massive, coarse Sandstone with
coal spars, light gray (N7), average grain
size .500-.710 mm., well sorted

8.9 cm. of laminated Siltstone, olive black
(5Y2/1), convolute laminae

81.3 cm, of medium Sandstone with rippled
coaly laminae, pebbles and shale clasts near’
base, average grain size .250-.350 mm., well
sorted

1.5 m. of massive, fine Sandstone, light
gray (N7), average grain size .177-.250 mm.,
very well sorted, infrequent cross~laminae
and ripples

2.1 m. of rippled, fine Sandstone, as above

99.1 cm. of massive, medium Sandstone, light

-gray (N7), average grain size .350-.500 mm.,

well sorted
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1.9 m, of massive, medium Sandstone with in-
frequent coal spars and cross~laminae, aver-
age grain size .250-.350 mm., well sorted

3.6 m. of massive, medium Sandstone with in-
frequent coal spars, shale clasts and sider-
ite pebbles at 2.0 m., 2.6 m., and 3.0 . m.,
average grain size .177-.350 mm., moderately
sorted, grain size increases downward

50.8 cm. of rippled, medium Sandstone, light
gray (N7), average grain size .350-.500 mm.,
well sorted, very infrequent coal spars

47.0 cm. of massive, fine Sandstone, light
gray (N7), average grain size .177-.250 mm.,
moderately sorted
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94.0 cm., of medium Sandstone with rippled
coaly laminae in upper 33.0 cm., coal spars
throughout remainder, average grain size ,250-
.350 mm,, moderately sorted
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Core #8 (LV8), Leeco Coal Co., carter coordinates 3-K-78,

depth
(meters)

6.3

1400' FNL x 1800' FWL, elev. 1520', Vest Quadrangle, Knott
County, Kentucky.

3.0 m., casing

2.2 m. of massive, medium Sandstone with fre-
quent even parallel lamine, grayish orange '
(10YR7/4), average grain size .250-.350 mm.,
moderately sorted, laminated units 10-15 cm.
thick, iron stained, small siderite pebbles

at 91.4 cm.

76.2 cm. of massive, medium Sandstone, light
gray (N7), average grain size .250-.350 mm.,
well sorted, with siderite pebbles in basal
15 cm. which is fractured

6.4 cm. of Claystone, dusky yellow green

- (5GY5/2), soft, 90% clay - 10% silt, complete-

ly fractured

7.6 cm. of cross-laminated, medium Sandstone,
grayish orange (l10YR7/4), average grain size
.250~.350 mm., well sorted, appears weathered

17.8 cm. of laminated, medium Sandstone, light
gray (N7), average grain size .250~-,.350 mm.,
very well sorted, laminae are organic rich
less than 1 mm. thick, coal spars in basal
5cm,




6.4

10.5

126

7.6 cm. of Claystone, medium gray (N5), hack-
ly, moderately soft, 90% clay - 10% silt

66.0 cm. of massive, medium Sandstone with
cross-laminae, light gray (N7), average grain
size .250-.350 mm., moderately sorted, cross- .
laminated units 15 em. thick, very infrequent
ripples

1.0 m. of massive, medium Sandstomne, light
gray (N7), average grain size .250-.350 mm.,
moderately sorted, infrequent ripples

24,1 cm., of massive, medium Sandstone with
abundant coal spars, average grain size .177-
.350 mm., moderately well sorted, frequent
ripple laminae

1.6 m. of massive, medium Sandstone, light
gray (N7), average grain size .250-.350 mm.,
very well sorted, fining upward, rare cross-
laminae less than 1 mm, thick, erosive basal
contact

50.8 cm. of laminated Siltstone, dark green-—
ish gray (5GY4/1), 307 clay - 70% silt, wavy
parallel silt and very fine sand laminae 1 mm.,
thick, laminae become even parallel toward
base, plant fragments, slickensides

11.4 cm., of Claystone, dark gray (N3), hackly,
soft, 857% clay - 15% silt, plant fragments,
slickensides
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61.0 em. of Coal

11.1
15.2 cm. of Claystone, dark gray (N3), hack-
ly, moderately soft, 807% clay - 20% silt,
abundant plant fragments

22.9 cm. of Mudshale, dark gray (N3), 50%
clay - 50% silt, wavy parallel and discon-
tinuous wavy parallel silt and color laminae
1-3 mm. thick, plant fragments, erosive
basal contact :

21.6 cm. of rippled, fine Sandstone, light
gray (N7), average grain size .177-.250 mm.,
moderately sorted, woody fragment

1.5 m. of laminated Siltstone, dark gray (N3)
and light gray(N7), wavy parallel silt and
mud laminae 1-5 mm. thick (flaser), infre-
quent silt beds up to 2 cm. thick about 30 cm.
from top, rare burrows

61.0 cm., missing

13.8

1.5 m. of Mudshale, dark greenish gray (5GY4/1),
hackly~brittle, hard, 41% clay - 597% silt,
discontinuous wavy parallel silt laminae 1-2

mm. thick, flaggy to slabby parting, plant
fragments, rare bioturbation (horizontal bur~
rows)




15.3

19.1
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1.6 m. of Claystone, medium gray (N5), hack-
ly, hard, 70% clay - 30% silt, very rare
even discontinuous parallel silt laminae,
slabby parting, plant fragments

1.0 m. of Claystone, grayish black (N2),
brittle-hackly, soft, 80% clay - 15% silt -
5% pyrite, fabric laminae, flaggy to slabby
parting

61.0 ecm. of Coal

cont.

34.3 cm. of fine Sandstone, greenish gray
(5GY¥6/1), average grain size .125-.250 mm.,
moderately sorted, organic rich ripple laminae
in top 5 cm., remainder has considerable clay
with plant fragments, rooting, slickensides

29.2 cm. of massive, fine Sandstone, medium
gray (N5), average grain size .177-.250 mm.,
moderately sorted, large clay clasts in basal
8.9 em., clasts up to 1x3 cm.




19.2

25.0
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7.6 cm. of Mudshale, dark gray (N3), hard,
60% clay - 40% silt, even discontinuous para-
llel silt laminae, silt increasing toward
base, rare burrowing

2.1 m. of massive, medium Sandstone, light
gray (N7), average grain size .250-.350 mm.,
well 'sorted, rare coal spar and even parallel
laminae in top 10 cm.

2.0 m. of massive, medium Sandstone, light
gray (N7), average grain size ,250-,350 mm.,
moderately sorted, infrequent ripple laminae

25.4 cm. of cross-laminated, medium Sandstone,
light gray (N7), average grain size .250-.350
mm., , well sorted

1.1 m. of massive, medium Sandstone, as above
with infrequent ripple laminae

30.5 cm. of rippled, medium Sandstone, as
above




25.5

31.0
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50.8 cm. of massive, medium Sandstone, sim-
ilar to previous units

27.9 cm. of cross-bedded, medium Sandstone,
as above, beds 1-3 cm. thick

3.4 m. of alternating rippled and massive,
medium Sandstone, light gray (N7), average
grain size .250-.350 mm., well sorted, &
rippled units 33-68 cm. thick, 3 massive
units 25-84 cm., thick, coal spar at 1.1 and
1.4 m.

1.8 m. of alternating cross-~laminatdd and
massive, medium Sandstone, light gray (N7),
average grain size .250-.350 mm., well sorted,
3 cross-laminated units 17-46 cm., thick, 2
massive units 25-~78 cm. thick, clay clasts

at 50.8 cm,

5.8 m. of massive, fine Sandstone, light gray
(N7), average grain size .177-.250 mm., well

sorted, coarsening downward, infrequent rip-

ple laminae



36.8
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1.3 m., missing

40,3 iR

‘5.0 cm. of Coal

12.7 cm. of Clayshale, medium gray (N5), hack-
ly, 83%Z clay -~ 17% silt, discéntinuous wavy
parallel organic laminae, slickensides

24.1 cm. of rippled, medium Sandstone, medium
dark gray (N4), average grain size .350-.500
m., moderately sorted, rooted, coal spars

17.8 cm. of Clayshale, medium gray (N5), mod-
erately hard, 837 clay - 17% silt, discontin-
uous wavy parallel organic 1am1nae, rooting,
slickensides, rare burrows

1.0 m. of massive, medium Sandstone, light
gray (N7), average grain size .250-.350 mm.,
moderately sorted, large coal spars 45 cm.
from top, large clay clasts and siderite peb-
bles in basal 12.7 cm.

61.0 cm. of massive, medium Sandstone, light
gray (N7), average grain size .350-.500 mm.,
rippled in upper 5 cm., 10 cm. of cross-lam-
ination, clay clasts and siderite pebbles in

d____basal 12.7 cm.




41.5

43.9
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1.2 m., missing

1.1 m. of alternating Siltstone and lamin-
ated Siltstone, dark greenish gray (5GY4/1),
blocky, 29% clay - 66% silt - 5% organics,

3 siltstone units 12-28 cm. thick, 2 lam-
inated units 12-43 cm. thick, silt laminae
are even parallel 1-3 mm. thick, rare bur-
TOWS

1.3 m. of laminated Siltstone, dark greenish
gray (5GY4/1), 20% clay - 80% silt, even dis-
continuous parallel silt to fine sand laminae
4-5 mm. thick, rare burrows

1.3 m. of Mudstone, dark greenish gray
(5GY4/1), 39% clay - 55% silt - 67% siderite,
infrequent silt laminae less than 1 mm. thick,

plant fragments



45,2

48.7
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1.0 m. of Clayshale, medium dark gray (N4),
hackly, hard, 747% clay - 22% silt - 47 or-
ganics, even discontinuous siderite laminae
1-2 mm. thick, small siderite nodules, plant
fragments

12.7 cm. of Siltstone, medium gray (N5), 15%
clay - 85% silt & fine sand (.088-.125 mm.),
plant fragments

26.7 cm. of Mudstone, dark gray (N3), hackly,
60% clay - 40% silt, rare even parallel silt
laminae 1 mm. thick

61.0 cm. of Coal

15.0 cm. of Claystone, missing

45.7 em. of Coal

15.0 cm. of Claystone, missing

45,7 cm. of Coal

b o -

30.5 cm. of Claystone, medium dark gray (N4),
hackly, 83% clay - 177 silt, fabric laminae,
abundant plant fragments, rooted, slicken-
sides '




49.6

52.4
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91.4 cm. of Mudstone, dark gray (N3), hackly,
hard, 39% clay - 297% silt - 12% organics,
even parallel silt laminae less than 1 mm.
thick develop toward base, abundant plant
fragments, siderite nodules, disseminated
siderite :

—_——— —— — ]

35.6 cm, of Mudshale, dark greenish gray
(5GY4/1), hard, 55% clay - 45% silt, even
parallel silt laminae 1 mm. thick, isolated
siderite nodule, rooted

1.3 m. of laminated Siltstone, medium gray
(N5), 30% clay - 707 silt, wavy parallel lam-
inae 1-5 mm. thick, 35.6 cm. of siltstone
beginning at 68.6 cm., siderite nodules

40.6 cn., of Mudstone, medium gray (N5), hard,
50% clay - 507 silt, extensively rooted,
plant fragments, trace siderite

15.2 cm. of Siltstone, medium light gray (N6),
20% clay - 807% silt

53.3 cm. of laminated Siltstone, medium dark
gray (N4), 307% clay ~ 70% silt, even discon-
tinuous parallel clay laminae 1-5 mm. thick,
rooting, siderite

S~

83.8 cm., missing, including 22.8 cm. of coal
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53.2

25.4 cm. of Mudshale, medium dark gray (N4),
hard, siderite nodules and thin 1 cm. thick
sand beds '

6.4 cm. of massive, fine Sandstone, light
gray (N7), average grain size .177-.250 mm.

25.4 cm.

of laminated Siltstone, similar to

53.3 cm., unit previously described

25.4 cm. of Mudstone, dark gray (N3), hard,
427 clay - 53% silt - 57 siderite, isolated
thin silt laminae

2.0 m. of alternating Siltstone and laminated
Siltstone, similar to previous silt units,
rare thin beds of fine sandstone, convolute
laminae, 4 siltstone units 20-38 cm. thick,

4 lamipated units 8-30.5 cm. thick

83.8 cm. of Siltstone with interbedded fime
Sandstone, silts are similar to those pre-
viously described, sand beds range from 5-
10 cm. thick, sands frequently rippled

40.6 cm. of rippled, fine Sandstone with clay
clasts, light gray (N7), average grain size
.125-,177 mm., 2.5 cm. of shale at base, ero-
sive basal contact

57.3

cont.
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1.3 m., of massive, medium Sandstone, light
gray (N7), average grain size .250-.350 mm.,
well sorted, infrequent ripple and cross-—
laminae -

58.6

1.6 m. of cross-bedded, medium Sandstone,
as above, beds generally 1-2 cm. thick

25,4 cm. of laminated, medium Sandstone,
medium dark gray (N4), organic rich even
parallel laminae 1 mm. thick

3.4 m. of massive, medium Sandstone, light
gray (N7), average grain size .250-.350 mm.,
well sorted, very infrequent ripples

63.8
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1.1 m. of massive, medium Sandstone, as
above, with small clay clasts and siderite
pebbles scattered throughout

64.9

30.5 cm. of cross-laminated, medium Sandstomne,
light gray (N7), average grain size .250-.350
mm. , well sorted

91.4 cm. of massive, medium Sandstone, as
above

: 20.3 cm., of rippled, medium Sandstone, as
?\\\\ above with organic rich laminae

2.6 m. of massive, medium Sandstone with fre-
quent coal spars and clay clasts, especially
in basal 10 cm., light gray (N7), average
grain size .250-.500 mm., moderately sorted

68.9

2.7 m. of massive, medium Sandstone, light

gray (N7), average grain size .350-.500 mm.,
infrequent ripple and cross-laminae, sider-
ite pebbles in basal 13 cm., rare coal spars




71.6

74.9
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38.1 cm. of cross-laminated, fine Sandstone,
light gray (N7), average grain size .177-.250
mm., well sorted, laminae 1-10 mm. thick

85.1 cm. of massive, fine Sandstone, light
gray (N7), average grain size .125-.250 mm.,
well sorted

99.1 cm. of rippled and cross-laminated
medium Sandstone, light gray (N7), average
grain size .250-.350 mm., rippled in upper
15 cm., then becomes cross-laminated

99.1 cm., of massive, medium Sandstone, light
gray (N7), average grain size .350-.500 mm.,
moderately sorted, infrequent coal spars
throughout, pebbles, clay clasts, and coal
spars abundant in basal 20 cm.
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1.1 m, of rippled and massive, medium Sand-~
stone, light gray (N7), average grain size
«250-.350 mm.,, moderately sorted, rippled
in upper 38 cm., remainder is massive

38.1 cm. of laminated, fine Sandstone, light
gray (N7), average grain size .125-.250 mm.,
moderately sorted :

1.9 m. of massive, medium Sandstone, light
gray (N7), average grain size .350-.500 mm.,
moderately sorted, infrequent ripples

48.3 cm. of cross-bedded, medium Sandstone,
as above, beds generally 2 cm. thick

50.8 cm. of massive, medium Sandstone, as
above with sharp basal contact

10.2 cm. of Mudshale, grayish black (N2),
hard, 50% clay -~ 50% silt, even parallel silt
laminae less than 1 mm. thick, 12 mm. of coal,
plant fragments, siderite nodules

8.0 cm, 6f Coal

2.5 cm. of Claystone, greenish gray (5GY6/1),
soft, 80% clay - 207% silt, fractured, slick~
ensides, rooting
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40.6 cm. of Siltstone, greenish gray (5GY6/1),
20% clay - 80% silt, fine sand toward base,
rooted, oxidized around burrows and roots,
siderite

26.7 cm. of massive, fine Sandstone, light
gray (N7), average grain size .088-.125 mm.,
rooted, siderite

A

30.5 cm. of rippled, fine Sandstone, light
gray (N7), average grain size .125-.177 mm.,
well sorted

10.2 cm. of massive, fine Sandstone, as
above

40.6 cm. of laminated, fine Sandstone, medium
dark gray (N4), average grain size .177-.250
mm., organic rich even parallel laminae 1-3
mm, thick '

61.0 cm. of rippled, fine Sandstone, light
gray (N7), average grain size ,177-.250 mm.,
well sorted

1.8 m., missing

oy — — —

N\

14.0 cm. of laminated Siltstone, greenish
gray (5GY6/1), 207% clay - 80% silt, even dis-
continuous parallel laminae less than 1 mm.
thick, siderite nodules

47.0 cm. of Mudshale, dark gray (N3), hard,
34% clay - 55% silt - 11% siderite, -even para-
llel silt and siderite laminae 1-3 mm. thick,
siderite nodule




84.1

88.3
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14.0 cm. of Coal

22.9 cm. of Claystone, medium gray (N5),
hackly, soft, 83% clay -~ 177 silt, grains
up.to 3 mm, in diameter

67.3 cm. of Siltstone, medium light gray (N6);
23% clay - 67% silt - 10% siderite, rooted,
burrows appear oxidized

62.2 cm. of laminated Siltstone, medium gray
(N5), 16% clay - 84% silt, even parallel clay
laminae 1-3 mm., thick

81.3 cm. of rippled, fine Sandstone, light
gray (N7), average grain size .125-.177 mm.,
moderately sorted

45,7 cm. of laminated, fine Sandstone, medium
dark gray (N4), average grain size .125-.177
mm., organic rich even parallel laminae less
than 1 mm, thick

1.4 m. of rippled, fine Sandstone; light gray
(N7), average grain size .125-,177 mm., rare
coal spar

cont.
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25.4 cm. of laminated, fine Sandstone, dark
gray (N3), average grain size ,125-,177 mm.,
organic rich even parallel laminae 1-3 mm.
thick -

3.7 m. of laminated, fine Sandstone, light
gray (N7), average grain size ,177-.250 mn.,
well sorted, even parallel laminae 2 mm. to
4 cm, thick

24,1 em. of cross-laminated, medium Sandstone,
light gray (N7), average grain size .250~.350
mm., very well sorted, laminae 3 mm. thick

24,1 cm. of Sideritic Shale (clayshale), dark
gray (N3), hard, 75% clay - 57 silt - 20%
siderite, even discontinuous siderite lamin-
ae 4 mm, thick, also contains siderite nod-
ules, plant fragments

3.8 ecm. of Coal

21.6 cm. of Mudstone, dark gray (N3), hard,
40% clay - 607 silt, interbedded claystone
2 cm. thick

31.8 cm. of Claystone, dark gray (N3), hack-
ly, hard, 75% clay - 257% silt, mottled,
rooted '

19.1 em. of Claystone, olive gray (5Y4/1),
hackly, soft, 70% clay - 307% silt, contains
grains up to 3 mm., in diameter

61.0 cm. of Siltstone, olive gray (5Y4/1),
25% clay - 70% silt -~ 5% disseminated sider-
ite, infrecuent silt laminae

11.4 cm., of Claystone, ligﬁt olive gray
(5Y6/1), soft, similar to 19.1 cm. unit above
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99.0
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1.1 m. of Siltstone, olive gray (5Y4/1),

20% clay - 80% silt, siderite, sand grains
.088~,125 mm., 15.2 cm. of even discontinuous
parallel laminae less than 1 mm. thick at
49.5 cm.

35.6 cm. of Mudstone, dark greenish gray
(5GY4/1), hard, 33% clay - 67% silt, rooted,
siderite nodules

1.0 m. of laminated Siltstone, dark gray (N3),
20% clay - 80% silt, discontinuous wavy para-
llel laminae 2-3 mm. thick, siderite nodules
and bands in basal 15 cm., rooted, very
little clay in upper 30 cm.

1.1 m. of interbedded rippled, fine Sandstone
and Siltstone, medium gray (N5), sand aver-
ages ,125-,177 mm., entire unit consists of
607% ss. - 40% sh.,.4 siltstone units range
from 5-8 cm. thick

1.2 m., missing

- ——— ———
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88.9 cm. of Clayshale, medium dark gray (N4),
hackly, hard, 757% clay - 5% silt - 20% sid-
erite, even parallel siderite laminae 3 mm.
thick, abundant plant fragments

15.2 cm. of Coal

44.5 em, of Mudstone, dark gray (N3), becom-
ing olive gray (5Y4/1), hackly, hard, 51%
clay -~ 497 silt, abundant plant fragments,
rooted, slickensides

62.2 cm. of Siltstone, olive gray (5Y4/1),
807% silt and sand - 207% clay, sand averages
.088~.125 mm., infrequent even parallel silt
laminae in basal 7.6 cm.

45.7 cm. of rippled, fine Sandstone, light
gray (N7), average grain size .177-.250 mm.,
very well sorted

6.4 cm. of Mudshale, dark gray (N3), hard,
607 clay - 40% silt, even discontinuous par-
allel silt laminae, erosive basal contact

30.5 cm. of massive, medium Sandstone, light
gray (N7), average grain size .250-.350 mm.,
well sorted, rooted

61.0 cm. of rippled, medium Sandstone, as
above

20.3 c¢m. of massive, medium Sandstone, as
above

103.0

29.2 cm, of rippled, medium Sandstone, light
gray (N7), average grain size .350-.500 mm.,
moderately sorted
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2.5 m. of massive, fine Sandstone, light
gray (¥7), average grain size .177-.250 mm.,
well sorted, infrequent ripple laminae, rare
coal spars, basal 7.6 cm. fractured

1.4 m. of massive, medium Sandstone, light
gray (N7), average grain size .250-.350 mm.,
well sorted, infrequent ripnles

61.0 cm. of cross-laminated, medium Sandstone,
as above, 5 cm. of rippled coal spar at 15 cnm.

50.8 cm. of massive, medium Sandstone, as
above, with rare ripple laminae

25.4 cm. of medium Sandstone with abundant
riopled coal spars, average grain size .250-
.350 mm., moderately sorted

<

1.1 m. of massive, medium Sandstone, light
grav (N7), average grain size .250-.350 mm.,
moderately sorted



109.4

112.5

cont.
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25.4 cm. of rippled, medium Sandstone, as
above, with abundant coal spars

80.0 cm. of massive, medium Sandstone, as
above, with freguent coal spars, siderite
near base

12.7 cm. of Mudstone, medium dark gray (N4),
hard, 657% clay - 357% silt, siderite nodules
up to 5 cm. long, nlant fragments, sharp
basal contact

1.4 m. of massive, medium Sandstone, light
gray (N7), average grain size .250-.350 mm.,
moderately sorted, siderite, frequent coal
spars becoming larger and more abundant near
base

10.2 cm. of laminated, medium Sandstone,
dark gray (N3), average grain size .250-.350
mm,, moderately sorted, even parallel organ-
ic rich laminae 2-3 mm. thick

35.6 cm. of massive, medium Sandstone, as
atove

10.2 em. of laminated, medium Sandstone, dark
gray (N3), similar to 10.2 cm. unit above

1.9 m. of cross-bedded, medium Sandstone,
light grav (N7), average grain size .250-
.350 mm., well sorted, beds l-4 cm. thick
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38.1 cm. of massive, medium Sandstone, light
gray (§7), average grain size .350-.500 mm.,
moderately sorted, siderite pebbles and clay
clasts, erosive basal contact

22.9 em., of Sideritic Shale . (claystone),
hard, medium gray (¥5), 80% clay - 5% silt -
15% siderite, large siderite nodules

30.5 em. of massive, medium Sandstone, light
gray (N7), average grain size .259-.350 mm.,
moderately sorted, rare clay clasts, sider-
ite pebbles and coal spar at base

90.2 cm. of cross-bedded, medium Sandstone,
as above, beds up to 3 cm. thick

16.5 cm., of Mudstone, dark gray (N3), hard,
65% clay - 35% silt, rare convolute laminae,
slickensides

76,2 cm. of massive, medium Sandstone, light
gray (N7), average grain size .250~.350 mm.,
moderately sorted, single large siderite
pebble

71.1 em. of massive, medium Sandstone, as
above, with abundant large siderite nebbles
and coal spars
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2.4 m. of laminated Siltstone, dark gray (N3),
31% clay - 69% silt, even parallel graded
silt laminae 1-5 mm. thick, isolated sider-
ite bands, 3 very fine (.088-.125 mm.) sand
beds 2.5 cm. thick, clay infrequently as

high as 607

7.6 cm. of massive, fine Sandstone, light
gray. (N7), average grain size .125-,250 mm.

66.0 cm. of laminated Siltstone, same as
2.4 m. unit above

10.2 cm. of Siltstone, similar to above
without laminae

35.6 ecm. of laminated Siltstone, same as
2.4 m. unit above

25.4 cm. of Siltstone, as above

45.7 cm. of laminated Siltstone, as above

15.2 em. of Siltstone, as above
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1.9 m. of laminated Siltstone, similar to
previous 2.4 m. unit

124.2

In addition to these described cores, geophysical logs from the fol-
lowing locations, aided in correlation:

Hole #3 (LV3), Leeco Coal Co., carter coordinates 1—K—77,
600' FSL x 300' FEL, elev. 1320', Vest Quadrangle, Knott
County, Kentucky.

Hole #5 (LV5), Leeco Coal Co., carter coordinates 4-K-78,
1700' FSL x 1100' FWL, elev. 1560', Vest Quadrangle, Knott
County, Kentucky.

Hole #7 (LV7), Leeco Coal Co., carter coordinates 4-K-78,
500' FNL x 200' FEL, elev. 1520', Vest Quadrangle, Knott
County, Kentucky.

Hole #9 (LV9), Leeco Coal Co., carter coordinates 3-K-78,
2900' FNL x 1400 FWL, elev. 1560', Vest Quadrangle, Knott
County, Kentucky.
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CHAPTER 1.0

PURPOSE OF THESIS

The candidate used rock cores of Breathitt Formation
sandstone desqribed b& Fem's classification. It was found
that the sandstone was not a homogeneous unit but a
combination of different types of sandstone. The purpose
of the thesis was to determine if the different types of
sandstone in the Breathitt Formation as indicated by Ferm's
classification have different mechanical properties. Thus
the comparison of the mechanical properties of each sand-
stone was attempted by means of. uniaxial compression
testing. The elastic properties compared are Young's
modulus (E) and Poisson's ratio (v) for each sandstone.

The compressive strength of each sandstone will be
presented but not evaluated due to the large amount of

variation with each sample set.



CHAPTER 2.0

INTRODUCTION

The process of fracturing in sandstone is compli-
cated since the stress field induced in the sandstone may
not be uniform. Such non-uniform stress state can be
caused by the mineral composition and/or texture of the
sandstone. These features of the sandstone may inhibit or
induce fracture.

The fracture process in granular aggregates have
been defined in two fields of engineering, soil mechanics
and rock mechanics. In soil mechanics the‘grain is assumed
to be unbreakable and any deformation of the grain is a
resultant of strain from elastic deformation. Failure in
bulk aggregates is because unbroken grains slide past one
another. This explanation of fracture is suffidient for
granﬁlar media under low stress conditions but in rock
mechanics this explanation is inadequate. In rock
mechanics the grains are under additional constraints
through higher confining pressures and stronger, stiffer
cements. In rock mechanics the fracture process is studied
by the evaluation of the stress across the boundaries of
the grains, neglecting the individual contribution of each

grain in the medium, and assuming an uniform state of

stress.



Using the assumption of uniform stress throughout
the granular media, experiments are conducted to determine
mechanical properties. One experiment commonly used to
determine mechénical properties is the uniaxial compression
test. This test involves a sample to be axially loaded
with no confining pressure prior to failure. During this
test, measurements of deformation are recorded at equal
Stress intervals to obtain a stress-strain curve. From
this curve two relationships of stress to strain can be
derived--Young's modulus (E) and Pdisson's ratio (v).
Young's modulus is a ratio of.stress in a body to the
corresponding strain. Poisson's ratio is the ratio of
1atefa1 expansion to longitudinal contraction during
uniaxial testing. Values of Poisson's ratio and Young's
modulus of the rock give an indication of the strength and
compressibility. These properties are usually dependent
upon the magnitude of the applied stress, grain and twin
boundaries, the misfit of different types of grains and
their orientation in relation to the applied stress, and
varioushfypes of "microcracks'" and ”poreé” present in the
rock. The definition of "pore' is a nearly equidimenéional
intergranular space between sediments, while "microcracks"
refers to cleavages in the mineral grains and partings at
originally intact grain boundaries. The-effects of micro-
cracks and pores need to be differentiated in that; a pore
is independent of the applied stress and may reach static

equilibrium without closing while a microcrack at low



Stress can-remain open until the stress is increased and
the microcrack will close. These pores and microcracks
have an important role in the fracturing process since they
tend to raise the stress above the applied or regional
stress field. Upon closing (microcracks) the rock becomes
elastically stiffer, causing Young's modulus and Poisson's

ratio to increase.

2.1.0 Griffith's Theory of Failure

;n this thesis the explanation of fracture
initiation is based upon Griffith's theory of failure.
Griffith (1920) introduced an energy argument to calculate
the tensile strength of material. His energy approach uses
surface energy as a measure of the local cohesiVe strength
of the maferial. This principle is based on the minimum
potential energy of a system. A crack will propagate if
the sum of the three terms are zero or negative:

1. The surface energy of the new crack surface
created.

2. The change in»the elastic strain energy of the
body.

3. The change in the potential energy of the
loading system.
This sum represents a change in the Gibb's potential and
the energy criterion is equivalent to requiring the Gibbs
potential to be minimized. In his energy balance theory

Griffith (1924) postulated that failure would occur when



applied stress induceé tensihastfess at or near the tip of
an unfavorably oriented crack from a population of randomly
oriented cracks. The crack will propagate when the tensile
stress component reaches a critical stress, T that will
overcome the molecular cohesive strength of the material.
Griffith assumed that the cracks were of cylindrical shape
with a flattened cross-section at the ends of negligible
width and he dealt with the two-dimensional problem in the
plane of this cross-section by using the classical theory
of linear elasticity to calculate the local stress
distribution around a crack (Paterson, 1978, p. 53).

In the application of Griffith's theory to the
compressive stress state major difficulties arise.
Griffith assumed that the crack propagated in a plane. He
failed to recognize other energy absorption processes in
crack spreading such as plastic deformation in the vicinity
of the crack tip due to high stresses, proliferation of
microcracking by relaxation of internal stresses, and
acoustic and thermal losses (Paterson, 1978, p. 56).
Griffith applied his energy approach to a stationary crack.
To extend the energy treatment to a moving crack, kinetic
energy must be accounted. Kinetic energy of the material
on one side of the new crack surface set in motion relative
to the other will be absorbed thus setting the upper limit
to the crack velocity. Thus crack extention can no longer
be assumed to remain in one plane and calculation of energy

changes cannot be made without the determination of the



direction of crack extension (Brace and Bombélakis, 1963).
A crack of negligible width under a compressive stress will
tend to close and it cannot be assumed that the crack faces
are not loaded. A crack of negligible width implies that
the radius of the curvature at the crack tip is effectively
zero and the maximum stress is infinite in the elasticity
calculation (Paterson, 1978, p. 54). Thus the region
affected is negligibly small and the radius of the
curvature of the crack cannot be smaller than atomic or
molecular dimensions. Under this condition no contribution
to energy change can result from any relaxation of the
elastic stress field during crack extension that would
result in displacement of opposite crack faces towards one
another.

McClintock and Walsh (1962) modified Griffith's
hypothesis for crack closure. In Fig. la an element of
rock is loaded by the maximum and minimum principal
stresses Ui and 0g (compression is defined as negative).
The normal stress acting upon the crack surface is denoted
by S oriented at angle 6 and frictional shear on the crack
surface is denoted by Tee Fig. 1b is the equivalent
stress, where the magnitudes of the stress components

normal and parallel to the crack surface are found from

Mohr's circle:

o = 5 + 5 cos28 (1)
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1962).
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sin26 (2)

The normal stress on the crack faces, g is assumed to be
a function of only the applied stress normal to the crack,
Oxx® The assumption for the relationship between i and

O yx is due to that the applied stress O x must reach a
critical wvalue, O to close the crack at least at the ends
and after closure of the crack any increase in Oyx Causes

an increase in o (McClintock and Walsh, 1962). The

relationship between Oxx and 9 is:

g =0 for either o > 0 or

o |<]|o
n XX XX

C]
(3)

o =0 - o_ for |o

n XX (&) XXIilOC[

The frictional shear stress, £ is found by assuming that
for the crack to grow, a frictional stress must be over-
come. The latter is proportional to the existing normal

stress:

= -u oy for o > O¢ (4)

Of XX

(negative sign required due to compression is
negative)
Once the stresses on the crack surface are related to the
applied stress, analysis based on Griffith's hypothesis can
be used except that the additional stresses on the crack
fade are also considered. Thus for each value of & and
each point around the periphery of the crack, 1local

stresses due to the stresses at infinity and those acting



on the surface of the crack are found. The maximum value
of this stress for the most stressed point on the crack
with the least favorable orientation is found and equated
to the corresponding value of pure tension (McClintock and
Walsh, 1962).

| Murrell (1964) developed a similar theory to
McClintock and Walsh (1962) and Murrell and Digby (1970)
extended thé theory by applying a three dimensional state
of stress to the problem of crack closure. Murrell and
Digby (1970) carried out calculations on an isotropic
brittle solid of the Griffith's type subjected to a
hbmogeneous, uniform but arbifrary triaxial state of stress
at infinity. It was assumed that the cracks were
flattened ellipsoidal cavities and were closed under
applied stress. Murrell and Digby (1970) concluded that
their\treatment of crack closure in a three dimensional
Stress state is similar to that of the two dimensional
stress state found earlier by McClintock and Walsh (1962)
and Murrell (1964). Fracture initiation is shown to be
independént of the intermediate principal stress. Thus in
either biaxial or triaxial stress systems when the cracks

are closed, the initiation of failure is goverened by:

(V1 + p2-y) (c1 - 03)
(5)
= a’T /1 + 0 /T  + 2u (0g = 0.)

equivalent Mohr envelope
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L

k1 T, + otans (8)

Tan¢ in this expression cannot be directly interpreted as
‘the coefficient of friction in a real physical sense but it
can be identified with a real coefficient of friction in
the modified Griffith theory of failure.

The intermediate stress is not involved in Coulomb's
criterion of failure just as in Griffith's criteria. The
value of the intermediate stress will not affect the
brittle fracture. strength but in the direction of inter-
mediate stress two possible conjugate planes of fracture
may pass through makiﬁg an angle %m - %¢.with the direction
of maximum stress (Jaeger and Cook, 1969, p. 91). Anderson
(1942) used this assﬁmption for his theory of faulting.
Faults are geologic fractures of rock in which relative
displacement occurs along the plane of fracture. Fracture
takes place along one or both of the conjugate planes which
pass through the direction of the intermediate stress,
equally inclined at angles of less than 45° to the
direction of the greatest principal stress. Assuming that
the earth is a free surface, one of the principal stresses
at the surface must be normal to it and it is reasonable to
also assume that one principal stress is Vertical at
moderate depths. Assuming this there are three cases of
faulting: thrust faulting, strike-slip faulting, and normal
faulting (Fig. 2). In thrust faulting the least principal

stress, ggs is vertical and faulting may take place on
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Fig. 2. Diagram of three types of faulting discussed by Anderson (1942). (A) Thrust
faulting. (B) Strike-slip faulting. (C) Normal faulting. (After Jaeger and

Cook, 1969, p. 401).
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either of two planes inclined at 6 < 45° to the horizontal.
Strike-slip faulting has the intermediate stress, Ggs.
vertical, with failure occuring on either two vertical
planes passing through 012 and inclined'at angle 6 < 45° to
Ool. Normal faulting occurs when the greatest principal

stress is vertical, 01 and failure may occur on either of

two planes inclined at 8 < 45° to the vertical.

2.3.0 TFerm's Classification

The candidate used four types of sandstone from the
Breathitt Formation of the Hazard coal district of eastern
Kentucky (Fig. 3). The sandstone were described in terms
of the Ferm's classification (Ferm and Melton, 1979) which

utilizes a three digit system.

2.3.1 Description of Ferm's Classification

Ferm's classification is used to describe
Pennsylvanian sedimentary rocks from the Appalachian Basin
of eastern Kentucky. This classificétion employs a three
digit system instead of the traditional descriptive
classification. The first digit that ranges from one to
nine, describes the rock type by grain size. The second
digit may describe either the sand components, color, or
fossil content. The third place digit describes any
sedimentary features present. The term flat (FLT) or
rippled (RIP)‘may follow the description if shale or sand-
stone streaks are present. If the streaks are horizontal

and parallel, the term flat is used’and if the streaks are
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Hazard Coal District of Eastern Ky




CHAPTER 3.0

PREVIOUS WORK

Griffith flaws have now been widely accepted and
attributed to grain boundaries. Brace (1963) states that
fractures may start'at grain boundaries and that |
"Griffith's cracks or flaws'" might lie within grain
boundaries. Brace and Bombolakis (1963) stated that for
rock sample size usually studied experimentally in the
laboratory, "Griffith's cracks' are probably grain
boundaries, in larger masses a similar role is assumed by
joints, faults, and other discontinuities. Hoek and
Bieniawski (1965) suggested that the inherent cracks from
which fracture propagates are also contained within grain
boundaries. Paterson (1963) found that internal stresses
arising from anisotropy of thermal expansion or linear
compressibility can be expected to give rise to microcracks
along grain bbundaries even in monomineralic rocks.
Hundley-Goff and Moody (1980) found that cracks that grew
during their grain sliding experiments were due to surface
defects that were unfavorably oriented with regard to the
local stress field. These defects include surface pits,
grain boundaries, dislocation networks, and preexisting

cracks produced during machining.

17
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wavy the term rippled is used.

The sandstones thus studied in the thesis are 541,
544, 543RIP, and S543FLT. A 541 is a cross-bedded gray
sandétone, 544 is a massive gray sandstone, 543RIP is a
gray sandstone with shale streaks rippled and 543FLT is the
same as 543RIP except that the streaks are lying flat. The
choice of these four types of sandstone was based on
personal observation of abundance of samples and intact

core length.

2.4.0 General Geology

The Pennsylvaniah strata of eastern Kentucky form a
thick clastic weage that thickens in a southeastward
direction towards the axis of the Appalachian Basin. The
axis of the Appalachian trough trends southeast and is
generally parallel to the strike of Pine and Cumberland
mountains. This area.was the site of shallow water
deposition strongly influenced by the rapidly subsiding
Appalachian trough. Within this trough the Breathitt
Formation-of lower to middle Pennsylvanian age was
deposited.

The Breathitt Formation was formed in lower and
upper delta-plain environments; tidal flats, interdis-
tributary bays, swamps, and shallow anastomosing stream
channels. These environments are indicated by fluvial
siltsone and sandstone, lagoonal shale, bayfill sequences,

seat rock, flint clay, coal, and marine and nonmarine
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limestone. The Breathitt Formation is not readily
divisible into lithological units due to no single bed
persisting across the entire basin. Subdivision of the
formation is based upon the recognition of coal and marine
beds or zones. Further investigations of the Breathitt
Formation indicate that it can be divided into two units
where the lower unit is shale dominant and the upper sand-
stone dominant.

The sandstones of the Breathitt Formation are
generallj less massive and resistant than the ortho-
quartzites of the underlying Lee Formation which
intertongues with the Breathitt Formation. The sandstone
appears to be stacked deposits 0of shallow anastomosing
streams and are argillaceous and micaceous. The sandstones
can be classified as subgraywackes (Folk, 1974) as it is

shown in the petrographic report.
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3.1.0 Grain Boundaries

The presence of "Griffith flaws" within grain
boundaries and the composition and texture of the rock can
give an indication of the physical properties. Sandstones
generally consist of grains separated by matrix or cement.
Studies on indi§idua1 grains have shown that large, clear,
well rounded grains afe stronger than smaller angular
grains or those showing lamellae or strain shadows (Borg
and Maxwell, 1956; Maxwell, 1960). 1In practice it has been
noted that finer grain aggregates are stronger than the
coarser grain ones because finer grained aggregates have
more surface area in which forces may acf upon (Trash,
1959).

The positioning of critical contacts depends
primarily on sorting, packing, grain shapes, and the
boundary load conditions applied to the aggregate
(Gallagher et al., 1974). Gallagher and others (1974)
tested two-dimensional arrays of plastic and rock discs,
and three—dimensiénal arrays of glass beads and found that
extension~-fracture criterion is dependent on packing but
independent of the grain size and material. Gallagher and
others (1974) also concluded that microfracture and contact
line orientations are related to the orientations and
relative magnitudes of boundary loads and to the packing
arrangement, size, sorting, and dominant grain shapes in
the aggregate. Other microfracture orientations have a

tendency to be subparallel to the direction of the greatest
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boundary compressive load and cluster at orientations that
depend on size, sorting, dominant grain shape and paéking
arrangement of the aggregate. Fractures that form at the
low-magnitude concentrations at single load points tend to
become stable at a short distance into the grain and they
are not likely to penetrate the entire grain (Gallagher et
al., 1974). At or-near‘COntacts, maximum stress differ-

ences are very high; thus fracturing seems most likely to

initiate here than anywhere else in the grain.

3.2.0 Cement

The role of cement bbnding the grains would
influence the orientation of microfractures. Assuming
this, the influence of packing, sorting, shape, and
confining pressures are reduced iﬁ comparison with
uncemented aggregates (Gallagher et al., 1974). Cement in
sandstone will also cause the orientation of microfracture
to be homogeneous in distribution.

The strength of the cement will affect the strength
of the cemented aggregate. If the strength of the cement
is equal or greater than the material strength of the
grain, the macroscopic fracture will pass through the
cemented matrix and individual grains that lie along the
same fracture plane. This can be observed in ortho-
quartzites and metaquartzites. If the cement is weaker
than the grain material, macroscopic fracture will tend to

go around individual grains due to the cement failing
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before the grains. Friedman and Logan (1970) stated
elastic strains locked in the aggregates cemented while
under loadlcan further influence the subsequent mechanical
behavior of the aggregate. 1In aggregates cemented while
not under load, subséquent boundary loads are transmitted
from grain to grain as in uncemented aggregates although
some of the applied load is transmitted by the cement and
rigid movement of grains before and after fracture are
inhibited (Gallagher et al., 1974). Thus grains -of
cemented aggreéates are more highly stressed at their
centers than at margins and stress distribution under
applied load are more uniform not only in individual grains

but for the entire aggregate.



CHAPTER 4.0

UNIAXIAL COMPRESSION TEST

The uniaxial compression test involves the use of a
cylindrical specimen axially loaded between two platens of
the testing machine. This test is used in the determina-
tion of the compressive strength of the unconfined
material. The resultsvobtained are not dependent on the
properties of the rock alone but also upon the external
factors of the testing machine. These factors of the
specimen and testing machine complicate the results of the
uniaxial compression test. The internal facfors of the
specimen that contribute to the difficulty in determining
the comﬁressive strength are mineral characteristics of the
components, grain size, porosity, and internal defects.
The external factors are contact friction between machine
platens and specimen, specimen geometry, rate of loading,
and moistﬁfe.

The stress distribution in the specimen will be non-
uniform due to end effects and elastic mismatch of the
specimen and the testing machine, howeVer this non-
uniformity can stay in acceptable limits when certain
preparation standards are met. As the specimen is
compressed between the platens it will expand laterally as

it shortens due to "Poisson's effect." But the frictional

21



22

constraints‘betwéen the specimen and platens prevent this
expansion, thus the specimen is not in a state of uniaxial
compression at the ends of the specimen. The coefficient
of friction between the specimen and platens is dependent
upon the‘nature of the contact surfaces. Correction for
this effect has attempted by other researchers (Hast, 1943;
Jenkins, 1958; Lunborg, 1968; Brady, 1971) through the
introduction of a weak pad between the platen and specimen
(e.g., parafin, rubber, cardboard). The result was the
reduction of friction between the platen and specimen, and
uniform load, but usually lower ultimate strengtﬁ.

Sample shape or geometry will influence results of
tests especially in compression. Cylindrical specimens
are preferred since less preparation time is needed and
stress distribution in them is symmetrical about the axis
(Vutukuri et al., 1974). Length (L) to diameter (D) ratios
are critical in compression testing. Pforr and Rosetz
€1966) studied the effect of L/D ratios for uniaxial
compression testing on salt samples. Their studies showed
an increase of compressive strength with a decrease in the
L/D ratio (Fig. 4). Specimens with small L/D ratios have a
stress distribution that will tend to become triaxial and
the specimen will exhibit a high compressive strength. If
the L/D ratio is high the sample will fail due to elastic
instability. Thus samples with a mediﬁm range of L/D will
have ﬁniform stress distribution and elasticially stable

behavior. L/D = 2 is recommended, assuring close to
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Fig. 4. Influence of slenderness factor (L/D) on
compressive strength (Salt samples). (After
Pforr and Rosetz, 1966).



24
uniaxial state of stress in the vicinity of the mid-length
of the sample.

The compressive strength is also dependent upon the
rate of loading. As the rate of loading increases the
compressive strength will increase. In dynamic loading
tests such as impact and sonic testing, the compressive
strength value will be several times higher as compared to
those fesults of static loading (e.g., uniaxial compressiﬁe
test). This higher compressiﬁe strength value is due to
the increased build up of strain within the sample that
will cause an abrupt and violent failure.

The moisture content in the specimen will influence
the compressive strength. Bauer (1979) found that rock
samples, that have not been protected to preserVe‘the
natural moisture, can lose up to 70 percent of the natural
moisture content within days. He also concluded that as
the natural moisture content decreases, compressiﬁe
strength will‘increase. Burshtein (1969) studied the
effect of moisture content on the compressiﬁe strength of
sandstone. He found that with a 4 percent increase in
moisture content, the sgndstone will lose half of its

compressive strength (Fig. 5).
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CHAPTER 5.0

BRITTLE BEHAVIOR OF ROCK

A material is considered to be brittle if its
ability to resist load rapidly decreases with increasing
deformation. Many rocks exhibit brittle behavior and it is
characterized by the stress-strain curve (Fig. 6 and 7).
The stress—strain behavior in compression prior to
macrofracturing can be divided into four stages. These
four stagés are:

1. Closing of some cracks

2. Linear elasticity

3. Stable fracture propagation

4, Unstable fracture propagation
In the first stage of the stress-strain curve, nearly all
hores and microcracks will close under very 1ittleAstress.
This is evident by the upward concavity of the curve.
During this stage if the stress is released, pores and
microcracks will reopen with little or no deformation, thus
it is a reversable process. Poisson's ratio, v, in this
stage initially decreases until all the pores close or
reach static equilibrium. At this point with all of the
microcracks and pores closed or statically equalized, the
sample will become elastically stiff. Young's modulus, E,

will be increasing after the microcrack closure. The
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volume, AV, and the volume, V, remaining constant. The

volumetric strain, , is increasing with the change in
second stage is the beginning of linear elasticity. As the
load is increased, E and v will remain constant, but E will
be less than that of an ideal solid due to crack sliding,
elastic deformation of pores and grains initiate here.

Thus the microcracks and pores during this stage cannot be
reopened and are irreversable. If the sample was unloaded
to zero stress, it would follow a different path as
compared to the loading cycle, this is called a hysteresis
loop. This occurs if more work is done by the sample
during loading than is done during unloading so that energy
is dissapated in the bgdy during a cycle of loading and
unloading (Jaeger and Cook, 1969, p. 76). Volumetric.
strain is still increasing. The third stage is the
departure from linear elastic state, marking Griffith's
criteria. During this period cracks are starting to-
propagate in a stable manner in the direction of maximum
compressive stress. Microcracks that are inclined 45°

from the principal stress are the most fa&orably oriented
and crack initation is likely to begin here. Thekcrack
propagation only extend in limited amounts in response to
given increments of stress and may join together but do

not form macroscopic cracks. E is still constant and v is
starting to increase due to lateral expansion. In stage
four, the crack propagation becomes unstable. The

velocity at which the crack may propagate through the
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sample increases until it reaches its terminal velocity for
that media. The cracks at this stage split up and join
with other cracks at random. Grains within the sample are
shattering as the sample épproaches rupture. E is
decreasing as evident in the negative slope on the curve
and v is still increasing. At rupture the microcracks form
together a macrofracture network and an audible noise can
be heard upon rupture as the éample releases energy from

the induced stress.



CHAPTER 6.0

LOADING EQUIPMENT AND PROCEDURE

The compressive stress state induced on the

samples was produced . by a Riehle Testing machine with a
300,000 pound (136,000 kg) capacity and Variable control
rate of load (Fig. 8). Loading rate of samples were
governed by the use of the Riehle dial gauge and stopwatch.
The dial gauge measured the amount of pounds produced by
the testing machine. The Variable céntrol of load rate

was timed o#er a 20 second period and an uniform load rate
of 1,000 lbs/sec (454 kg/sec) could be established. Stress
on the sample was measured by a Daytronic Model 170B

pressure transducer.

6.1.0 Sample Preparation

The sandstone samples were wet diamond cut with a
L/D ratio of 2:1. These samples were precision ground on
a DoAll surface grinder using V-blocks and parallel bars.
Samples were checked for parallelism on a Soil Test dial
gauge and were found to be parallel near 0.002 inch (0.005
cm), all dimensions and weight were recorded after this

procedure to obtain the specific gravity of each sandstone

group (Table 1).
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1 Fig. 8. Photograph of Riehle Testing Machine with LVDT
setup.
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TABLE 1

SPECIFIC GRAVITY OF SANDSTONES

Ferm Class. Specific Gravity Standard Dev.
' 1b/in3 kg/cm3

S543RIP ' 0.0884 2.44 - 0.0029
543FLT 0.0889 2.46 0.0009
541 0.0867 2.39 0.0013

544 0.0877 2.42 ~ 0.0013
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- 6.2.0 Deformation Measurements
with Strain Gages

Strain measurements in the lateral and longitudinal
direction during compressive stress wés measured by means
of strain gages of 1/2 inch gage length. Gates were
mounted on eight samples using M-600 adhesive under
manufacturers instructions. Four gages were mounted on
each sample, with two gages in the longitudinal direction
and two gages in the lateral direction. The gages were
separated QQ° from one another. As the load was applied to
the sample, readings from the strain gages were measured on
four P-350 strain indicator boxes. Readings were made at

an equal stress interval and loading rate.

6.3.0 Deformation Measurements with LVDTs

Measurements of lateral and longitudinal deformation
under compressive stress was made by using six LVDTs
(Linear Variable Differential Transducers). To measure
lateral deformation four LVDTs (X-axis, Y-axis) were
mounted in an adjustable aluminum holding ring separated
90° apart. Longitudinal deformation (Z-axis) was measured
by two LVDTs mounted in the upper platen (Fig. 9).

The LVDT consists of two secondary coils, one
primary coil and a magnetic core. An AC excitation
voltage is passed through the primary coil which induces an
AC voltage in the two secondary coils. Output voltage from
the secondary coils is dependent upon the relative position

of the magnetic core to the secondary coils. If the core



Fig. 9.
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LVDT apparatus in between loading platens
Riehle Testing machine,

of
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is positioned.betWeen the two secondary coils no Voltage is
induced, tﬁe null position. Thus any displacement of the
core will cause a voltage output. The LVDT system was
chosen due to it provides a high sensitivity range of
displacement due to deformation and it is reusable unlike
the strain gage.

The lateral LVDTs are plabed against the sample and
are zeroed to the null position. The LVDT is held in the
aluminum ring holder by set screws and may be adjusted.

The longitudinal LVDTs located in the upper platen are held
by sét screws and are zeroed against two vertical pins
mounted to the lower platen. The signal from each LVDT and
the pressure transducer (stress moniter) is amplified in a
Valydyne Model MC1l amplifier. The LVDT sensitivity may be
controlled by adjusting the coarse and fine gain settings.
The signals after amplification are brought together in a
LVDT interface box. This device adds together the signals
received from fwo LVDTs on the same linear axis and
averages them together to produce a single signal. The
four signals are plotted on two Y-Y-X recorders that
generates four stresses--strain cur#es simultaneously; two
lateral strain (X and Y axes) versus stress and two

longitudinal strain (Z-axis) versus stress (Fig. 10).

6.4.0 Calibration of Equipment

The stress-strain curve equipment was calibrated by

using an isotropic solid with known physical properties. A



37

LVDT stress-strain curve recording equipment.
A: Valydyne Model MCl Amplifier. B: LVDT
interface box. C: Digital voltmeter. D: Y-Y-X
plot graphing machines.
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cylindrical specimen of aluminum with a length to diameter
ratio of 2:1 was used. Mounted to the aluminum specimen
were four strain gages. Two gages were mounted in the
longitudinal direction and two gages were mounted in the
lateral direction separated 90° from one another. The
aluminum specimen was placed in the LVDT setup and was
loaded at an uniform rate and measurements were made at
equal stress intervals. A comparison of the Young's
modulus and Poisson's ratio.obtained from the strain gages
and LVDTs was made to find if any difference in the loading

system using LVDTs exists.



CHAPTER 7.0

PLATEN DEFORMATION

Results from the LVDTs versus thé strain gages show
a 23 percent difference in Young's modulus and a'2.3
percent difference in Poisson's ratio. The differences in
values from the LVDTS and strain gages in the longitudinal
direction is the resuit of platen deformation. As the
load is applied to the specimen the platens are deformed
around the specimen. As the load is increased, the
penetration of the sample into the platens is stabilized
and measurements taken from the LVDT will be greater than
those of the strain gages. Since the LVDTs are»not
directly mounted to the specimen and are located away from
it, the upper platen which holds the longitudinal LVDT will
act like a cantilever beam. This cantilever beam will have
a moment force due to the absence of a reaction force. The
location of the reaction force is in the center of the
platen directly under the sample. Because of the moment at
the end of the platen, the platen will deflect downward
causing the LVDT to record a higher deformation than normal.
Thus the stress-straih curve from the LVDT will have a
gentler slope compared to the strain gage curve. This is
shown for aluminum, 544, 543RIP, 543FLT and 541
‘respectively in Figs. 11, 12, 13, 14, and 15.
39
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A platen deformation éorrection was attémpted by
using the same procedure as described by Agrawal (1979).
Agrawal (1979) encountered platenvdeformation with his
uniaxial compression experiments with shale, limestone, and
aluminum. He attempted to correct'the deformation by
utilizing an equation to calculate the aﬁount of deflection
due to a load distributed over a circular area on the
boundary of a semi-infinite solid. This equation was taken

from Timoshenko (1934) and is giVen by:

2mP (1 - v)
EVA

(9

SAVE =

S§AVE is the average amount of deflection in inches, A is
the area in square inches, E is the modulus of elasticity
of the platen in P.S.I., m is a constant found to be equal
to 1.0, v is the Poisson's ratio of the platen and the
multiplication of 2 is necessary since there are two
platens. P is the load in pounds.

Agrawal (1979) calculated platen deformation at
each load on the stress-strain curve using equation (9).
He subsequently subtracted the calculated deformation from
the observed deformation to obtain the actual deformation.
The candidate has attempted to use Agrawal's suggestion for
platen correction but has had no success in reproducing a
correction factor. Another approach was to compare the
buckling of the platen to a die penetrating a plate causing

a deflection of the plate. This attempt also failed. The
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reason for the failure in finding a correction factor is
due to the platen deflection caused by sample penetration
is very small and very difficult to empirically calculate
or reproduce. Possibly the only solution for this problem
would be to mount strain gages on the upper platen and
record the amount of strain occuring during the compression
test. This procedure was not carried out due to the lack
of additional machinery necessary to reéord this
phenomenon, therefore no attempt will be made to correct

this error, but it is noted that it exists.



CHAPTER 8.0

PETROLOGY

Thin sections were made on rock samples prior to and
after testing and were petrographically compared by the
candidate. The rocks are subgraywackes (Folk, 1974) and
can be subdivided into four different lithologic units
according to Ferm's classification (1979). They are as
follows: 541, 544, 543RIP, and 543FLT.

Grain size analysis and petrographic examination
was accomplished on each thin section. All four types of
sandstone were 'similar in mineral composition. The
presence of feldspars, rock fragments, high amount of
matrix material, and recrystallized minerals indicate that
these sandstones are subgraywackes (Table 2). The fabric
of the sandstone consisted of interlocking grains caused by
quartz overgrowths (Fig. 16). The grain size differed in
all four types and is shown in Table 3. Thehgrains are
subangular with long sutured contacts between grains and
matrix. The grains are well to moderately sorted with no
preferred orientation. The grain‘material may be
considered isotropic eﬁen though deformation on the scale
of individual gréins are anisotropic (Walsh, 1965). Quartz
and feldspar were the main minerals with acessory minerals
of musco?ite, biotite, calcite, and limonite in small

47



TABLE 2

RESULTS FROM PETROGRAPHIC EXAMINATION

Terrigenous Comp.

Constituents
Mode
Ferm Class. Sorting (u) Shape Terr Ortho Allo Qtz Rf Mica FsPAR
543FLT WELL 200 SA 97.0 1.0 2.0 93 5 1 1
543RIP MOD 125 SA 97.0 1.0 2.0 90 6 3 1
544 WELL 300 SA 98.0 1.0 1.0 94 5 1 3
541 WELL 95 SA 94.0 5.0 1.0 75 20 5 TR
SA = Subangular
k¥ = Micrometer
TR = Trace
RF = Rock Fragments

(After Weinheimer, 1980)

8V
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Fig. 16. Photomicrograph of a quartz grain with secondary
quartz overgrowth. Iron oxide coats the original
shape of the quartz grain. Cross-nichols. x20
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TABLE 3

COMPARISON OF GRAIN SIZE OF FOUR SANDSTONES

Grain

Size
Ferm Classification mm inch Standard Dev.
541 0.177 0.007 0.172
543FLT 0.101 0.004 - 0.047
543RIP 0.343 0.014 1 0.127
544 0.386 0.015 0.100
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quantities. Small amounts of sericite‘and chlorite were
also noted. The cemént consisfs of crypfocrystalline
quartz and was confirmed by a negative reaction to dilute
hydrochloric acid and low birefringence of the material.
From the petrographic examination the following
conclusion is made. Secondary quartz overgrowths indicate
that these sandstones had porosity and permeability. Later
these pores were filled by precipitated quartz forming
interlocking grains. The porosity of the sandstone was
also changed by compaction. This can be seen in the
presence of bent micas around grains (Fig. 17). Quartz
overgrowths and the compaction of matrix around these
grains fill all pore space thus there appears to be no
porosity. The low porosity of the sandstone samples
indicaté that these samples would be elastically stronger

and stiffer as compared to samples with higher porosity.
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KRRt 1 4%, £
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Fig. 17. Photomicrograph of bent mica around grains before
uniaxial compression testing. Cross-nichols. x8



CHAPTER 9.0

RESULTS

The results of the uniaxial compression test for the
four types of sandstone are given on Table 4 and 5. Ten
samples for each type of sandstone were tested and Young's.
modulus and Poisson's ratio were calculated at 50 percent
of the compressive strength.

The Poisson's ratio found for the four types of
sandstone are very similar to one another, indicating that
the compressibility are equal to one another. The high
Poisson's ratio value indicates that there is little or no
porosity within the sandstone groups. The petrographic
examination confirms these findings in that no compositional
differences in the sandstones is identified to justify
different compressibilities and no apparent porosify was
found in the thin sections.

The petrégraphic study of the deformed samples shows
deformation of the grains. The most prevelant phenomenon
is shattered grains. Fig. 18 shows a grain that has been
shattered due fo deformation. The reason for the
destruction of the grain is due to the grain experiencing a
moment of force and it was inhibited to rotate. The
rotational movement of the grain was blocked by matrix

material, and closed microcracks and pores. Eventually the
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TABLE 4

RESULTS FROM UNIAXIAL COMPRESSION TEST

Co
\Y]
Sample Ferm PSI MPa bPSI MPa
No. Class. x106  x104
117E = 541 1.56 1.07 0.32 7700 54.14
117F 541 1.66 1.15 0.62 7400  52.03
117C 541 1.70 1.18 0.34 7800 54.84
173 541 1.16 0.80 0.48 5500 38.67
117B 541 2.29 1.58 0.39 9549 67.14
207 541 3.42 2.35 0.41 13956  98.12
124B 541 2.20 1.52 0.21 9603 67.51
1944 541 3.81 2.63 0.36 22000 154.68
194B 541 2.97 2.06 0.30 14852 104.42
117D 541 1.75  1.21 0.35 9800 68.90
3C 543RIP 1.48 1.02 0.44 11100 78.04
3A 543RIP 1.53 1.06 0.33 1090 7.66
90D 543RIP 1.53 1.06 0.45 6950 48.86
90A 543RIP 1.50 1.03 0.38 5080 35.71
90E 543RIP 1.36 0.94 0.48 5910  41.55
141B 543RIP 2.69 1.85 0.11 12453 87.55
141A 543RIP 3.04 2.10 0.05 12775  89.82
3B 543RIP 1.62 1.12 0.33 12783  89.87
90C 543RIP 1.58 1.10 0.42 8100 56.95
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TABLE 4--(continued)

Co
AV
Sample Ferm PSI MPa, PSI MPa
No. Class. x106  x10%
90B 543RIP 1.53 1.06 0.50 7200  50.62
92B 543FLT 1.53 1.08 0.25 8200 57.65
92C 543FLT 1.66 1.15 0.28 8800 61.87
92A 543FLT 1.81 1.26 0.34 9800  68.90
92H 543FLT 1.80 1.26 0.45 10200  71.71
127C 543FLT  2.44 1.69 0.37 10000  70.31
127A 543FLT 2.67 1.84 0.36 12275  86.30
92G 543FLT 2.38 1.64 0.36 11140  78.32
92D 543FLT 1.66 1.15 0.35 9900  69.60
92E 543FLT 1.75 1.21 0.35 9500  66.79
92F 543FLT 1.90 1.31 0.34 9700  68.20
304 544 1.15 0.79 0.44 6200  43.59
30C 544 1.18 0.8l 0.30 6400  44.99
30E 544 1.40 0.97 0.44 7300  51.32
30D 544 1.53 1.06 0.41 7400  52.02
30B 544 1.43 0.99  0.48 7300  51.32
93B 544 1.72  1.20 0.35 7195  50.58
153B 544 2.82 1.94 0.15 15660 110.10
153 544 1.95 1.34 0.32 12118  85.20
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TABLE 4--(continued)

E Co
Vv
Sample Ferm PSI MPa PSI MPa
No. - Class. x106  x104
30F 544 1.79 1.24 0.37 9597 67.47
93A 544 1.79 1.24 0.25 8600 60.46




AVERAGE OF MECHANICAL PROPERTIES
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TABLE 5

Elastic Properties

Average
Ferm Class. Standard Dev.
E v E v
PSI MPa
x106  x104
541 2.25 1.55 0.38 0.875 0.108
543FLT 1.96 1.36 0.35 0.390 0.053
543RIP 1.79 1.23 0.35 0.579 0.153
544 1.68 1.16 0.35 0.482 0.010
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Photomicrograph of shattered quartz grain after
uniaxial compression test. Cross-nichols. x20
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force was sufficiently‘high'to overcome the molecular
cohesion of the quartz and feldspar grains, thus shattering.
Other minerals in the sandstone showed signs of strain
lamellae and twinning due to high stress on the sample.
Young's modulus is an indicator of the material's
physical strength. The Young's moduli for the sandstones
vary considerably with respect to one another. The 541
sandstone exhibited the highest modulus, followed by
543FLT, 543RIP, and 544. Although the composition of the
sandstone were similar, the major difference was the grain
size. Although the 541 had a larger grain size than
543FLT, it had the highest modulus. This due to the 541
having no shale streaks. 543FLT modulus was similar to
541 but the streaks of shale caused the modulus of the
sample to be lower. It has been noted that if a material
consists of two different sized grains, the overall
modulus would be lower than that of a material that
consists of single sized grains. At the boundary of the
different sized grains a weak zone or plane of failure
exists. Failure is most likely to initiate here than
an&where else in the sample. The 543RIP is similar to the
543FLT in composition but differ ingrain size. The 543RIP
has a larger grain size than the 543FLT, thus with the
larger grain size, it has a lower modulus. Finally the
544 is a coarse grained, massive sandstone with no shale
streaks. The reason for its low modulus is due to its

large grain size as compared to the other. The large grain
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size will have less surface area for the stress to act on
and stress is not as easily transmitted grain to grain to
reach a static equilibrium as in finer grained aggregates.
The larger grains will reach a critical,stress necessary to
“initiate fracture before the finer grains due to the
concentration of stress at the point of grain to grain
contact. Thus the larger’graihed sandstone will fail first
before the finer grained sandstone with the same loading

rate.



CHAPTER 10.0

CONCLUSIONS

From the experimental data the following conclusions
have been derived:

1. The-determination of Young's modulus and
Poisson's ratio of the sandstones studied indicate that:
there afe at least four mechanically different types of
sandstone within the Breathitt Fofmation.

2. The compressibility of the four sandstones as
measured by their Poisson's ratios were nearly identical.

3. The high value of the Poisson's ratio for the
four types of sandstone indicate that there is little
porosity in them. This is verified by the petrograghic
examination.

4. Young's modulus of the four sandstones show tﬁat
the finer grained material has better elastic properties
and higher strength than the coarse material.

5. The mechanical data found on the four sand-
stones could be used for engineering and geologic work but
further investigation is necessary to enlarge the

experimental data base.
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ABSTRACT

Vertical variation of grain size, bedding thickness, bioturbation,
sedimentary structures, lithology, and contact type are used to identify
specific sandstone facies in three 1000 foot cores through the Breathitt
Formation (Pennsylvanian) of eastern Kentucky. Facies identified include
fluvial distributary, minor.mouth bar/crevasse channel couplet, crevasse
splay, bay-fi1f, and levee.

Standard and luminescent petrography is used to classify sand-
stonas and characterize diagenetic relationships. Very fine to medium
grained and very well to moderately sorted 1ithic subarkoses and Tithic
arkoses predominate and have been highly compacted and cemented by pore-
filling kaolinite.

’Comparison of facies with diagenetic're1afionships shows that all
sand; were uniformly subjected to the‘porosity reducing chanéas of
compaction at depths greater than 5000 feet. In rare cases early
ferroan calcite cementation occurred at shallow depths significantiy
reducing porosity and compaction. Later authigenic kaolinite cement
occurred at great depth. Some of the coarsest sandstones, in channe1
facies, exhibited secondary porosity from the dissolution of detrital

grains and interstitial cements.
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INTRODUCTION

PURPOSE

Mining and reclamation in the Breathitt Formation of eastern
Kentucky is complicated by the-variability of its 1ithology. Ideally,
one would like to be able to predict engineering properties from the
geologic properties of a particular 1ithology. If we assume that
diagenesis is an important factor in the prediction of engineering
properties, then an understanding of the relationship between facies and
diagenesis is valuable because facies are observable in the field.
Hence; one could approximate the diagenetic broperties. The primary
purpose of this study is to ex§1ain the re]ationéhip between sandstone
facies and their diagenetic properties in rocks taken from tﬁree cores
through the Breathitt Formation.

The second objective of this study is to better document the
vertical sequence of 1ithologies and the petrographic character of

fluvio-deltaic sediments as represented by the Breathitt Formation.

LOCATION

Figure 1 shows the locations of the cores in Breathitt and Leslie
counties of southeastern Kentucky. The U.S. Geologic Survey geologic
quadrangle names and Carter coordinates for each core are as follows:
c5, Nob]e Quaa (GQ-1476), 5-L-76; C4, Guage Quad (GQ-1416), 17-M-77;
and 1A, Cutshin Quad (GQ-1424), 19-G-74.

STRATIGRAPHY

The Breathitt Formation--middie Pennsylvanian--occurs in eastern



Figure 1 == Location of cores used in this study (Southeastern Kentucky).
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Kentucky in the Appalachian Plateau. Regionally, itdips very gently
toward the east-southeast but appears horizontal in the road and stream

cuts of the deeply incised Appalachian Plateau. These sediments

represent the miogeosynclinal deposits associated with the Appalachian

Geosyncline. They have not been disturbed by the compressive forces
asgociated with the Appalachian orogeny, except in extreme southeastern
Kentucky near the Pine Mountain Thrust Fault.

The Pennsylvanian rocks in eastern Kentucky consist principally
of sandstone, siltstone, and shale and contain small amounts of
limestone, ironstone, and coal (Huddle et al, 1963). Rocks of the
Breathitt Formation are combosed of nonmarine deltaic sediments deposited
on the,foreland of the Appalachian Basin. They were deposited subsequent
to the Lee Formation of early Pennsylvanian age and are primarily Atokan
and Des Moinesian equivalents or middie Pennsylvanian age (Cook and
Bally et al, 1975). Table 1 shows the relationship of the formation to
the other Pennsylvanian units in eastern Kentucky (Gardner, 1977).

The cores in this study»were taken from the Breathitt Formation
as determined by extensive geologic mapping done on 7%' quadrangles
(Ping, 1977; Hinrichs, 1978; Lee et al, 1977). Cores C4 and C5
penetrate Breathitt Formation rocks from the Skyline Coal down to
approximate]y’the Whitesburg or Amburgy coals and represent the middle
upper to lower middle Breathitt Formation. Core 1A penetrates the
Breathitt Formation>from the Whitesburg coal zone down to approximately
the base of the formation and represents the lower middle to lower

Breathitt Formation (Fig. 2).



Table 1-=-Pennsylvanian units of eastern Kentucky.
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PENNSYLVANIAN STRATIGRAPHIC]
- UNITS IN EASTERN KENTUCKY
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TABLE 1 - PENNSYLVANIAN UNITS OF EASTERN
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Figure 2 == Schematic structural cross-section showing structural

and stratigraphic relationships among the cores.
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PREVIOUS WORK

Delta Facies

Much has been written on deltaic sedimentation and delta facies.
Major studies of deltaic sediments are summarized in depth by Le Blanc
(1975) and in a brief and concise style by Miall (1979). The
Carboniferous be]ta of eastern Kentucky has been studied extensively
by John C. Ferm, John C. Horne, and many of their students. Their
work, most recently documented in Horne and Ferm et al (1978), provides
a basis for comparison of vertical sequences in this study to documented

jdealized sequences.

Diagenesis
Gardner (1977) is the only worker who has studied diagenesis of

the Breathitt. Formation in detail. He studied the Breathitt Formation
in Floyd ;ounty, Kentucky to the eagt and northeast of'my sfudy area.
Others have concentrated on petrographic classification, provenance;
and petrographic properties statistically significant to environmental
classification in Breathitt rocks (Ferm; 1962; Davis and Erlich, 1974;

and Flores, 1978).



CONCLUSIONS

1. Three sandstone facies dominate. They are fluvial-

distributary, crevasse channel, and crevasse splay.

/3',.2';-1 N7
N
o

Core lA represents a lower delta plain environment

dominated by crevasse channel and crevasse splay facies.

R

3. Cores C4 and C5 represent an upper delta plain

environment dominated by fluvial distributary channel

facies.

T
AR

4. The diagenetic history of the rocks studied is

o dominantly one of porosity reduction and destruction.

5. Porosity was reduced by compaction at depths of over

5000 feet.

6. In rare cases early ferroan calcite cement prevented

Lg compaction.

7. Authigenic kaolinite cement occurred late at great depth

effectively plugging pore spaces.

8. Porosity reduction by compaction and cementation is not
controlled by facies whereas porosity production or

secondary porosity appears to be facies related.

S

[b
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METHODS

CORE DESCRIPTION

This research is based largely on core description and thin section
analysis. Three cores were described, each approximately 1000 feet
long, from the middle-upper through the Tower Breathitt Formation.
Estimates of their stratigraphic range were determined by the geological
mapping mentioned previously and by thickness measurements from the
Titerature (Wanless, 1939; Huddle et al, 1963). Six parameters, based
on one foot sample intervals, defined the vertical sequences observed
in the core: 1lithology, grain size, bed thickness, bioturbation,
sedimentary structures, and bed contacts. Table 2 shows the parameters
with their numerical keys used in abbreviation. Use of these parameters

provided a systematic approach to objective observation of the cores.

THIN SECTION ANALYSIS

Over 250 sandstone samples were taken from the three cores for
analysis. These samples were subdivided into groups based on lithology
and §edimentary structures. Representative samples from each group
were chosen for thin section preparations. These totaled 20 per core
or 60 in all.

The first set of slides made were from core C5. These were
stained with Alizarin Red-S for carbonate mineral identification and
were analyzed for grain size, based on 100 points per slide. Mineralogy
was based on 200 points per slide. Textural and diagenetic propertigs

other than packing were qualitatively described. Packing was quantita-



Table 2--Core deséription parameters.

- g




Table 2--Core Description Parameters

Sedimentary Structures

I Laminations
A. Parallel
8. Lenticular
C. Wavy

I1 Cross Laminations

A. Simple
B. Planar
C. Trough

III Ripple Laminations
A. Current
B. Ripple-Drift.
C. Wave
IV Distorted Laminagions
A. Gas-heave
B. Slump
C. Recumbent Folds
D. Convolute
v Scour-and Fill

VI  Erosional Truncation

Lithology
Clay

Mud
Silt
Sand

Grain Size

1. 62-88u very fine
2. 88125y

3. 125-177u fine

4, 177-250u

5. 250»350u medium

6. 350-500u

7. 500-710u coarse

8  710-1000u

Bedding Thickness

1. Very thick
2 Thick

3. Medium

4 Thin

5. Very Thin

6. Thick laminations

7. Thin laminations

Bioturbation

0. No bioturbation
1. Sporadic Traces

2. Weakly Bioturbated

3. Moderately Bioturbated

4, Strongly Bioturbated

im
30-100cm
10-30cm

3-10am
1-3cm
0.3~1om
0.3cm

5-30%
30-602
60-90%

5. Very Strongly Bioturbated 90-99%

6. Completely Bioturbated

100%
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o tively described for 18 samples from each of the facies represented
in the study.
A1l 60 slides from the three cores were used to select a repre-

sentative set of 18 samples for cathodoluminescent analysis. This

%5 set includes at least three samples from each of the facies interpreted
in the cores. Photomicrographs of these sémp]es wefe‘taken under \

E— céthodoTumine;cenceo Textural and diagenetic properties were qualita-

F tively interpreted from the cathodoluminescent properties of the samples.

- In addition scanning electron microscopy was used to identify clay

[i mineralogy and authigenic minerals.
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PRESENTATION OF DATA

VERTICAL SEQUENCES

Vertical sequences are those sequences within a core that are
bounded above and below by coals. They may be anywhere from less than
one foot to over 170 feet thick. In general, these sequences occur in
one of six grain size patterns. They are: (1) coarsening upward, (2)
coarsening upward followed by fining upward, (3) repeated coarsening
upward, (4) fining upward, (5) repeated fining upward, and (6) repeated
coarsening up/fining up. The following are descriptive definitions of
the types of vertical sequences the author observed in cores from this
study. Thisbsection does not inc?udg a genetic interpéetation of the
sequences. Gengtic intérpretation is examined later in "Discussion of
Results."

Figure 3 is an explanation of the symbo]§ used to describe sedimen-
tary structures, special lithologies, grain size, and bioturbation types
in the vertical sequences examined in this study. Depths are posted at
the top and bottom of each sequence illustrated, and these can be con-
verted to core-box number by dividing them by ten--because there are
10 feet of core per box. This will facilitate correlating the vertical

sequence descriptions (Figs. 4-9, 13, 14, 16-20) with the whole core
summary (Fig. 2).

(1) Coarsening Up

Coarsening upward sequences are characteristically thin, averaging
only 21 feet thick (Fig. 4). They grade from a parallel laminated

clayshale or mudshale through a parallel and lenticular laminated



Figure 3--Explanation of symbols used in vertical sequence
diagrams.
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Figure 4 -- Example of coarsening upward sequence from this study.
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mudstone or siltstone to a wavy and ripple 1amiﬁated siltstone and/or
silty sandstone. Bfoturbation is common in these sequences and is

usually present to some degree--ranging from a trace to complete. The
top of the sequence is rooted in all cases. Thin _sandstone laminae in

the coarsening upward sequence have gradational to sharp basal contacts.

(2) Coarsening Up/Fining Up

Coarsening upward/fining upward sequences have a basal section,
characterized by the coarsening upward sequence previously described,
which is directly overlain by a fining upward sequence. The overall
sequence ranges from four feet to seventy-six feet thick and averages
17 feet in thickness (Fig. 5). The proportionate thickness of the two
components varies from approximately 5:95 to 350:50 for the coarsening:
fining ratio. The fining upward component of the sequence has a massive,
crossbedded, or conglomeratic sandstone with a sharp to erosive basal
contact. This grades upward with numerous erosional truncations through
a medium to thick bedded sandstone with planar and trough crossbedding
to a thin to very thin bedded sandstone with planar and ripple bedding.
Bioturbation increases upward from no bioturbation in the basal and
crossbedded sandstone to moderate bioturbation in the upper more thinly
bedded sandstone and finally to complete bioturbation by rooting at the
top of the sequence. Bedding thickness in this sequence ranges from
thinly laminated, at the base of the coarsening upward component and the
top of the fining upward component, to thickly bedded at the base of

the fining upward component.



Figure 5 == Example of coarsening upward/fining upward sequence from

this study.
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(3) Repeated Coarsening Up

Few repeated coarsening upward sequences occurred in the cores
examined. They average 16.7 feet thick (Fig. 6). Parallel and thinly
Tamipated mudstones are at the base, and these grade into parallel,
lenticular, and ripple laminated siltstone at the top. This pattern
may be repeated or stacked 2 or 3 times in a particu1ar sequence.
Bioturbation is common throughout and is especially abundant at the
tops of individual coarsening upward units within repeated coarsening

upward sequences.

(4) Fining Up

Fining upwards sequences are abundant in these cores and average
51.1 feet thick (Fig. 7). They range in thickness .between 3 and 147
feet. The base is characteristica]ly‘a sharp to erosional contact with
the underlying rocks which is overlain by massive, conglomeratic, or
crossbedded fine to medium (125-350u) grained sandstone.. Cong]omerétes
are composed of subangular to subrounded cobbles and pebbles of siderite,
mudrocks, and coal in a matrix of fine to medium sand. Erosional
truncation is common in the basal portion of these sequences and is
often marked by a conglomerate and/or clay drape. Massive and cross-
bedded sands, near the base, range from medium to thick bedded (30-
100cm). Erosional truncation and massive bedding become less abundant
upward in the middle of the sequence. The middle part of the sequence
is mostly medium crossbedded, very fine to fine grained sandstones with
minor amounts of ripple and planar bedded sandstones. Bedding thickness

and grain size decrease upward toward the top of the sequence where



Figure 6 -- Example of repeated coarsening upward sequence from this

study.
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Figure

7 == Example of fining upward sequence from this study.
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very fine (62-125u) grained, thin to very thin ripple, wavy, and small
scale cross bedding dominates:. Bioturbation is absent except in the
very top part of the sequence and is usually in the form of plant

rooting.

(5) Repeated Fining Up

Repeated fining upward sequences are fairly abundant, with an
average thickness of 51.1 feet and a range of 10 to 98 feet thick
(Fig. 8). These are comprised of several fining upward subseguences.
These subsequences range from 2 to 30 feet thick. Moderate to complete

bioturbation is common in the upper part of the individual subsequences.

(6) Repeated-Coarsening Up/Fining Up

Repeated coarsening upward/fining upward sequences are abundant_and
average 103.5 feet thick with a thickness }ange of 29 to 175 feet
(Fig. 9). They consist of two or more coarsening up/fining up sub-
sequences similar to the coarsening upward/fininé upward sequences
previously described. These stacked subsequences usually have a thickly
developed mudrock component--separating the subsequences--that in
many cases is not heavily bioturbated. This mudrock component is
commonly thin, parallel laminated siltshales, mudshales, and clayshales
with siderite bands, and it reaches thicknesses of 30 feet or more.

The types of sequences described above comprise almost all of the
types observed. There is a small percentage that doesn't fit neatly
into any category described. These are either unusual combinations
of the patterns described above or non-patterned. They represent less

than 10% of all the core described.



Figure 8 =~ Example of repeated fining upward sequence from this study.
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Figure 9 == Example of repeated coarsening upward/fining upward

sequence from this study.




N

(6) REPEATED - COARSENING/FINING UPWARD SEQUEE

299~wgkﬂ'

/77

7/

368-

— -

plipg~—

3oM3Nb3S-4ans

4
!

F——32N3nd3s-ans

Coal

Rooted, lenticular and parallel-
laminated siltstone and mudstone

Ripple and wavy-laminated
sandstone and siltstone

Trough-crossbedded sandstone

Massive and crossbedded sandstone

Parallel-laminated mudshale and
siltshale

Siderite banded, para]]e?»?am{nated
clayshale

Burrowed, parallel-laminated :
siltshale and mudshale rlo

FEET
Coal




T T T T

p——c T
¥ S

S S e

R EE A

=

-41-

PLAIN LIGHT PETROGRAPHY
Mineralogy

The eight constitueﬁts counted in each slide include quartz,
feldspar, rock fragments, mica, orthocnems, allochems, opadues, and
heavy minerals. A description of each constituent follows. Table 3
is a summary of the constituent composition of the samples examined for
mineralogy.

Quartz is the most abundant constituent. It ranges from 29.5 to
75.5 percent of the rock by volume and averages 47 percent. It is
dfstributed uniformly throughout with only rare elongate grains having
a preferred orientation subparallel to bedding. Quartz grains occur
in sizeg from silt to medium sand (40-400u). Shapes range between
angular and subrounded. Overgrowths are rarely observed and, where they
may be inferred, no diagnostic eviaence existsfto idehtify them.

Bubbles and submicroscopic minerals form inclusions on some of the grains.
The only alteration observed in quartz grains was replacement by ferroan
calcite cement when the latter was abundant (Plates I and II).

Feldspar comprises between 6.5 and 25.0 percent of the rock by
volume with an average of 17.3 percent. K-feldspar is the most abundant
type witn minor amounts of perthite and p]agioc?aﬁe also occurring.
Feidspér distribution is uniform with no preferred orientation. Most
grains were subangular to subrounded and were in the same size range as
the detrital quartz. No overgrowths were observed, but sericitization
was common to varying degrees. Alteration of feldspar includes replace-

ment by ferroan calcite and/or kaolinite (Plate III). In general,



Table 3--Summary of minefa1ogic compositﬁon°

T

e

's



r— reo— e

¢

Table 3--Summary of Mineralogic Composition

Mineralogy

Sample #

€5-12
€5-6

C5-28
C5-16
€5-51
C5-64
C5-4

€5-62
€5-22
C5-71
€5-11
€5-72
€5-39
€5-38
€5-15
5-69
C5-55
€5-19
C5-14
€5-70
C4-42
1A-13
4-3

Range
Avg.

»R

Qtz

33.5
36.5
29.5
33.0
44.0
38.5
28.0
36.5
41.5
51.0
46.5
47.5
62.5
44.0
36.5
72.0
67.0
37.0
75.5
69.5
35.5
43.0
72.5

29.5-75.5 6.5-25.0 1.0-20.

47.0

F

15.5
14.0
13.5
20.5
20.5
22.5
18.5

24.0.

14.0
25.0
22.0
18.5
13.0
24.5
18.5
15.8
16.0
21.0
12.5
18.0
10.5
12.5

6.5

17.3

RF

10.5
10.0
8.0
16.0
13.0
16.5
16.5
11.5
20.5
12.0
9.5
10.0
18.0
15.0
14.0
7.5
9.5
19.§
6.0
6.5
1.0
10.5
12.5

11.9

Mica
14,5
6.0
7.5
7.5
4.0
5.0
5.0
9.0
10.5
0.5
5.5
3.5
4.5
6.5
11.0
0
2.0
3.0
2.0
1.0
4,0
9.5
1.5

Ortho Allo

19.0 0.5
22.0 1.0
35.0 0
17.5 0
17.0 ]
15.5 0
7.0 0.5
17.5
10.0
6.5
14.0
20.0
1.5
10.0
17.5
4.0
5.5
8.0
4.0
1.5
46.5
19.0
7.0

o O C 0O 0 0O O 0 o0 0 0 O O o o o

5 0-14.5 1.5-46.5 0-1.0

5.4

(23.0)12.7 0.1

Op

6.5
7.5
4.5
5.0
0.5
1.5
24,0
C.5
2.0
5.0
2.0
0.5

Q = N

10.5

3.5
ZOO
2.0

0-24.

3.5

0

Heavy

3.0
2.0
0.5
1.0
0.5
0.5
1.0
1.5

0.5

0.5

0O O o O O °

0-3.0
0.5



Plate I == (A) Plain light view (30X) of a 350-500u, very well sorted,

subarkose. (B) Same field of view under crossed nicols showing replacement
of quartz and feldspar by ferroan calcite (center), which has since been

partially dissolved, and abundant long and suture grain contacts. Sample

#C5-7C.







Plate II--(A) Plain light view (30X) of a 350-500u, very well
sorted, suBarkose showing a detrital dolomite grain surrounded by
ferroan calcite cement that also replaces some of the quartz and
feldspar along grain boundaries. (B) Same sample but different field
of view under cathodoluminescence showing authigenic character of
kaolinite (royal blue) pore-filling suggested by pure, monomineralic
composition, hydraulic inequivalence to framework grains, and undeformed

occurrence. Sample #C5-14.

b







Plate III--(A) Plain light view (125X) of a 177-250u, well sorted,
arkose showing large detrital dolomite grain, surrounded by ferroan
calcite cement, and replacement of feldspar ‘grain by ferroan calcite
along the grain cement boundary. (B) Same field of view under crossed
nicols showing abundant 1069 and suture grain contacts and vermiform,
authigenic kaolinite partia]]y dissolved from the pore space. Sample

#C5-11.
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mfcroc]ine and orthoclase appeared fresher than the perthitic and plagio-
clase feldspars.

Sedimentary and metamorpnic rock fragments were the dominant type
of rock fragments occurring in the samples examined with only a trace
percentage of igneous rock fragments occurring. Sedimentary rock
fragments included siltstone, mudshales, and clayshales in the form of
intraba;inai mudrock fragments. Metamorphic rock fragments were
dominantly schistose but also included minor amounts of chloritic
quartzite. Altogether rock fragments compose 1.0 to 20.5 percent of the
rock volume at an average of 11.9 percent. They are uniformly distri-
buted, and elongate grains are parallel or subparallel to bedding. The
incompetent rock fragments are commonly squeezed by quartz, feldspar,
and competent rock fragments to varying degrees. In some cases, they
appear to be more like an interstitial filling than a detrital grain.
Sedimentary rock fragments--especially intrabasinal ones--are commonly
replaced by siderite.

Mica occurs in a trace amount to 14.5 percent. They are elongate
flakes oriented parallel to, and commonly in heavy’concentrations along,
bedding planes. Accumulations of mica along bedding form planes of
weakness where the core or hand samples break easijy. Muscovite is by
far the most abundant with only trace amounts of biotite or detrital |
chlorite. Unidentifiable heavy minerals along cleavage planes of
muscovite are common. In most samples, the mica flakes are extensively
bent or broken and have frayed edges (Plate IV).

In this study, orthochemical constituents include ferroan calcite,

kaolinite, siderite, iron oxide, and minor amounts of chlorite. Ferroan



Plate IV == Plain light view (30X) of an 88-1Z5u, very well sorted,

calcareous lithic arkose showing breakage and bending of mica flakes.-

e

-



v



-53-

calcite occurs}as an interstitial cement, overgéowth on detrital.
dolomite, and rare rep?acement of quartz and potassium feldspar (Plates
Vand VI). Kaolinite is an interstitial clay filling and replacement
of detrital feldspar with very low birefringence making it hard to
recognize‘in plain light. Scanning electron microscopy indicatés that
the Kaolinite occurs in euhedral crystal habits filling pore spaces'
(Fig. 10). Sidefite and iron oxide occur in amorphous masses. These
masses have a bright orange reflectance in plain reflected lignt signi-
fying an iron oxide composition (Plate VII).

Siderite and iron oxide are commonly associated in allochemical
grains. These are recrystallized, fine grained sedimentary rock
fragnents very similar to mudrocks found interbedded with the sand-
stones in this study. Other allochemical grains include dolomite and
glauconite (Plates V & VI). Both are rare and occur as random framework
size grains. Dolomite grains are commonly surrounded by ferroan calcite
rims. In total, the aT1ochems comprised a trace to 1.0 percent of the
rock volume.

Opdque grains oécurred in_a trace amount to 24.0 percent of the
rock. They occurred as framework grains, finely disseminated particles,
and large accumulations along bedding planes. Opaque grains are com-
prised of detrit§1 organic material and pyrite. Opaque framework grains
are typically subrounded to subangular and are more common in sandstones
greater than 125u in grain size. Elongate particles and accumulations
along bedding planes are common in most of the sandstones studied. The
finely disseminated.opaque grains were more abundant in sandstones with

a finer (less than 125u) grain size. Pyrite was only recognizable



Plate V-=(A) Plain light view (125X) of a 62-88u, very well sorted,

lithic subarkose showing dolomite rhombs. (B) Crossed nicols view of

same field showing blue stain characteristic of ferroan calcite

rimming -the dolomite rhomb suggesting that the calcite is an authigenic

cement on detrital dolomite. (C) Cathodoluminescent view {30X) of

same sample showing rounded shape of dolomite and abundant patchy

kaolinite pore filling. Sample #C5-6.






Plate VI -- Crossed nicols view (125X) of a 177-250u, very well sorted,
Tithic arkose showing an angular, detrital-dolomite allochem with ferroan
calcite cement surrounding it and replacing quartz and feldspar grains along

grain boundaries. Also, note abundance of long and suture grain contacts.

Sample #C5-38.
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Plate VII == (A) Plain Tight view (125X) of an 88-125u, moderately
sorted, Tithic arkose showing an amorphous mass of siderite and iron oxide.
(B) Same field. of view under plain reflected 1ight showing charactistic

orange reflectance of iron oxide. Sample #C5-16.
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Figure 10~--SEM photomicrograph of pore-filling kaolinite

— e ——

[P,






e

m

-62-

in rare quantities by reflected 1ight.
Heavy minerals were unidentifieable because of their very fine

grain size but occurred in a trace amount to 3.0 percent of the rock

by volume.

Classification

According to the classification of Pettijohn et al (1973, p. 158,
Fig. 5-3) these rocks a}e 1ithic arkoses and subarkoses. When sub-
divided into groups by grain size from medium sand (250-530u) to very
fine (62-126u) sand, the samples separate into more or less discrete
compositional groups (Fig. 11). The medium grained sandstones are
distinct compositionally and are virtually all lithic subarkoses. The
fine and very fine grained samples are Tess distinct compositionally
but do show a tendency toward having distinct compositions. The very
fine-grained samples tend to be arkoses predominantly while the fine
grained samples occupy a medial position between the medium and very
fine grained samples and consist of equal amounts of arkoses and sub-
arkoses. Stated simply, the percentage of feldspar increases with

respect to quartz as grain size decreases.

Texture

Quantitative information on packing proximity was collected.
Packing proximity is defined as the number of grain to grain contacts
in a traverse divided by the total number of contacts counted in the
traverse times 100 (Ng_g/Nt X 100; where Ng_g = number of grain to
grain contacts and Nt = total number of contacts counted). Values for

the sandstones in this study range between 64 and 82% for all but three



!

Figure 11 -= Petrographic classification of samp]és taken from cores

after Pettijohn et al (1973).
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samples. Two of these three had abundant secondary porosity wnicn

dramatically increased the number of grain to pore contacts and the third
S had abundant ferroan calcite cement wnhich increased the number of grain

to cement contacts substantially. Kahn (1956) showed, by statistical

comparison, that packing-proximity and packing density are proportionally

$~;v. related (where packing density is the sum of grain intercept lengths of

o

bR

a traverse divided by the total length of traverse times 100). I spot

checked the packing study sample set for contact strength and weighted

contact packing indices as defined by Fuchtbauer (1967) and Hoholick et

L

al (1982), respectively. Contact strength values ranged between 2.0 and
2.4, and weighted contact packing values ranged between 5.5 and 6.4.
From comparison with documented values for the St. Peter Sandstone
(Hoholick et al, 1982, p. 3;) and the Lower Mannville Sandstones
(Ho-Shing, 1979, p. 29) these values indicate a depth of burial greater

than 5000 feet. Breathitt equivalents in the Southern Appa]dchian coal field

reach thicknesses up to 7000 feet where preserved (Stearns and Mitchum, 1962).

This supports the a}gument for deep burial of the samples in this study.

Other indicators of compaction observed include deformation of

N
sz
o 4

phyllosilicate rock fragments and mica flakes. In one or two sandstones,
| early cementation by ferroan calcite prevented compaction. In other

sandstones, the plugging of pores by kaolinite appears to occur after

D F

compaction.
boo The texture of the rocks examined is mature with a few samples
ranging into the submature category. Plugging of pores by kaolinite
and incompetent rock fragments gives these sandstones a superficially
 submature appearance, but luminescence analysis shows that this "matrix"

o is not detrital.

' T V,‘f.,'
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LUMINESCENCE PETROGRAPHY

Cathodoluminescent study of the samples enables description of
original texture especially as it differs from diagenetic texture. In

other words, cements and non-detrital minerals are easily recognized.

Texture is more easy to see by cathodoluminescence than by standard
petrographic analysis because the distinction between framework and non-
framework elements is clear. A monomineralic, uniformly distributed

matrix of kaolinite exists in most samples (Plate VIII). In medium

grained sandstones of the lower to middlie part of thick fining upward

sequences, there is an absence of pore-filling kaolinite and a concommi-

tant abundance of porosity. For the most part, kaolinite occurs as a
\e,i pore fi1ling but also occurs as a rim around K-feldspar grains and as
isolated patches with an outline resembling a grain boundary (Plate II ).

It éppears to effectively plug most of the pore space in the samples.

Framework grains include quartz and feldspar dominantly. There is a
noticeable lack of overgrowths on either mineral species. Long,
Lé concavo-convex, and suture contacts are abundant, whereas point and

o floating contacts afe relatively rare. With the exception of rare
{— | elongate grains, there is no noticeable preferred orientation of these
framework grains. The elongate grains do, however, show an orientation
subparallel or parallel to bedding. Dolomite grains under luminescent
petrography appear to have rounded outlines and a size range comparable
to framework grains suggesting a detrital origin. Ferroan calcite,

= however, has an irregular, patcihy outline and a size range inconsistent
{ with normal framework size distributions suggesting an authigenic

origin (Plate VIII).

S
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Plate VIII--Four cathodoluminescent views (30X) of samples
selected from levee facies (A-Sample #C4-97; C-Sample #C4-82),
crevasse splay facies (B-Sample #1A-14), and crevasse channel facies
(D-Sample flA-ll). Note patchy distribution of monomineralic kaolinite
cement in all samples. Compare dolomite shape (red, rounded,
elliptical grains suggesting detrital origin) in A and C to ferroan
calcite shape (orange, irregular, patchy outline suggesting authigenic

origin) in B and C.
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DISCUSSION OF RESULTS

SANDSTONE FACIES
{% ? Coleman and Prior (1980) and Horne et al (1973) discuss sandstone

facies for the Recent Mississippi Delta and the ancient Appalachian

Delta, respectively. Table 4 compares terms used, in their studies and
fﬁ j in a general review by Elliot (1978), for the different sandstone

t

o facies. . In this study, the author has adopted the following terms to

describe the sandstone facies in core: fluvial-distributary, minor

mouth bar/crevasse channel couplet, crevasse splay, bay fill, and levee.
(; ~ The purpose of this section is to discuss facies interpretations of the

descriptive vertical sequences examined in this study. These facies

interpretations were arrived at by comparing the descriptive vertical

~ sequences with ideal vertical sequences of facies found in the literature.

Fluvial-Distributary

{é Fluvial-distributary deposits are probably the most impressive

{,f sandstone facies in Breathitt Formation outcrops and cores. They form
imposing cliffs in road and stream cuts and can be 100 to 120 feet thick

(i ﬁ in cores. The thick fining upward sequences represent what are termed
fluvial-distributary facies in this study. The decreaée in grain size

L upward from a lag deposit over an~erosiona1 base, the decrease in flow

regime represented by the sequence of sedimentary structures, and the

lack of bioturbation all indicate the migration of a point bar in a
;ﬁa; non-marine fluvial system. This deposit is capped by a rooted levee
- deposit and coal. Horne et al (1978, Figure 10) illustrate the ideal
i: ‘ vertical sequence of the fluvial distributary facies which they derived

r.fé‘ W



Table 4--Comparison table of delta facies terminology.




Table 4--Comparison of Delta Facies Terminology

Coleman and Prior, 1980 Horne et-al, 1978 Elliot, 1978
34
\} fluvial=distributary fluvial distributary
crevasse splays and backswamp/bay-fill/ crevasse splay and
bay-fills crevasse splay minor mouth bar/

crevasse channel

couplets
levee levee
gistributary mouth bar distributary mouth disttributary mouth
bar bar
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from their work on outcrops in eastern Kentucky and southern West Virginia

(Fig. 12). Figures 13 and 14 from Core C4 and C5 show fining upward

sequences very similar to the fluvial deposits of Horne et al (1978).

KTE The examples from this study are notably thicker 100-120 feet compared
with 50-30 feet for Horne et al (1978) and are some what finer grained--

ééi | medium to very fine grained sand (500-62u) compared with the coarse to

medium grained sand of Horne et al (1978). Not all the fluvial distri-

butaries in this study are as thick as the two examples, but the grain

{i{ size is fairly consistent for all. The thicker accumulation of sand is

: attributed to local rapid subsidence and/or stacking of channel sequences,
and the finer sediment size is attributed to either a more distal

position in the delta plain or a time/micro-source area difference.

Minor Mouth Bar/Crevasse Channel Couplet

Whereas the fluvial distributary facies is the most prominent,

(,if tne crevasse channel and minor mouth bar/crevasse channel couplet

(hereafter mmb/ccc) facies are the most abundant facies of the delta

system. Coleman and Prior (1980, p.56) put it best: "Given time,

r"‘

eventually another crevasse will form on. the bank of the Mississippi,

-

and another period of infilling will ensue, again filling the interdis-

tributary bay with detrital sediments. It is this process of repeated

l/_"‘

filling, alternating with periods of marsh destruction, subsidence, and

reversion to open bay conditions, that forms the bulk of the cyclic

e

deposits in the lower delta plain." Elliot (1978) characterizes this
t:: process as a microcosm of the major delta progradation. The above

points suggest two important distinguishing features of the crevasse

(v



Figure 13 == Example of fluvial distributary facies sequence from this

study.
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Figure 14 -- Example of fluvial distributary facies sequence from this

study.
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channel and mmb/ccc facies. One, they are smaller scale deposits than
the major distributary deposits and two, they are associated with or
have as a significant portion of the sequence, fine grained (mudrock)
bay-fill sediments. In most other respects, their nature should closely
resemble that of the major distributary type deposits.

A minor mouth bar/crevasse channel couplet (Elliot, 1978) is

represented by the coarsening upward/fining upward sequence discussed

m— e

previously. The coarsening upward component indicates the approach of
a crevasse system in the interdistributary bay, and the fining upward
component marks the arrival and subsequent migration of the crevasse

channel across the bay (Fig. 15). Figures 16 and 17 show examples from

this study of the couplet facies. Notice that the channel facies are

’
T a——— —
% . ‘

R somewhat thinner (20-40 feet) than their fluvial distributary counterparts

and that there is a significant development of the fine grained mudrock

.f’~.m

bay fill deposit above and below the couplets. In some cases a small

scale channel deposit with no minor mouth bar is developed. This may

&

occur because the channel deposit i{s proximal to the distributary
crevasse, or because a more distal channel deposit was deposited more

suddenly than a sequence with minor mouth bar development.

Crevasse Splay and Bay-Fill

Crevasse splays represent temporary conditions in deltaic sedimentation

when normal interdistributary bay deposition is interrupted by sand

| ot

deposition. They represent flood stages of the river. Initial deposi-
[‘, tion is sudden and high energy but wanes rapidly with the falling river

stage. Crevasse splay deposition does not continue after normal river




Figure 15 -- Example of minor mouth bar/crevasse channel couplet facies

sequence from the Carboniferous of England (Elliot, 1974).
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Figure 16-- Example of minor mouth bar/crevasse channel couplet facies

sequence from this study.
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Figure 17 -- Example of minor mouth bar/crevasse channel couplet facies

sequence from this study.
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stage is reached. Therefore, they are smaller scale deposits than their
crevasse channel counterparts (which do continue after flood stage).

A1l things considered, the splay deposits have a sharp, possibly even
erosional, base representing initial high energy conditions, a somewhat
abbreviated upward fining grain size and current structure pattern
representing waning flow, and a thickness of from 5-20 feet representing
their ephemeral existence. Figure 184shows an example of a crevasse
splay examined in this study compared with crevasse splays from Elliot
(1974, Fig. 2C).

Bay-fill deposits are represented by the coarsening upward and
repeated coarsening upward sequences described above. They are the
lateral time equivalent of the fluvial-distributary facies. As the
distributary progrades and migrates across the shelf, overbank deposits
gradually fill the bay. A single coarsening upward sequence records
the uniform progradation of crevasse and overbank depoéits associated
with a migrating distributary, and a repeatgd coarsening upward
sequence records the nonuniform or interrupted progradation of crevasse
and overbank deposits.

Figure 19 illustrates a bay-fill deposit examined in this study
compared with a bay—fi]]hdeposit from Coleman and Prior (1980, Fig. 20).

Coarsening upward sequences in the literature are interpreted either

as crevasse and overbank deposits or as distributary mouth bar deposits.

In comparison to distributary mouth bar sands, the bay fill sands are
much thinner. Horne et al (1978) describe the distributary mouth bar
sands in eastern Kentucky as 50-90 feet thick, but the sands of the

coarsening upward sequence described here are 12 feet thick at most.
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Figure 18 -- Example of crevasse splay facies sequence from this study
(bottom) compared with the same facies sequence (top) from the Carboniferous

of England (E1liot, 1974).
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Figure 1% -- Example of bay-fill facies sequence from this study
(bottom) compared with the same facies sequence (top) from the Recent

Mississippi Delta (Coleman and Prior, 198C, fig. 20).
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For this reason, I choose to call these bay-fill sands as opposed to

distributary mouth bar sands.

_Levee
Figure 20 shows a crevasse splay debo;it succeeded by another
crevasse splay deposit which is then succeeded by a levee deposit. As
explained in the literature, levees are created by overbank flooding
characterized by sheet flow and rapid deposition of sand from traction

and suspension. They are thin and commonly {op the channel deposits.

SUMMARY OF FACIES SEQUENCES

Figure 2 is a summary diagram of the facies sequences in the cores
examined in this study. It illustrates three things. First, the cores
are unevenly spaced. Core 1A is 32 miles south-southwest of Core C5 énd
37 miles south-southwest of Core C4. Cores C5 and C4 are on]y 5 miles
apart. Second, they represent different stratigraphic intervals.
Core 1A represents the lower to middle Breathitt Formation whereas Cores
C4 and C5 represent the middle to middle-upper Breathitt Formation.
Third, they represent different parts of the delta plain environment.
Core 1A is about one-third sandstone and two-thirds mudrocks, and its
sandstone facies are almost exclusively comprised of crevasse channel
and crevasse splay facies suggesting that the core represents sedimen-
tation in a lower delta plain environment. Cores C4 and C5 are about
one-half sandstone and one-half mudrocks, and their sandstone facies are
comprised dominantly of fluvial distributary and crevasse channel facies
suggesting that these cores represent sedimentation in an Qpper delta

plain environment.
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DIAGENESIS

The concept of diagenesis has been explained from an interpreta-
tive point of view by Hayes (1979) and Pettijohn et al (1973, p. 383)
amongvothers. In his review, Hayes (1979, p. 127) describes diagenesis
in terms of four truths about the holes (porosity) in rocks. They are:
1) Porosity reduction occurs during early stages of burial; 2) Porosity
production occurs later, possibly at depth; 3) Chemical changes occur
through a kinetic process; and 4) Diagenesis is programmed by contextual
influences—-provenance, depositional environment, and tectonic setting.
These four aspects of diagenesis make a convenient framework for discussing

diagenesis in this study.

Porosity Reduction

Porosity reduction is accomplished by compaction, cementation,
recrystallizatibn, and replacement. Most previous workers mention the
deformation of micas and incompetent rock fragments as evidence for
compaction. These indicators were noted in this study as well.

Packing proximity values were quite high for all sandstone facies
indicating considerable compaction and porosity reduction in these
sandstones. In addition, contact strength and weighted contact packing
indices indicate that these rocks were buried to a depth of greater
than 5000 feet. Thus, overburden pressure was an important factor
influencing the physical porosity reduction of the Breathitt Formation

sandstones.
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Kinetic Process of Chemical Change

The chemical factors influencing porosity reduction include
cementation, recrystallization, and replacement. Gardner (1977, p. 132)
recognized replacement of feldspar and dolomite by kaolinite and ferroan
dolomite as the chemical change most abundant in the Breathitt Formation
sandstones. Some dolomite and feldspar replacement was noted in this
study, but the dominant chemical change was the kaolinite cementation
obvious in lTuminoscope photos. This pore filling by kaolinite was
second only to mechanical compaction as an agent of porosity reduction.
Wilson and Pittman (1977, p. 53) give a number of criteria for recog-
nizing authigenic clay in sandstones. Among the criteria applicable
to this study are: pure, monomineralic compositiong composition
marked]}idifferent from detrital clay composition; clay particles
undeforhed by compaction; uneven grain size distribution; and scattered
pore filling distribution. The luminescence photo of sample C3-14
(Plate II) illustrates some of these criteria. The bright blue Tumi-
nescent gharacter of kaolinite is uniform and pure in this sample.

The kaolinitic composition is markedly different from the composition

of detrital clays found in associated mudrocks. Detrital clays from
these mudrocks are dominantly i1litic (Kryza, 1982, pers. comm.). Most
importantly, if the kaolinite is not authigenic, then the grain size
distribution in the sample indicates a hydraulic impossibility--the
simultaneous deposition of c]ay'and sand. These are convincing evidence
for the secondary nature of the kaolinite,

Wilson and Pittman (1377, p. 49) state that authigenic clays are

formed either by direct precipitation from formation water or by
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reactions between precursor minerals and formation water. Gardner's
model (Gardner, 1977, p. 192) for the diagenesis of these rocks called
for both processes. According to his model, a diagenetic profile with
three horizons is created by downward movement of water and the con-
commitant change in water chemistry. Of the three horizons in a sand-
stone body, the upper horizon is deficient in diagenetic minerals; the
‘middle hérizon is rich in authigenic kaolinite; and the lower horizon
is rich in dolomite and authigenic ferroan dolomite. Water chemistry
changes from silica rich, acidic, fresh water at the top to reducing,
Tow-pH, saline water at the bottom. No such profile was observed in
this study. In fact, most samples showed exception to this model.
Kaolinite was ubiquitous and occurred wi;h ferroan calcite. Ferroan
calcite was found in upper as well as ]oweh horizons of sand bodies.

I believe that the cementation of these Breathitt Formatien
sandstones is best explained by timing--early and late. Ferroan calcite
cementation occurred early where degradation of locally-abundant
organic matter occurred. In a few rare instances this cement was
abundant enough to prevent significant compaction; Kaolinite cement
occurred late (evidenced by the undeformed nature of the euhedral
crystals in SEM photo, Fig. 10) as a result of feldspar dissolution

under deep burial conditions and the change in pore-water chemistry.

Contextual Influences

The position of the fluvio-deltaic complex represented by Breathitt
Formation rocks in a foreland basin provided a tectonic setting wnere

loading of thrust sheets to tne east caused significant downWarp. In
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addition, the source area was less than 200 miles away, which provided
quick deposition of many unstable grains that later were dissolved or

deformed.

Porosity Production

Previous workers did not recognize any evidence of porosity pro-
duction in Breathitt Formation rocks. The very-fine and fine grained
sandstones with high packing proximities exhibited only minor secondary
porosity. The lower part of medium-grained, channel sands, however,
are commonly deficient-in diagenetic minerals, and have abundant
secondary porosity. P]aﬁeva and IX show scattered remnants of
ferroan calcite and kaolinite cement within large secondary pore spaces. -
This suggests porosity production by the dissolution of carbonate cements
and detrital framework grains. Explaining such porosity as a primary
feature is difficult because these clean, medium grained sands were
subjected to larger volumes of pore fluid migration than the finer more
cemented sands. va anything, these coarser sands would have cemented
faster. Heald and Renton (1966, p. 84) in an experimental study con-
cluded that "well sorted coarse sands became cemented faster than fine-
grained sands because of the greater influx of cement into the more
pe;meab]e coarse sand." It would seem, then, that these sands first
underwent thorough compaction and cementation and later were subjected
to dissolution of cement and detrital grains as porosity production.

The same property that made them susceptible to fast cementation provided

for their susceptibility to dissolution and porosity enhancement.



Plate IX -- Cathodoluminescent view (30X) of a 250-350u, well sorted,
subarkose. Kaolinite cement has been removed from pores (center and

rignt-center). Sample #C5-55.
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| RELATIONSHIP OF DIAGENESIS TO SANDSTONE FACIES

The facies identified by core analysis were fluvial distributary,
minor mouth bar/crevasse channel couplets, crevasse splay, bay-fill and
levee. Tables 5 and 6 show a graphic representation of the location
and thickness of the descriptive and interpretative sequences for each
core,

The petrograbhic analysis showed that the rocks in this study are
very-fine to medium-grained, moderately to very-well sorted, lithic
arkoses and lithic subarkoses. The cements are ferroan calcite and
kaolinite. 'Quantitative analysis of packing indicates that these were
buried 5300 feet or more as does the abundance of suture, long, and
concavo-convex grain-to-grain contacts.

Figure 21 is a graph of" packing proximity versus sandstone facies
that shows all facies were equally affected by compaction. The three
exceptionally low values of packing proximity are explained by abundant
ferroan-ca]cite cement which inhibited compaction in one case and by
abundant secondary porosity in the other two--both medium grained
channel sand deposits--which obscures original packing.

A comparison of facies and packing suggests that facies are not a
fundamental factor in diagenesis, but rather that timing and burial
depth are the important factors in the diagenesis of the Breathitt
Formation sandstones. The comparison suggests that ferroan-calcite
cementation occurred early and in rare cases was abundant enough to
prevent compaction. ‘In all other cases compaction occurred with the
burial of tiiz sediments and was followed by kaolinite cementation

from the the dissolution of feldspar at great depth. Medium grained



Table 5--Graphic summary table of the distribution of descriptive

vertical sequences in each core.
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Table 6--Graphic summary table of the distribution of facies

sequences in each core.
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Figure 21.-Graph of packing proximity versus sandstone facies.
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channel sands commonly exhibit abundant secondary porosity as a result
of their relative susceptibility to pore fluid migration.

Thus, the diagenetic history of the sandstones in this study can
be summed up in terms of porosity reduction followed by porosity pro-
duction. Porosity Was reduced by compaction and later reduced by pore-
f{lling, authigenic kaolinite. Dissolution of cements and detrital
grains produced abundant secondary porosity in medium-grained, channel

sands.
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SUGGESTIONS FOR FURTHER STUDY

Several questions arise after doing this study. Can a relationship
between diagenetic proberties and sandstone strengths be proven? Such
a study could include qualitative study of porosity types (i.e., primary
vs. secondary). Sample impregnation by stained époxy would allow
quant{tative analysis of porosity in sandstones. birect comparison of
porosity results with engineering results for specific samples would
provide the basis for bredicting sandstone strengths.

Another study could be made to test the accuracy of facies inter-
pretation based on verfical sequences in coré. A field study of
outcrop patterns in proximity to cores .would pro&ide é comparison of
one and two dimensional patterns in the fluvio-deltaic sediments.
Extensive fence diagrams and correlations of measured éections in a
small area surrounding the core locality would give a three dimensional
view and provide better sfratigraphic control for facies interpretation
of core sequences.

A comparative study of standard petrographic features with
Tuminescent features using photomicrographs of sandstones is another
suggestion. This blending of information could lead to a definitive
understanding of the complex mineralogy and diagenetic history of
these rocks. It would also provide better definition of luminescent

properties of the various mineral species.
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