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Abstract

Marmaton Group (Desmoinesian) Granite Wash deposits of the Elk City Field,
in eastern Beckham and western Washita counties, Oklahoma, are composed of
sandstones, conglomerates, and mudstones that were deposited as fan deltas with
changing proximity to the Amarillo-Wichita uplift. Sandstones, conglomerates and
shales can be divided into five zones (Marmaton A-B, C, D, E, F) separated by flooding
surfaces. These zones can be further divided into transgressive and highstand system
tracts. Structurally, the Elk City Field is composed of a northwest trending anticline
bounded by at least two faults on its flanks. Thin section analysis and XRD results
suggest that the mineralogy of the sediment source is responsible for the variable well-
log responses. An artificial-neural network combined with proper well-log cut-off
values and porosity-lithology relations are used to estimate lithologies in non-cored
wells by utilizing cores and well logs. The stratigraphic framework, estimated lithology
logs, porosity logs, and the spatial statistics from variography are used to construct 3-D
lithology and porosity models that illustrate lateral and stratigraphic variability in
reservoir quality. Different lithology models show the relation between the sequence
stratigraphy and reservoir distribution as well as the effect of using a neural network
and porosity-lithology relation in lithology estimation and the resulting reservoir
properties. Marmaton C interval has the highest connectivity both for conglomerates
(88.1%) and sandstones (67.1%). Marmaton A-B interval has the greatest pore volume.
Highstand system tracts have greater amount of reservoir, reservoir connectivity and

reservoir pore volume than transgressive system tracts.

X



Introduction

The Marmaton Group of the Pennsylvanian Granite Wash in western Oklahoma
and the Texas Panhandle (Figure 1) is an active producing interval for oil and gas from
arkosic sandstones and conglomerates derived from the Amarillo-Wichita uplift and
deposited into the southern Anadarko Basin through alluvial fans, fan deltas, debris
flows and turbidite flows (McConnell et al., 1990; Mitchell, 2011). Variable factors
such as the type of source rock, transportation distance, and accommodation space led
to a complex geology for the Marmaton Group in the Anadarko Basin (Mitchell, 2011).
Because of the complex geology, lithofacies and petrophysical properties can change
both stratigraphically and laterally in such a way that understanding their distribution

and correlating the lithofacies become challenging.

The Marmaton Group depositional environment varies from alluvial fans and fan
deltas in the proximal areas (near the Amarillo-Wichita Uplift) to deep-marine turbidite
deposits in the distal areas (Sneider et al., 1977; Dutton, 1979, 1984; Mitchell, 2011).
Sneider et al. (1977) studied the lithological and petrophysical properties of Missourian-
age sandstone and conglomerate reservoirs interbedded with shales and carbonates in
old Elk City Field. It should be noted that the Elk City field mentioned in this study is
larger than the area studied by Sneider et al. (1977). They used spontaneous potential
(SP) logs to differentiate reservoir and non-reservoir rocks and found that the amount of
shale and carbonate increases basinward. Based on thin sections, they realized that the
amount of cement in sandstones and conglomerates is less than 7% and this creates a

direct relation between the grain size and sorting. They proposed that, with increasing
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grain size, porosity decreases and resistivity increases on well logs. They defined four
types of sandstone bodies, which are barrier bar, alluvial channel, distributary channel,

and deltaic marine fringe indicating a marginal-marine depositional setting.

Proximal areas close to the uplifted source areas are generally defined by
alluvial fans or fan deltas. Fan deltas have been described as alluvial fans that prograde
into standing bodies of water (marine or lacustrine) from adjacent highlands (Holmes,
1965; McGowen, 1970; Nemec and Steel, 1988). One criteria used to differentiate
between alluvial fan and fan-delta deposits is that fan-delta deposits are often
interbedded with marine deposits (Nemec and Steel, 1988). Based on the fan-delta
classification criteria proposed by Ethridge and Wescott (1984), Granite Wash deposits
in the deep Anadarko Basin have previously been considered to be a well-developed
shelf-type fan delta (McGowen, 1970). By differentiating the sub-aerial and sub-
aqueous parts of fan-delta deposits, an accurate classification of depositional settings

can be established (Ethridge and Wescott, 1984).

Most of the Granite Wash consists of tight oil and gas reservoirs. In terms of
porosity and permeability, Granite Wash deposits show significant variability. Average
porosity is approximately 6% and permeability is generally below 0.1 md (Mitchell,
2011). Based on thin sections from Missourian samples in Mobeetie field porosity
values are between 0-14% with an average of 5.2% (Dutton, 1984). Based on core
plugs, porosity measurements were up to 21% and horizontal permeability values range
from 0.1 md to 1.45 md (Dutton, 1984). Missourian conglomerates from western
Beckham County (Mayfield 1-2, Mayfield 1-34, and Sage 1-34H wells) have porosity

values between 2-8% while sandstones are between 2-10% (Karis, 2015).



The mineralogy of Marmaton Group can have a significant effect on well-log
responses and might cause misinterpretations. Gamma-ray logs might have high values
because of greater amounts of potassium feldspar. This can cause underestimation of
reservoir zones and reserves. Furthermore, high chlorite content might mask the gas-
bearing zones by impeding cross-over of the neutron- and density-porosity logs by
producing high neutron-porosity readings (Mitchell, 2011). Some metals in the chlorite,
such as iron, magnesium, and manganese can cause resistivity logs to have low readings
in hydrocarbon-bearing zones, which are normally anticipated to exhibit high resistivity

(Sahl, 1970; Dutton, 1984; Mitchell, 2011).

Although previous studies provide examples for the variability of the lithologies
and petrophysical properties of the Marmaton Group and the Granite Wash for different
regions across the Anadarko Basin, no study has focused on the spatial distribution of
lithologies and reservoir characteristics of the Desmoinesian-age Marmaton Group
Granite Wash deposits. This study investigates the Desmoinesian-age, Marmaton Group
Granite Wash in the Elk City Field located in eastern Beckham, western Washita, and a
small portion of southeastern Roger Mills counties, Oklahoma (Figure 2). This area can
be considered as a proximal wash field area where more than 1,800 ft (549 m) of
Desmoinesian-age Marmaton Group arkosic sandstone and conglomerate were
deposited mainly through fan deltas (Lyday, 1985; McConnell et al., 1990; Mitchell,
2011; LoCricchio, 2014). Sandstones and conglomerates are separated by distinct shales

that can be correlated regionally (Mitchell, 2011; LoCricchio, 2014).

In this study, the key lithologies and lithofacies of the Marmaton Group in the

Elk City Field, their corresponding well-log responses and their relationship with the
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porosity are defined; the depositional environment and sequence-stratigraphic
framework are interpreted; and the spatial distribution, connectivity, and reservoir
characteristics of the sandstones and conglomerates of the Marmaton Group are mapped

and their relation to the stratigraphic and structural framework is established.

The study area includes digital logs for 117 wells (Figure 2). Logs for more than
70 of the wells were digitized from raster format to ASCII format by using Petra
software. Eighty-nine wells contain gamma-ray (GR), deep-resistivity (ILD), neutron-
porosity (NPHI), and density-porosity (DPHI) logs and are used to estimate lithologies.
The remaining wells contain a subset of these logs. All wells are used in stratigraphic
correlation. Two wells have spectral gamma-ray logs; one of them is located in
Beckham County and the other is in Washita County. Two cores housed at the
Oklahoma Geological Survey (OGS) - Oklahoma Petroleum Information Center (OPIC)
in Norman, Oklahoma were described in detail in regard to lithology, color, grain size,
sorting, rounding, sedimentary structures, and additional remarks. The two cored wells,
located in Washita County, are 4,115 ft (1,254 m) apart, and are from different
stratigraphic zones. GHK 1-34 Finnell core is a butt core 4 in (10 cm) in width and 120
ft (37 m) in length. It is almost completely continuous through the cored interval of the
Marmaton C Wash (discussed later). GHK 1-27 Niece core is a slabbed section from a
3.51n (8.9 cm) core. Of the 119 ft (36 m) of core, only 60% (71 ft, 22 m) of it is
preserved. The remaining 40% of the core is missing. This core corresponds to
Marmaton E and Marmaton F Wash intervals (discussed later). Porosity and
permeability were measured on five core plug samples of different lithologies from the

GHK 1-34 Finnell core. Thin sections of these samples were examined for mineralogy



and porosity. Spectral gamma-ray data for the GHK 1-34 Finnell core was provided by
OPIC. Also, XRD measurements of ten samples from the cores located in Beckham
County and photographs of one of these cores (Valero 1-36 Brauchi), 20 ft (6 m) in

length, were provided by SM Energy.

After calibrating the core to the well logs, Artificial Neural Network (ANN)
analysis combined with the well-log cut-off values and a porosity-lithology relation
were used to estimate lithologies in non-cored wells by utilizing the core descriptions
and gamma-ray (GR), deep-resistivity (ILD), neutron-porosity (NPHI), and density-
porosity (DPHI) logs. By correlating four laterally extensive shales, a stratigraphic and
structural framework (3-D grid) of the study area is established. Lithology logs, porosity
logs, a vertical proportion curve, the stratigraphic and structural framework, and spatial
statistics from variography are used to construct 3-D lithology and porosity models to

evaluate reservoir connectivity and pore volume.

Geologic Setting

The Anadarko Basin, located in western Oklahoma and the Texas Panhandle, is
the deepest interior basin in North America (Figures 1 and 3). Locally, the basin has
more than 40,000 ft (12,000 m) of Cambrian through Permian sediments, most of which
were deposited in deep- to shallow-marine environments (Perry, 1989; Mitchell, 2011).
Perry (1989) divided the structural history of the Anadarko Basin into four main stages:
1. Precambrian crustal consolidation, 2. Late Precambrian to Middle Cambrian southern
Oklahoma Aulacogen development in which high amounts of igneous intrusion and

extrusion occurred along the axis of the aulacogen (Perry, 1989; Gilbert 1992), 3.
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Figure 3. SW to NE structural cross section of theAnadarko Basin. With the change in the
stress regime in Early Pennsylvanian, the materials of the Amarillo - Wichita uplift started to
erode and were deposited in the basin on top of the igneous rocks and carbonates. Granite
Wash deposits pinch out to the north and are transitional with the sediments that are sourced
from the north (modified from unpublished H.G. Davis; K.S. Johnson, 1989). The location
of the cross section is shown in Figure 1.



Cambrian through Early Mississippian southern Oklahoma trough development during
which the region kept subsiding and became a depocenter for carbonates, shales, and
sandstones (Johnson, 1989; Gilbert, 1992), 4. Late Paleozoic tectonism associated with
the development of Amarillo-Wichita uplift. The Granite Wash deposition started to
take place in the fourth stage with the change in the stress regime from extensional to
compressional because of the collision of North America with Gondwana. The deepest
part of the basin, lying on a basement of faulted Cambrian igneous units, became an
upthrust block in this new compressive environment leading to an increase in the
subsidence rate of the Anadarko Basin (Gilbert, 1992). With the continued episodic
uplift during Early Pennsylvanian through Lower Permian, the Amarillo-Wichita
Mountains formed (Sahl, 1980; Lyday, 1985; Johnson, 1989; Perry, 1989; Mitchell,
2011). Appendix A-1 shows the Middle Pennsylvanian paleogeographic map including
the locations of the Amarillo-Wichita Uplift, Anadarko Basin, and the study area

(Blakey, 2013).

Sediments eroded from the Amarillo-Wichita uplift were deposited into the
Anadarko Basin mainly as alluvial fans, fan deltas, debris flows, and turbidite flows
between Pennsylvanian Morrowan and Permian Wolfcampian times forming the
Granite Wash (Gelphman, 1960; Dutton, 1979; Dutton, 1984; Lyday, 1985; Perry,
1989; Henry and Hester, 1995; Mitchell 2011). Deposition of the Granite Wash in the
Anadarko Basin took place in the reverse order of the age of rocks of the Amarillo-
Wichita Mountains. During the Pennsylvanian, Precambrian basement rocks were
eroded and deposited as arkosic sandstones and conglomerates above the Cambrian to

Mississippian rocks that had been previously eroded and deposited (Lyday, 1985; Henry



and Hester, 1995; Mitchell, 2011). High variability of lithofacies and petrophysical
properties within short distances in the Granite Wash sediments are attributed to
variability of the geological properties of the source rocks, transportation distance, and
the amount of local accommodation space in the basin area (Mitchell, 2011). The units
become finer-grained and interbedded with shale basinward (Gelphman, 1961; Sneider
et al., 1977; Mitchell, 2011; Holmes, 2015). Also, depositional environment and
effective transportation mechanism change according to proximity to the Amarillo-
Wichita uplift. Because the Granite Wash pinches out to the north and grades into other
units that are sourced from the north, it has a complex stratigraphy. Moreover, because
the Granite Wash deposition occurred in an extensive area including both Texas and

Oklahoma, the nomenclature of the units differs from place to place.

This study focuses on the Desmoinesian Marmaton Group Granite Wash
deposits and uses the stratigraphic terminology of Mitchell (2011) for the southern
Anadarko Basin (Figure 4). Five zones were defined within the Marmaton Group
Granite Wash in the Elk City Field based on the extensive shales (Figures 5 and 6). Top
Marmaton Wash, Marmaton A Wash, and Marmaton B Wash are not separated for this

study and these zones are combined as Marmaton A-B Wash.

Lithologies and Lithofacies

Marmaton Group lithologies and lithofacies were examined and interpreted
based on detailed core descriptions of two cores from the GHK 1-34 Finnell and GHK
1-27 Niece wells (Figure 2). Descriptions include lithology, color, grain size, sorting,

rounding, sedimentary structures, and additional remarks. Detailed core descriptions are

10
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#* Marmaton "C" Wash
# Marmaton "D" Wash
* Marmaton "E" Wash
# Marmaton "F" Wash

# Upper Skinner Shale
# Upper Skinner Wash
Cherokee # Lower Skinner Shale
# Lower Skinner Wash
# Red Fork Ss. and Sh.

Atok # Atoka Wash
ATOKAN oa 13 Finger Ls.

% Upper Morrow
#* Lower Morrow

Douglas/Cisco

Marmaton

DESMOINESIAN

PALEOZOIC
PENNSYLVANIAN

MORROWAN Morrow

Figure 4. Stratigraphic column for the Granite Wash Area of the
Anadarko Basin. Nomenclature of the units differs from place to place.
Marmaton Wash units can be divided 7 different sub-units in some areas.
In this study Top Marmaton Wash, Marmaton A Wash, and Marmaton
B Wash units are considered together. Producing intervals are shown by
well symbol (modified from Mitchell, 2011).
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Figure 5. A) Gamma-ray (GR), deep-resistivity (ILD), neutron porosity (NPHI), and density
porosity (DPHI) well-log responses for the cored well GHK 1-34 Finnell. Five zones are
separated by flooding surfaces (FS). Red bar indicates the cored interval. Color fill in neutron
and density porosity logs shows the gas-effect (DPHI>NPHI). Mrm:Marmaton. B) Schematic
core description from well GHK 1-34 Finnell. The cored interval has a coarsening-upward cycle
from mudstones at the bottom to the sandstones and conglomerates at the top. C) Gamma-ray
(GR), deep-resistivity (ILD), neutron porosity (NPHI), and density porosity (DPHI) well-log
responses for the cored interval. Conglomerates have cross-over of porosity logs with slighlty
higher gamma-ray and resistivity values than sandstones. Sandstones have cross-over or slight
separation of porosity logs. Mudstones have higher gamma-ray values with high separation
between neutron porosity and density porosity. 1) Lithologies observed in the core. 2) Lithology
log used in upscaling and modeling. Muddy sandstones and sandy mudstones are merged with
sandstone and mudstone, respectively (See Figures 10, 11). 3) Estimated lithology log by
combining Aurtificial Neural Network (ANN) analysis, gamma-ray cut-off values, and
relationship between density porosity, neutron porosity, and lithology. 4) Upscaled lithology logs
used to constrain 3-D lithology models. 1.5 ft (0.5 m) of average proportional layering was used
in upscaling. Measured depth (MD) is in ft.
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Figure 6. A) Gamma-ray (GR), deep-resistivity (ILD), neutron porosity (NPHI), and density
porosity (DPHI) well-log responses for the cored well GHK 1-27 Niece. Five zones are
separated by flooding surfaces (FS). Red bar indicates the cored interval. Color fill in neutron
and density porosity logs shows the gas-effect (DPHI>NPHI). Mrm:Marmaton. B) Schematic
core description from well GHK 1-27 Niece. The cored interval has two coarsening-upward
cycles, followed by a fining-upward cycle at the top. C) Gamma-ray (GR), deep-resistivity
(ILD), neutron porosity (NPHI), and density porosity (DPHI) well-log responses for the cored
interval. Conglomerats have higher gamma-ray values than sandstones and they show
cross-over of porosity logs most of the time. Sandstones have low gamma-ray values with
cross-over or slight separation of porosity logs. Mudstones have high gamma-ray values and
large separation of porosity logs. 1) Lithologies observed in the core. 2) Lithology log used in
upscaling and modeling. Muddy sandstones and sandy mudstones are merged with sandstone
and mudstone, respectively (See Figures 10, 11). 3) Estimated lithology log by combining
Artificial Neural Network (ANN) analysis, gamma-ray cut-off values, and relationship between
density porosity, neutron porosity, and lithology. 4) Upscaled lithology logs used to constrain
3-D lithology models. 1.5 ft (0.5 m) of average proportional layering was used in upscaling.
Measured depth (MD) is in ft.
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provided in Appendix B. Both cored wells are located in Washita County and are 4,115
ft (1,254 m) apart. GHK 1-34 Finnell is an almost completely continuous core through
120 ft (37 m) and corresponds to Marmaton C Wash interval (Figure 5). GHK 1-27
Niece core has a 119-ft (36-m) cored interval of which only 60% is preserved. The
cored section corresponds to Marmaton E and Marmaton F Wash intervals (Figure 6).
Based on the detailed core descriptions, 5 lithologies and 15 lithofacies were recognized
(Table 1; Figures 7 and 8). The lithologies are conglomerate, sandstone, muddy

sandstone, sandy mudstone, and mudstone.

Conglomerates

Conglomerates consist of pebble-to-granule-sized, poorly sorted, rounded to
sub-angular clasts and granitic rock fragments. They are present in both cores and are
classified into two types based on texture; orthoconglomerates (clast supported) and
paraconglomerates (matrix supported). The orthoconglomerates are interpreted to have
been transported as the bedload material of current flow during high flow rate while the
paraconglomerates is likely associated with the debris-flow transport considering the
poorer sorting and abundant matrix. Photomicrographs of the conglomerate show they
are composed of quartz, feldspars, biotite, glauconite, chert, and granitic rock fragments
and are poorly sorted (Appendix C-1 A-D). The grains are mostly rounded to sub-
angular. Porosity is relatively higher compared to the sandstone samples. In addition to
the very low intergranular porosity, secondary porosity associated with dissolution of
feldspars and chert clasts is commonly observed. Quartz overgrowths and carbonate

cements are common.
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Sandstone Lithofacies

ST

Conglomerate Lithofacies @ Mud(.iy )
Sandstone Lithofacies
MS1[ - B [MS2

10 cm

Figure 7. A) Sandstone, B) conglomerate, and C) muddy
sandstone lithofacies. Circle: Core from GHK 1-27 Niece;
Rectangle: Core from GHK 1-34 Finnell. S1)
Parallel-stratified sandstone, measured depth (md) =
11104 ft; S2) Cross-stratified sandstone, md = 11100.5 ft;
S3) Structureless sandstone, md = 11195 ft, md = 11762 ft;
S4) Granule-pebble-bearing sandstone, md = 11105.5 ft;
S5) Bioturbated sandstone, md = 11117 ft, md = 11692 ft; .
C1) Orthoconglomerate, md = 11092 ft, md = 117125 ft;| | 4 in |
C2) Paraconglomerate, md = 11099 ft, md = 11708 ft; 10 cm

MS1) Bioturbated muddy sandstone, md = 11136 ft, md =

11787 ft; MS2) Slumped muddy sandstone, md = 11086 ft,
md=11719 ft.
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Mudstone Lithofacies

4 1n
Il |
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Figure 8. A) Mudstone and B) sandy mudstone lithofacies. Circle: Core from
Niece 1-27; Rectangle: Core from Finnell 1-34. M1) Bioturbated mudstone,
measured depth (md) = 11164 ft; M2) Fossiliferous mudstone, md = 11191 ft; M3)
Pebbly mudstone, md = 11723 ft, md = 11745 ft; M4) Massive mudstone, md =
11717 ft; SM1) Bioturbated sandy mudstone, md = 11147 ft, md = 11713.5 ft;
SM2) Slumped sandy mudstone, md = 11742 ft.
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Sandstones

Sandstone lithofacies exhibit parallel stratification, cross stratification and
bioturbation, and occasionally have granule-to-pebble-sized clasts or are structureless.
Parallel- and cross-stratified sandstones are variable in grain size from fine to coarse,
transitional with conglomerates, and are interpreted to have been deposited under upper
and lower flow regimes, respectively. Medium to fine-grained bioturbated sandstones
appear to have previously been structureless sandstones. Burrows in these sandstones
are interpreted as Glossifungites considering their shape and orientation. This lithofacies
is interpreted to have been deposited under lower energy conditions than stratified
sandstones. Granule-pebble-bearing sandstone consists of medium to very-coarse
sandstones, and sub-rounded to rounded granule-to-pebble-sized grains floating in them
and horizontally oriented. It is interpreted that the sandy part of the lithofacies has been
deposited under upper flat-bed regime and, with the increase in the energy, the flow is
thought to have carried coarser-grained material. Structureless sandstone is present in
both cores, and is very fine- to very coarse-grained, but mostly medium-grained. In the
GHK 1-34 Finnell well, this lithofacies is present above scour surfaces overlying
fossiliferous to bioturbated mudstones and embody small mudstone clasts indicating its
erosional effects. In the GHK 1-27 Niece well, it constitutes a higher proportion of the
cored section. Photomicrographs illustrate that medium-grained parallel-stratified
sandstone and fine-grained slightly bioturbated sandstone have similar characteristics in
terms of mineralogy. They are composed of well-sorted, angular to sub-angular grains,
mostly quartz, feldspar, glauconite, hematite, and granitic rock fragments (Appendix C-

1 E, F). Some of the quartz minerals have fluid inclusions. Primary intergranular
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porosity is very low in sandstones. Silica and carbonate cements are common. Most of
the porosity is secondary by the dissolution of feldspars. Some part of the porosity is
occluded by clay minerals and hematite. Medium-grained sandstone has higher porosity

than finer grained sandstone.

Muddy Sandstones and Sandy Mudstones

Muddy sandstone and sandy mudstone differentiation is based on the dominant
lithology in the whole rock mass. They are observed to be bioturbated or slump
deposits. Moderately to poorly sorted muddy sandstones and sandy mudstones that lack
structures or with parallel but distorted bedding are grouped under slumped muddy
sandstone and slumped sandy mudstone, respectively. These lithofacies are composed
of medium-to-coarse-grained, moderately to poorly sorted, sub-rounded to sub-angular
sandstone interbedded with mudstone. They occasionally have soft sediment
deformation. Slumping can be the transportation mechanism leading to the deformation
and distorted wavy-like bedform. Occasionally, they contain white to grey, sub-angular
to sub-rounded, granule-to-pebble-sized clasts which reduce sorting. Poorer sorting and

lack of bedding can be indicative of debris flow (Reineck and Singh, 1975).

Bioturbated muddy sandstone and sandy mudstone lithofacies consist of very
fine-to-fine-grained, well sorted, well rounded sandstone and mudstone alternation.
Parallel or low-angle cross-stratification is disturbed due to wide range of bioturbation
intensity. Occasionally, the primary bedding structure can be seen as the degree of
bioturbation decreases. Rarely, bioturbated mudstone lithofacies include some
brachiopod shells. In the GHK 1-34 Finnell core, bioturbated muddy sandstones overly

bioturbated sandy mudstones which overly bioturbated to fossiliferous mudstones. Thin
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section sample from bioturbated sandy mudstone lithofacies is composed of angular to
sub-angular quartz, feldspar, and glauconite minerals with abundant clay minerals

(Appendix C-2 A, B).

Mudstones

Mudstone lithofacies are commonly bioturbated, fossiliferous, pebbly, or
massive. Bioturbated mudstones and fossiliferous mudstones are observed only in the
GHK 1-34 Finnell core. They react to hydrochloric (HCI) acid, suggesting that they
have carbonate content. Thin section analysis shows that some of the mud-sized grains
are carbonate and there are some bioclasts including Brachiopod and Bryozoa
(Appendix C-2 C, D). Burrows in the bioturbated mudstone are likely Cruziana
ichnofacies given their elongation and preservation along the bedding planes. These two
lithofacies are interpreted to have been deposited under very low energy conditions
where the sediment influx is low. Bioclast can be observed in core scale, and their
content increases with the increasing measured depth. Pebbly mudstone lithofacies were
observed only in the GHK 1-27 Niece core. Some of them overly paraconglomerates
while others are transitional with slumped sandy mudstones. Black, massive mudstone
lithofacies rich in fractures is one of the least abundant lithofacies and is only observed

in the GHK 1-27 Niece core.

Based on core-plug porosity from the GHK 1-34 Finnell, well medium-to
coarse-grained sandstones (7%) have higher porosity than fine-grained bioturbated
sandstones (6%). Although the conglomerate sample has lower porosity (4%) than

sandstone samples, because the conglomerates vary in grain size, texture, mineralogy,
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and porosity properties from place to place within the rock it is difficult to generalize

this result for the whole Marmaton Group.

Lithology Estimation

In order to assess the characteristics of the Marmaton Group in the Elk City
Field and to map the lithology variations and petrophysical properties, it is useful to
estimate lithologies even in non-cored wells. This study uses a combination of an
Artificial Neural Network (ANN), well-log cut-off values, and porosity-to-lithology

relations to classify lithology in non-cored wells.

Lateral Variability in Mineralogy and Log Response

Lithology estimation based on only a gamma-ray cut-off in formations with
radioactive elements can be misleading and cause the underestimation of pay and
reserves. Potassium and thorium values from spectral gamma-ray data for the cored
interval in the GHK 1-34 Finnell core show that most of the data are associated with
feldspar and glauconite in the cross plot chart for mineral identification (Appendix D-
1). Data points within the illite, mixed layer clay, and montmorillonite regions

correspond to mudstones.

Well-log responses change considerably from northwest to southeast across the
study area (Figure 9). To the northwest, well logs exhibit higher gamma-ray (GR) and
higher deep-resistivity (ILD) values with common cross-over (DPHI>NPHI) of density-
porosity (DPHI) and neutron-porosity (NPHI) logs. To the southeast, the gamma-ray
and deep-resistivity values are relatively lower with less cross-over (DPHI>NPHI) and

more separation (NPHI>DPHI) of porosity logs (Figure 9).

23



"OPIS JSBD Y} pIBMO]} PAULIP 9q UBD SOOBJINS SUIPOO[J INOJ UL} AIOJA "ASO[BISUIL JO0I-30IN0S JO JNSAI & A[qeqord
SI $osu0dsaI SFO[-[[oM UL JOUIOMJIP [BUOISAI AU ], "SonIs010d UOINAU pue AJSUSP JO IOAO-SSOIO QIOW PUB ‘AJIATISISAI IOYSIY ‘sonjea Ael-ewrwred
IOYSIY yonuwr ALY 1SaM 91} UO S[[9A\ "Pooeds Afjenba are pue o[eys 1ouuny§ 1oddn oyl U0 pausne[y aIe S[[OM Y], “UONIIS SSOID I} JO UONBIO[ oY)
10J 7 2In31,] 03 10§y "(uojemLIBIA 9seq) deys JouunS 1oddn) “Airsorod-Aysuo(q :THJ( (Ansorod-uonnaN :THN :A1ansisar-dooq i ‘Ael-ewumen)
D dnoin) uojewIeA 93 10 souoz orydeiSnens SuImoys pue 1SeaInos 03 1S9MYLIoU Woly SUIPU)Xd U0NIds Ss01d 30[-[[om orydeidnens ‘¢ oInsi|

Voo €0 000'S 08 20 052 0zl 06 0
HdN<IHd 0 ISR 1 m
IHdN wrwyo) @il (Idv) ¥49

oreys
ouunS
Joddn

w 09
3 00¢
L

ysem A
uojeuIe]Al

ysem g
UOJRULIEIA]

LA L ey ST

R e ag

ysem d
UOJRULIBIA]

Usem O
uojeuIe]Al
W |

e

ysem g-V
UOJRULIEA]

uojeutIe]Al

——
IHdd 9| IHdd 1°9)

o | IHda 0o
°| B

dog,
— [— [m
0| | 1Hda o| |1Hda io9) 0| |1Hda 2
R . GOV I G - T OO I I - S S O O S T K T | s, [ -

|, v | v K v Eorene P . T ~
IHIN | @it | 69 | [tHdN | au| ¥ | [HdN | @] uo E 1HdN [ @ | w9 | [iHdN| ¥ | [iHdN| @l @9 | [1HdN | @i ¥ | |IHdN| @it | 6o an| ¥ | |HdN] air] u IHdN | @l | ¥9 E
aS MN
v \4

IHdN | a1 | €9

7
IHAN |

24



Gamma-ray values of sandstones and conglomerates for the cored interval of the
Valero 1-36 Brauchi well on the northwest side of the study area are greater than 125
API. According to the Middle Pennsylvanian paleogeographic maps prepared by Ham
et al. (1964), the rocks in the source area located on the southwest side of the study area
are granitic while they are more gabbroic toward the southeast side of the source area
(Appendix A-2). The erosion of mostly the granitic rocks with higher amounts of
potassium feldspar is likely responsible for the higher gamma-ray values on the
northwest side of the study area while on the southeast side erosion of both granitic and
gabbroic rocks likely resulted in relatively lower gamma-ray values. Also, the higher
iron and magnesium content in gabbroic rocks can be responsible for the relatively
lower resistivity values on the southeast side (Figure 9). X-ray diffraction (XRD)
analyses of 10 samples from two different wells (Valero 1-36 Brauchi and Valero 1-27
Hartman) that are located on the northwest of the field show that these samples contain
potassium feldspar ranging between 3-13% with an average of 7.5% (Figure 2). Also,
potassium (K) — thorium (Th) cross plots for two wells; Chesapeake 1-35 Clenice, from
the northwest, and Burlington 1-20 Thomas, from the southeast side of the study area
show a greater amount of potassium on the northwest side (Appendix D-2). These data
support the idea that the change in the general gamma-ray response in the wells from
northwest to southeast is related with the source-area mineralogy, especially related to
potassium feldspar content. Because the difference in well-log responses are thought to
be the result of the mineralogy but not related with the tool calibration well logs were
not normalized. Because of the obvious difference in gamma-ray log responses on the

northwest and southeast sides of the study area, lithology estimation was conducted
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separately for these regions to correspond with the change in log response. Lithology
estimation in this study was done by combining supervised Artificial Neural Network
(ANN) analysis, gamma-ray cut-off values, and general rules relating porosity logs and

lithology.

Artificial Neural Network Approach

An Artificial Neural Network (ANN) is a mathematical algorithm that was
inspired by the human brain in terms of its ability to learn by example (Iloghalu and
Aziwike, 2003; Anggraini and Puspa, 2008; Kumar and Kishore, 2006). In geology, this
technique can be used to predict the lithofacies, lithologies, or architectural elements by
using the well logs. Unsupervised neural network analysis enables only the
classification of the well-log patterns. With supervised neural network analysis, well-
log responses are trained with the corresponding lithology, lithofacies, or architectural
elements described in core so that the network learns the relation between the well-log
signatures and the corresponding rock groups. Being trained by the interpreted core
observations, the network is forced to yield a particular output (Kumar and Kishore,
2006). A desired portion of the core and log data are used to train the network, and the
remaining core and log data are used in testing the result of the neural network (cross

validation).

The structure of ANN consists of one input layer, one output layer and one or
more hidden layers (Appendix E-1). Each layer contains a number of nodes which are
connected to the other nodes in the next layer by simple weighted links. Except for
nodes in the input layer, each node multiplies its specific input value by corresponding

weight and then sums all the weighted inputs. The weighted numbers are selected
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randomly at the beginning and changed iteratively so that the next iteration will produce
a closer result to the real output, minimizing the difference between the estimated and
known values (backpropagation) (Kumar and Kishore, 2006; Anggraini and Puspa,
2008). This iterative process continues until the desired number of iterations or the
tolerated amount of error is reached. Ideally, for realistic results, the well-log signatures
for the cored interval should be representative of the entire area for which the

lithologies are predicted.

Throughout the cored intervals, well-log signatures do not change in a
recognizable way according to the lithofacies of the same lithologies, because the
classification of lithofacies is based on properties such as sedimentary structures,
texture, and fossil content that may not have different effects on well logs. Also, the
lithofacies are transitional with each other and sometimes they are so thin to be captured
by the well logs. Therefore, the focus is on lithology estimation. The first aim to
estimate lithologies was to apply two different neural-network analyses by separately
using the cores located on the northwest and southeast sides of the study area. However,
the Valero 1-36 Brauchi core located on the west side is only 20 ft (6 m) in thickness
and does not have a representative mudstone interval to train the neural network (Figure
2). Therefore, the GHK 1-34 Finnell and the GHK 1-27 Niece cores were used as
desired (target) output to train the neural network. Fifty percent of the cored intervals
(95 ft; 29 m) was used in training the neural network while the other 50% was used in
cross validation. As input to the neural network, different combinations of gamma-ray,
deep-resistivity, neutron-porosity, and density-porosity logs were tested (Figure 10A).

Using all of them together gave the best results with an overall accuracy of 66%. A
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Figure 10. A) Histogram showing the overall accuracy of Artificial Neural Network
result in the estimation of 5 lithologies within the cored interval for different
combinations of well logs (GR: Gamma-ray; ILD: Deep-resistivity; DPHI:
Density-porosity; NPHI: Neutron-porosity). Result by using all the available logs
has the highest overall accuracy (0.664). B) Histogram showing the accuracy for five
lithologies estimated by the Artificial Neural Network using GR, ILD, DPHI, and
NPHI. Accuracies are calculated by dividing the number of correctly estimated
lithology by the total number of lithology in confusion matrix (See Figure 11 for the
merged lithology estimations). C) Confusion matrix associated with the Artificial
Neural Network for which all the available well logs (GR, ILD, NPHI and DPHI) are
used as inputs. Blue highlighted cells represent the number of correctly predicted
lithologies in the cored interval. All the other cells represent mis-predicted
lithologies. The number of correctly estimated sandy mudstone is quite low. The
numbers of sandy mudstones mis-predicted as mudstones, and mudstones
mis-pedicted as sandy mudstones (grey highlighted cells) are greater than the
correctly predicted sandy mudstones, indicating that if mudstones and sandy
mudstones are merged better estimation can be obtained. Similarly, the number of
muddy sandstones mis-predicted as sandstones (and vice versa) is high (orange
highlighted cells). By merging the muddy sandstones and sandstones high degree of
confusion can be avoided.
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confusion matrix that shows the numbers of the estimated lithologies for each trained
lithology was established and the accuracy for the prediction of each lithology was
calculated (Figure 10B-C). Because of the low number of correctly estimated sandy
mudstones (13%), high number of sandy mudstones mis-predicted as mudstones (36%),
and considerable amount of mudstones mis-predicted as sandy mudstones (11%), these
two lithofacies were combined to obtain higher overall accuracy. Sandy mudstones
were grouped with sandstones due to significant amount of muddy sandstones mis-
predicted as sandstones (26%). In the estimation of 3 lithologies, different combinations
of wells logs were tested as done for 5 lithologies to determine the well-log assemblage
that provides the highest accuracy (Figure 11A). Again, using all the available well logs
provides the highest overall accuracy in the estimation (83%). Accuracy of the
estimation for each lithology was also calculated (Figure 11B). As a result of the
application of the neural network to the non-cored intervals the lithologies cluster
separately in the well-log cross plots that suggests the neural network and the available
logs can be used in the classification of these lithologies (Appendix E-2). Generally,
mudstones cluster where neutron-porosity and gamma-ray values are high and
resistivity values are low. Conglomerates in general, have higher gamma ray, resistivity,
and density porosity than sandstones. However, mudstones assigned for very low
gamma-ray values, and reservoirs assigned for very high gamma-ray values cause

confusion.

Additional Constraints

In addition to the ANN, proper gamma-ray cut-off values and the relation

between the neutron porosity, density porosity, and rock type were used to improve the
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Figure 11. A) Histogram showing the overall accuracy of Artificial Neural Network
result in the estimation of 3 lithologies within the cored interval for different
combinations of well-logs (GR: Gamma-ray; ILD: Deep-resistivity; DPHI:
Density-porosity; NPHI: Neutron-porosity). Result by using all the available logs
has the highest overall accuracy (0.830). B) Histogram showing the accuracy for 3
lithologies estimated by the Artificial Neural Network using GR, ILD, DPHI, and
NPHI. Accuracies are calculated by dividing the number of correctly estimated
lithology by the total number of lithology. The accuracies for all lithologies are
satisfactory.
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results. Density-porosity logs in this study were calculated from the bulk density
assuming a limestone matrix. Density- and neutron-porosity logs together can help in
lithology estimations such that cross-over (DPHI>NPHI) indicates either a gas-bearing
zone or a sandstone whereas log separation (NPHI>DPHI) accompanied with high
gamma-ray values indicate shale zones. If the separation is accompanied by low

gamma-ray values, it is a direct indicator of dolomitic zones (Asquith et al., 2004).

Although ANN analysis for the estimation of the lithologies gave promising
results (83% of overall accuracy), application of it to the non-cored wells resulted in
some unsatisfying results. For instance, occasionally the network assigned sandstone or
conglomerate lithology for very high gamma-ray values with large separations between
density and neutron porosities. Also, some intervals with cross-over were estimated as
mudstone (Figure 12). Reservoirs in the western part of the Elk City Field usually have
cross-over of the porosity logs (J. Mitchell, 2015, personal communication). In order to
minimize the misinterpretations, intervals having gamma-ray greater than 105 API and
120 API for southeast and northwest sides, respectively, and having separation of
porosity logs were classified as mudstone to modify the result of the ANN. Zones
classified by the ANN as mudstone and having a cross-over of porosity logs were re-
classified as conglomerate (Figure 12). Because the gamma-ray values of
conglomerates are commonly greater than sandstones, the misinterpreted zones with
high gamma-ray and cross-over were re-classified as conglomerate (Figures 5, 6). As a
result, by constraining the result of the ANN, the lithology log estimates were improved

(Figures 5, 6, 12, Appendix E-3).
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Figure 12. Cross plots of gamma-ray vs. the difference between neutron and density
porosities before and after applying constraints to the Artificial Neural Network (ANN)
results. Note that lithologies with high gamma-ray and separation in neutron and density
porosity were assigned as mudstone in the final lithology (blue). Also, lithologies
estimated as mudstone by ANN were changed to conglomerate whenever they have
cross-over (DPHI>NPHI) of porosity logs.
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In order to understand the effect of using the neural network and the relation
between the type of lithology and porosity in the estimation of the lithologies, the
resulting lithology logs were compared with the lithology logs calculated by using only
the gamma-ray cut-off values that are 105 API for the southeast side and 120 API for
the northwest side of the study area (Appendix E-4). Pay intervals are seen to be
underestimated in the lithology logs calculated by using only a gamma-ray cut-off. By
using the Artificial Neural Network and the lithology-porosity relationship, the
reservoirs that can be underestimated because of the presence of radioactive elements

responsible for higher gamma-ray are correctly estimated.

Depositional Environment, Stratigraphy, and Structure

The stratigraphic and structural framework of the Marmaton Group at Elk City
Field was established by correlating 117 wells; each having at least one of the following
well logs: gamma ray (GR), deep resistivity (ILD), density porosity (DPHI), and
neutron porosity (NPHI). Cross sections were established to correlate top and base of
the Marmaton Wash, and four extensive shales that are distinctive in well logs with
higher gamma-ray, lower deep-resistivity, and large separation of porosity values.
These shales are interpreted to cap flooding surfaces based on the regional well-log
correlations across the Anadarko Basin and into Kansas (Mitchell, 2011; LoCroccio,
2014; J. Mitchell, 2015, personal communication). The base of the Marmaton Group
corresponds to the top of the Upper Skinner Shale, which is top of the Cherokee Group
(Figure 4). The Upper Skinner Shale overlies the Upper Skinner Wash, and it is quite

distinctive throughout the study area with its relatively high and blocky gamma-ray, low
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and blocky deep resistivity, and large separation between density- and neutron-porosity
logs (Figures 9). The thickness of the Upper Skinner Shale on the west was observed to
reach up to 800 ft (244 m) in thickness. Eastward this unit gradually thins below 25 ft (8
m) in thickness. The top of the Marmaton Group is overlain by the Cleveland Wash
with very large separation in neutron- and density-porosity values. The Cleveland Wash
becomes thinner to the east. The correlative shales on the west side of the study area are
more prominent because of the difference in well-log responses between them and the
zones they separate which have blocky gamma ray and deep resistivity (Figure 9).
Toward the east, the shales used in correlation are less prominent because of additional
shales in the interval. The additional shales on the east side of the field could be the

result of its relatively more distal location.

Based on the lithologies in the cores, their vertical relation with each other, their
sedimentary structures, the corresponding well-log responses, and the well-log
correlation across the study area, the environment of deposition and the significance of
the correlative shales in terms of the sequence-stratigraphic framework were
interpreted. In the GHK 1-34 Finnell well, the 2™ flooding surface is interpreted to exist
approximately 20 ft (6 m) below the bottom of the cored interval (Figure 5A). GHK 1-
34 Finnell core (120 ft; 37 m) consists of a coarsening-upward succession of lithofacies
extending from bioturbated to fossiliferous mudstones at the bottom to sandstones and
conglomerates at the top (Figure 6). The basal mudstones transition into bioturbated
sandy mudstones and muddy sandstones that are overlain by bioturbated, cross-
stratified and parallel-stratified sandstones, from bottom to top. The conglomerates at

the top of the cored interval is interpreted to be capped by another mudstone that can
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possibly be interpreted as the base of another flooding surface, considering its well-log
responses with higher gamma-ray, lower resistivity and large separation of porosity logs
(Figure 5A). Being bounded by the flooding surfaces at the top and bottom, and having
a shallowing-upward trend, this cored interval is interpreted to be part of a
parasequence. GHK 1-27 Niece core (119 ft; 36 m) has two similar but shorter
coarsening-upward intervals that can be defined as parasequences as well (Figure 6). In
both parasequences bioturbated sandy mudstones and muddy sandstones are followed
by structureless sandstones, poorly sorted conglomerates, and moderately to poorly
sorted, deformed, chaotic sandstones and mudstones. There is 7 ft (2 m) of missing
section between the two coarsening-upward parasequences. This section includes only
remaining of small mudstone fragments, and is interpreted as the mudstones capped by
the 4™ flooding surface regarding the corresponding very high gamma-ray, large
separation of neutron and density porosities in the logs, and its separating two
coarsening-upward parasequences. In the upper section, structureless sandstones are
overlain by bioturbated muddy sandstones and sandy mudstones. This package has the
same type of lithofacies as those observed in the coarsening-upward cycles, but have the
reverse order reflecting an upward-deepening succession (fining-upward). This suggests
a small-scale sequence boundary somewhere above the conglomerates of the second

upward-coarsening cycle (Figure 8).

In both cored wells, coarsening-upward cycles in the cores exhibit upward-
increasing resistivity (Figures 5, 6). Because of the radioactive minerals, the gamma-ray
does not show an upward-increasing trend. Conglomerates are observed to exhibit

relatively higher gamma-ray values than sandstones and with cross-over of porosity
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logs. Similar well-log responses to the packages in cored intervals can be observed in
non-cored wells suggesting the same type of coarsening-upward sequences (Appendix

E-3).

Based on the presence of well-developed coarsening-upward sequences in the
cores, high bioturbation intensity, presence of Cruziana and Glossifungites type of
burrows, and presence of glauconite, the environment of deposition is interpreted to be
a shelf-type fan-delta setting (Brown; 1979; Ethridge and Wescott, 1984). The
classification of the fan-delta depositional setting can be established by the
differentiation of the proximal, medial, and distal components, and the differentiation of
the sub-aerial, transitional, and sub-aqueous components of fan delta (Ethridge and
Wescott, 1984) (Figurel3). The proximal and medial fan-delta setting form the sub-
aerial component, and the distal fan forms the transitional and sub-aqueous components
of the fan delta. In general, the grain size decreases and the sorting increases from the
proximal to distal fan delta. The recognition of more flooding surfaces on the southeast
side of the field is likely the result of the more distal location of this region while the
northwest side of the study area can be interpreted to be more proximal because of the
presence of thinner and fewer number of mudstones separating the intervals with blocky

gamma-ray and deep-resistivity log responses.

The conglomerate lithofacies are interpreted to be deposited in a proximal fan-
delta area (Appendix F). The orthoconglomerates can be associated with the braided
rivers in the proximal sub-aerial part of the fan delta while the paraconglomerates may
be associated with the debris-flow deposits of the fan deltas that might develop in

relatively arid conditions in the proximal sub-aerial fan areas (Ethridge and Wescott,
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Figure 13. A) Schematic illustration of environment of deposition in deep Anadarko Basin
Granite Wash area. Complex geology in the area can be attributed to variation in the source rock,
distance of transportation, and accommaodation space. Materials eroded from Amarillo-Wichita
Mountains are deposited to the mountain front, mainly by fan-deltas. Fine - to coarse-grained
submarine deposits transported by sediment gravity flows and slumps can be found in more distal
areas (adapted from Bouma, 2000 and Bruner and Smosna, 2000). B) Cross sectional view for the
shelf type fan-delta, its components, and typical lithologies. Fan-delta deposits becomes
finer-grained from proximal to distal areas (modified from McGowen, 1970).
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1984). Pebbly mudstones are interpreted also as proximal to medial fan deposits
associated with debris flows considering the abundant mudstone matrix, poorly sorted
texture, and their position in the core relative to paraconglomerates. Slumped muddy
sandstone and sandy mudstone lithofacies are interpreted to be deposited at the
proximal fan delta as a result of slumping and as debris flows. The immature nature of
these lithofacies is attributed to a tectonically active environment and short
transportation distance. Subaerial mid-fan areas are interpreted to be composed mostly
of sandstone lithofacies. Parallel and cross-stratified sandstones, transitional with
conglomerates, are interpreted to have been deposited in proximal to medial sub-aerial
fan areas, relatively more distal than the conglomerates. Bioturbated sandstone is
considered to have been deposited in medial to distal fan areas where there is lower
energy. Structureless sandstone is presents together with both conglomerates and
mudstones as interbedded and is thought to be associated with channels and deposited
in a wide range of setting from medial fan area to prodelta. Bioturbated sandy
mudstones and muddy sandstones can be explained as a transitional unit between sub-
aerial and sub-aqueous units (Ethridge and Wescott, 1984). The amount of mudstone in
these lithofacies may be a measure of relative distance from the shore and the water
depth (Figure 5B). Bioturbated mudstones, fossiliferous mudstones, and massive
mudstones are interpreted to have been deposited under very low energy conditions on

the continental shelf (distal fan to prodelta) where sediment influx is low.

Structure-contour maps of each flooding surface and the top and base Marmaton
surfaces show that a northwest to southeast elongated anticline is the dominant

structure. Two major faults cut the structure (Appendix G-1). On the north flank of the
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anticline there is more than 1,600 ft (488 m) of offset while the offset is around 800 ft
(244 m) on the south flank of the anticline. The fault traces (locations) were interpreted
by using the structure-contour and dip-magnitude maps of Top Marmaton and Upper
Skinner Shale (Base Marmaton) surfaces (Appendix G-2). The faults are interpreted
parallel to the structural contours along the highest dips and interpreted to be reverse
faults considering the compressional regime (Lyday, 1985; Perry, 1989). There is
significant uncertainty for the angle of the faults and the faults could be vertical or
normal in character. The interpreted faults are nearly vertical and approximately parallel
to the Mountain Front Fault located outside of the study area to the south (Figure 1).
The thicknesses of the same stratigraphic zones on both sides of the faults are similar

which suggests that the faults are post-depositional.

An isopach map of the Marmaton Group reveals that the thickness is greatest in
the south-central part of the area and thins from this region in all directions (Appendix
G-3 A). Changes in the thickness of each Marmaton Group wash across the study area
can be directly related to the accommodation space at the time of deposition (Appendix
G-3 B-F). Marmaton E Wash is the thinnest zone and Marmaton A-B Wash is the

thickest zone (up to 650 ft, 198 m). Most zones thin toward the north to northeast.

Using the structure maps and fault surfaces, a 3-D stratigraphic and structural
framework (3-D reservoir model grid) was constructed for the Marmaton Group (Figure
14). The model area is rectangular in shape and covers approximately 191 mi® (494
km?). The grid cells are oriented parallel to the two main faults. The cell sizes are 500 ft
x 500 ft (152 m x 152 m) aerially and 1.5 ft (0.5 m) on average vertically with

proportional layering. The number of cells in the model is 296x73x809 in I, J, and K

40



"Pa1BIa3TeX A[[BONIOA SOWI) UQ) ATk SAUNSY [V ISOMUIIOU PIEMO) SUIY) QUOZ  UOJRWLIBJA "SSOUNDIY) JR[IWIS JABY
SQUOZ A} YIIYM SSOIOB JII[S [eUIPMISUOT (D) "SYUB[J SII UO S)NeJ 0M} AQ POPUNO] SININIS JUIONUR Y} SUIMOYS OI[S ISIOASURI],
(g ‘souoz orydeidnens oAl Jo mdarA yum (pus -€) [opow (-¢ 9y} JO dJomdwery [eanionns pue oydessnens (v 1 2n3dig

(W 9609)

3 0000¢

J uojeuLIBIA
T UOJRULIBIA]
( UojeWIRI
) UOJRULIBIA
-V UOjRULIB]A]

sauoz dydeidnens

(wozzD
¥ 000%

=

~~—
JSOMYPION

b

[ |
.

41



directions. The total number of 3-D cells is 17,802,180. Lithology logs were upscaled to
populate the grids cells (Figures 5, 6; Appendix H). The type of the lithology that exists
in higher proportion within each cell was assigned as the upscaled cell lithology

(Appendix H).

A vertical proportion curve is a vertical, 1-D trend (values between 0 and 1.0)
that represents the variability in the percentage of lithology stratigraphically or by
model layer based on the upscaled lithology logs (Figure 15). The correlated flooding
surfaces correspond to the layers with highest mudstone proportion in the vertical
proportion curve. According to Ross and Ross (1988) and Haq and Schutter (2008)
Pennsylvanian time is composed of around 16 depositional cycles that are 1 million
years in duration in average (Appendix I). The Desmoinesian interval approximately
corresponds to the upper Moscovian and lower Kasimovian stages in the international
time scale (Richards, 2013). Marmaton Group wash zones can be considered to
correspond to the 5 cycles in this interval and interpreted as 3rd order regressive-
transgressive depositional cycles (approximately 1 million years) bounded by the
maximum flooding surfaces that represent the greatest transgression of shallow-marine
facies after relative rise in the sea level (Ross and Ross, 1988; Haq and Schutter, 2008)
(Appendix I). Flooding surfaces separating the wash zones can be considered as
maximum flooding surfaces. The relative rises in the sea levels were interpreted to be
sudden based on the vertical proportion curve. Tectonic activity can be responsible for
the sudden sea-level rises. Sequence boundaries that represent surfaces along which
sediment is bypassed during a relative sea-level fall are interpreted to cap the intervals

where conglomerate is present with high proportion and that transition stratigraphically
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Figure 15. A) Lithology proportion curve showing the vertical proportion of three lithologies
from the upscaled lithology logs and the wash zones from Marmaton A to F. B) Transgressive
and highstand system tracts interpreted from the vertical proportion curve. The zones can be
interpreted as 3™ order regressive-transgressive cycles. MFS: Maximum flooding surface;
SB: Sequence boundary; TST: Transgressive system tract; HST: Highstand system tract.
Zones with highest mudstone proportion are associated with the maximum flooding surfaces.
Between the maximum flooding surfaces, sequence boundaries are interpreted where the
proportion of conglomerate is greatest and the mudstone proportion starts increasing above it.
The highstand system tracts show shallowing-upward sequence while the trangressive system
tracts show deepening-upward seqence. Lowstand system tracts are not observable because of
the proximal location. See Appendix H-2 for example two layers during maximum flooding
(374) and highstand system tract (325). A-F correspond to Marmaton A-F zones.
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upward into mudstone. The stratigraphic variability in lithology most likely reflects
periods of uplift and erosion of the nearby Amarillo-Wichita Uplift. Smaller scale
cycles within the zones can be interpreted as parasequences bounded by flooding

surfaces indicating relative changes in sea level.

Spatial Distribution, Continuity and Connectivity of Fan-Delta

Deposits

In this study, sequential-indicator simulation (SIS) was used to model spatial
distribution of lithologies (conglomerates, sandstones, and mudstones) in the Elk City
Field. Four different lithology models were created in this study (Appendix J-1). The
first model consists of 3 lithologies and 5 zones defined by the maximum flooding
surfaces and is called the “sequence lithology model” considering the definition of the
sequence based on maximum flooding surfaces (Galloway, 1989). The second model,
which is called the “system tract lithology model”, has 12 zones that define the
transgressive and highstand system tracts (Figure 15). This model was created by
generating additional sequence boundary surfaces and it has 3 lithologies
(conglomerate, sandstone, mudstone). The third and the fourth models, “sequence
reservoir models”, have only two classes that are reservoir and non-reservoir, and have
the same zones as the sequence lithology model. These two models were created to
understand the utility of using the neural network and porosity-lithology relation in
lithology estimation in terms of the resulting static connectivity and pore volume. In the
third model, the lithology logs created by using only gamma-ray cut-off values were

honored (Appendix E-4). In the fourth model, the lithology logs using the neural
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network, gamma-ray cut-off, and lithology-porosity relation were honored. Previously
estimated sandstones and conglomerates are combined under reservoir class for the

fourth model.

Continuity of Conglomerates and Sandstones

The three-dimensional stratigraphic and structural framework, upscaled
lithology logs, vertical lithology percentages, and vertical and horizontal variograms
were all honored in the lithology modeling. Azimuth values necessary in the
determination of major and minor anisotropy ranges were determined for each lithology
by zone from horizontal variogram maps (polar plots). Vertical and horizontal
variograms were created by zone and for each lithology. From the experimental
variograms, ranges for each lithology were determined (Appendix K). For the sequence
lithology model and system tract lithology model the same azimuth angles and
variogram parameters were used for the same stratigraphic intervals. For the third and
the forth models, azimuth angles, horizontal and vertical anisotropy values were
determined separately by analyzing the horizontal variogram maps and variograms. In
sequence model and system tract model azimuth angles of major anisotropy ranges for
conglomerate range between 90° and 145° while for sandstone they range between 135°
and 150°. This suggests that both conglomerates and sandstones exhibit greater
continuity parallel to the trend of the Mountain Front Fault (Figure 1). This is consistent
with a fan-delta environment sourced from the uplifted area to the south (Figures 1, 13).
Sandstones have greater major and minor horizontal ranges than conglomerates which
suggests that they are more laterally continuous than conglomerates (Appendix K-16).

Sandstones are most continuous in the Marmaton D interval (sandstone range 4,868 ft;
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1,484 m), and conglomerates exhibit the greatest continuity in the Marmaton A-B
interval (conglomerate range 4,028 ft; 1,228 m). The vertical continuity of
conglomerate and sandstone beds are similar (conglomerate vertical range 28-39 ft; 9-
12 m, and sandstone vertical range 26-32 ft; 8-10 m), indicating that the general

thickness of these deposits are similar.

Lithology Distribution

The resulting sequence lithology model and system tract lithology model have
36% mudstone, 27% sandstone and 37% conglomerate. Three-dimensional lithology
models and 2-D lithology percentage maps demonstrate the distribution of these
lithologies in the study area (Figures 16, 17; appendix J-2). The northwest side of the
study area is more conglomeratic, and the proportion of sandstone increases toward
southeast (Figures 16C; appendix J-2). The interpretation that the southeast side of the
study area is relatively more distal than the northwest side of the study area is supported
by the lower amount of conglomerate on the southeast side of the study area. The
amount of conglomerate decreases and the amount of sandstone increases toward
southeast, away from the source area on the northwest side of the study area (Figures
16, 17). Because a greater amount of coarse-grained sediments is deposited to the
proximal areas and the grain-size decreases away from the source in fan-delta
environments, it is expected to observe more conglomerate on the northwest side of the
field (Brown; 1979; Ethridge and Wescott, 1984). The extensive mudstones associated
with flooding surfaces are apparent with their high lateral continuity in the model
(Appendix J-3). The mudstones lithology in the model also includes the sandy

mudstones and pebbly mudstones associated with the debris flows in the proximal fan
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Upper Skinner Shale
Elevation (ft)

9,750
' -
- 10,250

- 10,500
10,750
11,000
11,250
11,500
11,750

12,000

[ ] Mudstone
[ ] Sandstone
71 Conglomerate

Figure 17. 3-D view of the lithology model A) from the southeast, B) from the
northwest with slices along I and J directions with ten times vertical exaggeration.
The model overlies the top of the Upper Skinner shale surface. Northwest trending
anticline bounded by two faults on its flanks is the major structure in the field.
Mudstones can be observed with their high lateral continuity. The amount of
conglomerates is greater on the northwest side of the field, and sandstone amount
increases toward southeast side of the field. Proximity to the source can be the most
significant factor in the distribution of sandstone and conglomerate in a fan-delta
depositional environment.
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area (Figure 8; Appendix F). Therefore, mudstones are not limited to the transgressive
cycles. The system tract lithology model has more conglomerates and sandstones in the
highstand system tracts (Appendix M-1). There are more conglomerates than
sandstones in all system tracts except the highstand system tract of Marmaton F
interval. This interval has relatively distal deposits where fewer conglomerates were
deposited considering the decreasing grain size away from the source area in a fan-delta

setting (Figure 13).

Porosity Distribution

Effective porosity calculation from the well logs requires the calculation of shale
volume (Vshale). For the formations with radioactive minerals, calculating the Vshale
from gamma-ray logs result in overestimated Vshale because of the high gamma-ray in
reservoirs (Asquith et al., 2004). Using the thorium component of the spectral gamma-
ray in the equation can differentiate the radioactive reservoirs from shales. However,
lack of enough spectral gamma-ray log data prevents using this approach. Another way
of calculating Vshale under these circumstances is to use the separation between the
neutron porosity (NPHI) and density porosity (DPHI) as an indicator of the relative
amount of shale. However, using this equation is successful only for formations without
gas, because cross-over (DPHI>NPHI) of porosity logs gives negative values of Vshale
in the calculation. Because of these limitations, only total porosity was calculated in this

research.

Sequential-Gaussian Simulation (SGS) was utilized to generate total porosity
(¢¢) models for each lithology models created. Total porosity (¢¢) logs were calculated

for each well by taking the root-mean-square of neutron porosity (NPHI) and density
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porosity (DPHI). Using this equation is more proper for gas-bearing reservoirs because
it can compensate for the effect of gas in the result (Bassiouni, 1994). Calculated total
porosity logs were upscaled by using the arithmetic average method in which the
average of the values corresponding to each cell was assigned as the upscaled porosity
value. The three-dimensional grid and lithology model constrained the porosity model
and the upscaled porosity logs and variograms were honored. Vertical and horizontal
ranges were determined from the variograms (Appendix L-1). Considering the internal
heterogeneities within each lithology, smaller vertical and horizontal ranges exist for
porosity as compared to the ranges for lithologies. The relationship between the
lithology and total porosity can be observed in the lithology percent maps and average
porosity maps for the reservoirs (Appendices J-2, L-2). Porosity increases upward and
Marmaton A-B interval has the highest average porosity. Areas where sandstone is
abundant exhibit less than 5% for average porosity values. Laterally, there is an
observable increase in porosity from east to west that can be related with the increasing
amount of conglomerates that show larger dissolution porosity than sandstones
(Appendix C). Also, regarding the relative distance from the source area and the
environmental setting, more interaction with mudstones and the bioturbation in the
sandstones can have effect on lower amount of porosity on the southeast side of the
study area. Muddy sandstones grouped under sandstone in the lithology model can be
another contributor for the lower porosity in sandstone lithology. Another possibility
can be that the reservoirs on the northwest side of the study area might have more
preserved primary intergranular porosity than the reservoirs on the southeast side which

show mainly secondary dissolution type of porosity.

50



Static Connectivity and Pore Volume

Static connectivity is a significant reservoir property that affects recovery
directly. Static connectivity of a reservoir can be defined as the percentage of the
reservoir that is connected to a certain group of wells and calculated by dividing the
connected volume of the reservoirs to total volume of reservoirs. In this study, for the
sequence and system tract models, static connectivity and pore volume analyses were
conducted for sandstones and conglomerates separately. In the third and fourth models,
connectivity and pore volume were calculated for the reservoir rock that is composed of
sandstone and conglomerate together. All the wells were defined as index wells in the
connectivity analyses meaning that volumes that did not intersect at least one of these
wells were not counted as connected volumes. Also, 5% and 10% porosity values were
used as filters in the connectivity in order to determine the connected volume of

reservoirs with porosity greater than these certain amounts (Figure 18).

In the sequence lithology model, static connectivity results show that there is not
a significant connectivity difference between the zones except the Marmaton F interval
which has the lowest connectivity both for sandstones and conglomerates (Table 2).
Marmaton C interval has the greatest connectivity for the reservoirs. Connectivity of
sandstones is found lower than connectivity of conglomerates. This is primarily because
of the porosity constraints for the connectivity. Because sandstones have lower porosity
than conglomerates in the model, and sandstones with porosities lower than certain
porosity amounts are not considered. Higher interaction of the sandstones with the wave
processes due to their relatively more distal location and their finer grain size compared

to the conglomerates can be another contributor for their lower connectivity (Figure 13).
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Table 2. Total volumes, pore volumes, and connected volumes for conglomerates and
sandstones at each zone. For connectivity, 5% and 10% porosity cut-off values were
used as constraints. Marmaton C interval has the greatest connectivity for both
conglomerates and sandstones, followed by the Marmaton A-B interval which has
the greatest pore volume. Conglomerates have higher connectivity than sandstones
in all zones. They have also higher amount of pore volume than sandstones in all
zones except Marmaton F interval.

CONGLOMERATE
Total volume Pore volume Porosity > 5% Porosity > 10%
ZONES in BCF 6 Connected Connectivity Connected Connectivity
9.3 (x10° RB) volume o volume o

(x10°16) in BCF (%) in BCF (%)

Marmaton A-B 656 9,138 555 84.5 114 17.3
Marmaton C 487 6,866 429 88.1 85 17.5
Marmaton D 540 7,132 437 80.9 79 14.6
Marmaton E 387 5,145 315 81.6 51 13.3
Marmaton F 273 3,012 158 57.9 18 6.8

SANDSTONE
Total volume | 5, o volume Connel:::zsny ~2 Comlz(c):e();lty e
ZONES in BCF p Connectivity Connectivity
9.3 (x10” RB) volume o volume o

(x10°ft) in BCF (%) in BCF (%)

Marmaton A-B 350 3,767 221 63.1 16 4.6
Marmaton C 325 3,570 218 67.1 16 49
Marmaton D 312 3,009 170 54.5 5 1.7
Marmaton E 300 3,037 175 58.4 11 3.6
Marmaton F 404 3,716 206 51.0 5 1.4
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Figure 18. Structural cross section E-E’ with the modeled properties between the wells
(Figure 2). A) lithologies, B) total pore volume for sandstones and conglomerates, C)
connected volume of reservoirs with total porosity greater than 5%, and D) connected volume
of reservoirs with total porosity greater than 10%. Cyclic deposition results in similar
connectivity in each zones. Conglomerates have greater pore volume than sandstones in
general. This can be because of more amount of intergranular porosity, more dissolution
porosity, or combination of both.
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Conglomerates have greater pore volume than sandstone except the Marmaton F
interval (Table 2). This interval has the highest amount of sandstone and lowest
sandstone connectivity compared to the other zones and has relatively more distal

lithofacies.

Static connectivity analysis and pore volume calculations were also conducted
for the system tract model to see the relationship between the pore volume,
connectivity, and system tracts (Figures 18, 19; appendix M-1 — 4). Highstand system
tracts in each zone showed greater amount of connectivity for both conglomerates and
sandstones than the transgressive system tracts. The amount of total pore volume in
reservoirs is greater in highstand system tracts, and conglomerate have more total pore
volume than sandstones except the Marmaton F interval (Figure 19). Higher amount of
pore volume in reservoirs in highstand system tracts is directly related to the higher
amount of reservoir present in these zones. Higher pore volume in conglomerates can be
explained with greater secondary porosity in coarser grained samples observed

(Appendix C).

Connectivity and pore volume in each zone were also calculated for two
reservoir models honoring different lithology logs; one including neural network and
porosity-lithology relation in addition to the gamma-ray cut-off values in estimation,
and the other one based on only gamma-ray cut-off values (Appendix E-4).
Connectivity and the amount of pore volume of the reservoirs is less in the model which
is based on only the gamma-ray cut-off (Appendix M-5). Less pore volume is a result of
the underestimated reservoirs with the gamma-ray cut-off method (Appendix E-4). This

can also have some effect for the lower connectivity in the zones. Similar pore volume
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Figure 19. Histograms showing A) the connectivities of conglomerates and sandstones with
greater than 5% porosity, B) the amount of pore volumes in conglomerates and sandstones
in each highstand system tract and transgressive system tract. Reservoirs in the highstand
system tracts have greater connectivities than those in transgressive system tracts.
Conglomerates mostly have higher connectivities than sandstones. Highstand system tracts
have greater pore volume than transgressive system tracts both for conglomerates and
sandstones. Conglomerates have greater pore volume than sandstones except Marmaton F
interval.
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amounts between the two models for the Marmaton F interval is because reservoir rock
is not underestimate as much for this zone (Appendix E-4). These results reveal the
significance of using the porosity-lithology relation and Artificial Neural Network in
lithology estimation for the reservoirs with potassium feldspar and the extent that
reservoir rock, pore volume, and connectivity can be underestimated by using only

gamma-ray cut-off values.

Conclusion

Desmoinesian-age Marmaton Group Granite Wash deposits in the Elk City Field
have five lithologies which are conglomerates, sandstones, muddy sandstones, sandy
mudstones and mudstones. The dominant lithofacies observed in two cores are
orthoconglomerates, paraconglomerates; parallel-stratified, cross-stratified, bioturbated,
granule-pebble-bearing, and structureless sandstones; bioturbated, slumped muddy
sandstones and sandy mudstones; and bioturbated, fossiliferous, pebbly and massive
mudstones. Sedimentary structures and the relations of lithologies and lithofacies with
each other in the cores, thin section observations, similarity between the well-log
patterns of the cored interval and the non-cored wells, the depositional environment was
interpreted to be shelf-type fan delta. Porosity observed in thin sections are mainly
secondary and related with feldspar and chert dissolution. Total pore volume in

conglomerates is greater than in sandstones.

Using an Artificial Neural Network, estimation of five lithologies within the
cored interval resulted in 66% accuracy. Although the neural network was able to

differentiate sandstones, conglomerates, and mudstone, it encountered difficulty in
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differentiating muddy sandstones and sandy mudstones. When sandy mudstones and
muddy sandstones are merged with mudstones and sandstones, respectively, estimation
of three lithologies resulted in 83% total accuracy. Conglomerates, sandstones, and
mudstones match with the original lithology log 88%, 84%, and 79% of the time,
respectively. By constraining the resulting neural-network estimation in the non-cored
wells by gamma-ray cut-off values and the relation between the lithologies and neutron

and density porosities, more accurate estimations were achieved.

Well logs indicate that the different sandstone and conglomerate lithologies are
separated by at least four distinct and laterally extensive shales. Based on cores, well
logs, vertical proportion curve, and sea level cycles, these shales are interpreted to be
capped by condensed sections separating 3™ order cycles. Correlation suggests that
structurally, Elk City field is composed of a northwest trending post-depositional
anticline with possible faulting on both sides. Based on the well-log responses, there are
more flooding surfaces on the southeast side of the study area suggesting a relatively

more distal environment of deposition.

By using Sequential Gaussian Simulation several lithology models were created
to understand the continuity, spatial distribution, and connectivity of the lithologies, as
well as their relation with the sequence stratigraphy and two different methods used in
reservoir estimation. Sandstones were found more continuous than conglomerates
laterally while conglomerates show greater vertical continuity. The amount of sandstone
was found to increase toward southeast side while more conglomerates dominate on the
northwest side of the study area. Porosity models show that generally conglomerates

tend to have higher porosity than sandstones. The Marmaton C interval has the highest
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connectivity for conglomerates and sandstones while Marmaton A-B interval has the
highest amount of pore volume. Pore volume in conglomerates is greater than
sandstones except for the Marmaton F interval which has the highest amount of
sandstone and lowest connectivity. Highstand system tracts exhibit greater connectivity
and pore volume for both conglomerates and sandstones than the transgressive system
tracts. Reservoir models honoring lithology estimation based on only gamma-ray cut-
off values result in underestimation in the amount of reservoirs, their connectivity, and
pore volume compared to the reservoir models honoring lithology logs calculated by

using a neural network, gamma-ray cut-off values, and lithology porosity relation.
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Appendix A: Paleogeographic Maps

Anadarko Basin

~+——Study Are*

Figure A-1. Middle Pennsylvanian (308 Ma) paleogeographic map (modified from
Blakey, 2013). The Amarillo-Wichita Uplift started to form in Early Pennsylvanian
with the onset of the compressional regime while the Anadarko Basin started to
subside. The study area is shown by red color. It is located in the southern Anadarko
Basin, just in front of the Amarillo-Wichita Uplift. Sediments eroded from the
Amarillo-Wichita Uplift were transported to the basin as alluvial fan, fan-delta,
debris flow and turbidite deposits.
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Figure A-2. Middle Desmoinesian paleogeographic map showing the Mountain Front
Fault, granite wash production areas, and the basement rock type that are the source
of the granite wash deposits (modified from Mitchell, 2011; Ham et.al., 1964;
McConnell 1989). The proportion of the gabbroic rocks within the source rock region
in the south of the study area increases toward east. The source rock composition can
be responsible for the different well-log responses, especially gamma-ray, in the
northwest and southeast sides of the study area. See Figure 9 for the well-log
responses across the study area from northwest to southeast.
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Appendix B: Core Descriptions

Two cores, GHK 1-34 Finnell and GHK 1-27 Niece were described in terms of
lithology, grain size, sorting, roundness, color, and sedimentary structures. Totally,
15 lithofacies were observed. The legend for the core description is as follows.

LEGEND
== Muddy matrix «*  Convoluted bedding - Conglomerate
0o oo Pebble sized clasts EE Fluidizaton Sandstone
Scfere Granule sized clasts N Bioturbation \:’ Muddy sandstone
Parallel statification E Fossils Sandy mudstone
NN Cross statification ~ -~ Scoured surface -
A=~ Distorted bedding e Rip-up clasts Mudstone
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GHK 1-34 Finnell
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g 2
£ Gravel Sand Mud £
g S
a @ Lithology |Color Structures Remarks/Description Lithofacies
olofs |
215|818 |o|= |- |5|5|8
S|2|o plm
1 1086. == X Slumped muddy sst
Coarse to medium grained, moderately to poorly sorted,
. X H Sl d muddy sst
estere subrounded ro subangular sandstone interbedded with umpec muddy ss
X1 [y ddy sst Distorted bedding sandsk_)ne having mud matrix and mudslo_ne. Turbulent |Slumped muddy sst
or gravity flow may be the reason for the distorted wavy-
X Grey and like bedform. At the bottom there are pebble sized Slumped muddy sst
X dark grey fragments. Slumped muddy sst
11087 Slumped muddy sst
Mediumto very coarse grained, parallel-stratified,
X Parallel lamination, fining|moderately sorted, subrounded to subangular Parallel stratified sst
upward sandstone interbedded with finer grained sandstone with
X mud matrix. Parallel stratified sst
oetoel O 0P tacq Sst Coarse grained, massive, moderately to poorly sorted, "
X . Massive sst
etord O O etand Massive subrounded to subangular sandstone. Includes granule
o X Grey to pebble sized clasts. Massive sst
I osom \\ oo — Coarse grained, cross laminated, well sorted,
11088 Cross lamination subrounded to subangular sandstone. Cross stratified sst
MISSING SECTION
S S - Coarse grained, cross laminated, well sorted, Cross stratified sst
Cross lamination subrounded to subangular sandstone.
AL AN 9 i Cross stratified sst
A 05 oo AN Sst Grey Coarse grained, cross laminated, poorly sorted,
11089 subrounded to subangular sandstone. Includes rounded
X No structure and anqular pebble sized clasts Cross stratified sst
A A Medium to coarse grained, cross laminated, moderately
X sorted, subrounded to subangular sandstone Cross stratified sst
oo \‘\0 O °O estew (X Granule to pebble sized, p_oorly sorted, rounds_d to Paraconglomerate
ode 05 00 oo subangular conglomerate in a very coarse grained
@' © =X Congl. Grey No structure sandstone matrix. Convolute bedding exists partly in Paraconglomerate
oo 0o 00 eetere [y sand matrix, indicating soft sediment deformation. Paraconglomerate
11090 - Very coarse grained, massive, moderately to poorly e
:. 0 X Sst Grey Massive sorted, rounded to subrounded sst. Includes granule to Parallel strafified sst
o °O X pebble sized grains. Parallel stratified sst
00 000509 0p og |X Orthoconglomerate
00000 og 0p 0g |X Orthoconglomerate
00000 g 0p og [X Pebble sized, poorly sorted, rounded to subangular Orthoconglomerate
11091 05 09 0 o °o 0 oo X conglo;nerate consisting of rock fragments. No matrix Orthoconglomerate
presents
0000009 0p 0g |X Orthoconglomerate
0o o0 0pog 0g og |X Orthoconglomerate
06 00 0p on 05 og |X Orthoconglomerate
0 0 Pebble to cobble sized, poorly sorted, rounded to
© o %0 °o 0 O °0 subangular conglomerate consisting of rock fragments.
X No matrix presents Orthoconglomerate
11092. 0o 00 0pog 0p 0g |X Orthoconglomerate
05 o 0g °0 0o oo X ;Srreeyen, Orthoconglomerate
06 000500 0o oo X Congl. beig(le. No structure Orthoconglomerate
00000 og 0p 0g |X 5:;%:5 Orthoconglomerate
000 0p g 0p og [X colors Pebble sized, poorly sorted, rounded to subangular Orthoconglomerate
11093 05 09 0 o °o 0 oo X conglo:nerate consisting of rock fragments. No matrix Orthoconglomerate
presents
0000009 0p 0 |X Orthoconglomerate
0o 00 0pog 0g og |X Orthoconglomerate
00 090509 0g og |X Orthoconglomerate
000000 0p 0o |X Orthoconglomerate
11094. 0000905 09 0g °g [X Orthoconglomerate
o) Granule to pebble sized, structureless, poorly sorted,
O 00 evters .
rounded to subangular conglomerate in very coarse
X |grained sand matrix Paraconglomerate
05 o0 o o0 05 oo Pebble sized, poorl_y ;oned. rounded to sub_angular
conglomerate consisting of rock fragments in medium to
X coarse grained matrix. Paraconglomerate
oetoms cetocn Upper part: Medium grained, parallel laminated, well
No structure. Parallel sorted, well rounded sst.
Sst Grey I . . .
lamination Lower part: Very coarse to medium grained, poorly
X sorted, subrounded to subangular sst. Paraconglomerate
Pebble sized, poorly sorted, rounded to subangular
S s orte
° © oo X Congl. Grey No structure conglomerate in medium to coarse grained sst matrix | Paraconglomerate
Upper part: Medium grained, parallel laminated, well
11095, 0o o0 0 o °0 Grey to No structure to parallel |sorted well rounded sst
Conglto |beige lamination Lower part: Granule to pebble sized, moderately sorted,
X Sst subrounded to subangular conglomerate Paraconglomerate
5 e oe Granule to pebble sized, moderately sorted, subrounded
0o o Congl. Grey No structure to subangular conglomerate. Coarse grained sst is
X present as matrix Paraconglomerate
[Sstto Cross lam to no str to Upper part: Medium grained, parallel laminated, well
0 O °0 0 (03 OG congl to arallel lam sorted, well rounded sst. Middle part: Pebble sized,
X sst Beige P poorly sorted, rounded to subangular conglomerate. Paralle! stratified sst
A A\ Sst Cross lamination Medium grained, cross laminated, well sorted, well .
rounded sst Cross stratified sst
0
©°0 05 on o °o X Paraconglomerate
0
11096. ©°0 0405 0°0 |x Paraconglomerate
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o|a|o PIM|G
0
o °o 0 0o °0 [x Paraconglomerate
0m o ©°0,
@9 0o oo O °0 (X Paraconglomerate
0 o
© °o 000 |x Paraconglomerate
0 o 06 oo 0 Green, Pebble sized, poorly sorted, rounded to subangular 9
O °o °0 (X ~ grey, conglomerate consisting of rock fragments. Fine to Paraconglomerate
05 o ongl. . No structure N
0 o (@) 0 beige, coarse grained, well sorted, well rounded sst present as
11097 © °o °0 |[x N Paraconglomerate
0 0o oo purple, etc. matrix.
°
© °o 0o oo |x Paraconglomerate
0 0p o
o °o 0 O 0o °0 (X Paraconglomerate
0 o,
o ODO © 20 O °0 |x Paraconglomerate
0 o °
o °o ©o o °0 |x Paraconglomerate
0o op 'O °0,
11098 O °o °0 |x Paraconglomerate
MISSING SECTION
0o 0 g 05 o
0 ©°0"© °0 X Pebble sized, poorly sorted, rounded to subangular Paraconglomerate
11099 o °oO 06 oo 06 °0 |x Green, conglomerate consisting of rock fragments. Coarse Paraconglomerate
0o °o o Congl grey, No structure grained, well sorted, well rounded sst presents as
0 05 oo © °0 (X 9. beige, matrix. At the bottom, there is a scoured surface Paraconglomerate
o °0O 05 on o °0 |x purple, etc. separ?lrli%ﬂ:;s unit from the underlying medium grained Paraconglomerate
0g o 0m o cross bedded sst.
=) O %0 X Paraconglomerate
A AR Cross lamination.
X Amalgamation surface |Medium grained, cross laminated, well sorted, well Cross stratified sst
rounded sst. Observable porosity.
" 100. AV A X Cross stratified sst
- Medium grained, cross laminated, well sorted, well
AN et AN Grey g 1
X . rounded sst. Includes 2cm thick layer consisting of Granule-pebble bearing sst
W06 eon Cross lamination subrounded to subangular, pebble and granule grains.
The overall sorting is poor. There is an amalgamation
Sst surface separating this sst from underlying sst lacking of
’U\W X S pebbles and granules. Cross stratified sst
A A X Cross stratified sst
Ay A X Cross stratified sst
. — Medium grained, cross laminated, well sorted, well
11101 AN A X Beige Cross lamination rounded sst. Cross stratified sst
AN A X Cross stratified sst
A\ A X Cross stratified sst
0 . i
O °0 e-tore 00 °0 |x Pebblle sized, pc?t?‘rly sorted, roundgd l(;) sub;mgular Paraconglomerate
0o . 5 0 . conglomerate with very coarse grained sandstone
PRLAP i
) O °oO Congl. Various No structure matrix _ Paraconglomerate
esoe 05 05 oetondl Very coarse grained, moderately to poorly sorted,
11102 subangular to subrounded sst. Includes subangular to
X subrounded granules and pebbles. Paraconglomerate
[ Sst Beige Parallel lamination Medium grained, parallel laminated, well sorted, well
X 9 rounded sst. There are some pyrite nodules. Parallel stratified sst
X [Mudstone [Dark grey |Parallel lamination Parallel laminated mudstone
csoe 05 0 oetod . Very coarse grained, massive, moderately to poorl!
© °o Gre Massive Yy 9! g - y to poorly .
. 0 X t4 - - orted, rounded to subrounded sst. There is an Massive sst
erter O °Q °ttem Massive. Amalgamation |amalgamation surface separarating the very coarse
X Grey surface sandstone from underlying medium grained sandstone. |Massive sst
11103 A A X Cross stratified sst
— Medium grained, low angle cross laminated, well sorted,
AL A X Cross lamination well rounded sst, Cross stratified sst
A X Cross stratified sst
X Parallel stratified sst
X Parallel lamination Paralle! stratified sst
11104 D . . . i
I. X T Medium grained, parallel laminated, well sorted, well Parallel stratified sst
—_— ff _— arallel 'amination. rounded sst. Occasionaly there are some water escape i
X Fluidization g Parallel stratified sst
—_ = structures
X Parallel stratified sst
- = X |Sst Parallel lamination Parallel stratified sst
X Beige Parallel stratified sst
11105 AN AN X Cross lamination Cross stratified sst
_ = Parallel laminati Medium grained, low angle cross to parallel laminated, N
X araflel lamination well sorted, well rounded sst. Parallel stratified sst
AN A X Cross lamination Cross stratified sst
Ei el - Medium to coarse grained, moderately sorted, well
Granules. Fluidization.
- rounded sst. Includes subrounded to rounded granules.
Cross lamination - P
X There are some structures indicating fluidization. Granule-pebble bearing sst
——— Amalgamation surface. i i i
X Cross lamination Medium grained, parallel laminated, well sorted, well Cross stratified sst
11106 rounded sst. i
X Parallel stratified sst
X Parallel lamination Medium grained, parallel laminated, moderately sorted, Granule-pebble bearing sst
well rounded sst. Includes subrounded to subangular
X Grey granules and pebbles. Granule-pebble bearing sst
MISSING SECTION
—_— Bioturbation. Parallel Medium grained, parallel laminated, well sorted, well
X lamination rounded sst. Parallel stratified sst
11107 i
t ¢ X Fluidization. Massive Massive st
¢ « X Massive sst
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Massive.
Bioturbation.Fluidization

Massive. Bioturbation;
small muddy parts

Massive. Bioturbation

Bioturbation. Dish

tructures
Massive. Bioturbation
Bioturbation. Dish

tructure:

Fine grained, massive, bioturbated, well sorted, well
rounded sst. Occasionally there are some water escape
structures.
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Bioturbated sst

Bioturbated sst

Bioturbated sst

Bioturbated sst

Bioturbated sst

Bioturbated sst

Bioturbated sst
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2[2[z :
c =
HEHNRIERHEES
o|a |0 M[G
EE < X Bioturbation. Fluidization Massive sst
5 X Bioturbation. Parallel Fine grained, massive, occasionally parallel bedded, Parallel stratified sst
_— Sst lamination well sorted, well rounded sst. Partly, there are some .
X : : - Parallel stratified sst
ﬁ - - mudstone layers disturbed due to bioturbation.
11108. m X Bioturbation Occasionally, there are structures that are evidence for |Bioturbated sst
}'q [Bioturbation. Wavy  |fluidization. .
X beddina Bioturbated sst
= m X Grey Bioturbation Bioturbated sst
e ﬂl X Bioturbated sst
EE = ﬂl X Bioturbated sst
p— Bioturbation. Parallel
11109 m x| |Muddy sst Jamination Bioturbated muddy sst
A m X Bioturbated sst
}m X Bioturbated sst
}T X |set Fine grained, well sorted, well rounded sst and Bioturbated sst
X Bioturbation mudstone alternation. Bedding is disturbed due to Bioturbated sst
bioturbation.
11110. W X Bioturbated sst
ﬂ X Bioturbated sst
}“ 2.8 I PV Grey and  |Bioturbation. Parallel Bioturbated muddy sst
N Muddy sst | i grey |bedding
X Bioturbated muddy sst
W X Bioturbation Bioturbated sst
11111 i
ﬂ X Massive. Bioturbation Massive sst
ﬂ X Massive sst
ii 22 W X Massive. Bioturbation. Massive sst
N X Fluidization Bioturbated sst
M| x Massive. Bioturbation Bioturbated sst
11”2. N X Bioturbated sst
N X Bioturbation. Parallel Parallel stratified sst
W X lamination Parallel stratified sst
}V X Bioturbated sst
Fine grained, massive to bioturbated, well sorted, well
N X rounded sst. Bioturbated sst
1113 W X Bioturbated sst
N X Bioturbated sst
M| Ix Bioturbated sst
W X Massive. Bioturbation Bioturbated sst
N X Bioturbated sst
11114. N X Bioturbated sst
N X Bioturbated sst
W X Bioturbated sst
W X Bioturbated sst
N X Bioturbated sst
11115, AR AN Cross lamination Medium grained, cross laminated, well sorted, well .
X rounded sst. Cross stratified sst
ﬂ Massive.
Bioturbation.Fluidization Bioturbated sst
/V Sst Grey Massive. Bioturbation Bioturbated sst
N
N
N
N
N
N

Bioturbated sst

Bioturbated sst

Bioturbated sst

Bioturbated sst

Bioturbated sst

Bioturbated sst

Bioturbated sst

Bioturbated sst

Bioturbated sst

Bioturbated sst

Bioturbated sst

Bioturbated sst

Bioturbated sst

Bioturbated sst




11130.

11131

Complex bedform.
Bioturbation

Very fine grained, bioturbated, place to place parallel
bedded/laminated, well sorted, well rounded sst and
mudstone alternation. Bedding/lamination is disturbed
due bioturbation.

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst
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2[2[z :
2lo w|=|3
2|a|s|3|o|1=|w|S|a |2
8|26 ° Vil
X Bioturbated sst
11120. X Bioturbated sst
6 Bioturbation. Dish
X structures Bioturbated sst
}T Grey and |Bioturbation.Wavy
X Muddy sst |dark grey |bedding Bioturbated muddy sst
X [sst Grey Massive. Bioturbation Bioturbated sst
W andy Bioturbation. Lamination i
X1 |mud - Bioturbated sandy mud
121 W X Bioturbated muddy sst
}T X Grey and Bioturbated muddy sst
dark grey |Bioturbation.Wavy N
N[ x| [Muddysst I edding Very fine grained, well sorted, well rounded sst- Bioturbated muddy sst
7T mudstone alternation. There exists intense bioturbation | .
X . N Bioturbated muddy sst
leading to complex wavy-like bedforms
)T X Bioturbated muddy sst
Massive. Slight
11122. X [Sst Grey bioturbation Massive sst
W X Bioturbated muddy sst
W X[ | Grey and  |Bioturbation.Wavy Bioturbated muddy sst
ddy sst dark grey |beddin,
}Y X grey 9 Bioturbated muddy sst
ﬂ X Bioturbated muddy sst
11123
MISSING SECTION
111 24.
}T X Bioturbated muddy sst
Grey and . .
}Y x| |Muddysst |, grey Bioturbation Bioturbated muddy sst
W X _ _ Fine to very fine, bioturbated, place to place parallel Bioturbated muddy sst
11125 N Grey Bioturbation. Parallel |pedded, well sorted, well rounded sst and mudstone. _
X [Sst bedding There are some mudstone layers between sst. In Massive sst
}T X general, beqding is 'dist‘urbed dyg to bioturbation. Yet, Bioturbated muddy sst
7[ where the bioturbation is less, it is preserved. -
X[ |y, ddy sst dGarfky arr;d Bioturbated muddy sst
’[ X grey Bioturbated muddy sst
}I X Bioturbated muddy sst
11126. N x Bioturbation Bioturbated sst
ﬂ X Bioturbated sst
}[ X o Grey and Fine grained, bioturbated well sorted, well rounded Bioturbated sst
dark grey sandstone. There are small water escape structures.
ﬂ X Bioturbated sst
}T X Bioturbated sst
11127 }T X Bioturbated sst
}U X Parallel bedding Bioturbated muddy sst
N X Bioturbation Bioturbated muddy sst
}U Bioturbated muddy sst
W Parallel bedding. Bioturbated muddy sst
Bioturbati
11128. N loturbation Bioturbated muddy sst
ZN Bioturbated muddy sst
W Bioturbated muddy sst
}U Bioturbated muddy sst
ZN Bioturbated muddy sst
11129 }N Bioturbated muddy sst
}U Bioturbated muddy sst
Bioturbation i
ZN Muddy Sst Grey and Bioturbated muddy sst
ZN dark grey

XX XXX XXX XXX XXX XXX [X XXX X
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11132.

11133

11134.

11135

11136.

11137

11138.

11139

11140.

11141

11142.

11143

11144.

Sst

Grey and
dark are

Bioturbation. Fluidization

| =

Muddy sst

Grey and
dark grey

Bioturbation

Parallel bedding.
Bioturbation

Sst

Grey and
dark are

X X X XX [X[XX[XI[X][x]|= Sorting

x

Muddy sst

Grey and
dark grey

Bioturbation

Bioturbation. Sand filled
burrows

Bioturbation

Massive sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Parallel stratified sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

X Sst

Grey

Grey

Bioturbation. Massive

Fine grained, massive, well sorted, well rounded sst.

Massive sst

Massive sst

Massive sst

Muddy sst

Grey and
dark grey

Bioturbation

X X |IX X |X |X [X [X

Grey and
dark arev.

Bioturbation

Very fine grained, well sorted, well rounded sst and
mudstone alternation. Bioturbation gives rise to wavy to
lenticular bedding.

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated sst

H ” EEEEEESSEEESEEESSS

X |IX X X [X [X

Sst

Grey

Parallel lamination.
Flaser bedding

Cross lamination. Flaser
bedding

Fine grained, cross to parallel laminated, well sorted,
well rounded sst. There are some mud drapes leading
to flaser bedding.

Parallel stratified sst

Cross stratified sst

Cross stratified sst

Cross lamination

Fine grained, cross laminated, well sorted, well rounded
sst.

Cross stratified sst

Cross stratified sst

Cross stratified sst

Muddy sst

Grey and
dark grey

Bioturbation. Wavy
bedding

Very fine grained, well sorted, well rounded sst and
mudstone alternation.

Bioturbated muddy sst

Grey

Sst

Grey and
dark are:

Cross lamination

Fine grained, cross laminated, well sorted, well rounded
t

Cross stratified sst

NSNS YT Y SSYY Sy FEFSFE FEEE

XX XXX XX XX XX X X X X X X IX X |IX |IX X [X |[X [X [X [X [X

Muddy sst

Grey and
dark grey

Parallel bedding.
Bioturbation

Bioturbation

70

Very fine grained, well sorted, well rounded sst and
mudstone alternation. Lamination/bedding is disturbed

due intense bioturbation. In some parts, bioturbation
nivae riea ta wawy tn lanticilar haddina

Cross stratified sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst

Bioturbated muddy sst
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2[2[z :
2lo w|=|3
2|a|s|3|o|1=|w|S|a |2
8|26 ° Vil
B T v
X Bioturbated muddy sst
ZN' X Bioturbated muddy sst
ZNI X Bioturbated muddy sst
7'1 X Bioturbated muddy sst
Sandy Grey and " N
11145 Wl X| |mud dark arey | BiOturbation Bioturbated sandy mud
7'1 X Bioturbated muddy sst
7'1 X Bioturbation Bioturbated muddy sst
7'1 X |y ddy Sst gsar:i/ arned Bioturbated muddy sst
Z/ﬂ X arey Bioturbated muddy sst
:.1 1146 7'1 X Bioturbation. Lamination Bioturbated muddy sst
7‘1 X Bioturbated muddy sst
W X| |ao, Grey Bioturbation Bioturbated sst
ZN X Bioturbated sst
}W X Bioturbated sandy mud
11147 Sandy Grey and |Wavy bedding. i
ZN' X {mud dark grey |Bioturbation Bioturbated sandy mud
Nl X Bioturbated sandy mud
7'1 X1 | ddy sst dGar:i/ arr;d Bioturbation Bioturbated muddy sst
;NI X arey Bioturbated muddy sst
m X Dark grey |Bioturbation Bioturbated sandy mud
11148. m X Bioturbated sandy mud
7“1 X Bioturbated sandy mud
Z/’U‘I X Bioturbation. Lamination Bioturbated sandy mud
Grey and
W X dark grey Bioturbated sandy mud
ZN X Bioturbated sandy mud
11149 N x Bioturbated sandy mud
W X Bioturbated sandy mud
Sandy
}N X {mud Bioturbated sandy mud
N X Bioturbated sandy mud
W X Bioturbated sandy mud
11150 Bioturbation i
:. }N X Dark grey Mudstone. Bioturbated Bioturbated sandy mud
N Ix Bioturbated sandy mud
W X Bioturbated sandy mud
}W X Bioturbated sandy mud
}N X Bioturbated sandy mud
Grey and Very fine grained sst and mudstone mix Intensely
1151 W X dark arev hioturbated Bioturbated sandy mud
MISSING SECTION
W X Bioturbated sandy mud
Sandy Grey and . . Very fine grained sst and mudstone mix Intensely
11152. }N X [mud dark grey Bioturbation bioturbated. Bioturbated sandy mud
N Ix Bioturbated sandy mud
X Bioturbated mudstone
x [Mudstone [Dark grey |Bioturbation Bioturbated mudstone
X Bioturbated mudstone
11153 7‘[ X Sandy " . Bioturbated sandy mud
mud Dark grey |Bioturbation
7“— X Bioturbated sandy mud
X [Mudstone [Dark grey |Bioturbation Bioturbated mudstone
Dark grey i
X zaur:jdy e Bioturbation Bioturbated sandy mud
X dark are» Bioturbated sandy mud
11154. X Bioturbation. Fossils Bioturbated mudstone
X Bioturbation Bioturbated m_udstone._ Some pgrts_conslst of_mudstone Bioturbated mudstone
- - - one mix. There is no lamination due to intense
x |Mudstone |Dark grey |Bioturbation. Fossils bioturbation. Occasionally there are some fossil shells. |Bioturbated mudstone
X Bioturbation Bioturbated mudstone
X Bioturbated mudstone
Sandy Grey and N N
11155 X| |mud dark grey | Bioturbation Bioturbated sandy mud
X Bioturbated mudstone
X Bioturbation Bioturbated mudstone
X one |Dark grey Bioturbated mudstone
X Bioturbated mudstone
11156. X Bioturbation. Fossils Bioturbated mudstone
X Bioturbation Bioturbated mudstone
|§andy Grey and (Bioturbation. Rip-up Includes 2 cm thick sst layer in which there are some rip:
X mud dark grey |clasts up clasts. Bioturbated sandy mud
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Gravel Sand Mud
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Sorting
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Cobble
Pebble

Granul
VC
C
M
F
VF
Silt
Clay
= |

Bioturbated mudstone

Bioturbated mudstone

11157 Bioturbated mudstone

Mudstone [Dark grey |Bioturbation Bioturbated mudstone. Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

X X IX |X [X [X [X [©

Bioturbation. Increased i
bioturbation downward: Bioturbated sandy mud

11158.

Bioturbated sandy mud

Bioturbated sandy mud

Bioturbated sandy mud

Bioturbated sandy mud

11159 Sandy Dark grey Bioturbated sandy mud

Mixed mudstone and sandstone. Intense bioturbation

mud and grey  |Bioturbation Bioturbated sandy mud

Bioturbated sandy mud

Bioturbated sandy mud

Bioturbated sandy mud

11160.

Bioturbated sandy mud

SEESEESESESE S

XX X [X X[ X [X X X [X X

Bioturbated sandy mud

Bioturbation Bioturbated mudstone

Bioturbated mudstone

one (Dark grey | . . Bioturbated mudstone. Some parts are fossiliferous.
Bioturbation. Fossils Bioturbated mudstone

11161 Bioturbated mudstone

Very fine grained, massive, well sorted, well rounded .
andstone. Scoured surface at the hottom Massive sst

X X X X [Xx

Sst Grey Massive Rip-up clasts

Bioturbated sandy mud

X Sandy Dark grey Bioturbated sandy mud

Bioturbation

mud and grey

zsz

Bioturbated sandy mud

11162.

Bioturbated sandy mud

Bioturbated mudstone

Bioturbated mudstone

one |Dark grey |Bioturbation Mixed mudstone and sandstone. Intense bioturbation
Bioturbated mudstone

X [X [Xx [Xx [Xx

Bioturbated mudstone

11163 Bioturbated sandy mud

Bioturbation. Fossils Bioturbated sandy mud

Sandy Dark grey
mud and grey

HES

Bioturbated sandy mud

Bioturbation Bioturbated sandy mud

Mudstone. There is Z cm thick very fine grained, wel

Massive. Sstinclusion |o e wel rounded sst inclusion Bioturbated sandy mud

X X X [Xx [Xx

11164.

Bioturbated mudstone

Bioturbation. Fossils Bioturbated mudstone

Bioturbated mudstone

Bioturbation. Lamination. . Bioturbated mudstone

Fossils Bioturbated, fossiliferous mudstone. Lamination is
disturbed due bioturbation. However, at some levels Bioturbated mudstone

where the intense of bioturbation is less, it is well

11165 Bioturbated mudstone

preserved.
Bioturbated mudstone

Bioturbation. Fossils Bioturbated mudstone

Bioturbated mudstone

Mudstone |Dark grey Bioturbated mudstone

11186.

Laminated mudstone

Lami mudstone

Lami mudstone

Lami mudstone

Bioturbation. Lamination.

Fossils Bioturbated, laminated, fossiliferous mudstone. Laminated mudstone

11167 Lami mudstone

L i mudstone

Laminated mudstone

Lami mudstone

XX OIXOIXO[X XXX O[XO[XO[XO[X X [X [X [X X X |X

11168.
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11169
MISSING SECTION
11170.
|—Bioturbated, fossiliferous mudstone. Lamination is Bioturbated dst
' ) ' disturbed due bioturbation. However, at some levels lolurbatec mudsfone
Mudstone [Dark grey |Bioturbation. Fossils N N L .
where the intense of bioturbation is less, it is well
X preserved. Bioturbated mudstone
® - " -
1171 Massive. Rip-up clasts Fine grained, massive, well sorted, well rounded .
X sst.There are some rip-up clasts Massive sst
X Massive sst
X e, Grey Massive Fine grained, massive, well sorted, well rounded sst. Massive sst
X Massive sst
A ross laminated i
X Cross - a . Fine grained, cross laminated, well sorted, well rounded [Cross stratified sst
1172 AU Y Cross laminated. Rip-up |sst.There are some rip-up clasts
X clasts Cross stratified sst
7\]’ Sandy Grey and Bioturbation Fine grained sst and mudstone intercalation. There are
X | [mud black 'some rip-up clasts. Bioturbated sandy mud

11173

11174.

11175

11176.

1177

11178.

11179

11180.

XX X |IX XX XX O[XO[XO[X X O[X XXX XXX XXX O|IX XXX X [X [X [X [X [X[X[X[X[X][]X][X][]X]|]X|X|X|X

Bioturbation. Fossils

Bioturbation. Lamination
Fossils

Bioturbation. Fossils

Bioturbation.
LaminationFossils
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Bioturbated, fossiliferous mudstone. Lamination is
disturbed due bioturbation. However, at some levels
where the intensity of bioturbation is less, it is
preserved.

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Lami mudstone

Lami mudstone

Lami mudstone

Laminated mudstone

Lami mudstone

Lami d mudstone

Laminated mudstone

Lami mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Bioturbated mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone
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2lels5
a|a|2|o w|=| 3
2lglgl3101F |~ |15 5|8
Ola |0 M
11181 !:J Fossiliferous mudstone
E Fossiliferous mudstone
E Fossiliferous mudstone
U Fossiliferous mudstone
Fossiliferous mudstone
" 182. Fossiliferous mudstone
Fossiliferous mudstone
Fossiliferous mudstone
Fossiliferous mudstone
Mudstone |Dark grey |Bjoturbation. Fossils Fossiliferous mudstone

11183

11184.

11185

11186.

11187

11188.

11189

11190.

11191

11192.

11193

AT S AT T

T T T T T T T T T T i

XX OIXOIXO[X X O[X XXX [X X O[X XXX OIXO|IXO|IX |IX X [X X [X[X[X[X[X[X[X|®

XX XXX XX XXX XX XXX IX X [X XX X [X [X [X [X [X[X[X[X[X

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Bioturbation. Fossils.
Massive sand inclusion

There is 2 cm thick fine grained sandstone inclusion

Fossiliferous mudstone

Bioturbation. Fossils

Bioturbation. Fossils.
Sand filled burrows

Bioturbated, fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Bioturbation. Fossils

Bioturbated, fossiliferous mudstone. High amount of
fossil shells

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Fossiliferous mudstone

Bioturbation. Lamination.
Fossils

Fossiliferous mudstone

Fossiliferous mudstone
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2lels5
Szl 2 w|=|3
S wis|als
Ola |0 M|G
Gre Massive Fine graned, massive, well sorted, well rounded sst i
NUSZWPN 7 S D_é includina some mud rin-uo clasts There is a scour Massive sst
] ark grey | o N "
5 7“] x| |mud nd arey | Bioturbation. Fossils Bioturbated sandy mud
| Gre Massive Fine grained, massive, well sorted, well rounded sst i
NS X |Sst 4 including some mud rin-un clast: Massive sst
11194. J X Bioturbated mudstone
x |Mudstone |Dark grey |Bioturbation. Fossils Bioturbated, fossiliferous mudstone Bioturbated mudstone
X Bioturbated mudstone
® o0 "
X Fine grained, massive, well sorted well rounded Massive sst
X |Sst Grey Massive sandstone. There is a scour surface at the bottom of the [\15ssive sst
sst. There are some rip-up clasts at the top section
11195 s X Massive sst
/ X Bioturbated mudstone
X Bioturbated mudstone
X Bioturbation. Fossils Bioturbated mudstone
X Bioturbated mudstone
11196. X |Mudstone |Dark grey Bioturbated, fossiliferous mudstone. Bioturbated mudstone
X Bioturbated mudstone
X Bioturbation Bioturbated mudstone
X Bioturbated mudstone
X Bioturbation. Fossils Bioturbated mudstone
11197 E Bioturbation. Paralle N
X heddina_Eossil: Bioturbated sandy mud
)TI X Bioturbated sandy mud
=)Y| X Parallel bedded mudstone sandstone alternation. Due to Bioturbated sandy mud
Bioturbation high degree of bioturbation the lamination is disturbed at Y
711 X some sections. Bioturbated sandy mud
== Sandy Grey and
)YI X| |mud dark grey Bioturbated sandy mud
11198. }Yi X Bioturbated sandy mud
}ﬂ X Bioturbation. Parallel ~ |There is a large sand inclusion Bioturbated sandy mud
=}Y| X bedding Laminated mudstone sandstone alternation. Due to high Bioturbated sandy mud
degree of bioturbation the lamination is disturbed at Y
X some sections. Bioturbated sandy mud
X Bioturbation Bioturbated mudstone
11199 i
X Bioturbation. Fossils Bioturbated mudstone
X Laminated mudstone. Due to high degree of Bioturbated mudstone
x |Mudstone |Black . X bioturbation the lamination is disturbed at some Bioturbated mudstone
Bioturbation sections. Some parts are fossiliferous.
X Bioturbated mudstone
X Bioturbation. Fossils Bioturbated mudstone
11200 Tamination. Bioturbation.
X Eossil Bioturbated mudstone
Sandy Dark grey |.. . .. |Laminated, bioturbated mudstone. Sandstone filled
Bioturbation. Lamination .
X [mud and grey burrow. Bioturbated sandy mud
X [Mudstone (Black Bioturbation. Lamination |Laminated, bioturbated mudstone. Bioturbated mudstone
Sandy Dark grey |. . - Mudstone. Includes 2 cm thick sandstone base of which
Bioturbation. Lamination |. .
X| |mud and grey is scoured. Bioturbated sandy mud
Mudstone (Black Bioturbation Bioturbated mudstone
1120 X Bioturbated mudstone
©o X d(,:::r:?/ Massive. Mud drapes Fine grained, massive, well sorted well rounded Massive sst
Sst sandstone and mudstone. There are a few mud drapes N
X Grey Massive at the upper section. Transition from mudstone to Massive sst
X sandstone is abrupt. Massive sst
X Bioturbated mudstone
11202. x |Mudstone |Black Bioturbation Bioturbated mudstone
X Bioturbated mudstone
| Ay Greyand |Scour surface, fp-up Very fine grained, massive, well sorted, well rounded _
X]_|mud dark arev|clasf; andstone and mudstone_There are a few rin-un clasts |Bioturbated mudstone
XMudstone [Black  [Bioturbation Bioturbated mudstone
X Bioturbated mudstone
11203 Gre Massive. Some rip-up  |Fine grained, massive, well sorted well rounded sst.
X |Sst Y clasts There are a few rip-up clasts. Massive sst
X Bioturbated mudstone
X Bioturbation Bioturbated mudstone
X dstone (Black - - - Mudstone. Occasionally fossiliferous. Bioturbated mudstone
X Fossils. Bioturbation Bioturbated mudstone
11204. X . . Bioturbated mudstone
Bioturbation
X Bioturbated mudstone
S Massive. S » Fine graned, massive, well sorted well rounded -
X |Sst rey assive. SCOUrsurtace | andstone There is a scoured surface at the hottom of [Massive sst
X Bioturbated mudstone
X one (Black Bioturbation, lamination Bioturbated mudstone
11205 X Bioturbated mudstone
X Bioturbated mudstone
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SYSEEEEYYEY =Y

XX X X X [X [X X [X |X

Bioturbation
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11678.
11679 i
7‘[ X Muddy sst tl_')oarlr(egrey Bioturbation Bioturbated muddy sand
]\r X grey Bioturbated muddy sand
o Fine grained, well sorted, well Parallel stratified sst
Sst Grey Parallel lamination .
P rounded parallel laminated sst e
Parallel stratified sst
W X Bioturbated muddy sand
11680. ]\F X Bioturbated muddy sand
W X Bioturbated muddy sand
W X Bioturbated muddy sand
W X Bioturbated muddy sand
W X Bioturbated muddy sand
11681 ]\f X Bioturbated muddy sand
W X Muddy sst tIZ()Jarl:egrey Bioturbation Bioturbated muddy sand
M| [x grey Bioturbated muddy sand
QUL X Bioturbated muddy sand
W X Bioturbated muddy sand
11682. ]\r X Bioturbated muddy sand
W X Bioturbated muddy sand
W X Bioturbated muddy sand
]\r X Bioturbated muddy sand
W X Bioturbated muddy sand
11683
11684.
MISSING SECTION
11685
11686 i
Muddy sst tl_')oarlr(egrey Bioturbation Bioturbated muddy sand
grey Bioturbated muddy sand
MISSING SECTION
X Bioturbation Bioturbated muddy sand
= Bioturbation, Fine grained, well sorted, we -
parallel lamination [rounded parallel laminated sst Bioturbated muddy sand
11687 Bioturbated muddy sand
Bioturbated muddy sand
Bioturbated muddy sand
Bioturbated muddy sand
Dark grey -
to grey Bioturbated muddy sand

Bioturbated muddy sand

Bioturbated muddy sand

Bioturbated muddy sand

Bioturbated muddy sand

Bioturbated muddy sand




g 2
£ Gravel Sand Mud £
3 (g Lithology (Color Structures Remarks/Description Lithofacies
[=]
2l o —
sl8[8lelo[s]. [s[als] [plmle
11689 }'Lr X Bioturbated muddy sand
}V X Bioturbated muddy sand
JV| x| [Muddy sst Bioturbation Bioturbated muddy sand
VX Bioturbated muddy sand
UL X Bioturbated muddy sand
11690. IV Ix Bioturbated muddy sand
N X Bioturbated muddy sand
]V X Bioturbated muddy sand
W X Grevt Bioturbation Very fine to fine grained bioturbated |Bioturbated muddy sand
W X rey to sandstone. Bioturbated muddy sand
dark grey
11691 VA Bioturbated muddy sand
N X Bioturbated muddy sand
W X Bioturbated muddy sand
W X Bioturbated muddy sand
|Bioturbation, cross |
e A S heddina Bioturbated muddy sand
11692. }'\f X Bioturbated muddy sand
W X Bioturbation Bioturbated sandstone
Sandy Parallel-laminated to slightly )
N X| |mud bioturbated sandy mudstone Bioturbated sandy mudstone
X Massive sst
X Massive sst
11693 X Massive sst
X Massive sst
X Massive sst
X Massive Massive sst
X Massive sst
11694. X Massive sst
Fine grained, well sorted, well _
X rounded massive sst. Massive sst
X Massive sst
X Massive sst
o eto o Coarsening -
X| |Sst Grey unward(Gravel Massive sst
11695 X Massive sst
X Massive sst
X Massive Massive sst
X Massive sst
X Massive sst
11696. EE Vil X Bioturbated sst
& Bioturbation+dish  |Fine grained, well sorted, well .
W X structure rounded, bioturbated sandstone with Bioturbated sst
Ei W X some dish structures. Bioturbated sst
yi) X Bioturbation Bioturbated sst
Parallel lTamination, - -
E ]\F X sliaht hioturbation Fine grained, well sorted, well Bioturbated sst
A\ o rounded, cross to parallel laminated
11697 X Cross lamination to bioturbated sandstone. Cross stratified sst
MISSING SECTION
11698 A\ Cross lamination Fine grained, well §oned, well -
X rounded,cross laminated sst Cross stratified sst
yil Slight bioturbation, |Fine grained, well sorted, well .
Ei X very few dish rounded, bioturbated sandstone with |Bioturbated sst
}U’ X structures a few dish structures. Bioturbated sst
Sst Grey —
A X Cross lamination Cross stratified sst
et X o Fine grained, well sorted, weIIl Parallel stratified sst
Parallel lamination [rounded, parallel to cross laminated
11699 X sst Parallel stratified sst
A X Cross lamination Cross stratified sst

MISSING SECTION
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sl8[8elo]=. [s[als] [pluls
. Massive mudstone with small
1700 X Mudstone |Black Massive amount of fine grains Massive mudstone
X Bioturbated muddy sand
lu Muddy Dark grey Bioturbated sandy mudstone. Sandy [~
; X| |sand to grey parts are medium to fine grained. Bioturbated muddy sand
/ X Bioturbation Bioturbated muddy sand
V
/ X Medium to fine grained, moderately |Biourbated sst
yAl Sst Grey sorted bioturbated sst.
11701 X : Biourbated sst
11702.
MISSING SECTION
11703
1 1704. X Orthoconglomerate
X Orthoconglomerate
© 00 X Orthoconglomerate
X Orthoconglomerate
X Orthoconglomerate
CRLR ) "
11705 X Beige Massive, Orthoconglomerate
Congl. occasionally
5 X coarsening upward Orthoconglomerate
X Orthoconglomerate
X Granule 5|zed,lmoderately sprted Orthoconglomerate
o0 conglomerate intercalated with
X coarse grained, well sorted, massive [Orthoconglomerate
11706. X sqndstone. Becase the sands are not Orthoconglomerate
0 ° Grey o thick enough to be able to be
o o Ss=fers X dark arev detected in the logs, they are ignored|Orthoconglomerate
X |Sst Grey Massive Massive sst
0
O °O  eweee X Grey to Orthoconlomerate
0 Congl. dark gre No structure
O °O  eseoce |X grey Orthoconlomerate
11707 X |Sst Grey Massive Massive sst
Ve e oo X Orthoconglomerate
"9 5 o X Grey to Orthoconglomerate
0 Congl. dark gre No structure
O °O G50 | |X grey Orthoconglomerate
X Orthoconglomerate
11708. 0 o °0 9o oo x Orthoconglomerate
0 O °O 0o e [x Beige Pebble sized conglomerate in Paraconglomerate
° o Cong reeni,sh No structure medium to coarse grained sst matrix,
e o 045 og|x 9 gre oo poorly sorted, rounded to Paraconglomerate
0o co 0o oo X grey, ete. subrounded. Also granules exist. Paraconglomerate
0
© o 2o eo x Paraconglomerate
11709 X Coarse to very coarse grained, Massive sst
rounded to subangular, well to
X moderately sorted, massive sst. Massive sst
X |Sst Grey Massive Coarse to very coarse grained, Massive sst
X rounded to subangular, well to Massive sst
moderately sorted, massive sst.
Massive sst
11710.
AMIQQINIMR QEATINNI
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11711

OO O OTTTT

11712.

11713

11714.

11715

11717

11719

11720.

11721

05 o =
0o e
0o e
0o eo

o e00 oo

o e% o

o % o

o e% o

o005 e

Sst

Grey

Massive

Coarse to very coarse grained,
rounded to subangular, well to
moderately sorted, massive sst.

Massive sst

Massive sst

Congl.

X X [X [X

Beige,
greenish,
grey, etc.

No structure

Granule to pebble sized
conglomerate. No matrix.

Orthoconglomerate

Orthoconglomerate

Orthoconglomerate

Orthoconglomerate

Grey 10
dark arev

Sandy

mud

BN ENESES

Black to
grey

Bioturbation

Bioturbated sandy mud

Bioturbated sandy mud

Bioturbated sandy mud

Bioturbated sandy mud

Sst

X X X |IX X

Grey

Cross lamination

Massive

Dish structures

Cross stratified sst

Massive sst

Massive sst

Massive sst

Massive sst

Muddy
sand

Grey to
dark grey

No structure

Very coarse to coarse grained sst,
poorly sorted, rounded to
subrounded grains.Granular grains

Slumped muddy sand

MISSING SECTION

Muddy

sand

X X X [X

Grey to
dark grey

No structure

Medium to very coarse grained sst
poorly sorted, rounded to
subrounded grains. Granular grains
float in the matrix.

Slumped muddy sand

Slumped muddy sand

Slumped muddy sand

Slumped muddy sand

Mudstone

X X X [X |X

Black

Massive mudstone with small
amount of grains

Massive mudstone

Massive mudstone

Massive mudstone

Massive mudstone

Massive mudstone

oslotg

Sandy

0oloty

mud

XX [X X [X |X

Grey to
black

Massive. Few
granules

Mudstone

0slosg

Sandy

mud

Black to
dark grey

Mudstone

Granules and
pebbles

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Pebbly mudstone

Pebbly mudstone

Pebbly mudstone

Pebbly mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Pebbly mudstone

Pebbly mudstone

Pebbly mudstone

0slorp

0slon

XX X [X [X X [X X [X |X
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Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone
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11722.

11723

11724.

11725

11726.

11727

11728.

11729

11730.

11731

11732.

11733

0ol

0slorp

0slos

aolorg

XX [X [ X [X | X [X[|X[=2

Sandy
mud

Black 1o
dark grey.
Grains are
grey to
white

Massive. Granules

Granules and pebbles

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Sst

Grey

Bioturbation

Bioturbated muddy sandstong

Bioturbated sandstone

Bioturbated sandstone

Bioturbated sandstone

Bioturbated sandstone

Bioturbated sandstone

Bioturbated sandstone

XX XX X IX X [X [X |X

0slop

0%

XX X [ X [X | X [X [X [X

Sandy
mud

Dark grey
to grey

Distorted bedding, some granules

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Slumped sandy mudstone

Muddy
sand

Grey

Bioturbation, sand
filled burrows

Bioturbated muddy sand

Bioturbated muddy sand

Sandy
mud

Black to
grey

Bioturbation. Sand fil

Slumped sandy mudstone

Slumped sandy mudstone

Sst

Grey

Massive

Massive sst

&

Muddy
sand

XX XX X X [X [X X [X X [X|X

Sandy
mud

Grey to
black

Slumped muddy sand

Slumped muddy sand

Slumped muddy sand

Slumped muddy sand

Slumped muddy sand

Parallel bedding
(distorted)

Convolute bedding

Slumped sandy mud

Slumped sandy mud

Slumped sandy mud

Slumped sandy mud

Slumped sandy mud

Slumped sandy mud

Slumped sandy mud

Slumped sandy mud

&

XX X X |IX X [X [X

Sst

Massive

Convolute bedding

Massive

Grey

Massive. Fluid
escape

Massive sst

Massive sst

Massive sst

Massive sst

Massive sst

Massive sst

Massive sst

Massive sst
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[=]
o] s _
BEE o[8[ le]ulc
11734.
11735
MiSSING SECTION
11736.
11737
11738. X Slumped muddy sand
X Slumped muddy sand
Muddy
X| |sand Dark grey Slumped muddy sand
X Slumped muddy sand
X Massive Slumped muddy sand
11739 X Massive sandstone
X Sst Grey Massive sandstone
X Massive sandstone
X Massive sandstone
X Slumped sandy mud
B AV
11740 X Slumped sandy mud
ZA%AS
W X Slumped sandy mud
M X Slumped sandy mud
X Slumped sandy mud
N\\ X Blackish Slumped sandy mud
11741 A Sandy dark y Bioturbation,
X | X] Imud ma;rgrey distorted bedding Slumped sandy mud
y
X Slumped sandy mud
A
A X Slumped sandy mud
AN X Sl d d d
umped sandy mu
ZoVAS
]u— X Slumped sandy mud
11742. AN X Slumped sandy mud
X Slumped sandy mud
[
or'e’ X Slumped sandy mud
X Slumped sandy mud
ool X Slumped sandy mud
11743 X Slumped sandy mud
sl [x Slumped sandy mud
X Slumped sandy mud
e Sandy Gr
oot X mud blaecykv Pebble sized, poorly sorted, angular |Slumped sandy mud
X Pebbl'es Massive. Pebbles |to subangular grains are floating Slumped sandy mud
. unevenly in mud matrix.
11744 X are white Slumped sandy mud
0olop X Slumped sandy mud
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o
HE
3l8[8le 3l [pm|e
X Slumped sandy mud
X Slumped sandy mud
X Slumped sandy mud
11745 X Pebbly mudstone
Mudstone
X Pebbly mudstone
eige, ebble sized, poorly sorted,
11746 « ;anlomer rey, subangular to subrounded grains b | ¢
ing i i i araconglomerate
11747
X Beige Pebble to granular sized, poorly Orthoconglomerate
11748 Conglomer| reg ’ No structure sorted, angular to rounded grains in
X ate greinish contact with each other. Generally ~ [Orthoconglomerate
9 floating in granular matrix. Orthoconglomerate
11749
11750
X Conglomer| Beige, Pebble sized, p‘.mﬂy So'.'tedi Paraconglomerate
ate grey, No structure subrounded grains floating in coarse
X greenish grained matrix. Paraconglomerate
11751
Conglomer Beige, Pebble sized, poorly sorted,
11752 ate 9 grey, No structure subrounded grains floating in coarse
X greenish grained matrix. Paraconglomerate
11753 X Conglomer Beige, Pebble sized, poorly sorted, Paraconglomerate
X ate 9 grey, No structure subangular to rounded grains floating| paraconglomerate
greenish in medium grained matrix.
X Paraconglomerate
11754
X P; | t
Beige Pebble sized, poorly sorted, araconglomerate
11755 Conglomer .-.mg ’ N ctrimbiire subangular to subrounded grains Paraconglomerate
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a
8|80 wlp|S
8 alol>lol=lul>12]0 P M|G gy TNOSTUCTaTS
X ate greenish floa_tlng In coarse to very coarse Paraconglomerate
grained matrix.
X Paraconglomerate
11756 = X Paralle! stratified sst
X Parallel stratified sst
. Medium grained, well sorted well —
X |Sst Grey Parallel bedding | ) deq, parallel bedded sst. Parallel stratified sst
X Parallel stratified sst
—— X Parallel stratified sst
11757
11758
11759
11760 X Massive sst
X Massive sst
X ) Massive sst
Massive
X Massive sst
X Massive sst
Grey
11761 X Massive sst
ii X Massive. Dish Massive sst
EE X |Sst structures Massive sst
— X Parallel stratified sst
X Parallel bedding Parallel stratified sst
1 1762. — X Parallel stratified sst
X Parallel stratified sst
Grey dark i
X grey Massive sst
X Massive Massive sst
X Massive sst
11763
11764 X Massive sst
X Massive sst
Sst Gre Massive Coarse grained, well sorted, well i
X Yy rounded Massive sst
X Massive sst
X Massive sst
11765
11766
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a
$|2lo wlp|S
Sl&|a|8|o|s|u[$|®|5] |PIM|G
A X Cross bedding Medium grained, well sorted well Cross stratified sst
Sst Grey - rounded, parallel to low angle cross
E X Parallel bedding  |bedded sst. Paralle! stratified sst
11767
X Massive sst
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X Massive sst
11769
11770
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7\[ X beige Bioturbation Bioturbated sst
7\[ X Bioturbated sst
11773
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N X Bioturbated sst
W X ‘ Bioturbated sst
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7‘[ x| |Sst dark grey Bioturbation sand Bioturbated sst
7“- X Bioturbated sst
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11777
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Bioturbation
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Very fine grained, higly bioturbated
sand
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Original paralel stratification (sand-
mud intercalation) is distorted by the
intense bioturbation.
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Appendix D: Spectral Gamma-Ray Data

¥ Y Possible 100% kaolinite, - 4
? g montmorillonite, 100% illite point |
. § dlite “clay line” oo —---T
1 | xooinie M e
N A Sy
TS

~70% illite
_—

K20

~30% glauconite

—

Feldspar Th/K:0.3
Potassium evaporites, ~30% feldspar

0 05 1 15 2 25 3 35 4 45

Figure D-1. Thorium (Th) vs. potassium (K) cross plot for mineral identification
using spectral gamma-ray data for the cored interval (GHK 1-34 Finnell). Notice
the high abundance of data within the feldspar and glauconite region. Data points
within the illite and mixed clay layer region belong to mudstone (chart is by
Schlumberger).
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Burlington
1-20 Thomas

Chesapeake
1-35 Clenice

0 1 2 3 4 5 6

K (%)

Figure D-2. Thorium (Th) vs. potassium (K) cross-plot for two wells located in
Beckham County (blue) and Washita County (red). Th and K values are from
spectral gamma ray log. On the west side potassium content is found to be higher
than on the east side.
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Appendix E. Artificial Neural Network Analysis

Input Layer Hidden Layer Output Layer

Figure E-1. Schematic diagram showing the architecture of the Artificial
Neural Network. Modified from Kumar and Kisra, 2006; Verma et. al., 2014.

The standard workflow of back propagation method used in this work
consists of the following steps:

1) Initialize the network synaptic weights to small random values.

2) From the set of training input/output pairs, present an input pattern and
calculate the network response.

3) The desired network response is compared with the actual and using the
equations, the local errors are computed.

4) The weights of the network are updated.

5) Step 2 to step 4 are repeated until a minimum overall error is obtained.

In general, suppose there are “n” number of inputs (x1, x2, x3,....... , xn) and
one output, then the output (y) can be presented by following relationship:

y=f(net)=f(iw,~x,»j

net =w'x =W, X, + W,X, e W, X

n - n

where “f(net)” refers to activation or transfer function and, “wi” is the
weight vector.
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Figure E-2. Cross plots of deep-resistivity vs. neutron-porosity and gamma-ray
vs. density-porosity color coded by lithology for the cored wells. Lithologies are
estimated from Artificial Neural Network (ANN). Although the lithologies
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clustered somehow there is still unrealistic estimations.
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Figure E-3. Stratigraphic cross sections with estimated lithologies using the combination of
ANN and gamma-ray cut-off values, and porosity-lithology relation. GR: Gamma-ray;
ILD: Deep-resistivity; NPHI: Neutron-porosity; DPHI: Density-porosity. Refer to figure 2
for the location of the cross sections. Sections are flattened on the 2nd Marmaton flooding
surface. Note that intervals with high gamma-ray values accompanied by the separation of
porosity logs and low resistivity are classified as mudstones while those with high gamma-
ray values accompanied by cross-over of porosity logs and high resistivity are classified as
conglomerates. Intervals with relatively lower gamma-ray and lower resistivity with
cross-over or low separation are classified as sandstones. The west side of the study area
(cross section D-D’) includes more conglomerate than the east side (cross section C-C”). This
could be the effect of proximity to the source area.
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Figure E-4. A) Stratigraphic cross-section
flattened on the Upper Skinner shale (Base
g Marmaton). Refer to figure 2 for the location of
g the cross section. GR: gamma-ray, ILD:
S deep-resistivity, NPHI: neutron-porosity, DPHI:
2] density-porosity, Mrm: Marmaton. 1) estimated
X lithology logs by combining Artificial Neural
el Network, GR cut-off values and the relation
& between lithology and porosity. Conglomerates
2 .
= and sandstones are merged under reservoir
C D E F group. 2) Estimated lithology logs by only

using GR cut-off values. 120 API and 105 API cut-off values are used on the northwest
and southeast side of the study area, respectively. Note the underestimated reservoir
intervals by the GR cut-off values analysis. B) Histogram showing the percent of
reservoirs and non-reservoirs in the well-logs for each zone estimated by combining
Artificial Neural Network (ANN), GR cut-off values and the relation between lithology
and porosity (blue), and by only using GR cut-off values (red). There is significant
amount of underestimation of reservoirs in the GR cut-off value analysis.
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Appendix F. Lithofacies and Interpretation of Depositional Setting

Lith- 1y 4 hofacies Description Depfmiﬁonal %
ology Setting
Pebble-to granule-sized, poorly sorted,
% |Orthoconglomerate roun.d.ed tf) sup—angular clasts mostly Sub—?lerlal
=l granitic with different colors. Clast proximal fan 3.6
é supported. They are in contact with each |(channelized)
m
S other
Q
é Pebble sized, p(?(?rly sorted, r(?un(.led to Sub-acrial
Z subangular granitic clasts floating in fine to .
O |Paraconglomerate . . . proximal fan
& medium grained sandstone matrix. . 4.8
(C2) . . debris flow
Abundant matrix separating the clasts from .
(unchannelized)
each other
Grey to beige, fine-to medium-grained,
Parallel-stratified well sorted, well rounded. Transitional with |Proximal to 46
(S1) the cross-stratified sandstones. medial fan ’
Occasionally have burrows.
Grey to beige, fine-to coarse-grained, well
to moderately sorted, low angle cross-
Cross-stratified bedded. Mostly underlying the Proximal to 45
(S2) conglomerates with sharp scoured medial fan ’
surfaces and overlying muddy sand
n intervals
4]
§ Grey, medium-to very coarse-grained, well
rted, well ded. O ionally sh . .
8 Structureless sorted, we roun. © . .cca.510na Y SHoW Medial to distal
convoluted bedding indicating slump. 10.4
<ZC (S3) . . .. |fan; shelf
= Sometimes overlying shelf mudstones with
scoured surfaces
Proximal to
Grey, medium-to coarse-grained, well medial fan;
Granule-pebble sorted, rounded to sub-rounded sand with |fluctuations 0.4
bearing (S4) well-oriented granule sized clasts. Sands  |between upper |
are parallel or cross-stratified and lower flow
regimes
Bioturbated Light to dark grey, fine-to medium-grained, |Medial to distal 11.0
(S5) well sorted fan ’
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Lith- |, . . .. Depositional °
ology Lithofacies Description Setting %o
Intercalated fine-to very fine-grained
) sandstone/siltstone and mudstone layers  |Distal fan; low
Bioturbated . oy . .
% (MS1) distorted with bioturbation. Occasionally, |energy 18.4
Z, primary bedding structures can be conditions
8 observed
2]
% Medium-to coarse-grained, moderately to
g poorly sorted, sub-rounded to sub-angular
e sandstone and black mudstone with
8 Slumped deformed structure that might indicate Proximal fan 35
§ (MS2) slump. Occasionally, there are light grey '
granule to pebble-sized clasts floating in
sandstone-mudstone matrix. Poorly
sorted, chaotic structure as a whole
% Intercalated very fine-grained sandstone
'z, |Bioturbated and mudstone layers distorted with Transitional to 2.8
8 (SM1) bioturbation. Occasionally with fossil marine, prodelta |
8 shells
-l
= Dark grey to black mudstones intercalated
E Slumped with grey to beige sandstones. Lots of Proximal fan 0.8
<ZC (SM2) distorted bedding; poorly sorted, chaotic ’
“ structure
Dark grey, carbonate rich mudstone with
Bioturbated various degree of bioturbation. Lamination |Prodelta and
. . 12.3
(M1) is preserved occasionally where the degree |shelf
of bioturbation is less
2]
m . .
Z  |Fossiliferous Dark grey, car?bonate rich n.lud.stone with Prodelta and
o abundant fossils, mostly crinoid and 7.5
£ |M2) . shelf
2 bivalves
) . .
= Pebbly Light grey, pebble-s 1zeq, sgbangular to Proximal to
subrounded clasts floating in black . 2.7
(M3) . medial fan
mudstone matrix
Massive Black, massive mudstone with abundant  |Prodelta and 57
(MS4) fractures shelf ’
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Appendix G: Structural and Stratigraphic Framework
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Figure G-1. Structural cross section with wireline logs and formation tops.
Refer to figure 2 for the location of the cross section. The wells are equally
spaced. Significant changes in the structural elevation of the formation
tops are interpreted as a faulted anticline.
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5 mi North
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Elevation (ft)

Figure G-2. A) Structural contour map for the top and base Marmaton Group.
Colors indicate the dip magnitude. Two fault traces are picked along the structural
contours with high dip magnitude. According to the location of the fault traces the
faults were interpreted to have reverse movements although the available data is not
enough for making a confident interpretation on the type of the fault. B) 3-D view
of the faulted 2" Marmaton flooding surface with the interpreted fault planes on
both sides of the anticline.
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@ Marmaton Group

5 mi
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Figure G-3. Isopach maps for the Marmaton Group and the Marmaton Wash zones. A)
Marmaton Group is thickest on the south-central part and thins away from here in all
direction. B-F) Thickness changes across the field is likely associated with the different

accommodation space at the time of deposition. They thin toward north. Marmaton E and
Marmaton F zones thicken toward east.
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Appendix H. Upscaled Lithology Logs
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Figure H. A) Structural cross section
D-D’ showing the estimated lithology
logs and the upscaled lithology logs.
Refer to figure 2 for location of the
cross section. Average 1.5 ft of layering
thickness is adequate for capturing the
lithologies satisfactorily. B) Histogram
showing the percent of lithologies in the
original estimated lithology logs and the
upscaled lithology logs. They are almost
the same which means that the
upscaling is satisfactory and the
upscaled logs can be used in the
modeling confidently.



Appendix I. Sea Level Curve for Carboniferous-Permian

PRy
&g
.9 o |,| STANDARD 52
z |<<| o | T STAGES 2%
= |5 23 SEA-LEVEL
2 25 g 3 AND ONLAP CURVE @E CHANGES
— o
< 05| & |w COMMON £Z | (mabove PD)
W= USAGE o
LANDWARD BASINWARD| v <
: OLENEKIAN _ 2 B 'S 8 £
F TRIASSIC < S Q& 2
F250 H INDUAN__ 4 ] I S
g w £ [CHANGHSINGIAN ey |
: < | £ | WUCHIAPINGIAN o |
:—260 = = =+260.4(3)
L ' —t262(2
= || 2|3 BE cAPITANIAN Rl
n << O 265.8(2)
: < |2 | 2—WORDIAN g i
:—270 |:| — = ROADIAN é 12;5[9]34[2)
: |:| = KUNGURIAN | &g
- o 275.8(2) pE—
o m <Z( 25 —27803) IS
r z =
20 ] i[5 | S| ARTINSKIAN |2 I N T
- D =< & 284.4 S
C T 4@) 5
o < |X * 286.5(1)
[ [ wil> 288(1)
200 » | SAKMARIAN 523-?;2)
- o 53801
- S5t
ASSELIAN aett
300 =W ]
3 < |- GZHELIAN 0933
- Z|< i
- U [ <‘1>2 | KASIMOVIAN ggg-’gégi
jat} . > 8.3(3)
Fs1of g | D5 |12 MOSCOVIAN | 2 fgfffl
F = z| . 3 S0
s O | | ui| BASHKIRIAN | #1 i
: = £2 i
E32 I a0
:3 0 LIJ LII—J g ~321:7$zg
s k- [SERPUKHOVIAN] £ EZ6)
- S |-325(2)
ol I ]
Fazo| W | — 32021
| Z|E | w e
1 | Ol & 2|  VISEAN 39502
;_340 : m g E 339.2(3)
- T 343(2)
s D o é st
> | 348.5(1)
:_350 D < E:I 351(2)
g (&) % | TOURNAISIAN s50.5%)
n L
300 D DEVON.| FAMENNIAN e
o : . * Known Condensed Sections

Carboniferous-Permian sea-level changes. Modified from Haq and
Schutter, 2008.
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Figure J-3) A) Layer 325 in the sequence lithology model. This layer is within
the highstand system tract according the interpretations based on the
vertical proportion curve, and rich in conglomerate and sandstone. B) Layer
375 in the sequence lithology model. This layer overlies the interpreted
flooding surface 2. Correlated flooding surfaces correspond to the layers
with highest mudstone proportion in the vertical proportion curve, and
they can be considered as maximum flooding surfaces. Refer to figure 15
for the location of the layers in the vertical proportion curve.
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Appendix K: Variograms

Figure K-1. Variogram models and horizontal variogram map for mudstone

in Top Marmaton Wash zone.
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Figure K-2. Variogram models and horizontal variogram map for sandstone
in Top Marmaton Wash zone.
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Figure K-3. Variogram models and horizontal variogram map for
conglomerate in Top Marmaton Wash zone.
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Figure K-4. Variogram models and horizontal variogram map for mudstone
in Marmaton C Wash zone.
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Figure K-5. Variogram models and horizontal variogram map for sandstone
in Marmaton C Wash zone.
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Figure K-6. Variogram models and horizontal variogram map for

conglomerate in Marmaton C Wash zone.
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Figure K-7. Variogram models and horizontal variogram map for mudstone

in Marmaton D Wash zone.
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Figure K-8. Variogram models and horizontal variogram map for sandstone
in Marmaton D Wash zone.
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Figure K-9. Variogram models and horizontal variogram map for
conglomerate in Marmaton D Wash zone.
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Figure K-10. Variogram models and horizontal variogram map for mudstone

in Marmaton E Wash zone.
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Figure K-11. Variogram models and horizontal variogram map for sandstone

in Marmaton E Wash zone.
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Figure K-12. Variogram models and horizontal variogram map for
conglomerate in Marmaton E Wash zone.

Zone 4 Conglomerate
Azimuth (degree) | 125
Variance Major range (ft) |3141
Minorrange (ft) | 1490
Vertical range (ft) 28

5 miles
8 km

Major Direction

0 2000 4000 6000 2000 10000
- & —
8 g2 m =] B =] a
=19
Ir_: L]
= —_
E %]
E 2
o 1 1 1 1 1 1 1 1 1 1 } | ! | . =54
250 1750 3250 4750 6250 7750 5250 10750 =
Distance =)
Minor Direction
[I'.' 2DIDD A‘lDIDI} EDIDD BI}IDD 1 DI?DD
. - =] E o Emg
S
‘;: [
=
E
o
o } ! ! ' ! ! } ! ! ' ! ! ! ' ! ! .
250 1750 3250 4750 6250 7750 5250 10750

Distance

40 60 20 100 120 140 160 180 200 220

p 0 m B & & ETH
g BB = =
=]
=
2
45 g5 85 105 125 145 165 185 205 S
Distance =

117



Figure K-13. Variogram models and horizontal variogram map for mudstone

in Marmaton F Wash zone.
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Figure K-14. Variogram models and horizontal variogram map for sandstone
in Marmaton F Wash zone.
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Figure K-15 Variogram models and, horizontal variogram map for
conglomerate in Marmaton F Wash zone.
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Figure K-16. Major, minor and vertical ranges of sandstone and conglomerate

by zone. Sandstone has higher horizontal range while conglomerate has higher
vertical range.
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Appendix L: Porosity Modeling

Table L-1. Variogram ranges of porosity at each lithology per zone.

Major Minor | Vertical
Zones Lithology range (ft) range range
(ft) (ft)

Conglomerate |2000 2000 19

Top Marmaton [Sandstone 2600 2600 17
Mudstone 2500 2500 16
Conglomerate | 1600 1600 16

C Wash Sandstone 2600 2600 14
Mudstone 1500 1500 15
Conglomerate | 1800 1800 29

D Wash Sandstone 2500 2500 14
Mudstone 2000 2000 14
Conglomerate | 1400 1400 21

E Wash Sandstone 2500 2500 14
Mudstone 1400 1400 13
Conglomerate |2250 2250 21

F Wash Sandstone 3000 3000 11
Mudstone 2500 2500 14
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Marmaton D

I

Porosity (%) 10 North

Figure L-2. Average porosity maps for each zone. Porosity increases from
Marmaton F Wash through Top Marmaton Wash. This can be explained by
decreasing amount of sandstone and increasing amount of conglomerate upward.
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Connectivity of Conglomerates

100.0 976

97.4 97.4 97.6 97.7
96.0
95.0
90.5
90.0 88.3 89.1
85.0
81.4
80.0
76.6
75.0
70.0
67.6 HST TST
65.0
60.0

Marmaton A-B Marmaton C Marmaton D Marmaton E Marmaton F

Connectivity (%)

Zones

Connectivity of Sandstones
100.0

95.0

97.2
95.9
92.8 91.8
90.3 90.6

90.0

85.0

80.0

75.0 732

713
69.7
70.0
65.0
61.5 61.1
HST TST

60.0 57.7

55.0 I

50.0

Marmaton A-B Marmaton C Marmaton D Marmaton E Marmaton F

Connectivity (%)

Zones

Figure M-2. Histograms showing the connectivities of conglomerates and
sandstones by highstand system tracts (HST) and transgressive system tracts
(TST). Conglomerates and sandstones in the highstand system tracts have
greater connectivities than those in transgressive system tracts. See table M-1 for
the bulk volume and connected volumes at each zone.
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Connectivity of Conglomerates with Porosity > 5%
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Figure M-3. Histograms showing the connectivities of conglomerates and
sandstones having porosity greater than 5% by highstand system tracts (HST)
and transgressive system tracts (TST). Conglomerates and sandstones in the
highstand system tracts have greater connectivities than those in transgressive
system tracts. See table M-1 for the bulk volume and connected volumes at each
zone.
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Figure M-4. Histograms showing the connectivities of conglomerates and
sandstones having porosity greater than 10% by highstand system tracts (HST)
and transgressive system tracts (TST). Connectivity decreases dreamatically
with the 10% of porosity filter. Conglomerates and sandstones in highstand and
trasgressive system tracts have closer connectivity. See table M-1 for the bulk
volume and connected volumes at each zone.
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Reservoirs in the model which honors the lithology logs calculated by using Artificial neural network,
gamma-ray cut-off values, and neutron and density porosities

. Reservoirs in the model which honors the lithology logs calculated by only gamma-ray cut-off values

Figure M-5. Histograms showing A) the connectivity, and B) pore volume for lithology
model honoring lithology logs estimated by using only gamma-ray cut-off values (blue), and
lithology model honoring lithology logs created by using Artificial Neural Network,
gamma-ray cut-off values, and porosity separation and cross-over (red). 5% and 10% total
porosity cut-off were used as constraints to connectivity. For the reservoirs with greater than
5% porosity, and the model with the neural network estimation has greater connectivity
except Marmaton F interval. Connectivity falls dramatically when the porosity filter is
increased to 10%. The amount of pore volume in the model with the neural network
estimation is greater than the pore volume in the model with only gamma-ray cut-off value
estimation for all zones except Marmaton F interval. Closer amount of pore volume in the

Marmaton F interval can be the result of closer estimation of reservoirs with two different
methods.
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