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ABSTRACT

The Denver Basin has the mean of undiscovered resource of 104.23 MMBO, 2,519 

BCFG, and 51.81 MMBNGL (USGS Central Energy Team, 2003). Two of the most 

important plays in the Denver basin are the Dakota J and D sandstones, which have estimated 

oil resource of 36.27 MMBO (Higley et al., 2002). This study focuses on the D Sandstone in 

the Sooner and Lilli fields, Weld County, Colorado. The study of the D Sandstone 

depositional environment and diagenetic history in the Lilli and Sooner fields can help 

improve our understanding of this reservoir. Nine wells from the Sooner field, Lilli field, and 

the area around those two fields were selected to study the lithologies and the characteristics 

of the D Sandstone. A total of 53 samples, from 2-7 Lilli, 2-8 Lilli, 12-9 Doc Federal Sooner, 

and 7-21 Sooner wells, were collected to do the pétrographie study.

The D Sandstone is interpreted as tidal and tide-influence channel-fill sandstones, 

deposited during the Late Cretaceous. It consists of three sections: D l, D2, and D3 

sandstones. The lower D3 Sandstone is a light to dark gray, very fine-grained to silty- 

sandstone, angular to sub-rounded, moderate- to well-sorted and dark gray to black, 

laminated to burrowed shale. The sedimentary structures include normal grading, trough 

cross-stratification, ripple cross-lamination, plane-parallel lamination, soft-sediment 

deformation, syneresis cracks, trace fossils, mud clasts, and organic material. The grain size 

variation within the same lamination is also found. The hyperpycnal D2 Sandstone is a light 

gray to light brownish gray, fine-grained to silty-sandstone, angular to sub-rounded, poor- to 

well-sorted with bioturbation, trace fossil (i.e., Arenicolites), syneresis cracks, flaser bedding, 

ripple cross-lamination, stylolites, mud clasts, mud drapes, organic material, and plant tissues, 

along with a dark brown to black laminated shale. The tidal-influence channel-fill Dl 

Sandstone is a light gray to dark brownish gray, fine- to very fine-grained, subangular to 

rounded, moderate- to well-sorted sandstone with ripple cross-lamination, trough cross- 

stratification, stylolites, fractures, various trace fossils (e.g., Skolithos and Arenicolites), mud 

clasts, break-up clasts, and mud drapes. Bioturbation increases in the upper part of the Dl



section. The D Sandstone is overlain by Graneros Shale and underlain by Huntsman Shale. 

The Huntsman Shale is a black shale interlaminated with light to dark gray, silty-mudstone. 

The Graneros is a black shale interbedded with minor amounts of light to medium gray, fine

grained to silty-sandstone.

The lithology succession presents the depositional environments changed from 

marine to coarsen tidal which was a result of the relative sea-level change. The tidal D2 and 

hyperpycnal D3 sandstones were deposited during the highstand of relative sea level. The 

significantly coarser sediment of the Dl suggests that as the sea-level started to drop, valleys 

incised into the D2 and D3 sandstones. Consequently, the channel-fill Dl Sandstone was 

deposited during the relative sea-level rise.

According to the pétrographie study, most of the sandstone reservoir can be classified 

as lithic arkose and feldspathic litharenite with porosity from less than 1% to 20.6%. This is 

based on Folk’s (1974) classification. The diagenetic history of the D Sandstone consists of: 

compaction, quartz overgrowth, clay precipitation, carbonate cementation, dissolution of 

detrital grains, chlorite precipitation, and pyrite precipitation. These are important factors that 

reduce porosity and permeability in the sandstone, especially quartz overgrowths. The 

primary porosity is well preserved in most of the pétrographie thin sections. This might be a 

result from an early overpressure that might cease the compaction of the sandstone (Pittman 

and Larese, 1991).
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CHAPTER 1

INTRODUCTION

The Denver Basin is considered an important petroleum basin in the United States. 

The basin is located in eastern Colorado, southeastern Wyoming, western Nebraska, and 

northwestern Kansas. It is a structural basin, formed during the Laramide Orogeny in the late 

Cretaceous. The deepest part of the basin, where the thickness of sediment is approximately 

13,000 ft, is located near Denver, Colorado (Clayton and Swetland, 1980; Martin, 1965; and 

Tainter, 1984). This basin includes several important petroleum plays: the Pierre Shale, the 

Niobrara Formation, the Codell Sandstone, the Dakota J and D sandstones, and the Permian 

and Pennsylvanian sandstones. According to a study of total petroleum systems, the U.S. 

Geological Survey’s mean-estimate of petroleum potential in the Denver Basin Province is 

104.23 MMBO, 2,519 BCFG, and 51.81 MMBNGL (USGS Central Energy Team, 2003). 

The greatest single assessment unit oil resource (36.27 MMBO) is located within sandstones 

of the Dakota J and D Sandstone conventional plays (Higley et al., 2002). Hence, the D 

Sandstone is a significant potential reservoir in the Denver Basin. This study focuses on the D 

Sandstone in the Sooner and Lilli fields, which are part of the D Sandstone productive trend 

in the basin. The Sooner field has ultimate developed reserves of 1.86 MMbbl (Sipple, 1996). 

The Lilli field, located adjacent to the Sooner field, was discovered in 1987 and the first well 

was completed for 600 BOPD and 500 MCFGD from the D Sandstone (Glenister and 

Ligrani, 1988).

The objectives of this study were to understand the reservoir characteristics and the 

diagenetic history of the D Sandstone in the Lilli and Sooner fields. This was accomplished 

by studying nine cores from the Lilli, Sooner, and adjacent fields. A total of 53 pétrographie 

thin-section samples were collected from following wells: 2-7 Lilli, 2-8 Lilli, 12-9 Doc
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Federal Sooner, and Sooner 7-21, which are located in the Lilli and Sooner fields. The 

research will help improve our understanding of this reservoir.

1.1 Objectives and Scope

This research focused on studying the D Sandstone reservoir characteristics from two 

main fields, the Sooner and Lilli fields. The study has the following objectives:

1) To study the D Sandstone reservoir characteristics (i.e., rock type, mineral 

composition, grain size, roundness, sorting, cementation, and porosity) by using core 

description, pétrographie study of reservoir rock characteristics, and the Scanning 

Electron Microscope (SEM). The core descriptions will give us a macroscopic point 

of view in the rock characteristic and the depositional environments of the sandstone. 

There are no official publications of the pétrographie and SEM studies in the study 

area. The pétrographie study and the SEM analysis will be used for the microscopic 

D Sandstone core description.

2) To study the sandstone diagenetic history by using the pétrographie study of the D 

Sandstone from the fields. The use of SEM will give additional information which 

will help interpret the sandstone diagenetic activities.

3) To understand the reservoir properties of the D Sandstone in the Lilli and Sooner 

fields.

The core description, pétrographie study of reservoir rock characteristics, and the use 

of Scanning Electron Microscope (SEM) can lead to the understanding of diagenetic history 

and the characteristics of reservoir rocks. The study can help future exploration, production 

and development.

1.2 Organization of the Thesis

The thesis is divided into five chapters. Chapter 1 involves the introduction and 

objectives of this research, and also introduces generalized information of the study area. The
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geological background of the study area is included in Chapter 2. This chapter has two main 

parts: the regional structure of the Denver Basin, and the information of the basin 

stratigraphy. The previous work of the regional structure and stratigraphie study of the 

Denver Basin are also included in this chapter. Chapter 3 describes the methodology of this 

research. The results and conclusions of the research are included in Chapter 4 and 5, 

respectively.

1.3 Study Area and Well Locations

1) Denver Basin

The Denver Basin is an important basin in petroleum exploration and production. The 

basin is located in Colorado, southeastern Wyoming, western Nebraska, and western Kansas 

(Figure 1.1). It is an asymmetric basin, and has a steeply dipping western flank and a 

gradually dipping eastern flank. Its axis is parallel to the Front Range and the Laramie Range, 

located along the western margin of the Denver Basin. The basin formed during the Laramide 

Orogeny, near the end of the Cretaceous period.

O
COLORADO

MILES

N MEXICO OKLA.

Figure 1.1: Map of the Denver Basin. Dotted line shows boundary of the basin, which is 
located in northeastern Colorado, southeastern Wyoming, southwestern Nebraska, and 

Kansas. Modified from Weimer and Davis, 1977.
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The Denver Basin has several significance petroleum productive fields; for instance, 

the Wattenberg field, which is estimated to have reserves of 1.3 tcf (Weimer et al., 1986), and 

the Sooner field, which has ultimate developed reserves of 1.86 MMbbl (Sipple, 1996).

2) Sooner and Lilly fields

This study focuses on the Sooner and Lilli fields (Figure 1.2), located on the eastern 

flank of the Denver Basin. They are in the T. 8 N, R. 58 W of Weld County, northeastern 

Colorado. The main oil and gas production in Sooner and Lilli fields is from the Dakota J and 

D sandstones.

WYO

COLO

W Y O M IN G  j •‘.N E B R A S K A
COLORADO.

/  Lu’»» to o l  j  •/ • Horaetilf ' / »
/  *  W  Hope /  •
‘ ÛtaytioN W /  *

C / (  Atwood Eest *

/ /  I BH°U1

-yCTX,.. I «OtMtOf LAM*
/ • /  
-J ) I * Troppor l'MOftdote * /

, V i ^  I I * « » *  B«»»oon
\  v D e n v e r  / > /
L \  — /  /  Cetoone no Crook .

Sooner Field
NEBRASKA

KANSAS

/i . I A !1' ColortKlo Springs

Figure 1.2: The Lilli field is in the north of the Sooner field. These fields are in Weld County, 
Colorado. Dotted line represents the D Sandstone play which extended through the eastern 

flank of the Denver Basin. Modified from Montgomery, 1997.
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The Sooner field was discovered in 1969 (Montgomery, 1997). It is located in the 

south of the Lilli filed, and the orientation is northeast-southwest The Lilli field was 

discovered in 1987 by Diversified Operating (Sippel, 1996). The first well was the 6-9 

Federal Sooner, completed for 600 BOPD and 500 MCFGD from the D Sandstone (Glenister 

and Ligrani, 1988). The orientation of the Lilli field is east-west.

The D Sandstone from the Sooner and Lilli fields was deposited in the Late 

Cretaceous by relative changes in sea level. It is mainly composed of coastal sandstone facies 

arid channel sandstone facies. The incision of the channel D Sandstone into the lower sections 

is presented in the Sooner field. The pattern of the incision might be influenced by the 

Wattenberg High, which was active during the Permian and Late Cretaceous (Montgomery, 

1997). This fault block is part of a series of northeast-southwest trending fault blocks in the 

Denver Basin.

3) Studied Well Locations

In this study, four wells from the Sooner and Lilli fields and five more additional 

wells from adjacent areas are studied. 2-7 Lilli, 2-8 Lilli and 12-9 Doc Federal Sooner are 

located in the Lilli field. 7-21 Sooner is located in the section 21 of the Sooner field. The 

other studied wells are: Artzer 1, Nickerson 8-6, 1-6 Olsen, 1-32 Rupp-A, and 1-7 Livengood. 

Nickerson 8-6 and 1-6 Olsen are located in the Wild Horse field, and 1-7 Livengood is 

located in the Caretaker field. These additional wells are studied to help interpret of the D 

Sandstone paleoenvironments. The locations and the depth intervals of these wells are 

presented in Figure 1.3 and Table 1.1, respectively.

5



Artzer 1
9N57W

Lilli Field

Doc Federal
0 Sooner 12-9

Sooner Fie

1-6 Olsen

Figure 1.3: The locations of the wells from the Lilli field, the Sooner field, and the adjacent
areas are presented by dots within the circles. The boundary of the Sooner and Lilli fields is

presented in the solid black lines.

Table 1.1: The depth intervals and the locations of the studied wells are presented in this
table. The top of the cores varies from 6,080 - 6,836 ftMD, and the bottom of the cores

ranges from 6,110 - 6,870 ftMD.

Wdl Name Location Depth Interval (ftMD) Total Thickness (ft)

Artzerl 9N57W Sec.29 NWSW 6,080-6,110 30.00

12-9 Doc Federal 8N58W Sec 9 NWSW 6,340-6,369 29.00

2-8 Lilli 8N 58W Sec.8 NWNE 6,365-6,395 30.00

2-7LÜU SN 5SW Sec.7 NXMvE 6,480-6,514 34.00

7-21 Sooner 8N 58 W Sec. 21 SWTvE 6^258-6^92 34.00

1-32 Rupp-A 8N59WSec 32 SENXV 6,836-6,870 34.00

Nickerson 8-6 7N 5SW Sec.6 SENE 6,369-6,379 10.00

1-6 Olsen 7N 58W Sec.6 SESE 6,353-6,381 28.00

l-7Livengood 7N59WSec.7 SENW 6,797-6,809 12.00
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CHAPTER 2

GEOLOGICAL OVERVIEW

The Denver Basin has a gently dipping eastern flank and a steeply dipping western 

flank (Figure 2.1). The axis of the basin parallels and is close to the Front Range and Laramie 

Range, located on the west o f the basin. The Denver Basin is surrounded by several 

geological structures. The locations of these structures are shown in Figure 2.1.

D A K O T A> S O U T H

POWDER R iv e r
BASIN

W Y O .

%
LARAMIE

BASIN , O HIO.

D EN V ER  B A S IN  
O U T L IN EJY'SSV t o

t e  3 9
- "ue"

... .-,,.34;
SC*lC

DENVER BASfN 
S tructu re  ond OH Field Mop 

Cdoteur* -  Best Pene. Otter 
Andermon, I96S 

C. l. * SOO"

Freer Renee 
Lorem ie Ronge 
H crtv llle  U p lllt  

5) Chodron Arch 
Com brldge Arch 
Los Anim es Arch 
Hu goto#) Emboymenf 
S le rro  G ronde U plift 

3> A pishipe U plift
Co non C ity  Emboymenl

V A LLE Y .

Figure 2.1: The structural contour lines using the base o f Pennsylvanian as a datum show 
steeply dipping beds at the western flank and gently dipping beds at the eastern flank o f the 

basin. Modified from Martin, 1965; and Anderman and Ackman, 1963.
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2.1 Regional Structure of the Denver Basin

The structure of the Denver Basin has gradually changed through the history of the 

basin. During the Cambrian to Late Ordovician period, there was no evidence of tectonic 

activities observed in the basin. The activities began in the post-Ordovician with an uplift in 

the northern part o f the Denver Basin along the axis of Siouxia Arch. This uplift tilted the 

southern part o f the basin toward southeast, and the arch was uplifted again during Late 

M ississippian. The axis of the Siouxia Arch is shown in Figure 2.2.

S O U T H  D A K O T A

i-B  R A S K A

DENVER BASIN 
OUTLINE

«PS '

- f

s? Denver Basin

Isopach M ap of 
Total M ississippian 

Cl. = 200'

Figure 2.2: Isopach map o f the Mississippian sediments. The Siouxia arch is located in the 
northern part o f the Denver Basin. Modified from Martin, 1965.
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The maximum uplift and the erosion o f the basin occurred during the Pennsylvanian, 

and Ancestral Rocky Mountains were also uplifted during this period (Martin, 1965). As the 

tectonic movement progressed, mountains adjacent to the southwestern part o f the basin were 

uplifted and eroded relatively more than occurred in the northern part o f the basin (Martin, 

1965). During the Permian, the Denver Basin was separated by the Morrill County High into 

two major basins. This event is believed to be a consequence o f the Siouxia Arch uplift. 

These two basins were the Alliance Basin on the north and the Sterling Basin on the south 

(Martin, 1965). The Morrill County High, one o f a major east-to-northeast trending basement 

fault blocks, was mainly active during the Pennsylvanian, Permian, and Cretaceous. Figure

2.3 shows the locations of the major basement fault blocks in the northern o f Denver Basin. 

These fault blocks included Hartville High, Morrill County High, Wattenberg High, Yuma 

High, and Turkey Creek High (Weimer, 1984).

WYOMING. NEBRASKA
COLORADO

T U R K E Y ^ 
CREEK HIGH

Figure 2.3: Map modified from Weimer, 1984 shows the major east-northeast trending 
basement fault blocks in northern Denver Basin. The major movement occurred during the

Pennsylvanian, Permian, and Cretaceous.
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Recurrent movements o f these fault blocks occurred during the Pennsylvanian, 

Permian, and Cretaceous (Sonnenberg and Weimer, 1981). The overall Triassic - Jurassic 

paleostructure o f the Denver Basin remained the same (McCoy 1953). The Laramide 

Orogeny mainly started during the Late Cretaceous, and reached its peak during the Eocene 

(Martin, 1965). The western area o f the basin was lifted, and the entire basin was tilted 

toward the east during the orogeny. Afterward, the structure has maintained that form.

2.2 Stratigraphy of the Denver Basin

The D Sandstone was discovered in 1949 by the Ohio Oil Co (Miller, 1963; Murray, 

1957). The sandstone (Figure 2.4) was deposited during regional sea level change, 

approximately 96 Ma, during the Late Cretaceous period (Weimer and Davis, 1997). It is 

underlain by Huntsman Shale and overlain by Graneros Shale.

Based on previous studies (i.e. Haun, 1963; Martin, 1965; Weimer, 1984; Thomas, 

1985; Sonnenberg, 1987; Puckette et al., 1990; and Weimer et al., 1998), seas transgressed 

and entered the Denver Basin from the northwest in the Early Cretaceous period, and were 

frequently interrupted by several major regressions toward the northwest. The seas continued 

to withdraw toward the northwest o f the basin. Consequently, the depositional environments 

in the basin became more complex, and a continuous sandstone body was formed. During the 

Late Cretaceous, seas returned to the basin and deposited the Huntsman Shale and followed 

by the regressive D sandstones. After the deposition of the D sandstones, the seas moved into 

the basin from both north and south directions and the deep water Graneros Shale was 

deposited.

The D Sandstone in the Denver Basin has been studied by several researchers as

follows.

Puckette et al. (1990) studied the D Sandstone in the Wallbanger field, located in the
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Figure 2.4: The generalized stratigraphie column of the Denver Basin. Wavy lines represent 
unconformities. Most of the unconformities that occurred during the Cretaceous were 

influenced by tectonics and regional sea-level changes. The D Sandstone is shown in the red 
rectangle line. Modified from Higley et al., 2002.
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southwestern area of the Denver Basin. The sandstone is composed o f two sections: the upper 

and lower D sandstones. The upper D Sandstone was deposited during the rise in sea level. It 

consists o f burrowed sandstones, sitlstones, and shales with distinct marine trace fossils. The 

shale to sandstone ratio increases upwardly. The lower section is interpreted as a channel 

sandstone. It has a sharp basal contact with the underlying Huntsman Shale. The D Sandstone 

in the Zenith field, located at the west-central area of the Denver Basin, was studied by 

Sonnenberg (1987). The sandstone is also categorized into two types: a delta-front, or 

shoreline, or marine-bar sandstones and a channel sandstone deposited within an incised 

valley-fill. The interpretation o f the D sandstones paloenvironments in this field were as same 

as in the western area of the Denver Basin near the Front Range in Boulder, Weld, and 

Adams counties, which was studied by Weimer and Davis (1997). The sandstone has two 

types o f facies: the younger D-l sandstone, deposited in a narrow valley-fills environment, 

and the older D-2 shoal delta sandstone. The D-2 Sandstone is very fine to fine-grained. The 

younger D-l is a fine- to medium-grained sandstone with shales and siltstones. The study 

shows the D-l Sandstone incised into the lower D sandstone and the Huntsman Shale. This 

was a result of the relative sea-level drop during 96 Ma. The D Sandstone in the central area 

o f  the Denver Basin was described by Weimer et al. (1998). The thickness o f the D 

Sandstone ranges from 0 to 90 ft. The sandstone is also composed o f two sections: D-l and 

D-2 sandstones. The older D-2 is a very fine- to fine-grained sandstone. The depositional 

environments are delta front, distributary channel, channel margin, channel-mouth bar, and 

shoreline. The sandstone thickens eastward across the study area. The lower part o f the D-2 

consists of a sandstone interbedded with a laminated black shale. Lack o f trace fossils can be 

inferred that the D-2 Sandstone was deposited by a density flow in anoxic environments. The 

middle part of the D-2 Sandstone becomes more porous and more permeable than its lower 

part. The younger D-l is a fine- to medium-grained, well-sorted, cross-stratified sandstone 

contained trace fossils and organic material. The depositional environment is a valley-fill
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with fluvial and estuary deposits, which was the same as the previous study. The relative sea 

level drop during 96 M a caused the D-l Sandstone incision into the older D-2 Sandstone and 

Huntsman Shale. In the Wild Horse field, Thomas (1985) interpreted the D Sandstone as 

overlapping channel bars in a bay-filled sequence. The author divided the sandstone into five 

types o f facies: shoreface, prodelta platform, delta front, delta plain, and transgressive marker 

sandstone. The D Sandstone in the Sooner field was described by Montgomery (1997). It is 

interpreted as valley-fill facies and river mouth or estuarine bar sandstone facies. The 

sandstone consists o f three units: the upper D1 sandstone, the D2 sandstone, and the lower D3 

sandstone. The D3 Sandstone, a very-fine- to fine-grained, well sorted sandstone with tabular 

cross-stratification, ripple cross-lamination, rip-up clasts, and flaser bedding, was interpreted 

as a lowstand systems tract valley-filled channel deposition, overlain by a transgressive 

systems tract sandstones (D1 and D2). The upper D2 and D1 sandstones are very-fine-grained 

interlaminated with burrowing silt and clay.

The diagenetic process and reservoir properties are observed and discussed by several 

researchers as follows.

The relationship between the reservoir properties and clays was studied by Hearst et 

al., (2000). Three types o f clays that have an effect on the reservoir properties are: laminated 

shale, structural clay, and dispersed clay. The laminated shale interbedded with sand or 

sandstone can affect the reservoir properties (i.e., decrease in porosity and permeability), and 

it may be a barrier that seals hydrocarbon between the sandstone reservoirs. The laminated 

shale is normally a detrital clay. The second type o f the clay is the structural clay. It occurs in 

the form o f clay grains, shale clasts or particles, along with sand grains in sandstone 

reservoirs. The structural clay usually has a minor effect on porosity and permeability. This 

type of clay is least objectionable to reservoir quality, and does not commonly occur in 

effective quantities. The structural clay is also a detrital clay in origin. The third type o f the 

clays that affects the reservoir properties is the dispersed clay. It is disseminated in the pore
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space o f  sands. The distribution o f this type o f clay essentially damages the reservoir quality 

because a small amount of the dispersed clay occupying pores can reduce effective of 

porosity and permeability. Most of the dispersed clay is authigenic. The dispersed clay can be 

divided into three types: (a) discrete particle type, (b) pore-lining type, and (c) pore-bridging 

type. The discrete particle type consists mainly of kaolinite, which builds up as isolated 

platelets. This type o f clay reduces very little of the porosity and permeability. The pore- 

lining type such as chlorite, coats the grains and forms micropores that trap pore water. This 

type o f clay significantly decreases permeability. Finally, the pore-bridging type, consisting 

mostly o f illite, fills the pores with fibrous clay. This type of clay also significantly lowers the 

porosity and drastically reduces permeability.

According to Pittman and Larese (1991), compaction can be divided into two types: 

physical (mechanical) and chemical (pressure solution) compactions. Physical compactions 

(i.e., the early mechanical rearrangement and adjustment o f grains, breakage o f grains, and 

ductile deformation of framework grains) usually occur at the shallow depths. The 

compactions are the main mechanism destroying porosities in lithic sandstones. The chemical 

compaction, occurring at the greater depth than physical compactions, may be present as 

stylolites or as grain-to-grain interactions. The paper by Pittman and Larese (1991) also 

focused on physical compactions and conducted experiments to study the effect o f parameters 

on the physical compactions in lithic sandstones. The results show a variety o f controls on the 

compaction o f lithic sandstones, for example, effect of volume and type o f lithic material, 

mineralogy, temperature, fluid type, stress, overpressure, cementation, grain size, and 

distribution o f lithic grains on compaction. The other factors that possibly affect the 

compaction are geothermal gradient and entrapment of hydrocarbons. According to the 

results, porosities may be preserved by ceasing the compaction and stabilizing the sand 

compaction during the early cementation, and an early overpressure may reduce the effective 

stress which ceases the sand compaction. This process may also preserve the porosities.
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Pore-space reduction that occurred in the Cretaceous to Jurassic age reservoir in 

Wyoming was studied by Taylor (1950). It can be classified into three types: (a) simple pore- 

space filling, (b) solid flow and solution, and (c) redeposition or removal of the dissolved 

material. A simple pore-space filling occurred when there was the deposition of minerals in a 

void between grains and did not change in grain shape. Grain contacts in simple pore-space 

filling sandstones usually are pointed contacts, long contacts; concave-convex contacts, and 

floating grains. If there is a large amount o f the floating grains, it can be interpreted that the 

grains were cemented in a dense chemical medium. The pore-space reduction also involves 

solid flow or solution and recrystallization or redeposition o f material under pressure. These 

are results of the depth o f burial and geothermal gradient. The percentage of long, concave- 

convex, and sutured contacts, and the fracturing or bending o f micas, feldspars, and other 

grains can be inferred that the pressure is involved in porosity reduction. The concave-convex 

contacts may be a result o f solid flow, and solution at grains contact. Several long contacts 

are also a result from solid flow. The pressure effects would increase in the number of 

contacts per grains if  the depth was increasing, also the types o f  contacts change if the depth 

changes. It would change from original packing to those resulting from pressure effects.
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CH APTER 3

METHODOLOGY

The methods used in this research are summarized in Figure 3.1. They can be 

categorized into three main processes. The first step of the study involves literature reviews 

on the pétrographie study, the stratigraphie study, and previous works that have been carried 

out in the associated areas.

Literature Review 1
Macroscopic Core Observation and Description

I
Core Sampling

Petrography
Additional techniques

• Thin section
.  Microscopic observation * Scanning electron microscope (SEM)
• Point counting

Interpretationi
Discussion and Conclusioni

Thesis Defense and Report Writing

Figure 3.1: Flow chart shows the procedures of this research.

The second step is the core description on lithologies and sedimentary structures. 

The depositional environments and lithofacies of the D Sandstone can be acquired from this
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method. The D Sandstone samples were collected every foot from four wells (i.e., 2-7 Lilli,

2-8 Lilli, 12-9 Doc Federal Sooner, and Sooner 7-21) for the pétrographie study.

The third step of this research covers a laboratory study that includes many steps that 

will be described in detail in the following section.

3.1 Thin Section Preparation

The D sandstone samples were cut into 10-mm thick slabs and then cut the slabs 

down to 42-mm length and 24-mm width chips. Then all the samples were impregnated with 

blue-dyed epoxy in a vacuum oven. There are two major reasons for impregnating the core 

samples with blue-dyed resin. Firstly, resin can help support and preserve soft materials and 

microstructure during the preparation process. Secondly, pore spaces and cracks in the 

samples can easily be identified. After removing impregnated samples from the vacuum 

oven, each sample was ground until the sample surface was smooth and all saw marks were 

removed. The samples were cleaned in water and allowed to dry. Then, the sample and a 

glass slide were heated on a hotplate. When the sample temperature reaches 90-100°C, epoxy 

was spread on the sample surface and the glass slide was slowly laid on the sample. All air 

bubbles were pressed out from under the glass slide, and the sample was pressed to the slide 

under a mounting press. After 30 minutes, excess epoxy was removed from the slide surface. 

The majority of the sample was cut leaving about 2 mm of the sample on the slide. Then, it 

was cut into the appropriate thickness by a low speed saw. The 600 and 1000 mesh grinding 

powders could be used to polish the thin sections as well. More details of a basic thin section 

preparation can be found in Miller (1988).

3.2 Microscopic Observation

This research studied thin section samples from four wells in the Sooner and Lilli 

fields. The pétrographie thin section samples were collected every foot from the reservoir D
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Sandstone. The total of 53 samples was studied under a microscope. The microscope is a 

basic piece of equipment used to help describe a sedimentary rock and its diagenesis. 

Pétrographie description can provide the following data:

1) Mineral identification;

2) Modal analysis of mineral abundance by a point counting method;

3) Differentiation of detrital grains from diagenetic phases (the differentiation of

authigenic grains from detrital grains is the most important part to understand the

diagenetic history of reservoir rocks);

4) Mineral paragenesis (the sequence of mineral growth and dissolution);

5) Description and quantification of porosity;

6) Identification of the main factors influencing porosity and permeability;

7) Diagenetic history of the reservoir rocks.

3.3 Point Counting

Point counting method was used to quantify the relative abundances of minerals and 

to estimate porosity of the thin sections. This can help classify the rocks, since many rock 

classifications are based on the abundances of certain minerals. Thin sections were point 

counted for detrital grain components, intergranular materials, and porosities by:

1 ) select a grain appearing on a crosshair;

2) identify the mineral directly beneath the crosshair and record the name of that 

mineral;

3) move the crosshair along a traverse line across the thin section in a grid pattern for at 

least 300 points;

4) calculate the percentage of each mineral after finishing each run.
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3.4 Scanning Electron Microscope (SEM)

A scanning electron microscope (SEM) is a high-resolution imaging method for 

studying a micro surface. It is frequently used to examine the mineral morphology, and 

relationship between grain cement and porosity. The SEM uses electrons for imaging a 

sample. It scans in pattern of parallel lines across the sample’s surface with a high energy 

beam of electrons, so, electrons can be emitted from the sample. The electrons that were 

emitted from the sample produce an image of the sample’s surface and texture. This image is 

typically obtained by using secondary electron imaging for the best resolution of fine surface 

topographical features. Alternatively, imaging with back scattered electrons gives contrast 

based on the atomic number to resolve microscopic composition variations and topographical 

information. An energy dispersive X-ray spectrometer (EDX), attached with the SEM, is also 

capable of collecting qualitative and quantitative chemical analyses. The studied samples 

were prepared by making them into a small chip. After that, the samples were coated with 

gold powder to conduct electron. More details of a scanning electron microscope can be 

found in Reimer (1998).
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C H A PTER  4

DATA ACQUISTION AND ANALYSIS

The goal of this research is to enhance our understanding of the D Sandstone 

reservoir characteristics from the Lilli and Sooner fields. For this reason, the study uses two 

types o f data acquisitions (i.e., macroscopic core description and microscopic core 

description).

Macroscopic core description provides basic geological information, such as 

sedimentary structures and lithofacies. Four wells in the Lilli and Sooner fields are mainly 

studied. Five additional wells in the adjacent fields are selected for providing additional 

information regarding the lithofacies, the reservoir characteristics, and the depositional 

environments of the D Sandstone in the area of concern. The depths and the locations of these 

wells are presented in Table 4.1. The depositional environments of the study area can be 

interpreted by integrating the acquired information.

The second type of the data acquisition is microscopic core description. This includes 

pétrographie study and scanning electron microscope analysis. These two methods provide 

the information on diagenetic history and reservoir characteristics. The microscopic core 

description study is mainly focused on sandstones rather than shales or mudstones because 

sandstone is considered as a potential petroleum reservoir. The samples from four wells (i.e., 

2-7 Lilli, 2-8 Lilli, 12-9 Doc Federal Sooner, and 7-21 Sooner) in the Lilli and Sooner fields 

are collected from every foot of each well to make thin sections. Altogether 53 D Sandstone 

thin section samples are studied. The detailed description of each thin section is presented in 

the microscopic core description section that follows.
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Table 4.1: The depth of core samples, locations, and field name are shown.

W dl Name Fidd Location
Depth Interval 

(AMD)
Total Thickness

(ft)

Artzerl -
9N 5 7W Sec2  9 

NWSW 6,080-6,110 30.00

12-9 Doc Federal Lilli Field 8N 5 SW S ec.9 NWSW 6,340-6,369 29.00

2-S Lilli Lilli Field 8N 58W Sec .8 NWNE 6,365-6,395 30.00

2-7Lilli Lilli Field 8N 58W  Sec.7 NWNE 6,480-6,514 34.00

7-21 Sooner Sooner Field
SN  58W  S e c 21  

SW N E
6,258-6,292 34.00

1-32 Rupp-A -
8N 59W Sec32  

SENW 6,836-6,870 34.00

Nickerson 8-6 Wild Horse Fidd 7N 58W  Sec.6 SENE 6,369-6,379 10.00

1-6 Olsen Wild Horse Fidd 7N 5 8W Sec .6 SESE 6,353-6,381 28.00

1-7 Livengood Caretaker Field 7N 59W Sec. 7 SENW 6,797-6,809 12.00

4.1 Macroscopic Core Description

All nine wells of interest are com posed o f clastic sedim entary rocks, which vary in 

lithology from fine-grained sandstone to shale. Most o f the sandstones are fine-grained to 

silty-sandstone, moderate- to well-sorted, and well-cemented. M ud drapes, normal grading, 

syneresis cracks, trace fossils, stylolites, and organic materials are generally found in these 

cores.

The report starts with the description o f the 3 wells from the Lilli field and follows 

with the well from the Sooner field and will finished with the other 5 adjacent wells.

12-9 Doc Federal Sooner

12-9 Doc Federal Sooner (Figure 4.1) is made up o f black shale to fine-grained 

sandstone. It is com poses o f five facies: Graneros Shale, D1 Sandstone, D2 Sandstone, D3
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Sandstone, and Huntsman Shale. The depth interval and total thickness o f each facies in 12-9 

Doc Federal Sooner are presented in Table 4.2. The lower part o f the core is the Huntsman 

Shale. It is a medium to light gray, silty-mudstone with laminated to burrowed shale. The 

H untsm an is overlain by a light gray, very fine-grained to silty-sandstone and black laminated 

shale w ith ripple cross-lamination, trough cross-stratification, abundant syneresis cracks, soft- 

sedim ent deformation, and mud clasts. This overlying unit is the D3 Sandstone. The unit is 

graded upw ard to a bioturbated, light gray to light brownish gray, very fine-grained to silty- 

sandstone, which is identified as the D2 Sandstone. The D1 Sandstone is light gray, fine- to 

very fine-grained, rounded, moderate- to well-sorted with mud drapes, stylolites, rip-up 

clasts, organic material, along with a bioturbated mudstone interbedded with a brown, fine

grained, sub-rounded to rounded, well-sorted sandstone (Figure 4.2). The Graneros shale is a 

black shale interbedded with dark gray, bioturbated, silty-sandstone. It has sharp basal contact 

with the underlying D1 Sandstone.

A total of seven rock samples collected from this core are shown as the red circles in 

Figure 4.1.

Table 4.2: The total thickness of Graneros Shale, D l, D2, D3 sandstones, and Huntsman
Shale in well Doc Federal 12-9.

Units Depth (AMD) Total Thickness (A)

Graneros Shale 6,340-6,343.5 3.50

D l Sandstone 6,343.5-6,347 3.50

D2 Sandstone 6,347-6,356 9.00

D3 Sandstone 6,356-6,364 S.00

Huntsman Shale 6,364-6,369 5.00
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Figure 4.1: Stratigraphie colum ns and legend o f the 12-9 Doc Federal Sooner. The left 
column shows the depth of the core and is follow ed by the colum ns o f texture, percentage of 
shale and bioturbation, color, lithology, and sedim entary structure. The gam m a rays log with

depth correction is included in the figure.
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2-7 Lilli

2-7 Lilli is made up of fine-grained sandstone to mudstone (Figure 4.5). This core is 

com posed of five facies: Graneros Shale, D l, D2, D3 sandstones, and Huntsman Shale. The 

total depth of each unit in core 2-7 Lilli is shown in Table 4.4. Huntsman Shale is a black 

shale interbedded with light to medium gray, silty-mudstone (Figure 4.6). D3 Sandstone is a 

dark gray to black laminated shale interlam inated with a light to medium gray, very fine

grained, rounded, well-sorted, sandstone with trace fossils and syneresis cracks. The D2 is a 

light gray, very fine-grained to silty-sandstone, m oderate-sorted sandstone interlaminated 

with dark brown to black shale with flaser bedding, mud drapes, organic material, and 

abundant syneresis cracks. The uppermost of the D2 section is a black shale bed. D l 

Sandstone is light to medium gray, fine-grained, sub-rounded, well-sorted with mud drapes, 

organic material, and rip-up clasts interbedded with medium brownish gray, fine-grained, 

sub-rounded, m oderate-sorted sandstone with ripple cross-lam ination, stylolites, and 

fractures. The D l Sandstone is overlain by a medium-gray, fine-grained to silty-sandstone, 

bioturbated sandstone and has the sharp contact with the upper section. The upper most 

session of the 2-7 Lilli is Graneros Shale, which is a black shale.

A total o f 14 rock samples collected from  this core are shown as the red circles in 

Figure 4.5. The two samples from the Graneros Shale which are shown as blue circles in 

Figure 4.5 are also collected for source rock analysis.

Table 4.4: The total thickness o f Graneros Shale, D l, D2, and D3 sandstones and Huntsman
Shale in 2-7 Lilli.

Units Depth (ftMD ) Total Thickness (ft)

Graneros Shale 6,480-6.4 84 4.00

D l Sandstone 6,484 -6.494.8 10.80

D2 Sandstone 6,494.8-6,506.5 11.70

D3 Sandstone 6,506.5-6,513 6.50

Huntsman Shale 6,513-6,514 1.00
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Figure 4.5: Stratigraphie columns and legend o f the 2-7 Lilli. The left column shows the 
depth o f the core and is followed by the colum ns of texture, percentage o f shale and 

bioturbation, color, lithology, and sedim entary structure. The gamma rays log with depth 
correction is included in the figure. The red dots present the locations o f the sam ple that are 
used in petrography, and the blue dots present the locations of the sam ples that collected for

source rock analysis.

29



m
ed

iu
m

-g
ra

y,
 s

ilt
y-

m
ud

st
on

e.
 T

he
 

D3
 

Sa
nd

st
on

e 
is 

ve
ry 

fin
e-

gr
ai

ne
d 

wi
th 

tra
ce

 
fo

ss
ils

, 
an

d 
sy

ne
re

si
s 

cr
ac

ks
; 

in
te

rla
m

in
at

ed
 

wi
th 

a 
da

rk
 

gr
ay

 
to

 
bl

ac
k 

la
m

in
at

ed
 

sh
al

e.
 T

he
 

D2
 

is 
a 

ve
ry

 
fin

e-
gr

ai
ne

d 
to 

si
lty

-s
an

ds
to

ne
 

in
te

rla
m

in
at

ed
 

wi
th 

a 
da

rk
 

br
ow

n 
to 

bl
ac

k 
sh

al
e.

 T
he

 
up

pe
rm

os
t 

of 
the

 
D

2 
se

ct
io

n 
is 

a 
bl

ac
k 

sh
ale

 
be

d.
 D

l 
Sa

nd
st

on
e 

is 
lig

ht
 t

o 
m

ed
iu

m
 

gr
ay

, 
fin

e-
gr

ai
ne

d 
wi

th 
mu

d 
dr

ap
es

 
an

d 
rip

-u
p 

cl
as

ts
; 

in
te

rb
ed

de
d 

wi
th 

m
ed

iu
m

 
br

ow
ni

sh
 

gr
ay

, 
fin

e-
gr

ai
ne

d 
sa

nd
st

on
e 

wi
th 

rip
pl

e 
cr

os
s-

la
m

in
at

io
n,

 s
ty

lo
lit

es
, 

an
d 

fr
ac

tu
re

s.
 T

he
 

top
 

of 
the

 
D

l 
Sa

nd
st

on
e 

is 
co

m
po

se
d 

of 
a 

fi
ne


gr

ai
ne

d 
to 

si
lty

-s
an

ds
to

ne
, 

bi
ot

ur
ba

te
d 

sa
nd

st
on

e,
 a

nd
 

it 
ha

s 
a 

sh
ar

p 
co

nt
ac

t 
wi

th 
the

 
ov

er
ly

in
g 

G
ra

ne
ro

s 
Sh

al
e,

 w
hi

ch
 

is 
a 

bl
ac

k 
sh

al
e.



7-21 Sooner

This core is composed of three facies: Graneros Shale, D l Sandstone, and Huntsman 

Shale. The D2 Sandstone and D3 Sandstone are not present in this well. It is possible that the 

D2 and D3 sandstones were incised and eroded by the D l Sandstone during the sea-level 

drop. The 7-21 Sooner (Figure 4.7) is made up of fine-grained sandstone to shale. The total 

depth o f each unit in the 7-21 Sooner is shown in Table 4.5. The Huntsman is a black shale 

interbedded with a minor amounts o f fine-grained sandstone, with mud drapes, and stylolites 

(Figure 4.8). D l Sandstone is a light gray, fine- to very fine-grained, round, moderate- to 

well-sorted with black laminated mud, mud drapes, ripple cross-lam ination, organic material, 

trace fossils, and flaser bedding; interbedded with a light- to dark-brownish gray, fine

grained, sub-rounded to sub-angular, well-sorted sandstone with ripple cross-lamination, 

break-up clasts, and stylolites. It has sharp contacts with both overlying and underlying units, 

which are Graneros Shale and Huntsman Shale, respectively. The Graneros is a black shale 

interbedded with a minor am ounts o f light- to medium-gray, bioturbated, silty-mudstone 

(Figure 4.8).

The total of 25 rock samples collected from  this core are shown as the red circles in 

Figure 4.7.

Table 4.5: The total thickness o f Graneros Shale, D l Sandstone, and Huntsman Shale in 7-21
Sooner.

Units Depth (ftMD) Total Thickness (ft)

Graneros Shale 6 2  58-6263 5.00

D l Sandstone 6 2 6 3 -6 2 8 7 .4 24.40

Huntsman Shale 6287.4-6,292 4.60
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Figure 4.7: Stratigraphie columns and legend of the 7-21 Sooner. The left column shows the 
depth of the core and is followed by the colum ns o f texture, percentage of shale and 

bioturbation, color, lithology, and sedim entary structure. The gam m a rays log with depth
correction is included in the figure.
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A rtzer 1

Artzer 1 (Figure 4.9) is made up of very fine-grained sandstone to mudstone. This 

core is com posed of three facies: Graneros shale, D3 Sandstone, and Huntsman Shale. The 

total depth of each unit is shown in Table 4.6. The D2 and D l sandstones are not present in 

this well.

The Huntsman is a black shale grading upward to a dark- to medium-gray, 

bioturbated silty-mudstone (Figure 4.10). The D3 Sandstone is a light brownish gray to 

m edium  gray, very fine-grained to silty-sandstone, rounded, well-sorted sandstone with ripple 

cross-lam ination, syneresis cracks, trace fossils, mud clasts, organic material, mud drapes, 

along with a dark gray to black shale. The upper most part o f the core is Graneros Shale. It is 

a black shale with minor amounts of bioturbated siltstone.

Two samples from the Huntsman Shale are also collected to run the source rock 

analysis. The depths of these samples are 6,106 and 6,108 ftM D which are shown as blue 

circles in Figure 4.10. Therefore, the total o f 4 shale samples from  2-7 Lilli and this well are 

obtained for source rock analysis, which is presented after the core description of the 1-7 

Livengood.

Table 4.6: The total thickness o f Graneros Shale, D3 Sandstone, and Huntsman Shale in
A rtzer 1.

Units Depth (ftMD) Total Thickness (ft)

Graneros Shale 6,080-6,085.4 5.40

D3 Sandstone 6,085.4-6,103 17.60

Huntsman Shale 6,103-6,110.8 7.80
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Figure 4.9: Stratigraphie columns and legend o f the A rtz e rl. The left colum n shows the depth 
of the core and is followed by the columns o f texture, percentage o f shale and bioturbation, 

color, lithology, and sedimentary structure. The gam m a rays log with depth correction is 
included in the figure. The blue dots present the locations o f the samples that are used for

source rock analysis.
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Nickerson 8-6

Nickerson 8-6 (Figure 4.11) is only com posed of D1 Sandstone. The sandstone is a 

light to medium gray, very fine-grained to silty-sandstone with black laminated shale and 

mud drapes; interbedded with a light brownish gray to light gray, fine- to very fine-grained, 

sub-angular to sub-rounded, moderate- to poor-sorted sandstone with ripple cross-lamination, 

containing trace fossils, and organic material. The upper part o f the D1 Sandstone section is a 

light gray to light brownish gray, fine- to very fine-grained, sub-rounded to rounded, well- 

sorted, bioturbated sandstone with flaser bedding and trace fossils; interbedded with a dark- 

gray to black, bioturbated, silty-mudstone with organic material and trace fossils.

Texture, Ich-Fossils, 
Sedimentary Structures

vc ers med fn Vf Sit Cl

/<> X' = Ripple
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s 6 e 
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I X l  
1 » > = S> neresis Cracks =  Silty-sandstone

Figure 4.11: Stratigraphie columns and legend o f the Nickerson 8-6. The left column shows 
the depth o f the core and is followed by the columns of texture, percentage o f shale and 

bioturbation, color, lithology, and sedim entary structure.
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1-6 Olsen

1-6 Olsen (Figure 4.12) is made up o f fine-grained sandstone to shale. This core is 

com posed of four facies: D l, D2, D3 sandstones, and Huntsman Shale. The total depth of 

each unit in the 1-6 Olsen is shown in Table 4.7. The Huntsman is a black shale with light- to 

dark-gray, laminated siltstone and trace fossils (Figure 4.13). D3 Sandstone is a medium- to 

dark-gray, very fine-grained to silty-sandstone, sub-rounded to rounded, well-sorted 

sandstone with black laminated shale, mud drapes, ripple cross-lamination, syneresis cracks, 

normal grading, and trace fossils. D2 Sandstone is a light gray, fine- to very fine-grained, 

sub-rounded to rounded, well-sorted sandstone and black laminated mudstone with mud 

drapes, ripple cross- lamination, syneresis cracks, and mud clasts. D l Sandstone is a light 

gray, fine-grained, sub-angular to sub-rounded, moderate- to well-sorted sandstone with 

lam inated mud, mud clasts, break-up clasts, mud drapes, stylolites, flaser bedding, ripple 

cross-lam ination, and trace fossil (Arenicolites), which is shown in Figure 4.14, grading 

upward to a light gray, fine- to very fine-grained, well-sorted, bioturbated sandstone with 

organic material.

Table 4.7: The total thickness o f D l, D2, D3 sandstones, and Huntsman Shale in 1-6 Olsen
are shown.

Units Depth (AMD) Total Thickness (A)

D l Sandstone 6353-6362 9.00

D2 Sandstone 6 J  62-6,3 69 7.00

D3 Sandstone 6,369-6,372.2 3 2 0

Huntsman Shale 6,372.2-6,381.8 9.60
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Figure 4.12: Stratigraphie columns and legend of the 1-6 Olsen. The left column shows the 
depth o f the core and is followed by the colum ns o f texture, percentage of shale and 

bioturbation, color, lithology, and sedim entary structure. The gamma rays log with depth
correction is included in the figure.
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Figure 4.14: Cross-view of the 1-6 Olsen core sample at depth 6354 ft shows
Arenicolites.

1-32 Rupp-A

1-32 Rupp-A (Figure 4.16) is com posed of five facies: Graneros Shale, D l, D2, D3 

sandstones, and Huntsman Shale. The total depth of each unit in this core is shown in Table 

4.8. The Huntsman is a black shale grading upward to medium gray, siltstone with laminated 

mud (Figure 4.17). The grain size variation within the same lam ination is found. The D3 is a 

medium- to dark-gray, siltstone and black bioturbated shale with normal grading, and plane- 

parallel lamination. The grain size variation within the same lam ination is also found in the 

lower section. The D2 Sandstone is a light- to medium-gray, very fine-grained to silty- 

sandstone with black lam inated m udstone, normal grading, mud drapes, organic material, 

syneresis cracks, trace fossils (Figure 4.15), and ripple cross-lam ination. The D l Sandstone is 

a light gray, fine-grained, rounded to sub-rounded, well-sorted sandstone with ripple cross- 

lamination, break-up clasts, mud drapes, along with a black shale lamination; interbedded



with a light brownish gray to light brown, fine-grained, sub-rounded, moderate- to well- 

sorted sandstone with stylolites, ripple cross- lamination, mud clasts, and fractures. The 

Graneros is a light gray, bioturbated, very fine-grained to silty-sandstone with black 

lam inated shale.

Table 4.8: The total thickness o f Graneros Shale, D l, D2, and D3 sandstones, and Huntsman
Shale in 1-32 Rupp-A.

Units Depth (ftNID) Total Thickness (ft)

Graneros Shale 6,836-6,836.9 0.90

Dl Sandstone 6,836.9-6,851.5 14.60

D2 Sandstone 6,851.5-6,860 8.50

D3 Sandstone 6,860-6,869 9.00

Huntsman Shale 6,869-6,870.7 1.70

Figure 4.15: The red arrow shows Arenicolites, which is found in the D2 Sandstone at depth 
6,855 ft. A syneresis crack is shown in the red circle.
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Figure 4.16: Stratigraphie columns and legend o f the l-32Rupp-A. The left column shows the 
depth o f the core and is followed by the colum ns of texture, percentage of shale and 

bioturbation, color, lithology, and sedim entary structure. The gamma rays log with depth
correction is included in the figure.
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1-7 Livengood

1-7 Livengood (Figure 4.18) is made up o f fine-grained to silty-sandstone. This well 

is com posed of three facies: Graneros Shale, D l Sandstone, and D2 Sandstone. The total 

depth o f each unit in this core is shown in Table 4.9.

According to the gamma rays log and lithological and structural characteristics, the 

lowest section of the well is interpreted as the D2 Sandstone. The D2 sandstone is a light 

gray, fine-grained, sub-angular to sub-rounded, moderate-sorted sandstone with ripple cross

lam ination; interbedded with a light-greenish-gray, fine- to very fine-grained, well-sorted 

sandstone and dark gray to black laminated shale. The sedimentary structures include ripple 

cross-lam ination, flaser bedding, stylolites, and trace fossils (Figure 4.19). The facies is 

overlain by a black shale bed. The D l Sandstone is a light-gray to brownish-gray, fine

grained, sub-rounded to rounded, well-sorted sandstone with ripple cross-lamination, 

stylolites, trace fossils (Skolithos), organic m aterial, mud drapes, and abundant mud clasts in 

the low er D l section. The Graneros Shale is a dark to medium gray, fine-grained to silty- 

sandstone, bioturbated sandstone. It has a sharp basal contact with the underlying D l 

Sandstone.

Table 4.9: The total thickness of Graneros Shale, D l, and D2 sandstones in 1-7 Livengood
are shown.

Units Depth (fiMD) Total Thickness (ft)

Graneros Shale 6,796.8-6/797 0.20

Dl Sandstone 6,797-6,805 8.00

D2 Sandstone 6,805-6,8092 4.20
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Figure 4.18: Stratigraphie columns and legend o f the 1-7 Livengood. The left column shows 
the depth o f the core and is followed by the columns o f texture, percentage o f shale and 

bioturbation, color, lithology, and sedim entary structure. The gamma rays log with depth
correction is included in the figure.
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Figure 4.20: The cross-view of the Skolithos found at depth 6,797 ft. The red dash line 
presents the dust film  o f the burrow boundary.
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Source rock analysis

Source rock analysis is run to com pare between the Graneros and Huntsman shales. 

The depths o f the Graneros Shale samples from  2-7 Lilli are 6,480 and 6,483 ftMD (Figure 

4.5), and the depths of the Huntsman samples from Artzer 1 are 6,106 and 6,108 ft (Figure 

4.10). The results are shown in Table 4.10. The kerogen types can be classified by using the 

pyrolysis data to plot in the van Krevelen diagram  (Figure 4.21).

Table 4.10: The depth o f the samples and the other data acquired from Rock-Eval pyrolysis 
are shown in this table. The total organic carbon (TOC) o f these shales shows potential to be

a good source rocks.

Huntsman A 6106 0.14 0.48 452 0.97CORE 1.14NO WASH
Huntsman B
Graneros A

6108
6480

CORE
CORE

NO WASH
NO WASH 3.29

1.10 0.15
0.92

0.49
5.81

0.43
0.11

444
451

0.83
0.95 52.8

0.23
0.14

Graneros B 6482 CORE NO WASH 3.07 0.93 5.53 0.09 451 0.96 180 61.4 0.14

Top

V ) Type Prep 1 ()( (°C) % ko 100

According to the Table 4.10, shale samples collected from  Graneros have Type II-II 

kerogen, and the samples from  Huntsman Shale are the Type IV kerogen. However, this
I

would be true only for the immature samples. The Tmax values indicate that the samples are 

therm ally mature. Therefore, the organic matters likely had higher HI and OI values, and 

were determ ined as the Type II-III kerogen. Visual kerogen analysis would help resolve this 

question. The kerogen mixed between type II-III are com posed of macérais derived from 

algal and land plants (Peter and Cassa, 1994). Both shales show good to very good TOC 

values (Peters, 1986). However, these TOC values are not the original values. They are the 

values from the source rocks that already generated and expelled hydrocarbons. Therefore, 

these TOC values are low er than the original TOC values (Dembicki, 2009). The maturity of 

the organic material in these shales is determined by using calculated vitrinite reflectance 

(R0), and Tmax values. Based on these two values, both Graneros and Huntsman shales are 

thermally mature as shown in the Figure 4.22.
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4.2 Microscopic Core Description

The total of 53 D Sandstone thin section samples are studied. The detailed 

description of each thin section is presented in the section that follows.

4.2.1 Pétrographie study

The total of 53 rock samples from four wells are studied (Table 4.11). Forty-seven 

samples are collected from the channel-fill D l Sandstone, and six other samples from D2 and 

D3 sandstones are collected as shown as the red dots in Figures 4.1, 4.3, 4.5, and 4.7.

Table 4.11 : Table shows the depth, the unit, and the number o f the pétrographie thin sections.

Core Depth(ftMD) Rock type Lnit Sample No.
2-7 Lilli 6484-50 Sandstone Dl A-l
2-7 Lilli 6485.70 Sandstone Dl A-2
2-7 Lilli 6486.80 Sandstone Dl A-3
2-7 Lilli 6487.80 Sandstone Dl A 4
2-7 Lilli 6488.40 Sandstone Dl A-5
2-7 Lilli 6490.10 Sandstone Dl A-6
2-7 Lilli 6491.00 Sandstone Dl A-7
2-7 Lilli 6492.60 Sandstone Dl A-8
2-7 Lilli 6493.5 0 Sandstone Dl A-9
2-7 Lilli 6494 50 Sandstone Dl A-10
2-7 Lilli 6500.80 Sandstone D2 A-11
2-7 Lilli 6511.50 Siltstone D3 A-12
2-7 Lilli 6488.70 Sandstone Dl A-13
2-7 Lilli 6489.00 Sandstone Dl A-14
2-8 Lilli 6370.60 Sandstone Dl B-l
2-8 Lilli 637150 Sandstone Dl B-2
2-8 Lilli 6373.00 Sandstone Dl B-3
2-8 Lilli 6373.70 Sandstone Dl B 4
2-8 Lilli 637450 Sandstone Dl B-5
2-8 Lilli 6379.00 Siltstone D2 B-6
2-8 Lilli 638820 Siltstone D3 B-7

Doc Federal 12-9 634350 Said stone Dl C-l
Doc Federal 12-9 6344.00 Sandstone Dl C-2
Doc Federal 12-9 6345.00 Sandstone Dl C-3
Doc Federal 12-9 6346.00 Sandstone Dl C-4
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Core Dq>th(ftMD) Rock type Unit Sample No.

Doc Federal 12-9 6347 00 Silt>-sandstone D l C-5

Doc federal 12-9 6351.00 Siltstone D2 C - 6

Doc Federal 12-9 6359.00 Siltstone D3 C-7

7-21 Sooner 626320 Sandstone Dl D l
7-21 Sooner 6264.00 Sandstone D l D-2
7-21 Sooner 6265.00 Sandstone Dl D-3
7-21 Sooner 6266.00 Sandstone D l D 4
7-21 Sooner 6267.00 Sandstone D l D-5
7-21 Sooner 6268.00 Sandstone D l D -6
7-21 Sooner 6269.00 Sandstone D l D-7
7-21 Sooner 6270.00 Sandstone Dl D -8
7-21 Sooner 6271.00 Sandstone D l D-9
7-21 Sooner 6272.00 Sandstone D l D-10
7-21 Sooner 6273.00 Sandstone D l D -ll
7-21 Sooner 6274.00 Sandstone D l D-12
7-21 Sooner 6275.00 Sandstone D l D-13

7-21 Sooner 6276.00 Sandstone D l D-14
7-21 Sooner 6277.00 Sandstone D l D-15
7-21 Sooner 6278 00 Sandstone Dl D 16
7-21 Sooner 6279.00 Sandstone Dl D-17

7-21 Sooner 6280.00 Sandstone D l D-IS
7-21 Sooner 6281.00 Sandstone D l D-19

7-21 Sooner 6282.00 Sandstone D l D-20
7-21 Sooner 6283 00 Sandstone Dl D-21

7-21 Sooner 6284.00 Sandstone D l D-22
7-21 Sooner 6285.00 Sandstone D l D-23

7-21 Sooner 6286.00 Sandstone D l D 24

7-21 Sooner 6287.00 Sandstone D l D-25

According to the pétrographie thin sections, the D sandstones can be described as the 

following:

The D l Sandstone is medium-grained to silty-sandstone, angular to rounded, poor- to 

well-sorted. Grain size ranges from 0.015-0.5 mm. The samples consist o f quartz,
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plagioclase, muscovite, biotite, chert, matrix, organic material (e.g., plant tissue), carbonate 

grains, pyrite, and zircon. They show several types of grain contacts: long, concave-convex, 

point, sutured, and floating grains. Thin sections present both primary porosity and secondary 

porosity. Intergranular pores in several samples are partly or completely occupied by matrix, 

quartz overgrowths, and carbonate cement. Secondary porosity is usually caused by 

dissolution of feldspar and biotite grains, and matrix. Samples with clay lamination 

occasionally have a fracture within their lamination. This increases the permeability and 

porosity values.

The D2 Sandstone is a fine-grained to silty-sandstone, angular to subrounded, poor- 

to well-sorted with point, long, sutured, and concave-convex contacts. It consists of quartz, 

plagioclase, biotite, muscovite, organic material (e.g., plant tissue), zircon, and chert. Primary 

porosity is filled by clay, matrix, and quartz overgrowths. Due to the overburden, several 

samples are tightly packed and primary porosity is rarely shown. Matrix completely fills 

porosity in sample no. B-6 and C-6. However, fracturing and leaching grains increase the 

secondary porosity value. Grain size of the sandstone ranges from 0.025 - 0.3 mm.

The D3 Sandstone is a very fine-grained to silty-sandstone, angular to subrounded, 

moderate- to well-sorted with point, long, and concave-convex grain contacts. It is composed 

of quartz, plagioclase, muscovite, biotite, zircon, pyrite, organic material, mud lamination, 

and rock fragment. Porosity is filled by clay/matrix. Grain size is smaller than 0.1-mm.

Samples, consist of fine- to very fine-grained in the D l and D2 sandstones, are used 

to do the point-counting and calculating the percentage of mineral compositions and 

porosities. Based on Folk’s (1974) classification, the D l Sandstone consists of three types of 

sandstones: litharenite, feldspathic litharenite, and lithic arkose (Figure 4.23). This 

classification includes chert, mica, matrix, and heavy mineral as a rock fragment. The 

proportion of mineral composition in the samples is shown in Table 4.12.
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Table 4.12: Table shows depths, units, porosities and components of the sandstone samples 
derived from point counting method. Most o f the sandstones are lithic arkose and feldspathic 

litharenite. The percentage of quartz, feldspar, and rock fragment ranges from 40.3-66.9%,
9.4-27.2% , and 9.9-50.0%, respectively.

Sample No. Unit Depth (ft) lithology Q (%) Feld (%) RF (%) Porosity (%) C l
A -l D l 6484.50 Feld-Lith 48.4 23.7 28.0 0.0 2.9
A-2 D l 6485.70 LithicAikose 61.7 23.7 14.7 0.0 4.9
A-3 D l 6486.80 LithicAikose 56.2 24.4 19.4 20.6 4.5
A-4 D l 6487.80 LithicAikose 59.3 22.3 18.3 14.5 4.2
A-5 D l 6488.40 Feld-Lith 55.6 16.8 27.6 5.0 3.9
A-6 D l 6490.10 Litharenite 40.3 9.4 50.0 0.5 3.4
A-7 D l 6491.00 Feld-Lith 51.5 20.6 27.9 0.0 3.2
A-S D l 6492.60 LithicAikose 57.2 25.6 17.2 17.4 4.7
A-9 D l 6493.50 LithicAikose 58.5 24.4 17.1 4.9 5.0

A -10 D l 6494.50 Feld-Lith 51.8 20.4 27.7 1.8 3.6
A - l l D2 6500.80 LithicAikose 57.9 24.5 17.7 4.9 5.3
A -13 D l 6488.70 LithicAikose 61.4 26.6 12.0 20.2 4.2
A -14 D l 6489.00 Feld-Lith 55.2 16.2 28.6 0.8 2.9
B-l D l 6370.60 Feld-Lith 53.9 22.1 24.0 7.5 3.9
B-2 D l 6371.50 Feld-Lith 51.4 24.4 24.2 10.4 3.1
B-3 D l 6373.00 LithicAikose 57.8 24.3 17.9 16.2 3.8
B-4 D l 6373.70 Feld-Lith 56.7 18.6 24.7 13.8 3.7
B-5 D l 6374.50 LithicAikose 58.0 26.9 15.1 0.0 4.3

C-l D l 6343.50 Feld-Lith 65.7 16.8 17.6 1.3 5.0
C-2 D l 6344.00 LithicAikose 61.7 24.9 13.4 5.1 4.2
C-3 D l 6345.00 LithicAikose 66.9 23.3 9.9 7.3 4.0
C-4 D l 6346 00 LithicAikose 60.4 22.5 17.1 0.5 5.0
D -l D l 6263.20 LithicAikose 52.2 26.1 21.7 9.2 4.4

D-2 D l 6264.00 LthicAikose 63.3 25.4 11.3 17.6 4.4

D-3 D l 6265.00 LithicAikose 61.8 27.2 11.0 16.8 4.1

D-4 D l 6266.00 LithicAikose 58.2 23.9 17.9 15.2 3.7

D-5 D l 6267.00 LithicAikose 63.4 20.2 16.5 17.4 4.1

D-6 D l 6268.00 LithicAikose 50.9 26.5 22.7 8.8 4.5
D-7 D l 6269.00 Feld-Lith 50.5 22.0 27.6 8.3 4.0

D-8 D l 6270.00 LithicAikose 55.2 23.7 21.1 17.0 3.8

D-9 D l 6271.00 Feld-Lith 60.6 18.9 20.5 19.1 4_2

D-10 D l 6272.00 LithicAikose 57.4 25.2 17.4 18.6 4.4

D -l l D l 6273.00 LithicAikose 57.1 25.9 17.0 15.4 4.4

D-12 D l 6274.00 Feld-Lith 64.6 14.8 20.6 17.3 4.2

D-13 D l 6275.00 LithicAikose 53.9 25.2 20.9 18.3 4.4
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Sample No. Unit Depth (ft) Lithology Q(%) Feld (%) RF (%) Porosity (%) C.I

D-14 D l 6276.00 Feld-Lith 53.7 20.6 25.7 13.8 4.3
D-15 D l 6277.00 Feld-Lith 51.6 20.9 27.5 7.9 3.9

D-16 D l 6278.00 LithicAikose 58.0 21.6 20.5 4.9 4.3

D-17 D l 6279.00 Feld-Lith 55.4 17.9 26.7 5.6 4.4

D-IS D l 6280.00 LithicAikose 56.1 23.9 20.0 20.0 4.5

D-19 D l 6281.00 Feld-Lith 52.8 17.7 29.5 9.7 3.9

D-20 D l 6282.00 LithicAikose 55.2 24.1 20.7 19.6 4.5

D-21 D l 6283.00 LithicAikose 53.8 24.2 22.0 16.6 4.2
D-22 D l 6284.00 Feld-Lith 52.4 17.0 30.6 10.3 3.5

D-23 D l 6285.00 Feld-Lith 56.4 16.8 26.8 7.1 4.1
D-24 D l 6286.00 Feld-Lith 63.1 17.6 19.3 11.6 4.5

D-25 D l 6287.00 Feld-Lith 53.8 19.2 26.9 8.1 4.2

Quartz
Quart zarenite

Legend Subarkose,
Sublitharenite•  2-7 Lilli 

a  2-8 Lilli

*  12-9 DocFederal 

o  7-21 Sooner
40 o o

Feldspathic
Litharenite

LithareniteLithic ArkoseArkose

RFFeldspar

Figure 4.23: M ost o f the samples are lithic arkose and feldspathic litharenite, based on Folk’s 
(1974) classification. Only sample no. A - 6  is classified as litharenite sandstone because it 

mainly composts o f mud clasts. Twenty samples: A -l, A-5, A-7, A-10, A-14, B -l, B-2, B-4, 
C -l, D-7, D-9, D-12, D-14, D-15, D-17, D-19, D-22, D-23, D-24, and D-25 are identified as 

feldspathic litharenite. The other 27 samples are lithic arkose sandstone.
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The description of thin section samples from four wells is presented in the following

section.

2-7 Lilli

A total o f 14 rock samples from the D sandstones are studied. Each sample depth and 

the detailed description are shown in Table 4.13. Twelve samples of the D l Sandstone (i.e., 

sample no. A -l to A-10, A -13, and A-14) are generally composed of medium- to very fine

grained sandstone, with grained size ranging from 0.05 -  0.5 mm, angular to rounded, 

moderate- to well-sorted. Grain contacts include long, concave-convex, point, and sutured 

contacts. Several o f feldspar, clay leaching, biotite alteration, and quartz overgrowth grains 

are found. Some intergranular pores are partly filled by matrix, quartz overgrowths, and 

carbonate cement. The secondary porosities, due to dissolution of matrix, feldspar, and 

biotite, are found. A shrinkage-type grain is identified, but the secondary porosity that is a 

result o f  the shrinkage grain is completely occupied by carbonate cement (Figure 4.28).

A pétrographie thin section o f the D2 Sandstone (i.e., sample no. A - l l )  consists o f a 

fine- to very fine-grained, angular to sub-rounded, well-sorted sandstone. Grain size ranges 

from 0.1 - 0.25 mm. Grain contacts are composed o f long, sutured, concave-convex, point, 

and floating grains (Figure 4.33). Mineral consists o f quartz, plagioclase, biotite, muscovite, 

zircon, chert, organic material, and mud lamination. The thin section shows tight compaction 

but primary porosities are noticeable.

D3 Sandstone is a very fine-grained to silty-sandstone, angular to sub-angular, and 

well-sorted. Grain size is smaller than 0.025-mm. It consists o f quartz, feldspar, mica, zircon, 

pyrite, organic material, and rock fragment. Grain contacts are point, long, and sutured 

contacts. Intergranular pores are completely filled by matrix.
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Table 4.13: The detailed of each thin section from 2-7 Lilli is described in this table.
Sample no. Depth (ft) Description

A -l 6484.50

A medium- to very fine-grained, angular to rounded, moderately- 
to well-sorted sandstone with point, long, and floating grain 
contacts. It is composed o f quartz, feldspar, chlorite, mica, 
organic material, and chert. The porosity is completely filled by 
matrix (Figure 4.24). Grain size ranges from 0.05 - 0.4 mm.

A-2 6485.70

A medium- to very fine-grained, angular to sub-rounded, tight- 
packed, moderately-sorted sandstone with long, concave-convex, 
and point contacts. Quartz, feldspar, mica, chlorite (Figure 4.25), 
organic material, and authigenic quartz overgrowths are found. 
The porosity is completely filled by matrix. Leaching of detrital 
grains and fracture that occurred along the stylolite/mud 
lamination create secondary porosity. Grain size, ranges from 
0.08 - 0.5 mm.

A-3 6486.80

A medium- to very fine-grained, angular to rounded, moderate- 
packed, moderate- to well-sorted sandstone with long, concave- 
convex, sutured, and point contacts. Quartz, feldspar, mica, 
chert, zircon, and plant tissue (Figure 4.26) are found. The thin 
section presents both primary porosity and secondary porosity. 
The secondary porosity is caused by feldspar leaching and 
muscovite alteration. Grain size ranges from 0.05 - 0.45 mm.

A-4 6487.80

A medium- to very fine-grained, sub-angular to rounded, 
moderate-packed, well-sorted sandstone with long, concavo- 
convex, and point grain contacts. Quartz, feldspar, chert, mica, 
zircon (Figure 4.27), plant tissue, and quartz overgrowths are 
found. Both primary and secondary porosities are found. Grain 
size ranges from 0.08 - 0.35 mm.

A-5 6488.40

A medium- to very fine-grained, angular to rounded, moderate- 
to tight-packed, and moderate- to well-sorted sandstone with 
long, point, concave-convex, and sutured contacts. Quartz, 
feldspar, mica, carbonate grain, and chert are found. Primary 
porosity is preserved, but several intergranular pores are filled by 
clay and carbonate cementation. Authigenic quartz overgrowths 
are partly coated by clay. Grain size ranges from 0.1 - 0.4 mm.

A-6 6490.10

A medium- to very fine-grained, angular to rounded, well-sorted 
sandstone with long, point, and concave-convex contacts. It 
consists of quartz, feldspar, mica, mud clasts, organic material 
(e.g., plant tissue), chert, and mud lamination. The porosity in 
this sample is occupied by carbonate cementation. Some detrital 
grains are also replaced by the carbonate cement. The secondary 
porosity is caused from leaching detrital grains (Figure 4.28). 
Grain size ranges from 0.1 - 0.4 mm.
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Sample no. Depth (ft) Description

A-7 6491.00

A fine- to very fine-grained, angular to rounded, well-sorted 
sandstone with point, long, and some concave-convex contacts. 
Quartz, feldspar, mica, organic material (e.g., plant tissue), 
zircon, and pyrite are found. The thin section is completely 
occupied by carbonate cement. However, several primary pore 
spaces are found (Figure 4.29). Grain size ranges from 0.05 - 
0.25 mm.

A-8 6492.60

A medium- to very fine-grained, angular to rounded, moderate to 
tight-packed, and well-sorted sandstone with point, long, 
concave-convex, and suture grain contacts. Quartz, feldspar, 
mica, chert, organic material, and mud clasts are found. Porosity 
is partly filled by authigenic quartz overgrowths. Leaching of 
carbonate and feldspar grains (Figure 4.30) created secondary 
porosity. Grain size ranges from 0.05 - 0.3 mm.

A-9 6493.50

A fine- to very fine-grained, sub-angular to sub-rounded, tight- 
packed, and well-sorted sandstone with long, concave-convex, 
and sutured grained contacts. Quartz, feldspar, mica, chert, 
chlorite, and organic material are found. Primary porosity is 
preserved. Clay alteration, quartz overgrowths, detrital grains 
leaching, and biotite alteration grains is presented in the sample. 
Grain size ranges from 0.1 - 0.2 mm.

A-10 6494.50

The thin section shows 2 different characteristics. First is a 
medium- to very fine-grained, angular to sub-rounded, moderate- 
to tight-packed, and moderate-sorted sandstone with long, 
sutured, and concave-convex contacts. Quartz, feldspar, mica, 
and chert are found. Primary porosity is preserved (Figure 4.31), 
but several intergranular pores are filled by matrix. Second part 
is a medium- to very fine-grained, moderate-packed, well-sorted 
sandstone with point, long, and concave-convex contacts. 
Intergranular pores are completely occupied by clay (Figure 
4.32). Grain size o f the sample ranges from 0.05 - 0.3 mm.

A- l l 6500.80

The pétrographie thin section o f the D2 Sandstone is a medium- 
to very fine-grained, angular to sub-rounded, tight-packed, and 
well-sorted sandstone with long, sutured, concave-convex, point, 
and floating grains contacts. Quartz, feldspar, mica, zircon, and 
chert are found. Intergranular pores are filled by matrix. 
However, some primary porosity is preserved. Biotite alteration 
(Figure 4.34) and feldspar and rock fragment leaching increase 
porosity value. Grain size ranges from 0.1 - 0.3 mm.
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Sam ple no. Depth (ft) Description

A -12 6511.50

The pétrographie thin section of the D3 Sandstone is a very fine
grained to silty-sandstone, sub-angular to angular, moderate- to 
well-sorted sandstone with point, long, and concave-convex 
grain contacts. Quartz, feldspar, mica, organic material, and 
pyrite are found. Porosity is filled by matrix (Figure 4.35). Grain 
size is sm aller than 0.0625 mm. The percentage o f quartz, rock 
fragments, and feldspar is approximately QsoR-soFio-

A -13 6488.70

The D l Sandstone is a medium- to very fine-grained, sub
rounded to rounded, moderate-packed, and well-sorted 
sandstone. Grain contacts include long, point, concave-convex 
contacts contacts, with floating grains rarely present. It consists 
o f quartz, feldspar, mica, chert, and organic material. Primary 
porosity is well preserved. Authigenic quartz overgrowths 
(Figure 4.36) and carbonate cementation are found. Feldspar and 
chert leaching grains create intragranular pores. Biotite alteration 
grains are also present in the sample. Grain size ranges from 0.05 
- 0.4 mm.

A-14 6489.00

The D l Sandstone is a medium- to very fine-grained, sub- 
angular to rounded, moderate-packed, and well-sorted sandstone 
with long, point, and concave-convex contacts. Quartz, feldspar, 
mica, chert, and organic material are found. Intergranular pores 
are almost occupied by carbonate cement. Some altered detrital 
grains are presented in the thin section. Grain size ranges from 
0.08 - 0.35 mm.

Figure 4.24: Thin section no. A -l (6,484.5 ft), plane-polarized light (a) and cross-polarized 
light (b), shows medium- to very fine-grained, angular to rounded, moderate- to well-sorted 

sandstone with point, long, and floating grain contacts. It is com posed of quartz, feldspar, 
mica, and chert. Porosity is com pletely filled by matrix.
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Figure 4.25: Thin section no. A-2 (6,485.7 ft), plane-polarized light (a) and cross-polarized 
light (b), shows medium- to very fine-grained, angular to sub-rounded, tight-packed, 

moderate-sorted sandstone with long, concave-convex, and point contacts. Quartz (Q), chert 
(Ch), chlorite (Chi), and organic material (OM ) are found. The porosity is completely filled

by matrix (ma).

Figure 4.26: Thin section no. A-3 (6,486.8 ft), plane-polarized light (a) and cross-polarized 
light (b), shows medium- to very fine-grained, angular to rounded, moderate-packed, 

m oderate- to well-sorted sandstone with long, concave-convex, sutured, and point contacts. 
Quartz (Q), feldspar, chert (Ch), and plant tissue (Ft) are shown. Primary porosities (PP) are

partly filled with matrix (Ma).

Figure 4.27: Thin section no. A-4 (6,487.8 ft), plane-polarized light (B) and cross-polarized 
light (A), shows medium- to very fine-grained, sub-angular to rounded, m oderate-packed, and 
well-sorted sandstone with long, concave-convex, and point contacts. Quartz (Q), chert (Ch), 
muscovite (M u), zircon (Z), plant tissue (Pt), matrix, and quartz overgrowths (qo) are shown.

Detrital leaching grains (dl) and matrix leaching (ml) are present in the thin section.



Figure 4.28: Thin section no. A - 6  (6,490.1 ft), plane-polarized light (A) and cross-polarized 
light (B), shows medium- to very fine-grained, angular to rounded, well-sorted sandstone 

with long, point, and concave-convex contacts. Quartz (Q), plant tissue (Pt), and shrinkage 
grain (shg) are shown. The porosities are occupied by matrix (ma) and carbonate cementation 

(cc). The pore resulted from dewatering is filled by the carbonate cement as the red arrows

Figure 4.29: Thin section no. A-7 (6,491.0 ft), plane-polarized light (A) and cross-polarized 
light (B), shows fine- to very fine-grained, angular to rounded, well-sorted sandstone with 
point, long, and concave-convex contacts. Quartz, m uscovite (Mu), and organic material 
(OM ) are found. Primary porosity (PP) is occupied by carbonate cement. Some detrital 

grains are partially replaced by carbonate (rg).

Figure 4.30: Thin section no. A - 8  (6,492.6 ft), plane-polarized light (A) and cross-polarized 
light (B), shows medium- to very fine-grained, angular to rounded, moderate- to tight- 

packed, and well-sorted sandstone with point, long, concave-convex, and sutured contacts. 
Quartz (Q), feldspar, and chert (Ch) are found. Feldspar leaching grains (fig) and carbonate 

cement dissolution (clg) created secondary porosity.

point
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Figure 4.31: Thin section no. A -10 (6,494.5 ft), plane-polarized light (a) and cross-polarized 
light (B), shows medium- to very fine-grained, angular to sub-rounded, moderate- to tight- 
packed, and moderate-sorted sandstone with long, sutured, and concave-convex contacts. 
Quartz, feldspar, chert, stylolites (st), and fracture (fr) are found. Primary porosity (PP) is

filled by matrix.

Figure 4.32: Thin section no. A -10, plane-polarized light (A) and cross-polarized light (B), 
shows moderate-packed, well-sorted sandstone with point, long, and concave-convex 
contacts. Quartz (Q), feldspar (F), chert (Ch), biotite alteration grains (Bi), and mud 

lamination (ml) are found. Intergranular pores are occupied by clay.T . XT': '

Figure 4.33: Thin section no. A -l 1 (6,500.8 ft), plane-polarized light (A) and cross-polarized 
light (B), shows medium- to very fine-grained, angular to sub-rounded, m oderate- to tight- 
packed, and well-sorted sandstone with long, sutured, concave-convex, point, and floating 

grains (fl) contacts. Quartz, chert (Ch), muscovite (Mu), and organic m aterial (OM) are 
found. Primary porosities (PP) are filled by matrix (ma). This figure presents mud lamination

between sandstones.
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Figure 4.34: Thin section no. A -l 1, plane-polarized light (A) and cross-polarized light (B), 
shows concave-convex and long contacts. It consists of quartz and biotite alteration grain 

(bia). Primary porosities (PP) are filled by matrix and quartz overgrowths (qo). Matrix
leaching creates intragranular pores.

L -

Figure 4.35: Thin section no. A-12 (6,511.5 ft), plane-polarized light (A) and cross-polarized 
light (B), shows very fine-grained to silty-sandstone, subangular to angular, moderate- to 
well-sorted sandstone with point and long contacts. Quartz, feldspar, ductile mica grains, 

chert, and organic material are found. Porosity is filled by matrix.

Figure 4.36: Thin section no. A -13 (6,488.7 ft), plane-polarized light (A) and cross-polarized 
light (B), shows medium- to very fine-grained, subrounded to rounded, moderate packing, 

and well-sorted sandstone with long, point, and concavo-convex grain contacts. It consists of 
quartz, authigenic quartz overgrowths (qo), feldspar, and organic material (OM). Primary

porosity (PP) is well preserv ed.
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2-8 Lilli

A total of seven pétrographie thin sections from the D Sandstone are studied (Table 

4.14). Five pétrographie thin section samples from the D1 are a medium- to  very fine-grained 

sandstone, angular to rounded, moderate- to tight-packed, and moderate- to well-sorted 

sandstone with long, concave-convex, point and sutured contacts. The samples are composed 

o f  quartz, feldspar, mica, organic material (e.g., plant tissue), chert, carbonate grain, and 

pyrite. Intergranular pores are filled by matrix, quartz overgrowths, and carbonate cement. 

Several feldspar and rock fragment leaching grains, biotite and muscovite alteration, and 

fracture along the stylolite/clay lamination are found. Grain size ranges from  0.05 - 0.4 mm.

The sample no. B-6 collected from the D2 Sandstone is a fine-grained to silty- 

sandstone, sub-angular to sub-rounded, poor- to moderate-sorted sandstone with long, 

concave-convex, and point contacts. It consists of quartz, feldspar, mica, chert, and organic 

material. Matrix fills porosity. A lot o f alteration minerals are shown in this thin section. 

Ductile muscovite grains rarely present (Figure 4.40). Grain size ranges from  0.025 - 0.2 mm.

The sample no. B-7 from the D3 Sandstone is a silty-sandstone to very fine-grained, 

angular to sub-rounded, very tight-packed, and moderate-sorted sandstone with long and 

concave-convex contacts. Quartz, feldspar, mica, organic material, and m atrix are found. Due 

to the compaction and matrix filling, porosity value is completely occupied and does not 

present in the sample (Figure 4.41). Grain size ranges from 0.025 - 0.1 mm.

Table 4.14: Detailed of each thin section sample from 2-8 Lilli is described in this table.

Sample no. Depth (ft) Description

B-l 6370.60

A medium- to very fine-grained, sub-angujar to rounded, 
moderate- to tight-packed, and moderate- to well-sorted 
sandstone with long, concave-convex, point, and sutured 
contacts. It is composed of quartz, feldspar, mica, organic 
material, chert, and pyrite. Primary porosity is filled by matrix 
and quartz overgrowths (Figure 4.37). Feldspar leaching grains 
and biotite alteration grains are found. Grain size ranges from 
0.08 - 0.4 mm.
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Sample no. Depth (ft) Description

B-2 6371.50

A medium- to very fine-grained, sub-angular to sub-rounded, 
moderate-sorted sandstone with long, concavo-convex, and 
sutured grain contacts. Quartz, feldspar, mica, chert, and organic 
material are found. Porosity is partly filled by matrix, and 
carbonate cement (Figure 4.38). Feldspar leaching and mica 
alteration grains increase secondary porosity. Grain size ranges 
from 0.05 - 0.3 mm.

B-3 6373.00

A medium- to very fine-grained, angular to sub-rounded, 
moderate- to tight-packed, and moderate-sorted sandstone with 
long, concave-convex, and point contacts. Quartz, feldspar, 
mica, organic material (e.g., plant tissue), carbonate grain, chert, 
matrix, and pyrite are found. Feldspar leaching grains and biotite 
alteration create secondary porosity. Some porosity is filled by 
carbonate cement (Figure 4.39). Grain size ranges from 0.1 - 0.4 
mm.

B-4 6373.70

A medium- to very fine-grained, sub-angular to rounded, 
moderate- to tight-packed, and moderate- to well-sorted 
sandstone with long, concave-convex, point, and sutured grain 
contacts. Quartz, feldspar, mica, chert, and organic material are 
found. Primary porosity is preserved. However, several 
porosities are filled by carbonate cementation. Grain size ranges 
from 0.05- 0.3 mm.

B-5 6374.50

A fine- to veiy fine-grained, sub-angular to rounded, tight- 
packed, and well-sorted sandstone with long, point, concave- 
convex, and sutured contacts. Quartz, feldspar, mica, organic 
material, and chert are found. Porosity is completely filled by 
matrix. Grain size ranges from 0.1 - 0.25 mm.

B-6 6379.00

A silty-sandstone to fine-grained, sub-angular to sub-rounded, 
moderate- to tight-packed, and poor-sorted sandstone with long, 
concave-convex, and point contacts. It consists of quartz, 
feldspar, mica, clay, chert, and organic material. Matrix occupies 
intergranular pores (Figure 4.40). Some detrital feldspar grains 
are leached. Grain size ranges from 0.025 - 0.2 mm. The 
percentage o f quartz, rock fragments, and feldspar is 
approximately Q40R45F 15.

B-7 6388.20

A silty-sandstone to very fine-grained, angular to subrounded, 
tight-packed, and moderate-sorted sandstone with long and 
concave-convex contacts. Quartz, feldspar, mica, organic 
material, and zircon are found. Porosities are filled by matrix. 
Grain size ranges from 0.025 - 0.1 mm (Figure 4.41). The 
percentage o f quartz, rock fragments, and feldspar is 
approximately Q50R40F 10.
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Figure 4.37: Thin section no. B -l (6,370.6 ft), plane-polarized light (A) and cross-polarized 
light (B), shows medium- to very fine-grained, sub-angular to rounded, moderate- to tight- 

packed, and moderate- to well-sorted sandstone. It is composed of quartz (Q), feldspar, 
organic material, and chert (Ch). Primary porosity is partly filled by matrix (ma) and quartz 

overgrowths. Feldspar leaching grains (fig) and biotite alteration grains are found.
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Figure 4.38: Thin section no. B-2 (6,371.5 ft), plane-polarized light (A) and cross-polarized 
light (B), shows medium- to very fine-grained, sub-angular to sub-rounded, moderate-sorted 
sandstone. Quartz, chert (Ch), leaching grains (Ig), and organic material are found. Primary 

porosity (PP) is partly filled by matrix, and carbonate cement (cc).

Contact
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Figure 4.39: Thin section no. B-3 (6,373.0 ft), plane-polarized light (A) and cross-polarized 
light (B), shows medium- to very fine-grained, angular to sub-rounded, moderate- to tight- 

packed, and moderate-sorted sandstone with long, concave-convex, and point contacts. 
Quartz, feldspar (F), organic material, chert (Ch), matrix, and pyrite are found. Some porosity 

is filled by carbonate cementation (cc). The red arrows present the detrital and antigenic 
quartz overgrowths are partly coated by clay.
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Figure 4.40: Thin section no. B - 6  (6,379.0 ft), plane-polarized light (A) and cross-polarized 
light (B), shows silty-sandstone to fine-grained, sub-angular to sub-rounded, moderate- to 

tight-packed, and poor-sorted sandstone. It consists of quartz, feldspar, m uscovite (Mu), clay, 
and organic material. M atrix occupies intergranular pores.

Figure 4.41: Thin section no. B-7 (6,388.2 ft), plane-polarized light (A) and cross-polarized 
light (B), shows silty-sandstone to very fine-grained, angular to sub-rounded, tight-packed, 
and moderate-sorted sandstone with long and concave-convex contacts. Quartz, feldspar, 

mica, organic material, and zircon are found. Porosities are filled by matrix. Grain size ranges
from 0.025 - 0.1 mm.

12-9 Doc Federal Sooner

A total o f seven pétrographie thin sections from this well are studied (Table 4.15). 

The five samples (i.e., sample no. C -l to C-5) from the D1 Sandstone are com posed of a fine- 

to very fine-grained sandstone, angular to rounded, poor- to well-sorted sandstone with point, 

long, concave-convex, sutured contacts, and floating grains. The mineral com positions of 

these thin sections consist o f quartz, feldspar, mica, organic material, chert, chlorite, plant 

tissue, zircon, pyrite, and feldspar leaching grains. Porosity is filled by matrix, quartz 

overgrowths, and carbonate cementation. The primary porosity is rarely preserved. Detrital
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feldspar grains which are replaced by carbonate are found. Several biotite grains are altered to 

chlorite. Grain size ranges from 0.025 -  0.45 mm.

The sample no. C-6 collected from the D2 is an angular to sub-angular, moderate- to 

tight-packed, and moderate- to poor-sorted siltstone with point and long contacts. Grain size 

is smaller than 0.05 mm. It consists o f quartz, feldspar, mica, and organic material (e.g., plant 

tissue).

The sample no. C-7 from the D3 is a siltstone with laminated mud. Quartz, feldspar, 

mica, organic material, and matrix are found. Grain size is smaller than 0.1 mm.

Table 4.15: Detailed o f each thin section sample from 12-9 Doc Federal Sooner is described
in this table.

Sample no. Depth (ft) Description

C-l 6343.50

A fine- to very fine-grained, sub-angular to rounded, very tight- 
packed, and well-sorted sandstone with long, concave-convex, 
and sutured contacts (Figure 4.42). It is composed o f  quartz, 
feldspar, mica, organic material, chert, and pyrite. The primary 
porosity is filled by matrix and quartz overgrowths. Feldspar 
leaching grains are found. Grain size ranges from 0.1 - 0.25 mm.

C-2 6344.00

A medium- to very fine-grained, sub-angular to rounded, 
moderate- to tight-packed, and moderate- to well-sorted 
sandstone with long, concave-convex, and sutured grain 
contacts. Quartz, feldspar, mica, chert, pyrite (Figure 4.43), and 
organic material are found. Primary porosities are preserved, but 
several pore spaces are filled by matrix. Pyrite grains are coating 
on detrital and quartz overgrowth grains. Grain size ranges from 
0.1 - 0.4 mm.

C-3 6345.00

A medium- to very fine-grained, sub-angular to sub-rounded, 
veiy tight-packed, and well-sorted sandstone with long, 
concave-convex, and sutured contacts. Quartz, feldspar, mica, 
organic material, chert, pyrite, carbonate grain, zircon (Figure 
4.44), and chlorite (Figure 4.45) are found. Intergranular pores 
are filled by matrix. Grain size ranges from 0.1- 0.3 mm.

C-4 6346.00

A medium- to very fine-grained, sub-angular to rounded, very 
tight-packed, and moderate-sorted sandstone with long, 
concave-convex, and sutured contacts. Quartz, feldspar, mica, 
plant tissue, chert, pyrite, and organic material are found. 
Porosity is filled by matrix, carbonate cement, and authigenic 
quartz overgrowths. Grain size ranges from 0.1 - 0.45 mm.
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Sample no. Depth (ft) Description

C-5 6347.00

A fine- to silty-sandstone, angular to sub-rounded, poor-sorted 
(Figure 4.46) with floating grain, long, and point contacts. 
Quartz, feldspar, mica, chert, plant tissue (Figure 4.47), pyrite, 
and organic material are found. Porosity is filled by matrix. 
Some detrital grains are replaced by carbonate (Figure 4.48). 
Grain size ranges from 0.025 - 0.2 mm. The percentage of 
quartz, rock fragments, and feldspar is approximately Q 50R 35F 15.

C - 6

I

6351.00

A sub-angular to sub-rounded, tight-packed, and poor-sorted 
siltstone with point and long contacts. It consists of quartz, 
feldspar, mica, chert, plant tissue, organic material, and chlorite. 
Fracture (Figure 4.49) is found in the thin section. Grain size is 
smaller than 0.05 mm. The percentage o f quartz, rock 
fragments, and feldspar is approximately Q 5 0 R 3 5 F 1 5 .

C-7 6359.00

A siltstone with mud lamination. Quartz, feldspar, mica, and 
organic material are found. Porosity is completely filled by 
matrix. Grain size is smaller than 0.1 mm. The percentage of 
quartz, rock fragments, and feldspar is approximately Q 50R 35F 15.

PP
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Figure 4.42: Thin section no. C -l (6,343.5 ft), plane-polarized light (A) and cross-polarized 

light (B), shows very tight-packed, and well-sorted sandstone with long, concave-convex, and 
sutured contacts. It consists of quartz (Q), feldspar, and chert. Primary porosity (PP) is filled 
by matrix (ma) and quartz overgrowths (qo). Feldspar leaching grains (fig) are also found.

a  Æ  b
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Figure 4.43: Thin section no. C-2 (6,344.0 ft), plane-polarized light (A) and cross-polarized 

light (B), shows sub-angular to rounded sandstone. Quartz (Q), chert (Ch), and pyrite (Py) are 
found. Primary porosities (PP) are preserved. The chert grain is coated by clay (cl) and pyrite.
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Figure 4.44: Thin section no. C-3 (6,345.0 ft), plane-polarized light (A) and cross-polarized 
light (B), shows medium- to very fine-grained, sub-angular to sub-rounded, very tight- 

packed, and well-sorted sandstone with long, concave-convex, and sutured contacts. Quartz 
(Q), feldspar (F), organic material (OM ), and zircon (Z) are found. Intergranular pores are

filled by matrix.

/% ; -  :

Figure 4.45: Thin section no. C-3 (6,345.0 ft), plane-polarized light (A) and cross-polarized 
light (B), consists of quartz (Q), feldspar (F), mica, organic material, chert, and carbonate 

grain (Ca). Intergranular pores are filled by matrix. The bioitie alteration grain (Bi) is shown
in the picture.

& A .

Figure 4.46: Thin section no. C-5 (6347.0 ft), plane-polarized light (A) and cross-polarized 
light (B), shows fine-grained to silty-sandstone, angular to sub-rounded, poor-sorted 

sandstone with floating grain, long, and point contact. Quartz, feldspar, mica, chert, pyrite, 
and organic material are found. Porosity is filled by matrix. Grain size ranges from 0.025 -

0 . 2  mm.
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7-21 Sooner

A total o f 25 pétrographie thin section samples from the D1 Sandstone are studied 

(Table 4.16). The sandstone is medium-grained to silty-sandstone, angular to rounded, 

moderate- to tight-packed, and moderate- to well-sorted sandstone with long, concave- 

convex, point, and sutured grain contacts. It is composed o f quartz, plagioclase, biotite, 

muscovite, organic material (e.g., plant tissue), chert, zircon, mud clasts, and carbonate grain. 

Primary porosity is well preserved, but several intergranular pores are occupied by matrix, 

quartz overgrowths, and carbonate cementation. Feldspar and rock fragment leaching grains, 

biotite and muscovite alteration grains create secondary porosity. Feldspar grains replaced by 

carbonate are found. Grain size ranges from 0.015 - 0.4 mm.

Table 4.16: The detailed o f each thin section sample from 7-21 Sooner is described and
shown in this table.

Sample no. Depth (ft) Description

D -l 6263.20

A fine- to very fine-grained, sub-angular to rounded, moderate- 
to tight-packed, and well-sorted sandstone with long, concave- 
convex, and point contacts. It consists o f quartz, feldspar, mica, 
chert, and organic material. Quartz overgrowths, feldspar 
leaching and mica alteration grains are found. Some porosity is 
filled by carbonate cementation (Figure 4.50). Grain size 
ranges from 0.05 - 0.25 mm.

D-2 6264.00

A medium- to very fine-grained, angular to rounded, moderate- 
packed, and moderate- to well-sorted sandstone with long, 
concave-convex, point, and minor amounts o f  sutured contacts. 
Quartz, feldspar, mica, organic material, chert, and zircon are 
found. The porosity is reduced by authigenic quartz 
overgrowths. Leaching grains and fracture (Figure 4.51) create 
secondary porosity. Grain size ranges from 0.05 - 0.3 mm.

D-3 6265.00

A medium- to very fine-grained, sub-angular to sub-rounded, 
moderate-packed, and moderate- to well-sorted sandstone with 
long, concave-convex, point, and sutured contacts. Quartz, 
feldspar, mica, quartz overgrowths, and organic material are 
found. Plagioclase grains are replaced by carbonate 
cementation (Figure 4.52). Grain size ranges from 0.075 - 0.35 
mm.
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Sample no. Depth (ft) Description

D-4 6266.00

A medium- to very fine-grained, angular to rounded, moderate- 
packed, and moderate- to well-sorted sandstone with concave- 
convex, long, point, and minor amounts of sutured contacts. 
Quartz, feldspar, mica, chert, and organic material are found. 
Several detrital grains are leached, creating intragranular pores 
(Figure 4.53). Grain size ranges from 0.05 - 0.3 mm.

D-5 6267.00

A fine- to very fine-grained, angular to sub-rounded, moderate- 
packed, and moderate- to well-sorted sandstone with concave- 
convex, long, and point contacts. Quartz, feldspar, mica, 
organic material, and chert are found. Primary and secondary 
porosities are present. Grain size range from 0.05 - 0.25 mm.

D-6 6268.00

A fine- to very fine-grained, angular to sub-rounded, tight- 
packed, and well-sorted sandstone with concave-convex, long, 
and sutured grain contacts. It consists of quartz, feldspar, mica, 
chert, organic material, quartz overgrowths, and matrix. 
Primary and secondary porosities are present. Grain size ranges 
from 0.05 - 0.25 mm.

D-7 6269.00

A fine- to very fine-grained, angular to sub-angular, tight- 
packed, and well-sorted sandstone with long, concave-convex, 
and sutured contacts. Quartz, feldspar, mica, chert, and 
carbonate grain are found. Primary porosity is filled by matrix. 
However, some clay/matrix cement is leached (Figure 4.54). 
This creates secondary porosities and intragranular pores. Grain 
size ranges from 0.05 - 0.2 mm.

D-8 6270.00

A medium- to very fine-grained, angular to rounded, moderate- 
to tight-packed, and well-sorted sandstone with long, concave- 
convex, point, and sutured grain contacts. Quartz, feldspar, 
mica, chert, carbonate grain, and mud clasts are found. Primary 
porosity is preserved. Intergranular pores are partly filled by 
authigenic quartz overgrowths and matrix. Grain size ranges 
from 0.04 - 0.25 mm.

D-9 6271.00

A fine- to very fine-grained, angular to rounded, moderate- to 
tight-packed, and moderate- to well-sorted sandstone with long, 
concave-convex, point, and sutures grained contacts. Quartz, 
feldspar, mica, carbonate grain, chert, zircon, and quartz 
overgrowths are found. Feldspar grains are leached and 
replaced. Detrital grains are altered and created intragranular 
pore. Grain size ranges from 0.05 - 0.25 mm.
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Sample no. Depth (ft) Description

D-10 6272.00

A medium- to very fine-grained, angular to sub-rounded, 
moderate-packed, and moderate- to well-sorted sandstone with 
point, concave-convex, and long contacts (Figure 4.55). Quartz, 
feldspar, mica, chert, organic material, and carbonate grains are 
found. The primary porosity is preserved. Leaching grains 
create secondary porosity. Grain size ranges from 0.04 - 0.3 
mm.

D-l 1 6273.00

A medium- to very fine-grained, angular to sub-rounded, 
moderate-packed, and moderate- to well-sorted sandstone with 
concave-convex, long, and point contacts. Quartz, feldspar, 
mica, organic material, carbonate grains, and chert are found. 
Primary porosity is shown. Some biotite grains are deformed 
and leached, creating intragranular pores. Grain size ranges 
from 0.05 - 0.3 mm.

D-12 6274.00

A medium- to very fine-grained, sub-angular to sub-round, 
moderate- to tight-packed, and moderate- to well-sorted 
sandstone with concave-convex, sutured, long, and point grain 
contacts. Quartz, feldspar, mica, organic material, and chert are 
found. Carbonate cement and quartz overgrowths reduce 
primary porosity value. Detrital grains are leached, creating 
secondary porosity. Grain size ranges from 0.05- 0.3 mm.

D-13 6275.00

A fine- to very fine-grained, angular to rounded, moderate- 
packed (Figure 4.56), and well-sorted sandstone with long, 
point, long, and concave-convex contacts. Quartz, feldspar, 
mica, chert, organic material, and carbonate grain are found. 
Porosity is reduced by quartz overgrowths. The dissolution of 
feldspar and biotite grains creates secondary porosity. Grain 
size ranges from 0.04 - 0.25 mm.

D-14 6276.00

A medium- to very fine-grained, angular to sub-rounded, 
moderate- to tight-packed, and well-sorted sandstone with long, 
point, long, concave-convex, and minor amounts o f suture 
contacts. Quartz, feldspar, mica, chert, organic material, and 
quartz overgrowths are found. Several intergranular pores are 
filled with matrix. Feldspar and other detrital grains are leached 
and created secondary porosity. Grain size ranges from 0.05 - 
0.3 mm.

D-l 5 6277.00

A very fine-grained, sub-angular to sub-rounded, moderate- to 
tight-packed, and well-sorted sandstone with concave-convex, 
long, suturêd, and point contacts. Quartz, feldspar, mica, chert, 
organic material, and quartz overgrowths are found. Both 
primary porosity and secondary porosity are present (Figure 
4.57). Grain size ranges from 0.025 - 0.2 mm.
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Sample no. Depth (ft) Description

D-16 6278.00

A fine- to very fine-grained, angular to sub-angular, tight- 
packed, and well-sorted sandstone with concave-convex, long, 
point, and sutured contacts. Quartz, feldspar, mica, chert, and 
organic material are found. Primary porosities are almost 
completely filled by matrix. Leaching feldspar grains increase 
secondary porosity. Grain size ranges from 0.05 - 0.2 mm.

D-17 6279.00

A medium- to very fine-grained, angular to sub-rounded, tight- 
packed, and well-sorted sandstone with concave-convex, long, 
sutured, and point contacts. Quartz, feldspar, mica, chert, 
zircon, mud clasts (Figure 4.58), and organic material are 
found. Intergranular pores are filled by matrix and quartz 
overgrowths. Primary porosity is preserved. Grain size ranges 
from 0.07 - 0.3 mm.

D-18 6280.00

A medium- to very fine-grained, angular to rounded, moderate- 
to tight-packed, moderate- to well-sorted sandstone with long, 
concave-convex, point, and a minor amounts of sutured 
contacts. Quartz, feldspar, mica, organic material, and chert are 
found. Detrital leaching grains are presented in the sample. 
Grain size ranges from 0.05 - 0.35 mm.

D -l 9 6281.00

A fine- to very fine-grained, angular to sub-angular, moderate- 
to tight-packed, and well-sorted sandstone with point, long, 
concave-convex contacts, with sutured contact rarely presents. 
Quartz, feldspar, mica, chert, and organic material are found. 
Porosity is partly filled by matrix and quartz overgrowths. 
Grain leaching and alteration are also found in the sample. 
Grain size ranges from 0.04 - 0.25 mm.

D-20 6282.00

A fine- to very fine-grained, angular to sub-rounded, moderate- 
to tight-packed, and well-sorted sandstone with point, concave- 
convex, long, and minor amounts o f suture contacts. Quartz, 
feldspar, mica, chert, organic material, and quartz overgrowths 
are found. Grain size ranges from 0.05 - 0.2 mm. The 
pétrographie thin section shows tight-packed and porosities 
filled by matrix at the rim of the sample (Figure 4.59), and 
moderate-packed at the center of the sample (Figure 4.60).

D-21 6283

A medium- to very fine-grained, sub-angular to sub-rounded, 
moderate-packed, and well-sorted sandstone with point, long, 
and concave-convex contacts. Quartz, feldspar, mica, chert, 
organic material, matrix, and quartz overgrowths are found. 
Feldspar and the other detrital leaching grains create secondary 
porosity. Grain size ranges from 0.05 - 0.3 mm.
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Sample no. Depth (ft) Description

D-22 6284

A fine- to very fine-grained, sub-angular to sub-rounded, tight- 
packed, and well-sorted sandstone with long, point, concave- 
convex, and sutured contacts. Quartz, feldspar, mica, organic 
material, chert, quartz overgrowths, biotite alteration grains, 
and mud lamination are found. Intergranular pores are filled by 
matrix. Some primary porosity is preserved. Feldspar and the 
other detrital leaching grains increase secondary porosity. 
Some feldspar grains are replaced by carbonate. Grain size 
ranges from 0.05 - 0.25 mm. The photo o f the thin section is 
shown in Figure 4.61.

D-23 6285

A medium-grained to silty-sandstone, angular to sub-angular, 
tight-packed, and moderate- to well-sorted sandstone with long, 
point, concave-convex, and minor amounts o f sutures grain 
contacts. Quartz, feldspar, mica, chert, organic material, and 
quartz overgrowths are found. Porosities are filled by matrix. 
Grain size ranges from 0.015 - 0.35 mm.

D-24 6286

A medium- to very fine-grained, sub-angular to sub-rounded, 
moderate- to tight-packed, and well-sorted sandstone with 
concave-convex, long, point, and sutured contacts. Quartz, 
feldspar, mica, organic material, and chert are found. Porosity 
is filled by matrix, and quartz overgrowths (Figure 4.62). 
Secondary porosity is created by the dissolution o f feldspar, 
rock fragment, and the other detrital grains. Grain size ranges 
from 0.05 - 0.375 mm.

D-25 6287

A medium- to very fine-grained, sub-angular to sub-rounded, 
moderate- to tight-packing, and moderate- to well-sorted 
sandstone with long, point, concave-convex, and sutured 
contacts. Quartz, feldspar, mica, organic material, chert, and 
quartz overgrowths are found. Intergranular pores are partly 
filled by matrix. However, the clay/matrix, filled porosities, are 
leached. This increases secondary porosity value in the sample. 
Grain size ranges from 0.075 - 0.4 mm.

76



Figure 4.50: Thin section no. D -l (6,263.2 ft), plane-polarized light (A) and cross-polarized 
light (B), shows fine- to very fine-grained, sub-angular to rounded, moderate- to tight-packed, 

and well-sorted sandstone with long, concave-convex, and point contacts. It is composed of 
quartz, plagioclase (PI), chert, and organic material (OM). Quartz overgrowths (qo) and mica 

alteration (mi) are found. Pores are filled by matrix (ma) and carbonate cement, (cc)

Figure 4.51: Thin section no. D-2 (6,264.0 ft), plane-polarized light (A) and cross-polarized 
light (B), shows medium- to very fine-grained, angular to rounded, m oderate-packed, and 

moderate- to well-sorted sandstone with long, concave-convex, point and m inor amounts of 
sutured contacts. Quartz (Q), organic material (OM), chert (Ch), and zircon are found. 

Leaching grains (Ig) and fracture (fg) create secondary porosity.

Figure 4.52: Thin section no. D-3 (6,265 ft), plane-polarized light (A) and cross-polarized 
light (B), shows medium- to very fine-grained, sub-angular to sub-rounded, moderate-packed, 

and moderate- to well-sorted sandstone with long, concave-convex, point, and sutured 
contacts. Quartz (Q), feldspar (F), quartz overgrowths, and organic material are found. 

Plagioclase grains are replaced by carbonate (rg).
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Figure 4.53: Thin section no. D-4 (6,266.0 ft), plane-polarized light (A) and cross-polarized 
light (B), shows medium- to very fine-grained, angular to rounded, moderate-packed, and 

m oderate- to well-sorted sandstone with concave-convex, long, point, and minor amounts of 
sutured contacts. Quartz, mica (Mi), and organic material are found. Several detrital grains 

are leached, creating intragranular porosities (ip). Intergranular pore is occupied by carbonate
cem ent (cc).

Figure 4.54: Thin section no. D-7 (6,269.0 ft), plane-polarized light (A) and cross-polarized 
light (B), shows fine- to very fine-grained, angular to sub-angular, tight-packed, and well- 

sorted sandstone with long, concave-convex, and sutured contacts. Primary porosity (PP) is 
filled by matrix (ma). Secondary porosities and intragranular pore are created by clay/matrix

leaching (cl).
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Figure 4.55: Thin section no. D-10 (6,272.0 ft), plane-polarized light (A) and cross-polarized 
light (B), shows medium- to very fine-grained, angular to sub-rounded, moderate-packed, and 

moderate- to well-sorted sandstone with point, concave-convex, and long contacts. Quartz 
(Q), feldspar (F), chert (Ch), and organic material (OM), and carbonate grain (Ca) are found.
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Figure 4.56: Thin section no. D-13 (6,275.0 ft), plane-polarized light (A) and cross-polarized 
light (B), shows fine- to very fine-grained, angular to rounded, moderate-packed, and well- 

sorted sandstone with long, point, long, and concave-convex contacts. Quartz, feldspar, mica, 
and chert are found. Porosity is reduced by quartz overgrowths, matrix, and carbonate cement 

(cc). Some feldspar and biotite grains are leached and altered, creating secondary porosity
(S P f_______________________ ____________
a MJPSHMBVI B- t v #

Figure 4.57: Thin section no. D - l5 (6,277.0 ft), plane-polarized light (A) and cross-polarized 
light (B), shows very fine-grained, sub-angular to sub-rounded, moderate- to tight-packed, 
and well-sorted sandstone with concave-convex, long, sutured, and point contacts. Quartz, 

feldspar, mica, chert, organic material, and quartz overgrowths are found. Both primary 
porosity (PP) and secondary porosity are present (SP).

Figure 4.58: Thin section no. D-17 (6,279.0 ft), plane-polarized light (A) and cross-polarized 
light (B), shows medium- to very fine-grained, angular to sub-rounded, tight-packed, and 

well-sorted sandstone with concave-convex, long, sutured, and point contacts. Quartz, 
feldspar, mica, chert, zircon, mud clasts (M C), fracture (fr), and organic material are found. 

Intergranular pores are filled by matrix and quartz overgrowths.
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Figure 4.62: Thin section no. D-24 (6,286.0 ft), plane-polarized light (A) and cross-polarized
light (B), shows medium- to very fine-grained, sub-angular to sub-rounded, moderate- to 

tight-packed, and well-sorted sandstone with concave-convex, long, point, and sutured 
contacts. Quartz, plagioclase (PI), muscovite (Mu), organic material, and chert (Ch) are 
found. Porosity is filled by matrix, and quartz overgrowths. Secondary porosity (SP) is 

created by detrital grains leaching. Grain size ranges from 0.05 - 0.375 mm.

The relationship between porosity and depth of 2-8 Lilli, 12-9 Doc Federal Sooner, 

and 7-21 Sooner are plotted as shown in the Figures 4.63, 4.64, and 4.65, respectively. The 

graphs also compare the porosity values from  the point counting and the core analysis 

methods.
Porosity (%)
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Figure 4.63: Porosity that is acquired from  the point counting and the core analysis of the 
well 2-8 Lilli are shown. The porosity values from  point counting m ethod are slightly lower 

than the value from the core analysis. In general, both porosities decrease when the depth
increases.
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Figure 4.64: Porosity that is acquired from the point counting and the core analysis of the 
well 12-9 Doc Federal Sooner are shown. The point counting porosity values are lower than

the porosities from  the other method.
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Figure 4.65: Porosity that is acquired from  the point counting and the core analysis of the
well 7-21 Sooner are shown.
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4.2.2 Scanning electron microscope (SEM)

The SEM study is used to examine the mineral morphology, and the relationship 

between grain cement and porosity. A total of 10 samples from four cores (i.e., 2-7 Lilli, 2-8 

Lilli, 12-9 Doc Federal Sooner, and 7-21 Sooner) are studied. The depth of each sample is 

shown in Table 4.17. The general characteristic that usually found in these samples is 

fram ework grains (i.e., quartz overgrowths, biotite, with m inor amounts of feldspar) with clay 

coating on them as presented in the following section.

Table 4.17: The depth o f each SEM sample is shown in this table. All samples are from the
D1 Sandstone.

W ell Nam e Sam ple No. D q)th(ftM D ) Lithoiogy

2-7 Lilli A-8 6492.6 LifhicArkose

2-7 Lilli A-l 3 6488.7 LithicArkose

2-8 Lilli B-2 6371.5 Feld-Lith

2-8 Lilli B-3 6373.0 LithicArkose

12-9 DocFedSooner C-2 6344.0 LithicArkose

12-9 DocFedSooner C-3 6345.0 LithicArkose

7-21 Sooner D-5 6267.0 LithicArkose

7-21 Sooner D-12 6274.0 Feld-Lith

7-21 Sooner D-20 6282.0 LithicArkose

7-21 Sooner D-22 6284.0 Feld-Lith

Sample no. A - 8  and A -13 from  2-7 Lilli

These samples show quartz overgrowths with chlorite, kaolinite (Figure 4.66), pyrite, 

and apatite (Figure 4.67) and coating them. These authigenic clay minerals are one of the 

main factors reducing porosity and perm eability of the reservoir rocks.
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Figure 4.66: This microphotography of sample no. A-8 presents book stack kaolinite 

(Kao) on quartz (Q) grains. Kaolinite cementation usually occurs in the meteoric water.
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Figure 4.67: M icrophotography of sample no. A-13 shows quartz (Q) grains coated 
with apatite (Ap) grain. Identification of the coating grains as apatite is based on the EDX 

analysis showing the major elements of calcium and phosphorus.
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Bi

Figure 4.71: The SEM microphotography of sample no. C-2 shows detrital biotite (Bi) grain 
between the other framework grains that has chlorite coating on it.

Samples from 7-21 Sooner

A total of four samples from sample numbers D-5, D-12, D-20, and D-22 are selected 

for the SEM study. All samples show the clay coating minerals, chlorite and kaolinite, on 

detrital and euhedral quartz overgrowth grains (Figure 4.72). Therefore, the quartz 

overgrowths can be identified as authigenic quartz overgrowths. Most of the samples show 

detrital grains coated by clay, and the biotite grains coated by chlorite. This might be a result 

of biotite alteration to chlorite (AlDahan and Morad, 1986; Morad, 1990). The biotite grains 

are identified by using the EDX analysis showing the major element of manganese, 

aluminium, silica, potassium, iron, and minor element of titanum. Based on the EDX 

analysis, sample no D-12 found a detrital grain that consists mainly of the titanium element 

(Figure 4.73).
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Figure 4.72: Microphotography of sample no. D-5 shows chlorite (Chi) cemented between 
the framework grains. The chlorite clay mostly forms as a pore-lining. This usually reduces 

the permeability in the reservoir rocks, but it creates micropores. As a result, the chlorite
cementation might not be the main factor that affects the porosity value

—  ~ ~  —--------------—  — ■ — ,-TZ- ---- u —m g g g —  — — ------— *   r  ;— r- —r:*kr----------------- ~ " : '

Figure 4.73: Photomicrography o f the sample no. D-12 presents titanium oxide between 
quartz framework grains (Q). The EDX analysis shows the major elements of titanium and

minor elements o f silica and iron.



4.3 Data Analysis

Based on their lithological and structural characteristics, the D Sandstone in the study 

area is categorized into 3 main sections: the upper D l, middle D2, and lower D3 sandstones. 

The general characteristics of these sandstones that are found in both macroscopic core 

description and microscopic core description are described in the following:

1) The lower D3 Sandstone

The lower D3 Sandstone is a light to dark gray, very fine-grained to silty-sandstone, 

angular to sub-rounded, moderate- to well-sorted and dark gray to black, laminated to 

burrowed shale; w ith normal grading, trough cross-stratification, ripple cross-lamination, 

plane-parallel lamination, soft-sediment deformation, syneresis cracks, trace fossils, mud 

clasts, and organic material. The grain size variation within the same lamination is also found 

in the lower section o f  the D3 Sandstone.

Interpretation

The syneresis cracks or subaqueous shrinkage cracks, which are the result o f the 

clayrich layer comes into contact with changing in salinity (Plummer and Gostin, 1981; 

Burst, 1965; and Tanner, 2003), the grain size variation within the same lamination, plane- 

parallel lamination, soft-sediment deformation, which might be a result of unstable density 

gradients at the sediment-water interface, leading to slumping or loading (Antia et al., 2011), 

organic material, and grain size (i.e., mud- to silt-grained) of the D3 Sandstone suggest 

depositional environments that are influenced by tidal and hyperpycnal flow. Hyperpycnal 

deposits are characteristic of some rivers with high concentrations o f sediment in their 

discharge (Olariu et al., 2010). It occurs where a higher water density entered a lower water 

density (Bates, 1953; Fisher et al., 1969). The mud deposits suggest a low-energy
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depositional environment or the deposition by suspension fallout in a quiet water 

environment (Ponten and Plink-Bjorklund, 2007).

2) The middle D2 Sandstone

The middle D2 Sandstone is a light gray to light brownish gray, fine-grained to silty- 

sandstone, angular to sub-rounded, poor- to well-sorted with bioturbation, trace fossil 

(Arenicolites), syneresis cracks, flaser bedding, ripple cross-lamination, stylolites, mud clasts, 

mud drapes, organic material, and plant tissues, along with a dark brown to black laminated 

shale.

Interpretation

The syneresis cracks or subaqueous shrinkage cracks indicates depositional 

environments that are influenced by tidal and hyperpycnal flow. Flaser bedding, mud drapes, 

which are formed in. tidal environment where the alternating periods o f  moving and slack 

water occur (Reineck and Wunderlich, 1968), organic material, black laminated shale, 

suggesting a low-energy depositional environment or the deposition by suspension fallout in 

a quiet water environment (Ponten and Plink-Bjorklund, 2007), and plant tissues, suggests 

that the depositional environment receives the sediment from land, are the sedimentary 

characteristics that are found in the D2 Sandstone. The U-shaped burrow (i.e., Arenicolites) 

are dwelling traces that are usually found in transitional and shifting sand environments 

where the rapid changes in current and wave action, and the fluctuation in salinity usually 

occurred (Benton and Harper, 2009; Hubbard et al., 2004). These suggest the tidal 

depositional environments.

3) The upper D l Sandstone

The upper Dl Sandstone is a light brown to dark brownish gray, medium- to very 

fine-grained, angular to rounded, moderate- to well-sorted sandstone with ripple cross
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lamination, trough cross-stratification, stylolites, fractures, trace fossils (e.g., Skolithos and 

Arenicolites), plant tissues, mud clasts, break-up clasts, and mud drapes interbedded with a 

variation o f sandstone that is a light gray to medium gray, fine- to very fine-grained, sub

rounded to rounded, moderate- to well-sorted sandstone with ripple cross-lamination, mud 

lamination, stylolites, mud drapes, rip-up clasts, and trace fossils. The bioturbation increases 

in the upper part o f the D l section, consisting of bioturbated sandstone with a black 

laminated shale.

Interpretation

Trace fossils (e.g., Skolithos and Arenicolites), which are dwelling traces, are usually 

found in transitional and shifting sand environments. Grain size (i.e., medium- to very fine

grained sandstone), cross-stratified sandstone suggests the deposition from traction currents 

(Ponten and Plink-Bjorklund, 2007). Mud drapes are usually formed in the alternating periods 

o f  moving and slack water occur. Plant tissues, suggests that the depositional environment 

receives the sediment from land. These suggest the tide-influence channel-flll sandstone 

depositional environments.

Based on the cores, the D Sandstone is overlain and underlain by Graneros and 

Huntsman shales, respectively. The general characteristics o f these shales are described in the 

following:

1) The Huntsman Shale

The Huntsman shale is a black shale interlaminated with a light to dark gray silty- 

mudstone. The grain size variation within the same lamination is also found.
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2) The Graneros Shale

The Graneros Shale is a black shale interbedded with minor amounts o f light to 

medium gray, fine-grained to silty-sandstone, moderate- to well-sorted sandstone with rip-up 

clasts.

The depositional environments and the rock characteristics are used to interpret the 

depositional sequence that is explained in the following section.

The lithology presents the depositional environments changed from marine to 

coarsen tidal which is interpreted as a result o f the relative sea-level change. The tidal D2 and 

hyperpycnal D3 sandstones were deposited during the highstand o f relative sea level. The 

significantly coarser sediment of the D l suggests that as the sea-level started to drop, valleys 

incised into the D2 and D3 sandstones. As a result, the lowstand surface o f erosion can be 

placed at the base o f channel Dl Sandstone. Consequently, the channel-flll D l Sandstone was 

deposited during the relative sea-level rise. The transgressive surface o f erosion was placed at 

the erosional contact between the channel-flll sandstone and the overlying marine shale 

(Graneros Shale).

The diagenetic events are processes that occur after sediments are deposited, which 

modify sediment through compaction, dissolution and cementation. They might reduce or 

enhance the qualities of the reservoir, depending on the events. Diagenetic events can be 

categorized into 2 main events (e.g., physical and chemical compaction and diagenesis), and 

the events include many processes such as, compaction, dissolution, and cementation. In this 

study, the diagenetic events are described as follows:
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Physical compaction

Physical compaction, including the rearrangement of grains, breakage of grains, and 

ductile o f  framework grains, is caused by the overburden of pressure. When the compaction 

starts, the intergranular porosity gets smaller because all grains are pushed closer resulting in 

strongly decreased porosity and permeability o f the reservoir. This event usually occurred in 

an early diagenetic history and at the shallow depths. Therefore, the composition of the 

detrital grains has a major effect on the degree of compaction. Compaction also causes 

dewatering o f the sand grains. This creates the shrinkage o f the detrital grains and mud 

lamination. For example, sample no. A-6 illustrates the shrinkage of the mud grain.

Chemical diagenesis

Cementation or precipitation o f  mineral, dissolution of framework grains, and grain- 

to-grain interactions are included in this diagenetic event. Cementation is a result of mineral 

precipitated between grains; furthermore, cementing of minerals reduces porosity and 

permeability o f a reservoir, and several cementations can be identified in this research as 

described in the following section.

1) Quartz overgrowths

Quartz overgrowth is an event that occurs during an early diagenetic event. Most of 

the samples show euhedral quartz overgrowth grains, which can be identified as authigenic 

quartz overgrowths. Intergranular pores in some thin-sections are almost completely filled by 

authigenic quartz overgrowths. This event greatly reduces porosity and permeability value. 

Based on the SEM analysis and thin-section study, most of the quartz overgrowths are coated 

by clay minerals that will discuss in the following section.
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2) Clay precipitation

Based on the SEM and EDX analysis, the main clay coating consists o f chlorite and 

kaolinite. These clays coat authigenic quartz overgrowth grains and other detrital minerals. 

This can be interpreted that the quartz overgrowths occurred before the clay coating and/or 

clay precipitation. The kaolinite cementation usually associates with meteoric water, where 

the surface water infiltrated. This clay mineral often occurred during the shallow and/or 

intermediate diagenetic stages because it is more stable at low temperatures (Surdam et al., 

1989). Chlorite mostly precipitated during intermediate burial..

The intergranular pores in several thin sections are completely filled by matrix. This 

is a result of clay infiltration and bioturbation. It usually occurs during an early stage of 

diagenetic history or in the shallow burial. In the estuarine environment, it usually deposits 

shale beds/laminations with sandstone beds, and there are also several organism activities 

occurring in this area. As a result, the shale is mixed into the sand which reduces the quality 

o f the reservoir. Moreover, this causes the vertical discontinuity in the sandstone.

3) Carbonate cement

In general, the carbonate cementation partly occupies the primary porosities, and it 

also partly replaces some detrital grains. Only a few samples (i.e., A-6, A-7, and A -14) are 

completely occupied by carbonate cement. Several samples show the carbonate cement on the 

clay rims. This can interpret that the carbonate cement occurred after the clay precipitation. 

According to the EDX analysis, the carbonate cementation that found in the samples is iron- 

rich carbonate. This type of diagenetic mineral is formed where a very low sulphide 

concentration but abundant iron concentration. These conditions usually related to a non

marine diagenetic environment.
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4) Dissolution of framework grains, and matrix

Dissolution of framework grains (e.g., biotite, feldspar) and matrix are found in the 

study. It usually occurs during the intermediate burial. This creates the secondary porosity. 

However, this type of porosity has m inor impact on the reservoir quality in the study area.

5) The precipitation of pyrite

Pyrite usually precipitated during the late diagenetic history. It is strongly related to 

the amount of organic material (Berner, 1970). The greater amount o f organic material, the 

greater amount of pyrite precipitated. This diagenetic iron mineral is formed where the zone 

of anaerobic bacterial reduction of sulphate occurs, and where there is enough sulphate for 

sulphur-oxidizing bacteria to form elem ental sulphur (Leeder, 1999). If sulphur reacts with 

FeS for sufficient time, it can create microscopic aggregates of pyrite crystals or framboids 

(Leeder, 1999). The framboid-type crystal is shown in Sample no. B-2 (Figure 4.69).

Based on the pétrographie and SEM studies, the diagenetic history o f the D l 

Sandstone can be summarized in the following order as shown in the Table 4.18.

Table 4.18: Summarized chronological order of the diagenetic events in the D l Sandstone.

DIAGENETIC HISTORY
Relative Time Sequence

Early -------------------------------------------------------------------------------- >  Late

Compaction

Quartz overgrowths -------------------------------------  -  — —

Clay precipitation

Carbonate cementation

Dissolution of detrital grains
Chi orite predpitari on

Pyrite predpitation ----------
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Porosity

Porosity and permeability are important reservoir properties that can be observed in 

pétrographie thin section. Porosity o f the sample studied (appears as a blue color area) can be 

determined from the thin section by point counting. Porosity values of samples are shown in 

Table 4.12. In this study, the porosity o f the sample is found to vary from less than 1% to 

20.6 %. This value represents a poor to good reservoir. Most of the porosity that is found in 

the sandstone is primary porosity. Secondary porosity, resulting from the dissolution of 

feldspar, biotite, and matrix, is also found but not as much as primary porosity. Based on the 

pétrographie study, ductile muscovite and biotite grains are rarely found. Moreover, most of 

the samples show moderate-packed. These might be a result o f an early overpressure that 

caused from rapid sedimentation. The early overpressure might cease the sand compaction 

(Pittman and Larese, 1991). As a result, the primary porosity is preserved.
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CH APTER 5

CONCLUSIONS

From the result and interpretation presented in Chapter 4, conclusions can be made as 

in following.

5.1 Conclusions

1. Based on the lithology and sedimentary structures, the D Sandstone can be divided 

into three sections: lower D3 sandstone, middle D2 sandstone, and upper D l 

sandstone.

2. The D3 and D2 sandstones mainly consist o f a light gray to light brownish gray, fine

grained to silty-sandstone, angular to sub-rounded, poor- to well-sorted and dark gray 

to black, laminated to burrowed shale; with normal grading, ripple cross-lamination, 

plane-parallel lamination, soft-sediment deformation, syneresis cracks, trace fossils, 

mud clasts, and organic material. The grain size variation within the same lamination 

is also found.

3. The Dl Sandstone is mainly composed o f a light gray to light brownish gray, very 

fine- to fine-grained, moderate- to well-sorted sandstone; with ripple cross

lamination, trough cross-stratification, mud lamination, stylolites, mud drapes, rip-up 

clasts, fractures, and trace fossils (e.g., skolithos and Arenicolites).

4. The depositional environments of the D3 and D2 sandstone are influenced by tidal 

and hyperpycnal flow. The depositional environment o f D l Sandstone is the tide- 

influence channel-fill sandstone depositional environments.
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5. The transgressive surface of erosion is placed at the erosional contact between the D l 

Sandstone and Graneros Shale. The lowstand surface of erosion is at the base of the 

D l Sandstone.

6 . From microscopic analysis, reservoir sandstones can be classified as lithic arkose to 

litharenite according to Folk’s et al. (1974) classification. The sandstone samples are 

composed o f quartz (40.3 - 66.9 %), feldspar (9.4 -  27.2 %) and rock fragments (9.9 - 

50.0 %).

7. The reservoir sandstone porosity ranges from less than 1 % to 20.6%. Intervals with 

greater than 8% porosity are considered as potential reservoir. The sandstone presents 

moderate- to well-sorted sandstones. This enhances the quality of reservoir.

8 . According to pétrographie and SEM studies, the diagenetic history in the reservoir 

sandstone can be described in the approximate chronological order as shown in the 

Table 5.1.

Table 5.1: Summarized chronological order of the diagenetic events in the D l Sandstone.

DIAGENETIC HISTORY
Relative Time Sequence

Early -------------------------------------------------------------------------------- >  Late

Compaction

Quartz overgrowths

Clay precipitation

Carbonate cementation

Dissolution of detrital grains

Chi orite predpitari on

Pyrite predpitation ———

9. Diagenetic events, especially quartz overgrowths, are very important factors that 

reduce porosity and perm eability in the sandstone. The early overpressure might 

cause the preservation o f the primary porosity in the reservoir.
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5.2 Recommendations for future work

The following recommendations are made here for future work to improve the 

petroleum production o f the D Sandstone in the study area:

1. The detailed mapping of the D Sandstone in the study area is recommended to 

enhance our understanding in the reservoir. The other detailed mappings are also 

suggested, such as the depositional model o f the D sandstone in the study area. This 

will also help in the future production.

2. Quantitative analysis can be used to predict the quality o f the reservoir (Tillman and 

Almon, 1979). The analysis is suggested to estimate the amount o f clay minerals and 

the other minerals that are smaller than 2 micron in the reservoir rocks by using the 

x-rays diffraction (XRD) measurement. The amounts of the minerals are estimated 

based on diffraction peak heights and the area under the peak. This data allows the 

interpretation o f  mineral data (e.g., climatic conditions, depositional environments, 

and thermal history) in the study area. More details o f a sample section preparation 

can be found in Moore and Reynolds (1997).

3. The reconstruction model o f the fluid flow path way and also the detailed mapping o f 

the porosity and permeability distribution in the study area are recommended. This 

model will enhance our understanding and prediction of the porosity in the study 

area.

4. The understanding in the geochemistry in the reservoir is also necessary for the 

petroleum exploration and production. However, this study only mentioned the 

source rock analysis in general. Therefore, the detailed study is recommended. This 

will enhance our understanding in petroleum generation and migration in the study 

area.
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