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ABSTRACT

The late Ordovician Point Pleasant Formation is a prolific, self-sourced petroleum system
that is located in the Appalachi&asin. Many operators name this petroleum system the Utica
Shale. However, the majority of the production in Southeast (SE) Ohio comes from the Point
Pleasant Formation. The Point Pleasant spans across several states. However, the focus of drilling
and production is in West Virginia, Pennsylvania, and Ohio, and of these three states, the majority
of the production emerges from the SE side of Ohio. The Point Pleasant Formation is a low-
porosity and permeability reservoir that consists of calcareous organic-rich shales with
interbedded limestones that reflect a Type-Il kerogen. Previous studies have proven that the Point
Pleasant Formation is a viable petroleum system over an immense area. This study describes one
core with 10 total facies and seven facies within the Point Pleasant. The Point Pleasant in the
study area ranges from 76-82 ft, with an average total organic carbon of 3.5-5 wt.%. Source rock
analysis indicates that the corarighe dry gas window (1.35 R0%). Subsurface mapping of
effective porosity, clay volume, total organic carbon and water saturation would suggest that the
lower 1/4 of the Point Pleasant Formation is the prime target for hydrocarbon extraction. This
study will explore the petroleum system in several counties and develop adigtailogic

framework to understand the Point Pleasant Formation in SE Ohio.



TABLE OF CONTENTS

A B S T R A T e e e e et e et e e e e e e et a e e e aaa e (1T
LIST OF FIGURES ... ettt e e e e e e et e e n e e e e e e e e e e e e nrna e e Vil
LIST OF TABLES ...t e e ettt e e e e ettt e e e e et e bt e e e e e e e st e e e e eenbnaeeas Xiv
ACKNOWLEDGEMENTS ...ttt e e e e e e e e e e e nnn e e e e enne XV........
CHAPTER 1 INTRODUGCTION ..ottt e et e e e e e e et e e e e eeean e e aeeeees 1
1.1  ODbJECtiVES @Nd PUIMPOSE ....uiiiiie e e e e e e e e et e e s e e e e e e e e e e e e e e esaeraannn e as 3
1.2 Research and MethOdS..........coooiiiiiiiii e 3
1.2.1 Detailed Core DESCIPLIONS ....cciiiiiie e e e e e e 3
1.2.2 PetrographiC ThiN-SECHONS ..........euiiiiiiiiiiiieie e 3
1.2.3  X-ray Diffraction (XRD) .......ccooeiiiiiiiiieecis et e e e e e e e e e anaaenns 4
1.2.4  X-ray FIUOreSCEeNCE (XRF) ....uuiiiiiiiiiiiiiiiiieeie s 4
L 2 D SEM e e 5
1.2.6  SOUICE ROCK ANAIYZEN .....coiiiiiiiiieeieee ettt 5
R T (1 [0 |V A = PP PUUSPOUPT 5
1.4 Significance of ProJeCt/RESEAICI ........ccooiiiiiiii it 6
1.5 PrEVIOUS WOTK ..ttt ettt e ettt e e e e e e e e e e e e nnnnneeee s 7
CHAPTER 2  GEOLOGIC OVERVIEW ...ttt e 12
2.1 STTUCTUIAI SEIHING ...ttt ettt ettt e e e e e e e e e e e e e e e e s e e e e 13
2.2 PEetrOleUM SYSIEIM ... oot e e e e e e e e e e e et e e e e e s e e e e e eeaaaeeeees 16
CHAPTER 3 CORE DESCRIPTIONS AND FACIES ANALYSIS,
AND PETROGRAPHY ..t 17
I R Odo ] (= BT TS ol ] 1o PSPPSR 17
T = oo =1 ] VS 33
3.3 X-ray DiffraCtion (XRD) ........uuuuuiiiieiiiiiiiiiiiiee e et r e e e e e e e e e e e e e e e e e e e a e 41



3.4 X-ray FIUOreSCENCE (XRF) .ouuiueiiiiiii it e e e e e e e e e e aaees 43
3.4. 1 DEtrital PrOXIES ....ccoiiiieeiiiiiee ettt e e e e e e e 44
3.4.2  REUOX PIOXIES....ceeiiiiiiiiiieiit e ettt ettt e et e e e s e e e e s e e e e e e e e e 45
3.5 Scanning Electron MiCroSCOPY (SEM) ......coi oo a7
G TN G I S 1 U1 01 1 =T Y PP 50
CHAPTER 4 GEOCHEMISTRY et e e 51
o R I 0 U= T 0 1AY=L 112U 52
4.2 TOC Analysis and Petroleum POtential...............eeveiiiiiiiiiiiiiiecee e 55
o (=T (0 To [T o T Y/ o TSP 56
A3 SUMIMAIY ...ttt e et e e et e e et e e e e e e e s e oo 2o e e e e et et e ee e e e e b e e e e e e e e e e e e et e e eeennnnnnnna 58

CHAPTER 5 PETROPHYSICAL DESCRIPTION, CORRELATION, AND MAPPING ....59

5.1 Point Pleasant Structure and 1SOPach MappiNg ..........ceeeeeiiiiiiieaeaaeaiieeieeiieee e 59
ST VL O 1 PP 62
5.3 Average Total POrosity (PHITA) ...ttt 64
5.4 Total Porosity multiplied by Height (PHITH) ..., 64
5.5 Total Organic Carbon (TOQC) ....uuui it a e e e 69
5.6 Average Effective Porosity (PHIEA) .......oiiiiiiii it 70
5.7 Effective Porosity Multiplied by Height (PHIEH) ... 73
5.8  Water SAtUration (SWV) ...uuuueioiii it s e e e e e e e e et s s e e e e e e e e e e e eeeanrannae 76
5.9 Hydrocarbons Per FOOt (SOPHIH) ......uuuiiiiiiiiiiiiieeeee et 76
5.10 Bulk Water VoIUME (BVW) ... .ottt e e et eeeaeans 81
ST B R ST 01 1 = PP PRSP PPPPPPPPPI 81
CHAPTER 6  CONCLUSIONS AND FUTURE WORK ......ooitiiiiiiiiii e 84
G A @0 o Tod |1 ][0 o < SOOI 84
8.2 FULUIE WOIK ..ottt ettt e e e e et e e e e e e e e e eeeeas 85



REFERENCES CITED

APPENDIX-A CORE

DESCRIPTION ..ottt 88

Vi



Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Table 3. 1

Figure 3. 1

Figure 3. 2

Figure 3. 3

Figure 3. 4

LIST OF FIGURES

Paleogeography of Middle to late Ordovician, Appalachian basin. Modified from
BIAKEY (2011).... e e eieieieeeeeiece e et e e e e e ettt e e e e e e e e e e e e —— e —— e e e aaaaaeearaaran—_ 2

Petra map of study area with horizontal and vertical well control. ..............cccccceeeenn.. 6

Correlation chart for the late Ordovician strata in the Appalachian basin. The red
outline indicates the study area. Sourced from Patchen and Carter, 2015................... 8

Vertical well in the Utica/Point Pleasant sub-basin. Sourced from Patchen et al.
200 ) TSP 9

Petroleum generation chart. Sourced from Dow (1997). .......uvviiiiiiieiieeeeeeeeeeeeiiiiins 10

Thermal maturity trend of the Uitca/Point Pleasant. Oil (green), wet gas
(yellow), and gas (red) windows. Sourced from Patchen and Carter (2015)............ 11

Sourced from Pope and Read, 1997. Idealized platdrasin model................... 13

Map showing major tectonic features and paleogeography during the Early
Cambrian period. Sourced from Patchen et al. (2006)............coooviiiiiiiiiiiiiiiiiiiiieeee, 14

Thickness map of the Utica/Point Pleasant. Red box depicts the study area.
Sourced from Patchen et al. (2006)........uueeiiiiiiiiiiiiiaeeeeee e 15

Contour structure map of the Point Pleasant. Red box depicts the study area.
Sourced from EIA., 2007 . ...ccooeeeeeeeeeee et 15

Facies description from Well A core. These facies will be referred to in the
subsequent Sections and CRAPLEIS. .........iviiiiiiiiii e 17

Facies Lex1 is the most calcareous facies described in the core. Facies PP1 is
the largest facies in the core and is described as a calcareous argillaceous
mudstone. The log associated with this interval is shown on Figure 3.2................... 21

Red outline indicates the facies associated in Figure 3.1. From left to right,
gamma ray, facies, TOC, effective porosity, and permeability. ...............ccccoeeeeeiis 22

Facies PP2 is described as a siliceous, calcareous mudstone. Facies PP3 is a
nice marker bed within Point Pleasant and is a calcareous packstone. The log
associated with this interval is shown on figure 3.4. ........cccoiiiiiiiiiiiii, 23

Red outline indicates the facies associated in Figure 3.3. From left to right,
gamma ray, facies, TOC, effective porosity, and permeability. .............ccccccvvvrrnnnnne. 24

vii



Figure 3.

Figure 3.

Figure 3.

Figure 3.

Figure 3.

Figure 3.

Figure 3.

Figure 3.

Figure 3.

Figure 3.

Figure 3.

Figure 3.

5 Facies PP4 is an argillaceous mudstone with limited fossils. The log associated
with this interval is Shown on FIQUIe 3.6. ........ooviiiiiiiiiiiiieeeeeee e 25

6 Red outline indicates the facies associated in Figure 3.5. From left to right,
gamma ray, facies, TOC, effective porosity, and permeability. ...............cccccvviinnnne. 26

7 Facies PP5 is a calcareous, argillaceous mudstone with slightly more fossils
than PP4. The log associated with this interval is shown on Figure 3.8.................... 27

8 Red outline indicates the facies associated in Figure 3.7. From left to right,
gamma ray, facies, TOC, effective porosity, and permeability. ... 28

9 Facies PP6 is a siliceous, argillaceous mudstone that was most likely cut off due
to missing core. PP7 is the top of the Point Pleasant and is represented by the
heavy fossil accumulation. The log associated with this interval is shown on
FIGUIE 310, ittt et e e e e e e e e e e et e e e e aaaas 30

10 Red outline indicates the facies associated in Figure 3.9. From left to right,
gamma ray, facies, TOC, effective porosity, and permeability. ...............ccccvvvvrnnnne. 31

11 Facies Utlis a siliceous, argillaceous mudstone that is located directly above
Point Pleasant. Ut2 is an argillaceous, calcareous mudstone that is at the top of
the researched core interval. The log associated with this interval is shown on
FIQUIE 3.2, ittt e e e e e e e e e e e e et e e e e aaaas 32

12 Red outline indicates the facies associated in Figure 3.11. From left to right,
gamma ray, facies, TOC, effective porosity, and ............ccccccuuimiiiiiiiiiiiiiiieeeeeeeeeen 33

13 Thin section of facies Lex1 to the left (plane-polarized light; PPL scale bar =
1mm) illustrates a packstone with fossils such as crinoids (cr) and bryozoans
(br) that are cemented by sparry calcite (arrows). Finally, crystalline calcite
stained with oil is rendered brown. Thin section to the right (PPL, scale bar =
200microns) provides high magnifications of the sparry calcite surrounding
fossils such as crinoids (cr) and bryozoans (Br). ... 34

14 Facies PP1 thin section to the left (PPL, scale bar = 100 micros) illustrates an
argillaceous, calcareous mudstone that has ferroan dolomite (right arrow) and
elongated organic matter (left arrows). The thin section to the right has the same
properties as the one on the left. However, it illustrates fossil hash at the base of
(L QTSN T [01 (U] =PSRRI 35

15 Facies PP2 thin section to the left (PPL, scale bar = 0.5 mm) illustrates a
siliceous, calcareous mudstone with ferroan dolomite (arrow) and elongated
organic matter (left arrows). The thin section to the right is a higher magnifying
view of PP2 (PPL, scale bar = 100 MICrONS). ......cooiiiiiiiiiiii e 36

16 Facies PP4 thin section to the left (PPL, scale bar = 0.5 mm) illustrates an
argillaceous mudstone with silt and clay laminations. The scatter of the fossil

viii



Figure 3.

Figure 3.

Figure 3.

Figure 3.

Figure 3.

Figure 3.

material (pink) compared to the other facies is significantly less. The thin

section to the right (PPL, scale bar = 100 microns) illustrates the detrital mica

plates (horizontal arrows) and opaque organic strands that are aligned to the
bedding (VErtiCal @rrOWS). ........ceeeiiiiiiiiiiee e e e e e e e e e e e e as 37

17 Facies PP5 thin section to the left (PPL, scale bar = 1 mm) illustrates a

calcareous, argillaceous mudstone that is laminated by silt and fossil material.
Yellow arrows indicate pyrite replacement. The thin section to the right (PPL,

scale bar = 200 microns) is a high magnification of the fossil material. The

matrix is composed of clays, organic material, and lesser amounts of ferroan
dolomite. Types of fossils include crinoids, trilobites, and brachiopods................... 37

18 Facies PP6 thin section to the left (PPL, scale bar = 1 mm) illustrates a

siliceous, argillaceous mudstone with silt and fossil laminations. Top arrow is a
calcite shell that is filled with ferroan calcite cement, and the bottom arrow is a
brachiopod. The thin section to the right (PPL, scale bar = 100 microns) is a

higher magnification image revealing organic strands (arrows) and fossil

fragments (pink) that align with bedding. Detrital quartz and mica silt grains are
scattered throughout the MatriX. .........ooooviiiiiiiii e, 38

19 Facies PP7 thin section to the left (PPL, scale bar = 1 mm) illustrates an

argillaceous, fossiliferous mudstone that is well-laminated by fossil, calcite, and

silt material. The yellow arrow points out a fossil that is partially replaced by

pyrite. White specks within this slide are detrital silt. The thin section to the

right (PPL, scale bar = 100 microns) is a higher magnification image revealing
ferroan dolomite (blue), recrystallized calcite, and fossil hash (pink). The arrows
show organic particles that are elongated or rounded. Types of fossils include
crinoids, trilobites, and brachiopods. ...........oooiiiiiiiiiiiie e 39

20 Facies Utl thin section to the left (PPL, scale bar = 0.5 mm) illustrates

siliceous, argillaceous, mudstone that is subtly laminated by detrital silt and

fossils. Silt-sized fossil hash and larger trilobite fragments are represented by the
pink carbonate stain. Trilobites are indicated by tr. The thin-section to the right
(PPL, scale bar = 100 microns) is a higher magnification image of

compositionally zoned crystals that consist of calcite (pink) and are rimmed

with ferroan dolomite (DIUE). ... 40

21 Facies Ut2 thin section to the left (PPL, scale bar = 0.5 mm) illustrates an

argillaceous, calcareous mudstone that is subtly-laminated by fossils and silts.
Trilobites are indicated by tr. The thin section to the right (PPL, scale bar = 100
microns) is a higher magnifiCation. ..........cccuuuiiiiiiiii e 40

22 XRD results plotted on this modified ternary diagram show that the majority

of the researched core falls within the argillaceous, calcareous mudstone (Lazar
L= L2 0 L) PRSI 41



Figure 3. 23 Bulk XRD results and facies plotted against depth. Note that the calcite
increases and clay decreases deeper into the SECHION. ...........uvveeiiiiiiiiiiiiiiiieie 42

Figure 3. 24 Normalized average of the major elements (wt. %) from XRF sampling.
Notice the increase of calcite and the decrease of silicon and aluminum deeper
INTO ThE SECHION. ... e e bbaeees 43

Figure 3. 25 Si/Al showing general positive increase. This indicates that the majority of the
quartz is derived from detrital PUISES. ..........ovviiviiiiiii 44

Figure 3. 26  XRF results from Well A showing detrital proxies compared to TOC and GR
through the Point Pleasant Formation. Elements calcium, aluminum, titanium,
silicon, and zirconium are fairly consistent throughout the formation. ..................... 45

Figure 3. 27 XRF results showing redox proxies with GR and TOC through the Point
Pleasant Formation. Uranium is somewhat low which corresponds to the low
gamma ray response, and Mo is enriched throughout the lower 1/4 of the section
in the more organic-rich interval. Fe/S is low and consistent with intermittently
EUXINIC CONAITIONS. 1.iiiiiieeei it e e e e e e e e e e e e e e s s s s s s bbb b a e e e e e e e aeaeaaeaeeas 46

Figure 3.28 a) SEM micrograph illustrates the waxy stacking illite and mixed-layered illite-
smectite clays (scale bar = 1 micron). In the top left-hand corner, there is an
embedded calcareous fossil fragment (ff). b) SEM micrograph on the right is a
detailed view of a phosphatic peloid (pe) (scale bar = 1 micron)..............ccceevvvveennns 47

Figure 3.29 a) Micrograph illustrates the wavy clay matrix with a smooth organic particle
(op) embedded in the matrix (scale bar = 1 micron). b) Micrograph illustrates
the boundary between a phosphatic pellet (pe) and platy clays (scale bar = 1
micron). ¢) Micrograph displays the fine amorphous organic material (OM)
coating the matrix clay (scale bar = 100 NANOMELErS). .....ccceveeeeeeiiiieieeeeeeiieeee e 48

Figure 3.30 a) Micrograph demonstrates the wavy illite clays with the slightly blocky
nature of the calcite cement and calcite fossil hash (arrow) (scale bar = 10
microns). b) Micrograph illustrates the OM coating on the clay flakes (yellow
arrows) and the elongated porosity between the clay flakes (blue arrow).................. 49

Figure 3.31 a) Micrograph shows pyrite framboids that have spongy amorphous organic
matter coating (arrows) (scale bar = 1 micron). b) Micrograph is a high
magnification of the same illustrating the abundance of degraded organic
material and fine amorphous organic matter (scale bar = 100 nanometers). ............. 50

Figure 4.1 Source rock analysis quality ranges for TOC, S1, S2, Ro% and Tmax. Sourced
from Peters and Cassa (1994). ..ottt 51

Figure 4.2 Thermal maturity map of Point Pleasant. The red box indicates the study area.
Sourced from Patchen and Carter (2015)........cooiiiiiiiiiiiiiiiiiieeeeee e 53



Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5. 7

Figure 5.8

Figure 5.9

Calculated vitrinite reflectance equivalent (Ro%) versus depth chart showing
data points for the studied cored interval. Individual points represent facies............ 53

Tmax (0C) versus depth chart for data point in the study interval. Individual
POINES rEPIESENT FACIES. ..eeiiiiiiiieeee ettt e e e e 54

lllustrates Tmax (0C) versus kerogen conversion in the studied interval. Points
represent individual facies within the core. ... 54

Petroleum potential using TOC versus depth. Individual points represent the
facies throughoUt the COTE. .......oiiiiiiiii e 55

Petroleum potential using S1 versus depth. Individual points represent the
different facies throughout the Section. ... 56

Kerogen Type displaying Point Pleasant data falling into Type Il. ..............ccevvvinnne 57

Kerogen quality plot illustrating that the Point Pleasant data points are matured
TYPE I KEIOGEN. ... ettt e e e e e e e e e e e e e e e et e e e e e aaaeaaaeeeees 58

Point Pleasant structure map within the study area (subsea true vertical depth
(SSTVD), contour interval (C.i.) 0f 50 ft). ..ovevviriiiiiiii e 60

Point Pleasant Isopach map within the study area showing the thickness ranging
from 76-82 ft (C.l. = 2 f1). oo e e ———— 60

Isopach map of the Upper Half Point Pleasant the thickness ranging from 30-44
L (o TR ) PO PP 61

Isopach map of the Lower Half Point Pleasant showing the thickness ranging
from 32-48 ft (C.l. = 2 f1). e ———— 61

Isopach map of the Lower 1/4 Point Pleasant showing the thickness ranges from
12t 10 A8 ft (C.i. = 0.5 ). oo 62

GR on the left with a scale afiB0 api and CORE_XRD_CLAY and VCLAY
on the right illustrating the relationship between the two. .............ccccceeeeiiiii, 63

PHITA map of Point Pleasant All (decimal percent with contour interval of
010 1 SRR 65

PHITA map of Upper Half Point Pleasant (decimal percent with contour interval
0] 0 20 ) RS PRP 66

PHITA map of Lower Half Point Pleasant (decimal percent with contour
T C=T V2= LI 1 0 0 1 ) PO 66

Figure 5.10 PHITA map of Lower 1/4 Point Pleasant (decimal percent with contour interval

OF 0.00). t1vveeeeeeer e eeeeeeeeeeeeeeee et e e ee e et et et eeee e e et et e et e e ee e st re e ee e 67

Xi



Figure 5. 11 PHITH map of Point Pleasant All (C.i. = 0.5). ...ivviiiiiiiiiiiii e 67

Figure 5.12 PHITH map of Upper Half Point Pleasant (C.i. = 0.05). ... 68
Figure 5. 13 PHITH map of Lower Half Point Pleasant (C.i. = 0.5). .......coovvvviriiiiiiiiiiie e 68
Figure 5.14 PHITH map of Lower 1/4 Point Pleasant (C.i. = 0.1). ...cccoovviiiiiiiiiiiiieieiiieeee e 69
Figure 5.15 TOC map of the Point Pleasant All interval (decimal percent, c.i. = 0.005)............ 70
Figure 5. 16 Point Pleasant All zone mapping the average effective porosity in decimal

o LST o= a1 (o3 I O 0 1 I PSS 71
Figure 5.17 The average effective porosity in the Upper Half Point Pleasant in decimal

PEICENT (Ci. = 0.00). ouuuiiiiiii i e e e e e e e e et e e e e e e e e e e e e e aa 72
Figure 5. 18 Lower Half Point Pleasant zone mapping the average effective porosity in

decimal percent (C.i. = 0.01). .ieeeiiriiiiiiiiii e ————— 72
Figure 5.19 The average effective porosity in the Lower 1/4 Point Pleasant in decimal

PErCENt (C.i. = 0.005). ..uuuuiiiiii i e e e e e e e e e e e e e 73
Figure 5. 20 Point Pleasant All zone mapping the PHIEH in decimal percent (c.i. = 0.5).......... 74
Figure 5.21 PHIEH in the Upper Half Point Pleasant in decimal percent (c.i. = 0.05). .............. 74
Figure 5. 22 Lower Half Point Pleasant zone mapping the PHIEH in decimal percent (c.i. =

(08 TR PP PPPPRPRR 75
Figure 5.23 PHIEH in the Lower 1/4 Point Pleasant in decimal percent (c.i. = 0.05)................. 75
Figure 5. 24 The average SW in Point Pleasant ALL in decimal percent (c.i. = 0.05). .............. 77
Figure 5.25 The average SW Upper Half Point Pleasant in decimal percent (c.i. = 0.05). ......... 77

Figure 5. 26 The average SW in Lower Half Point Pleasant in decimal percent (c.i. = 0.05).....78

Figure 5.27 The average is SW Lower 1/4 Point Pleasant in decimal percent (c.i. = 0.05). ....... 78

Figure 5. 28 SOPHIH map of Point Pleasant All (C.i. = 0.5). ..o 79
Figure 5.29 SOPHIH map of Upper Half Point Pleasant (C.i. = 0.05). ......ccovvviiiiiiiiiiiiinnis 79
Figure 5. 30 SOPHIH map of Lower Half Point Pleasant (C.i. = 0.5). ....cccooiiiiiiiiiiiiiiiei e, 80
Figure 5.31 SOPHIH map of Lower 1/4 Half Point Pleasant (C.i. = 0.05). .......cuvvviiiiiiiiiiinnnnnnnn. 80

Figure 5. 32 This is a NW to SE cross section within the study area using five wells. The
second from the left is Well A that has core data points. The logs starting from

Xii



left to right are GR (scalef250 api), TOC (scale 8.2 decimal percent),

resistivity (scale 10@.0,000 OHMM), PHIE (scale 0B v/v), SW (scale @&

decimal percent), BVW (scale®.2 decimal percent) and PHIE (scal®@

decimal percent), and PE (SCAIEBIB/E). ......coeviiiiiiiiiiiiiieiieiiiiee e 82

Figure 5. 33 This continued is a NW to SE cross section within the study area using five
wells. The second from the left is Well A that has core data points. The logs
starting from left to right are GR (scaled®0 api), TOC (scale 8.2 decimal
percent), resistivity (scale 1G00,000 OHMM), PHIE (scale 0 v/v), SW
(scale Q4 decimal percent), BVW (scalefd.2 decimal percent) and PHIE

(scale 0.2 decimal percent), and PE (sca® B/E). ...........covvvrviiiiiiiiiiiiiiieeeeeee, 83
Figure A. 1 Well A core description 7,285298 ft. .......ocvviiiiiiiiiiii e 88
Figure A. 2  Well A core description 7,288345 ft. ....coeveiiiiiiiiiii e 89
Figure A. 3 Well A core description 7,3#8372 ft. .....cooeeriiiiiiiie e 90

Xiii



LIST OF TABLES

Table 3.1 Facies description from Well A core. These facies will be referred to in the
subsequent sections and ChaPLErS. ............uuuiiiiiiiiii e 17

Xiv



ACKNOWLEDGEMENTS

First, I would like to thank Dr. Steve Sonnenberg for accepting me as a graduate student
and mentoring me through the classes and my thesis. Without Dr. Sonn§ngingness to
work with me and accept me into the geology program,Ay V WnHyediogy would not have

been possible.

| express my gratitude to Dr. Marsha French and Mr. Paul Kovach for serving on my
committee and for guidance through my thesis. Dr. French provided valuable council and
constant support throughout my thesis, which helped me complete my research on time. Mr.
Kovach was my boss and mentor at Antero Resources Corp. and he continued mentoring me

through my thesis.

| thank everyone and every company that was a part of MUDTOC and supported me

throughout my two years at the Colorado School of Mines.

| express my gratitude to Mr. Paul Rady, Mr. Glen Warren, and Antero Resources Corp.
for providing me with the opportunity to go back to school to pursue my masters. Without their

support and encouragement, this would not have been accomplished.

My sincerest gratitude to my colleagues at Colorado School of Mines and Antero
Resources Corp. for all of their help and support through the last two years. The willingness to

provide a helping hand in times of need is greatly appreciated.

Finally, | would like to thank my wife and children for their support and understanding. A
very special thank you to my wife for her love and for allowing me to work late and through

weekends. Without her, | would not have found time to go back to school, work, and help run a

XV



household. Melissa, you are an amazing wife and person and | would not be where | am today

without you.

XVi



CHAPTER1

INTRODUCTION

Orton (1873) assigned the nad8 RLQW 3OHDVDQW™ WR WKH H[SRVHG V
County, Ohio (Patchen et al., 2006). The Point Pleasant Fornstieposited between the
Lexington Limestone (below) and the Utica Shale (above). Point Pleasant is similar to the
Marcellus Shale in that parts of the basin are highly fertile in gas production. It can also be
compared to the Bakken Formation and Eagle Ford Formation but it is not a hot gamma shale
play. The majority of the drilling activity has been undertaken in eastern Ohio where there ar

multiple horizontal rigs running and thousands of permitted and drilled horizontal well

This calcareous shale is a self-sourcing reservoir with low-permeability and porosity. The
majority of the production emerges from the Point Pleasant although most of the industry refers
to this play as the Utica Shale. During the Ordovician, Ohio was dominated by shallow warm
waters of the southern tropical latitude. The Point Pleasant is a late Ordovician source rock that
is situated primarilyn Ohio, New York, Pennsylvania, and West Virginia (Figure 1.1) (Patchen,
Avary, and Erwin, 1985). In Ohio, Point Pleasant lies roughly 1,500 ft below the shale-gas giant

Marcellus Shale play.

It is important to note that the shale was deposited in the Appalachian foreland basin that
was enclosed by a platform margin succession. Point Pleasant is recognized as predominantly
beinga Type Il calcareous shale source rock because it contains high amounts of calcium
carbonate derived from algal blooms. The high carbonate content is significant for effective
fracture stimulation. Significant hydrocarbon generation occurs throughout the entire area and

maturity ranges from early oil in the west to dry gas in the east. Eastern Ohio has some of the



highest total organic carbon (TOC) within the Type-Il kerogen, porosity, and permeability of the

Point Pleasant Formation.

Figure 1.1 Paleogeography of Middle to late Ordovician, Appalachian basin. Modified from
Blakey (2011).



1.1 Objectives and Purpose

This research is aimed at investigating the Point Pleasant and performing a geologic
reservoir characterization in SE Ohio. To reach a more comprehensive understanding of the
petroleum potential of the Point Pleasant Formation, this study will conduct research into the

lithological, stratigraphial, petrographial, and petrophysical data.

1.2 Research and Methods

A variety of laboratory methods were used to better understand the characteristics of the
Point Pleasant Formation. These methods include analysis of petrographic thin sections, X-ray
diffraction (XRD), X-ray fluorescence (XRF), scanning electron microscopy (SEM), core
analysis and descriptions, source rock analysis, well log analysis, subsurface mapping, and
reservoir quality. Same sample depths were tested or acquired for thin sections. SEM, all XRD,

and all source rock analysis were undertaken by TerraTek, a Schlumberger company.

1.2.1 Detailed Core Descriptions
One core that covedthe entire interval of interest was used to provide detailed core
descriptions and to document lithology, texture, sedimentary structures, and fossils. The core was

described on a scale of 1-imehft of core.

1.2.2 Petrographic Thin-Sections

Twenty four petrographic thin sections of dimensions 24mm x 46mm were collected
from strategic depths within the core and analyzed using a petrographic microscope to help
provide a more detailed description of facies, textural properties, lithology, and diagenetic
history in the study formation. These thin sections were impregnated with low-viscosity

fluorescent red-dye epoxy resin under vacuum to highlight porosity and were subsequently



stained with a mixture of potassium ferricyanide and alizadra 36~ W Re er@fidaton

of the carbonate material.

1.2.3 X-ray Diffraction (XRD)

Twenty four XRD samples (same depths as thin sections) were used to evaluate the
mineral composition. XRD bulk analysis samples were ground using a McCrone micronizing
mill and loaded into the aluminum sample holder. The powdered samples were analyzed with a
Rigaku Ultima Il X-ray diffractometer from 2 to 66 degrees, two-theta using Cu K-alpha
radiation and various slit and filter geometries. Subsequently, the data was interpreted using the
JADE software that identifies the mineralogy-based peak profile fitting and whole pattern fitting.
Clay analysis bulk samples were crushed and disaggregated to obtain a sample less than 4
microns in length, decanted and centrifuged. Following this, the slurries were placed on a glass
slide and scanned after drying. Clay minerals were identified and their approximate weight
percentages were determined by comparing with mixtures of standard clay minerals in known
percentages. XRD analysis of the clay size fraction yields the relative abundance of the clay

mineral and determines the amount of expandability of the mixed-layer clays.

1.24 X-ray Fluorescence (XRF)

XRF measures the bulk elemental cemiation of the sample by reading the energy
spectra of each element. For this research, a handheld Niton XL3T 980 Goldd+ was used to
measure the core at intervals of six iesfor three minutes per sample. Each sample was
initially cleaned with water and paper towels and then the analyzer was put directly onto the slab
of the coreThe Niton bombards the sample with x-rays. As the x-rays penetrate the sample, the
electrongn the inner orbit of the atoms are ejected from the atom. Once completed, the outer-

shell electrons fall into the inter orbitals and release protonsanigmergy spectrum that is
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unique to each element. The strength of the response to the Niton analyzer determines the
relative abundance of each element. The Niton analyzer used different initial voltages to detect

43+ elements and reports them in parts per million (ppm).

1.25 SEM

Four SEM samples were usiedthe core interval. Freshly broken portions of each
sample were mounted on a standard SEM mount and sputter-coated with platinum-palladium for
60 seconds. The samples were then placed in a JEOL 7500F cold cathode field emission
scanning electron microscope, examined, and imaged at a range of magnification to document
the morphology of the rock fabric and pore system. Organic material was identified and digital

SEM images were captured.

1.2.6 Source Rock Analyzer
TerraTek, a Schlumberger company, performed the source rock analysis and kept their
procedures confidential. Twenty four samples located (same locastms XRD, SEM, and

thin sections) throughout the core were tested.

1.3 Study Area

The proposed study area is located on the SE side of Ohio in the hydrocarbon foreland
Appalachian Basin that lies between the Cincinnati arch complex and the structural Allegheny
Front. Specifically, the area of research will be focused primarily in the Noble, Monroe, and
Belmont counties (Figure 1.2). The data that has been provided includes 230+ wells with gamma

ray and surveys, five pilot wells with specialty logs, and one complete core with thin sections.
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Figure 1. 2 Petra map of study area with horizontal and vertical well control.

1.4 Significance of Project/Research

The Point Pleasant in SE Ohio has already proven to be a prolific producer, however, it
has high cost relative to other Appalachian plays. The aim of this study is to identity any
potential targets that have been overlooked and to possibly locate a more suitable target that
could reduce authorization for expenditure (AFE) costs and increase the estimated ultimate
recovery (EUR) or help to better understand the current drilling and completions targets to aid in
increased EURSs. Previous studies have focused on the large-scale Utica/Point Pleasant
Formations across a large area. This detailed study will focus on the lower 1/3rd of the Point

Pleasant across several counties in SE Ohio.
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1.5 Previous Work

Only a moderate amount of research has been conducted on the Utica/Point Pleasant.
However, most of these studies have been focused on the large-scale petroleum system.
Furthermore, most of the work that has been undertaken usually refers back to a large-scale
research project in 2015 conducted by the Utica Shale Appalachian Basin Exploration
Consortium and coordinated by the Appalachian Oil and Natural Gas Consortium at West
Virginia University. Patchen and Carter (2015) studied the Utica/Point Pleasant over a large area
in the Appalachian Basin. Figure 1.3 below shows a correlation chart of the late Ordovician from

central Kentucky to central New York.

The Point Pleasant is not formally known outside of Ohio. The Dolgeville Formation in
New York and the Clays Ferry Formation in Kentucky are considered equivalent to the Point
Pleasant. The top of the Point Pleasant is placed at the occurrence of interbedded limestones in
the base of the Utica Shale interval. The bottom of the Point Pleasant is placed at the occurrence
of the continuous interbedded limestone above the Lexington Limestone. The Trenton
Formation is correlative to the Lexington Limestone escbnsidered time equivalent (Patchen
et al., 2006). The use of Lexington Limestone of Trenton Formation is dependent on location,

going forward in this study this interval will be referred to as the Lexington Limestone.

The Point Pleasant is a self-sourcing play that can be compared to the Bakken, Eagle
Ford, and Marcellus formations. It is instrumental to map the facies to better understand where
the prolific reservoirs might be located. The Point Pleasant sub-basin is located primarily in Ohio

and is situated in between the Trenton and Lexington platforms (Figure 1.4).



This is not a true shale play because it has various limestone and sandstone formations
interbedded within the shale. It should be recognized as a calcareous shale because it contains
high amounts of calcium carbonate derived from algal blooms. The Point Pleasant and Lexington
formations have lower clay content than the Utica and Iblyezehibit better results in terms of

fracturing.

The characteristics of the Point Pleasant Formation are that it is fossiliferous, and
contains interbedded limestones, black shales, and minor siltstones. It can range between a
thicknesses of @240 ft and is broken up into the following two parts: organic-poor gray shale
and organic calcareous shale with limestone beds. The organic-poor gray shales have an
abundance of thin carbonate beds with a TOC of <1 wt.%, while the organic-rich calcareous
shales with limestone beds have roughlye® carbonate content and TOCs up Hwi.%

(Patchen and Carter, 2015).
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Figure 1. 3 Correlation chart for the late Ordovician strata in the Appalachian basin. The red
outline indicates the study area. Sourced from Patchen and Carter, 2015.
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The following conclusionHPHUJHG IURP 37KH *HRORJLF 30D\ %RRN |
Appalachian Basin ExplorationPatchen and Carter, 2019 he level of thermal maturity
demonstrates a progression of increasing bitumen reflectance from west to east in the Utica,
Point Pleasant, and Lexington formations with a significant increase in eastern Ohio. When
measured, there were no correlations between bitumen reflectance and TOC, gamma ray (GR)
logs, and/or minerology. Equivalent vitrinite reflectance) [Reasurement in the Utica/Point
Pleasant ranges from 0.66 wt#2a2 wt.%, that shows thermal maturity levels of early oil
generation to catagenic gas (Patchen and Carter, 2015) (Figure 1.5). The Conodont Alteration
Index (CAI) technique (Dow, 1997) was used to evaluate the level of thermal maturity using the
color change in fossil teeth from the remains of eel-shaped chordates. Eel-shaped chordates

contain trace amounts of organic material and are highly resistant to weathering and



metamorphic temperature variations. Studies have been conductetyrec®t QJ 3+DZN”
pyrolysis to research thermal maturity, but most of these studies are conducted in terms of rocks
that are thermally immature. The thermal maturity increases from west to east; the oil window
has an average vitrinite reflectance of 0.6 to 1.1%, the wet gas ranges between 1.1 to 1.4%, and

the gas window ranges from 1.4 to 3.2% (Patchen and Carter, 2015) (Figure 1.6).
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Figure 1.5 Petroleum generation chart. Sourced from Dow (1997).

SEM and X-ray Computed Axial Tomography (CT X-ray) techniques were used to
understand the porosity and permeability of the reservoirs. Patchen and Carter (2015) measured
the porosity in a core from eastern Ohio. The porosity ranged fe8fb 2vith an average

porosity across the entire interval of 5.6%. Permeability measurements of the core were
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conducted in 1976 when the well was cored, and most of the measigementetrieved as

3Q R®H W H F W VD) with a fe®v measurements of G225 mD.

Figure 1. 6 Thermal maturity trend of the Uitca/Point Pleasant. Oil (green), wet gas (yellow),
and gas (red) windows. Sourced from Patchen and Carter (2015).
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CHAPTER2

GEOLOGICOVERVIEW

The Point Pleasant Formation was deposited in the Appalachian foreland basin that is
parallel to the present-day Appalachian Mountains during the late Ordovician approximately 445
million years ago (Figure 1.1) (Patchen et al., 1985). The Point Pleasant spans across Quebec,
Michigan, New York, Pennsylvania, Ohio, West Virginia, and parts of Tennessee and Kentucky.
Ohio is the primary focus of oil and gas activity becatisewhere a significant thickness of
Point Pleasant is present. The tectonic flexures of the lithosphere and sediment loading that were
associated with the rejuvenation of the foreland basin encloses a platform-margin sedimentary

succession that has carbonate and siliciclastic sequences.

During the late Ordovician, the Appalachian Basin was covered by a semi-enclosed
epicontinental sea (Blakey, 2011). The Upper Ordovician shale exhibits evidence of fossil
assemblages, burrows, unconformities, laminations, and scour surfaces (Patchen and Carter,
2015). The majority of the organic matter is derived from amorphinite, which leads to the
inference that the organic material is an algal source (Patchen and Carter, 2015). In this area, the
Point Pleasant Formation was deposited in a shallow marine (<100 ft) area on a carbonate shelf

with seasonal anoxia due to frequent algal blooms (Figure 2.1).

The fossils in the interbedded limestones suggest that the sratelt oxygenated,
shallow, and exposed to sunlight and a significant difference in water depth is not present
between organic-rich and organic-poor areas. This environment switched back and forth from
anoxic environment to oxygenated environment causing the limestones to be interbedded. The
storm structures suggest that the Point Pleasant was deposited above the storm wave base
(Patchen and Carter, 2015).
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The Point Pleasant interval was deposited during a large transgression in an area with
organic material, restricted circulation, and low energy conditions. The inter-platform restricted
circulations and caused a predominately anoxic depositional environment. The deposition of the
Point Pleasant ceased when the basin was inundated by deeper water and open marine
conditions, and the Cincinnati Group was deposited above the Utica formations (Patchen and

Carter, 2015).

Pg{ wv
TRENTON INTERPLATFORM LEXINGTON
PLATFORM BASIN PLATFORM

FAIR-WEATHER WAVE BASE

Figure 2. 1 Sourced from Pope and Read, 1997. Idealized pldatddrasin model.

2.1 Structural Setting

Plate tectonics, mountain building, and rifting are considered to contribute to the
dominant control of far-field stresses and affect sediment accumulation. Sediment supply,
accumulation, subsidence rates, and eustatic sea level variations are directly linked to the
WHFWRQLF IRUFHV \LHO G laq)ardNitetiure. 0T MeLT@ddic DirbBehyiwed el H V
major tectonic event during the deposition of the Point Pleasant. During the Ordovician, basin

architecture was controlled by regional basement tectonics (Figure 2.2).
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Prior to Trenton/Point Pleasant time, a broad ramp covered an enormous area of what is
now Pennsylvania, Michigan, Indiana, New York, Ohio, and Kentucky. The Central
Appalachian Basin extended to the southeast from Kentucky to Pennsylvania, and further to the
east was a deeper basin that had been receiving the clastic sediment (Patchen et al., 2006). By the
Trenton/Point Pleasant period, the architecture of the broad ramp altered with the development of
the small inter-platform basin in Ohio. The Appalachian Foreland Basin formed during the
Paleozoic period (Castle, 2001), and the cause of subsidence was tectonic and sedimentary
loading. During the Ordovician, the proto-Atlantic Ocean began to close and the collision
between the North American and European continents formed a series of island arcs and
mountains to the east of Ohio (Hansen, 1997). This event facilitated the deposition of the Point
Pleasant because the intensity of the Taconic orogeny increased asdiaceasd sea-level rise
and/or subsidence in the region, which resiilh the in-fill of the sub-basins. The interval
thickness of the in-fill of the sub-basin shows a normal depocenter with thinner deposits where
the carbonate platform had been and thicker deposits near the center of the basin (Figure 2.3).

The structure of the Point Pleasant dipped gradually to the center of the basin (Figure 2.4).

Explanation of generalized lithologies

|:| lgneous

I:| Igneous and siliciclastics
l:l Igneous and metamorphic
[: Siliciclastics and carbonates

-~ Paleo-shoreline
s NOrmal fault
LCM Laurentian Continental Margin

EGR Eastem Granite Rhyolite Province

Figure 2. 2 Map showing major tectonic features and paleogeography during the Early
Cambrian period. Sourced from Patchen et al. (2006).
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Figure 2. 3 Thickness map of the Utica/Point Pleasant. Red box depicts the study area.
Sourced from Patchen et al. (2006).

Figure 2. 4 Contour structure map of the Point Pleasant. Red box depicts the study area.
Sourced from EIA., 2017.
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2.2 Petroleum System

The Point Pleasant Formation is considered an unconventional petroleum system
comprised of late Ordovician-aged calcareous shales with interbedded limestones. This
formation is a self-sourcing reservoir. Point Pleasant has very low porosity and permeability to
the extent it can retain the majority of the matured hydrocarbons that have been generated and
expelled. This formation is overlain by the Utica Shale and overlays the Lexington Limestone.
On an average, the Point Pleasant Formation consists of 2-3% wt. TOC and reflects type-II
kerogen. The thermal maturity of the source rock has been observed from 0.66% on the western
side of the play, to 2.2% on the eastern side of the play. All these components of a petroleum

system are present in the Point Pleasant Formation.
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CHAPTERS3

COREDESCRIPTIONSAND FACIESANALYSIS, AND PETROGRAPHY

Well A core was described in detail for this study. This core is located on the western
side of the study area and was taken by a company that requested to keep its name and location
FRQILGHQWLDO :HOO $¢1 VofftiRWttaddsarqupleldd lee infd khel BIadR S
River Formation. This study, however, will only utilize approximately 87 ft of the core that
contains the Point Pleasant (with a couple of feet above and a couple of feet below). Core

descriptions, XRD analysis, and thin section analysis were used to determine facies.

3.1 Core Description

:HO O $ 9 \sdestiibed from 7280 to 7372ft and contains the lower few feet of the
Utica Shale, all of the Point Pleasant Formation, and the upper couple of feet of the Lexington
Limestone. This core was studied to determine facies, lithology, lithotype, fossil content, and
sedimentary structures. There are 10 total fé&cmse in the Lexington Limestone, seven in the
Point Pleasant Formation, and two in the Utica Shale. XRD data was used to help identify the
appropriate lithotype for each facies. The following are the descriptions of the 10 facies that were

identified in the core.

Table 3.1 Facies description from Well A core. These facies will be referred to in the
subsequent sections and chapters.

Facies Grain Lithotype Fossils Petrographic comments
size

Lexington Packstong Calcareous | Brachiopods,| Well-laminated by

Limestone 1 Calcite 94% | Bryozoans, | recrystallized calcite (sparry an

(Lex1) Quartz 1% | Crinoids, crystalline) layers and fossils,

Clay 5% Fossil hash, | and interbedded argillaceous

Odracods, | material. Some organic materis
Trilobites and fossils are partially filled
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Table 3. 1 Continued

with pyrite. Rare brown organi
particles.

Quartz 31%
Clay 39%

Point Pleasant | Fine Argillaceous,| Brachiopods, Well-laminated by silt, fossil
1 (PP1) mudstone| Calcareous | Bryozoans, | material, and some ferroan
Avg. XRD% | Crinoids, dolomite. Some fossils and
Calcite 41% | Fossil hash, | organic material are partially
Quartz 27% | Ostracods, | filled by pyrite and ferroan
Clay 32% Trilobites calcite. Organic material is
brown and opaque particles an
strand.
Point Pleasant | Medium | Siliceous, Fossil hash, | Laminated by silt and fossil
2 (PP2) mudstone| Calcareous | Ostracods | material. Pyrite replacement is
Calcite 48% evident in some fossils and
Quartz 27% organic matter. Organic materi
Clay 26% is brown and opaque particle
and strands.
Point Pleasant | Packstong Calcareous | Brachiopods, Laminated by recrystallized
3 (PP3) XRD NA Bryozoans, | calcite layers and fossils with
Crinoids, interbedded argillaceous
Fossil hash, | material. Organic material and
Ostracods, | fossils are partially filled with
Trilobites pyrite and are rare.
Point Pleasant | Medium | Argillaceous | Fossil hash, | Laminated by silt and lesser
4 (PP4) mudstone| Calcite 24% | Ostracods | amounts of fossil material.
Quartz 25% Fossil material is filled with
Clay 52% ferroan calcite and pyrite, and
brown and opaque organic
material is partially filled with
pyrite.
Point Pleasant | Medium | Calcareous, | Fossil hash, | Laminated silt and fossil
5 (PP5) mudstone| Argillaceous | Ostracods | material with some silty areas
Calcite 35% with calcite cement. Some of
Quartz 28% the fossils are filled with ferroa
Clay 37% calcite or pyrite. Organic
material is brown and opaque
particles and strands and are
partially filled by pyrite.
Point Pleasant | Fine Siliceous, Crinoids, Laminated by silt and fossil
6 (PP6) mudstone| Argillaceous | Ostracods, | material. Some fossil material
Calcite 30% | Trilobites recrystallized beyond

identification. Organic matter is
brown and opaque strands and
particles and are partially
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Table 3. 1 Continued

replaced by pyrite. Evidence of
scattered micas.

Point Pleasant | Fine Argillaceous,| Brachiopods,| Well-laminated by fossil
7 (PP7) mudstone| Fossiliferous| Bryozoans, | material and silt. Calcite fossils
Calcite 39% | Crinoids, are filled by ferroan calcite.
Quartz 26% | Fossil hash, | There is evidence of scattered
Clay 35% Ostracods, | detrital silt and calcite within
Trilobites the matrix. Organic material is
brown and opaque strands anc
particle and are partially
replaced by pyrite.
Utica 1 (Utl) | Medium | Siliceous, Brachiopods, Subtly-laminated by detrital silt
mudstone| Argillaceous | Crinoids, and fossils. lllitic lenses, zoneg
Calcite 39% | Fossil hash, | ferroan dolomite with calcite
Quartz 23% | Ostracods, | centers and mica flakes are
Clay 38% Trilobites dispersed throughout. Organic
material is brown and opaque
strands and particles and are
partially replaced by pyrite.
Utica 2 (Ut2) | Fine Argillaceous,| Bryozoans, | Subtly-laminated by fossils,
mudstone| Calcareous | Crinoids, clays, and silts. Fossils are
Calcite 31% | Fossil hash, | aligned with laminations and
Quartz 25% | Ostracods, | rare elongated organic strands
Clay 44% Trilobites are partially replaced by pyrite.

Facies Lexington Limestone 1 (Lex1) is located at the base of the study interval at

7,370.5ft and consists of calcareous packstone that is well-laminated by recrystallized calcite
(sparry and crystalline) layers and fossils with interbedded argillaceous material (Figure 3.1 and
3.2). Average mineral composition from XRD is: calcite 94%, quartz 1%, and clay 5%. From
source rock analysis, the average TOC is 0.13 wt.%, and effective porosity is 0.98%. Pyrite
replacement was observed in some of the rare brown organic material and some of the fossils.
These facies are littered with fossils such as brachiopods, bryozoans, crinoids, fossil hash,

ostracods, and trilobites. Pulses of brachiopods in the Lexington Limestone were progressively

interlaminated, which reflects the transportation of shallow water material into deeper
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environments. This probably happened during a storm-related event. Storm wave base is

approximately 106 deep (Patchen and Carter, 2015).

Facies Point Pleasant 1 (PP1) is the largest facies throughout the Point Pleasant and
consists of a fine argillaceous, calcareous mudstone that is well-laminated by silt, fossil material,
and some ferroan dolomite (Figure 3.1 and 3.2). From XRD, the average mineral composition is:
calcite 41%, quartz 27%, and clay 32%. Source rock analysis indicated that the average TOC is
2.85 wt.% with a max. of 5.01 wt.% and min. of 1.80 wt.%, and effective porosity of 5.85%,
with a max. of 7.59% and min. of 4.66%. Sedimentary structures are primarily planar parallel
laminations with rare wavy laminations. The structures are usually faint but can be more visible
in areas with more fossils. Some fossils and organic matter hau@&eially replaced by pyrite
and ferroan calcite. Organic matter is prevalent in this facies and is in the form of brown and
opaque particles and strands. The fossil assemblage consists of brachiopods, bryozoans,
crinoids, fossil hash, ostracods, and trilobites. This facies is observed five separate times within
the Point Pleasant and is present for 5#.i4h total. The Point Pleasant Formation probably
reflects slightly quieter and deeper water. The rate of sedimentation is slower, and the bottom
conditions are poorly oxygenated, as evidenced by the low amounts of trace fossils. Abundant
shell hash that is finely comminuted, probably indicates a more shoreward erosional abrasive

cycle.

Facies Point Pleasant 2 (PP2) is a medium siliceous, calcareous mudstone that is slightly
laminated by silt and fossil materi@igure 3.3 and 3.4). The average mineral composition from
XRD analysis is: calcite 48%, quartz 27%, and clay 26%. From source rock analysis, the average
TOC is 4.35 wt.%, and effective porosity is 6.60%. Pyrite replacement is evident in some fossils

and organic matter. Organic material is brown, opaque particles, and strand and within this
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facies, there is only evidence of ostracods and fossil hash. PP2 occurs in the core only once, for a

total of 1.5 ft.

Facies Point Pleasant 3 (PP3) is similar to Lex1 due to the fact that it is a calcareous
packstone that is laminated by recrystallized calcite layers and fossils with interbedded
argillaceous material (Figure 3.3 and 3.4). XRD and source rock analysis was not conducted in
this interval. Organic material and fossils are partially replaced by pyrite. However, there are
low amounts of organic material. Fossils include brachiopods, bryozoans, crinoids, fossil hash,
ostracods, and trilobites, and sedimentary structures are wave laminations and soft sediment

deformation. PP3 occurs in the core once for a total of 2.4 ft.

Figure 3.1 Facies Lex1 is the most calcareous facies described in the core. Facies PP1 is the
largest facies in the core and is described as a calcareous argillaceous mudstone. The log
associated with this interval is shown on Figure 3.2.
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Figure 3. 2 Red outline indicates the facies associated in Figure 3.1. From left to right, gamma
ray, facies, TOC, effective porosity, and permeability.
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Figure 3. 3 Facies PP2 is described as a siliceous, calcareous mudstone. Facies PP3 is a nice
marker bed within Point Pleasant and is a calcareous packstone. The log associated with this
interval is shown on figure 3.4.
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Figure 3. 4 Red outline indicates the facies associated in Figure 3.3. From left to right, gamma
ray, facies, TOC, effective porosity, and permeability.
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Facies Point Pleasant 4 (PP4) is a medium argillaceous mudstone and is laminated by silt
and less amounts of fossil material (Figure 3.5 and 3.6). From XRD, the average mineral
composition is: calcite 24%, quartz 28%, and clay 52%. From source rock analysis the average
TOC is 2.56 wt.%, and effective porosity is 6.41%. Some of the fossils (fossil hash, ostracods)
are patrtially filled with ferroan calcite and pyrite. Brown and opaque strands and particles of
organic material are partially filled by pyrite. This facies occurs in the core twice for a total of

3.2 ft.

- " Torralek

TTEK: 810819

Figure 3.5 Facies PP4 is an argillaceous mudstone with limited fossils. The log associated with
this interval is shown on Figure 3.6.
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Figure 3. 6 Red outline indicates the facies associated in Figure 3.5. From left to right, gamma
ray, facies, TOC, effective porosity, and permeability.
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Facies Point Pleasant 5 (PP5) is a medium calcareous, argillaceous mudstone that is
laminated by silt and fossil materials with some silty areas with calcite cement (Figure 3.7 and
3.8). The average mineral composition from XRD is: calcite 35%, quartz 28%, and clay 37%.
Source rock analysis indicated that the average TOC is 2.19 wt.%, and effective porosity is
5.16%. Some of the fossils (brachiopods, crinoids, fossil hash, ostracods, and trilobites) are filled
with ferroan calcite or pyrite. Organic material is brown and opaque particles and strarsds and
partially filled with pyrite. PP5 is located towards the middle of Point Pleasant and is observed

only once for 4 ft.

3

Figure 3. 7 Facies PP5 is a calcareous, argillaceous mudstone with slightly more fossils than
PP4. The log associated with this interval is shown on Figure 3.8.
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Figure 3. 8 Red outline indicates the facies associated in Figure 3.7. From left to right, gamma
ray, facies, TOC, effective porosity, and permeability.
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Facies Point Pleasant 6 (PP6) is slightly small, perhaps due to the missing core towards
the top of the section (Figure 3.9 and 3.10). From XRD, the average mineral composition is:
calcite 30%, quartz 31%, and clay 39%. From source rock analysis, the average TOC is 1.80
wt.%, and effective porosity is 3.90%. This facies is a fine siliceous, argillaceous mudstone that
is laminated by silt and fossil material. Some of the fossils have recrystallized beyond
recognition. There is evidence of scattered micas and the organic material is partially replaced by
pyrite. The recognizable fossils are crinoids, ostracods, and trilobites. This facies is
approximately 0.4 ft thick. However, it could be significantly thicker due to the fact that there is

some missing core.

Facies Point Pleasant 7 (PP7) is a fine argillaceous, fossiliferous, mudstone that is well-
laminated by fossil material and silt (Figure 3.9 and 3.10). The average mineral composition
from XRD analysis is: calcite 39%, quartz 26%, and clay 35%. Source rock analysssttshow
average TOC is 1.47 wt.%, and effective porosity is 3.20%. Calcite fossils are filled by ferroan
calcite, and there is evidence of scattered detrital silt and calcite within the matrix. Fessils a
brachiopods, bryozoans, crinoids, fossil hash, ostracods, and trilobites, and organic material is

partially replaced by pyrite. PP7 is at the top of the Point Pleasant and is 8.7 ft thick.

Facies Utica 1 (Utl) is a medium siliceous, argillaceous mudstone that is subtly-
laminated by detrital silt and fossils (Figure 3.11 and 3.12). From XRD, the average mineral
composition is: calcite 39%, quartz 23%, and clay 38%. From source rock analysis, the average
TOC is 1.44 wt.%, and effective porosity is 4.07%. lllitic lenses, zoned ferroan dolomita with
calcite center, and mica flakes, are dispersed throughout the facies. Organic material is less
common, but when present, it is partially replaced by pyrite. Fossils include: brachiopods,

crinoids, fossil hash, ostracods, and trilobites. The Utica depositional environment was offshore
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marine deep shelf with diverse fauna reflecting in part downslope redeposition. Bottom waters
are at least partially oxygenated because of the common trace fossils and relative lack of organic

material. Utl is located directly above the Point Pleasant and is 1.9 ft thick.

Facies Utica 2 (Ut2) is a fine argillaceous, calcareous mudstone with subtle laminates
from fossils, clays, and silts (Figure 3.11 and 3.12). The average mineral composition from XRD
is: calcite 31%, quartz 25%, and clay 44%. From source rock analysis, the average TOC is 1.16
wt.%, and effective porosity is 2.82%. Fossils (bryozoans, crinoids, fossil hash, ostracods, and
trilobites) are aligned with laminations and rare elongated organic strands are replaced by pyrite.

Ut2 is at the top of the researched core. This facies could possibly be thicker than 2.4 ft.

Core Not
Recovered

7.395.00 Top Core 3

c
7,301

Figure 3. 9 Facies PP6 is a siliceous, argillaceous mudstone that was most likely cut off due to
missing core. PP7 is the top of the Point Pleasant and is represented by the heavy fossil
accumulation. The log associated with this interval is shown on Figure 3.10.
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Figure 3. 10 Red outline indicates the facies associated in Figure 3.9. From left to right, gamma
ray, facies, TOC, effective porosity, and permeability.
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Figure 3. 11 Facies Utlis a siliceous, argillaceous mudstone that is located directly above Point
Pleasant. Ut2 is an argillaceous, calcareous mudstone that is at the top of the researched core
interval. The log associated with this interval is shown on Figure 3.12.
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Figure 3. 12 Red outline indicates the facies associated in Figure 3.11. From left to right,
gamma ray, facies, TOC, effective porosity, and

3.2 Petrography
Twenty four thin sections were prepared and analyzed by TerraTec and were also
analyzed at the Colorado School of Mines. Each slide is 24mm x 46mm and was analyzed to
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help provide a more detailed description of facies, textural properties, lithology, and diagenetic
history in the study formation. These thin sections were impregnated by low-viscosity
fluorescent red-dye epoxy resin under vacuum to highlight por&ibgequently, half of the

slide was stained with a mixture of potassium ferricyanide and alizerf@ r36~ W ReD L G

identification of the carbonate material.

Facies Lex1 is a calcareous packstone at the base of the research core intervah Lex1 is
well-bedded packstone with sub-horizontal shell orientations, as well as more heterogeneous,
internally disorganized arrangement of fossils (Figure 3.13). The fossils in this facies are
cemented by sparry calcite and some exhibit evidence of pyrite replacement. Detrital phosphatic
material is relatively abundant within this facies, and there is evidence of crystalline calcite

stained from oil.

Figure 3. 13 Thin section of facies Lex1 to the left (plane-polarized light; PPL scale bar =
1mm) illustrates a packstone with fossils such as crinoids (cr) and bryozoans (br) that are
cemented by sparry calcite (arrows). Finally, crystalline calcite stained with oil is rendered
brown. Thin section to the right (PPL, scale bar = 200microns) provides high magnifications of
the sparry calcite surrounding fossils such as crinoids (cr) and bryozoans (br).
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Facies PP1 ianargillaceous, calcareous mudstone and is the thickest facies in the
studied interval. Within the thin sections throughout the total PP1 interval, there is evidence of
micro laminations consisting of fossils, fossils replaced by pyrite, authigenic ferroan dolomite
rhombohedra and detrital quartz silt (Figure 3.14). Dark brown/black organic strands are

elongated to bedding and some organic particles are scattered throughout the samples.

Figure 3. 14 Facies PPL1 thin section to the left (PPL, scale bar = 100 micros) illastrates
argillaceous, calcareous mudstone that has ferroan dolomite (right arrow) and elongated organic
matter (left arrows). The thin section to the right has the same properties as the one on the left.
However, it illustrates fossil hash at the base of the pictures.

Facies PP2 is a siliceous, calcareous mudstone with less evidence of fossils and a slightly
higher concentration of silt (Figure 3.15). Pyrite replacement exists within fossils and organic
material. Some ferroan dolomite, elongated, and particle organic materials are scattered

throughout the thin sections.

Facie PP3 did not have any thin sections completed. Thin sections were cut before the

facies were finalized.
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Figure 3. 15 Facies PP2 thin section to the left (PPL, scale bar = 0.5 mm) illustrates a siliceous,
calcareous mudstone with ferroan dolomite (arrow) and elongated organic matter (left arrows).
The thin section to the right is a higher magnifying view of PP2 (PPL, scale bar = 100 microns).

Facies PP4 is an argillaceous mudstone that is laminated by silt and clay with lesser
amounts of fossil material (Figure 3)1&he scatter of fossil material in the thin section is
notably less, and the ferroan dolomite (blsahcreased. The increased amounts of disseminated
organic material contributes to the darker color matrix. Within the highly magnified sample,
there is evidence of calcite (pink), ferroan calcite (purple), ferroan dolomite (blue), and detrital
mica plates. There is also evidence of organic strands that are found to be aligned with the

bedding.

Facies PP5 is a calcareous, argillaceous mudstone that is laminated by calcite fossils,
detrital silt, and clays (Figure 3.17). Pyrite has partially replaced fossils and organic material.
The matrix is composed of clays, organic material, and lesser amounts of ferroan dolomite.
Within the thin section pictures, there is evidence of brachiopods, crinoids, fossil hash, ostracods,

and trilobites. Organic material is evident in particles and is observed throughout the samples.
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Figure 3. 16 Facies PP4 thin section to the left (PPL, scale bar = 0.5 mm) illstrates
argillaceous mudstone with silt and clay laminations. The scatter of the fossil material (pink)
compared to the other facies is significantly less. The thin section to the right (PPL, scale bar =
100 microns) illustrates the detrital mica plates (horizontal arrows) and opaque organic strands
that are aligned to the bedding (vertical arrows).

Figure 3. 17 Facies PP5 thin section to the left (PPL, scale bar = 1 mm) illustrates a calcareous,
argillaceous mudstone that is laminated by silt and fossil material. Yellow arrows indicate pyrite
replacement. The thin section to the right (PPL, scale bar = 200 microns) is a high magnification
of the fossil material. The matrix is composed of clays, organic material, and lesser amounts of
ferroan dolomite. Types of fossils include crinoids, trilobites, and brachiopods.
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Facies PP6 laminations are defined by fossil material and silt in this siliceous,
argillaceous mudstone (Figure 3.18). Organic material and fossil fragments are aligned with
bedding. Detrital quartz and mica silt grains are scattered throughout the matrix. Pyrite
replacement is observed in some fossils and organic material. Some calcite fossils are filled with
ferroan cement. In one of the thin section pictures, there is evidence of a brachiopod. The

diagenetic minerals in this sample are calcite, ferroan calcite, dolomite, and pyrite.

imm

v dmm

Figure 3. 18 Facies PP6 thin section to the left (PPL, scale bar = 1 mm) illustrates a siliceous,
argillaceous mudstone with silt and fossil laminations. Top arrow is a calcite shell that is filled
with ferroan calcite cement, and the bottom arrow is a brachiopod. The thin section to the right
(PPL, scale bar = 100 microns) is a higher magnification image revealing organic strands
(arrows) and fossil fragments (pink) that align with bedding. Detrital quartz and mica silt grains
are scattered throughout the matrix.

Facies PP7 is an argillaceous, fossiliferous mudstone that is well-laminated by fossils,
recrystallized calcite, and some silt material (Figure 3.19). Laminations within this fossiliferous,
argillaceous mudstone area are defined by fossil material, micritic calcite cement, and detrital

silt. Fossils include brachiopods, bryozoans, crinoids, fossil hash, ostracods, and trilobite and are
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partially replaced by pyrite. Organic material are elongated or rounded shapes and partially

replaced by pyrite.

Figure 3. 19 Facies PP7 thin section to the left (PPL, scale bar = 1 mm) illustrates
argillaceous, fossiliferous mudstone that is well-laminated by fossil, calcite, and silt material.
The yellow arrow points out a fossil that is partially replaced by pyrite. White specks within this
slide are detrital silt. The thin section to the right (PPL, scale bar = 100 microns) is a higher
magnification image revealing ferroan dolomite (blue), recrystallized calcite, and fossil hash
(pink). The arrows show organic particles that are elongated or rounded. Types of fossis includ
crinoids, trilobites, and brachiopods.

Facies Utl is a siliceous, argillaceous mudstone that is subtly laminated by detrital silt
and fossils (Figure 3.20). The organic strands and fosshldra aligned to the bedding. There
are illitic lenses, zoned ferroan dolomite with calcite centers, and mica flakes throughout the
sample. Organic material and fossils are partially replaced by pyrite. Utica 1 is located at the

base of the Utica.
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Figure 3. 20 Facies Utl thin section to the left (PPL, scale bar = 0.5 mm) illustrates siliceous,
argillaceous, mudstone that is subtly laminated by detrital silt and fossils. Silt-sized fossil hash
and larger trilobite fragments are represented by the pink carbonate stain. Trilobites are indicated
by tr. The thin-section to the right (PPL, scale bar = 100 microns) is a higher magnification
image of compositionally zoned crystals that consist of calcite (pink) and are rimmed with

ferroan dolomite (blue).

Facies Ut2 is an argillaceous, calcareous mudstone that is subtly-laminated by fossils,
clays, and silts (Figure 3.21). Fossils are aligned with laminations and rare elongated organic

strands are partially replaced by pyrite.

Figure 3. 21 Facies Ut2 thin section to the left (PPL, scale bar = 0.5 mm) illustrates an
argillaceous, calcareous mudstone that is subtly-laminated by fossils and silts. Trilobites are
indicated by tr. The thin section to the right (PPL, scale bar = 100 micraisigiser
magnification.
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3.3 X-ray Diffraction (XRD)

Twenty four XRD samples were taken from strategic intervals within the studied core
interval. The average carbonate content throughout the interval is 41 wt. %, clay 34 wt. %, and
the average quartz content is 26 wt. %. The clay content is reduced drastically from Utica to
Point Pleasant, while the calcite content increasesede#p Point Pleasant. Figure 3.22 shows
that the majority of the samples taken are in the argillaceous, calcareous mudstone portion, and
10 samples fall in different portions of the modified ternary diagram (Lazar, Bohacs, Schieber,
Macquaker, and Demko, 2015).i$imodified ternary diagram illustrates the composition of the
fine-grained sedimentary rocks. Each point was plotted in the core descriptions to help with
identifying the lithotype of each sample interval. This further helped in identifying the different

facies within Point Pleasant.

Clay

Argillaceous

Siliceous Calcareous

Quartz ¢

50% ) ) ) Carbbnate

Figure 3. 22 XRD results plotted on this modified ternary diagram show that the majority of
the researched core falls within the argillaceous, calcareous mudstone (Lazar et al., 2015).

Bulk mineralogy was plotted against depth to show the variation of all the observed

minerals within the core (Figure 3.23). Quaaimounts are fairly consistent throughout the study,
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while the presence of clay decreases and calcite increases. Pyrite is fairly consistent at
approximately 3 wt. %, plagioclase is also consistent at approximately 4 wt. %, and dolomite
ranges from @ wt. %. The zone of interest is the last quarter of Point Pleasant and has the
highest calcite and lowest clay content. This is helpful during hydraulic fracture. The rock is

more brittle and allows the fractures to propagate outwards better.
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Figure 3. 23 Bulk XRD results and facies plotted against depth. Note that the calcite increases
and clay decreases deeper into the section.
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3.4 X-ray Fluorescence (XRF)

The Niton XL3T 980 Goldd+ was used to sample the core at intervals of six inches. The
normalized average of the major elements from the XRF sampling matches reasonably well with
the relative weight percentage from the bulk minerology sampling. Calcite increases slightly
while moving deeper into the section, while silicon and aluminum (some of the elements that
constitute clay) decrease further down in the section (Figurg XR4 confirmed the results

from the XRD data.
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Figure 3. 24 Normalized average of the major elements (wt. %) from XRF sampling. Notice
the increase of calcite and the decrease of silicon and aluminum deeper into the section.
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3.4.1 Detrital Proxies

Diagenetic, redox conditions, sediment source, and transportation history can be studied
by using the elemental composition of marine sediments (Calvert and Pederson, 2007).
Terrigenous sourced sediments commonly have distinct elemental compositions compared to
chemically or biogenically precipitated deposits (Pietras, and Spiegel, 2018, and Saboda and
Lasonda, 2014). Aluminum has a conservation behavior in weathering profiles and soil
formation and allows for investigating redox sensitivity elements and lithogenous content of
sediments because it is a proxy for clay mineral influx in fine grained clastic deposits. Silica and
aluminum (Si/Al) ratios record the changing abundance of quartz or biogenic silica that contain
no aluminum, to feldspar and clay minerals with ratios less than 3.5 (Figure 3.25 and 3.26). The
measured concentrations of these elements have little influence from diagenetic or biological

processes. This means that the sediment input is mostly from detrital pulses.

Sivs Al

Figure 3. 25 Si/Al showing general positive increase. This indicates that the majority of the
quartz is derived from detrital pulses.
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Molybdenum (Mo), uranium (U) and vanadium (V) help understand the

3.4.2 Redox Proxies
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Figure 3. 26 XRF results from Well A showing detrital proxies compared to TOC and GR
through the Point Pleasant Formation. Elements calcium, aluminum, titanium, silicon, and
zirconium are fairly consistent throughout the formation.

paleoenvironmental analysis of oxygen-deficient marine systems (Pietras, and Spiegel, 2018, and
Saboda and Lasonda, 2014). These elements are delivered to the basin via clastic loads, however
they can be concentrated in the sediment column by adsorption onto various organic and

inorganic particles under oxygen depleted conditions. Redox proxies in the sediment column are




increased due to the repeated formation and settling of oxyhydroxides, and euxinic conditions
also incorporate Mo and V into the sediment column. Copper (Cu), nickel (N)la@F TV =Q
role as micronutrients tend to be complexed with organic-matter in the water column, and are
released to the water column during organic-matter decay in oxygenated environments, but can
be bound as pyrite under oxygen-depleted and associated microbial sulfate-reducing conditions
(Figure, 3.27). Iron (Fe) and sulfur (S) concentrations that approximate the stoichiometric ratio

of pyrite, characterize the microbial sulfate reduction in deposited mudstones.
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Figure 3. 27 XRF results showing redox proxies with GR and TOC through the Point Pleasant
Formation. Uranium is somewhat low which corresponds to the low gamma ray response, and

Mo is enriched throughout the lower 1/4 of the section in the more organic-rich interval. Fe/S is
low and consistent with intermittently euxinic conditions.
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3.5 Scanning Electron Microscopy (SEM)

SEM analysis was performed on four samples within the study interval in Well A to
better understand the types of porosity and permeability. The organic porosity that is observed is
from the degradation of organic material that contributes to the elevated porosity in some
portions of the section. The SEM work also helped confirm the types of clays present within the
section. TOC, porosity, and permeability increases deeper into the section of the study area and

drops once into the Lexington Limestone.

Sample 22 takeat 7298.15 ft in Well A, illustrates that the dominate matrix components
are illite, mixed-layer illite-smectite, and calcite. The minor concentration of calcite is attributed
to the fossil material. The wavy clays are characteristic of illite and mixed-layerednibieite
(Figure 3.28). Intercrystalline micropores are located between the stacked clays. Furthermore,
phosphatic pellets are also present. Elemental analysisms that the spongy material is

composed of a mixture of calcium and phosphate.

—-_— lpm  TerraTek B — lpm TerraTek
X 5,500 10.0kV SEI SEM WD 7.3mm X 12,000 10.0kV SEI SEM

Figure 3.28 a) SEM micrograph illustrates the waxy stacking illite and mixed-layered illite-
smectite clays (scale bar = 1 micron). In the top left-hand corner, there is an embedded
calcareous fossil fragment (ff). b) SEM micrograph on the right is a detailed view of a
phosphatic peloid (pe) (scale bar = 1 micron).
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Sample 27 was taken 7321 f@nto Well A, and also has an abundance afgich
matrix that is composed of illite and mixed-layer illite-smectite (Figure 3.29). There is evidence
of elongated organic material and phosphatic peloids. Matrix clays host the majority of the
micropores with minor sub-micron sized pores identified in the pellets. Fine amorphous coats
matrix clays and minor calcite cements and the organic pores in some areas add substantially to
the pore network. The smooth nature of the organic particles is indicative of little degradation.
Tight rock analysis (TRA) measured porosity and permeability of 5.16% BV and 335 nD

respectively.

_— lpm TerraTek

X 5,500 10.0kV SEI SEM WD 8.0mm

Figure 3.29 a) Micrograph illustrates the wavy clay matrix with a smooth organic patrticle (op)
embedded in the matrix (scale bar = 1 micron). b) Micrograph illustrates the boundary between a
phosphatic pellet (pe) and platy clays (scale bar = 1 micron). ¢) Micrograph displays the fine
amorphous organic material (OM) coating the matrix clay (scale bar = 100 nanometers).
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Sample 35 was taken from 7351.55 highlight the aligned, wavy illite clays, and slightly
blocky nature of the matrix due to the presence of calcite cement (Figure 3.30). The fossil hash
in the area is composed of the calcite. There are elongated organic particles that are embedded
into the compositionally mixed matrix. Equant to nearly equant-shaped pores are sporadically
distributed and the elongated pores between the aligned clay flakes contribute to the porosity and
permeability. Furthermore, amorphous organic material is present between the clay flakes and

contributes to the favorable gas-filled porosity and permeability of 4.9% BV and 395 nD.

— 10pm TerraTek
10.0kV SEI LM WD 8.0mm

Figure 3.30 a) Micrograph demonstrates the wavy illite clays with the slightly blocky nature of
the calcite cement and calcite fossil hash (arrow) (scale bar = 10 micrpokiyrdigraph

illustrates theODM coating on the clay flakes (yellow arrows) and the elongated porosity between
the clay flakes (blue arrow).

Sample 37 was taken from 7359.50 ft, and continues on the path of the matrix being illite
clays and calcite with calcareous fossils embedded within the matrix (Figure 3.31). There is also
evidence of pyrite framboids that are coated with spongy amorphous organic matter and equant
pores that are identified in the spongy material. Degraded organic material contributes to the
elevated porosity (7.59% BV) and permeability (435 nD). In this area, the nanoporous hature o

the kerogen has a high surface area per unit volume ratio for gas adsorption and storage.
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- 100nm TerraTek
X 30,000 10.0kV SEI SEM WD 6.8mm

Figure 3.31 a) Micrograph shows pyrite framboids that have spongy amorphous organic matter
coating (arrows) (scale bar = 1 micron). b) Micrograph is a high magnification of the same
illustrating the abundance of degraded organic material and fine amorphous organic matter (scale
bar = 100 nanometers).

3.6 Summary

There were a total of ten facies in the study area. Facies PP1 stood out the most due to the
fact that it was the largest and at the base of the Point Pleasant and displayed the best reservoir
guality results. Deeper into the section, clay and quartz content decreases while the carbonate
content increases. This is an important factor when it comes to hydraulic fracturing. €he less
the amount of clay, the more brittle the rock is and the better the chances of fracture propagation.
The bulk minerology analysis confirms that the majority of the Point Pleasant Formation is an
argillaceous, calcareous mudstone. The XRF data also confirms that the bulk minerology was
accurate. The SEM analysis demonstrates that the porosity and permeability emerges from the
area between the clay flakes and from the organic material. Organic material that is present in the
core plays a significant role in the total organic carbon content that is described in the next

chapter.
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CHAPTER4

GEOCHEMISTRY

Source rock analysis was performed on Well A throughout the entire core. However, this
research only studied the interval around the Point Pleasant. One of the most important sections
of research is to better understand a hydrocarbon play, is the detail that emerges from source
rock analysis. Organic richness, thermal maturity, and potential for hydrocarbon generation is
derived from the source rock analysis. Understanding the original kerogen, quality, and quantity
will aid in analyzing the hydrocarbons within the reservoir. TerraTek perfoasedrce rock
analysis and kept their methods confidential. However, they provided the amount of free
hydrocarbons (S1), amount of hydrocarbons generated through thermal cracking (S2), amount of
CO (S3), total organic carbon (TOC), temperature at maximum release of hydrocarbons from
cracking (Tax, hydrogen index (HI), oxygen index (Ol), production index (PI), and calculated
vitrinite reflectance (B). Figure 4.1 was used to evaluate the source rock analysis that was

completed on Well A.

Organic Matter
Petroleum TOC Rock-Eval Pyrolysis Bitumenc Hydrocarbons
Potential (Wt. %) Se@ Sab (Wt. %) (ppm) (ppm)
Poor 0-05 0-05 0-25 0-0.05 0-500 0-300
Fair 0.5-1 0.5-1 2.5-5 0.05-0.10 5001000 300-600
Good 1-2 1-2 5-10 0.10-0.20 1000-2000 600-1200
Very Good - 2-4 24 10-20 0.20-0.40 20004000 1200-2400
Excellent >4 >4 >20 >0.40 >4000 >2400

amg HCig dry rock distiled by pyrolysis.
brng HC/g dry rock cracked from karogen by pyrolysis.
cEvaporation of the solvent used 1o exiract bitumen from & source rock or oil from a reservoir rock causes loss of the volatile hydrocarbons below about -Cys. Thus, most extracts

are described as “Cqs, e Lighter I s can be at least partially retained by avoiding complete evaporation of the solvent (e.g., Cip,).
Maturation Generation

Stage of Themmal Ro Tiviime Bitumen/ Bitumen Ple
Maturity for Oil (%) () TAlR TOCR (mg/grock)  [S1/(Sq +Sp)]
Immature 0.2-0.6 <435 1526 <0.05 <50 <0.10
Mature

Earty 0.6-0.65 435-445 26-2.7 0.05-0.10 50-100 0.10-0.15

Peak 0.65-0.9 445-450 2.7-29 0.15-0.25 150-250 0.25-0.40

Late 0.9-1.35 450470 2.9-33 s —_ >0.40
Postmature >1.35 >470 >33 — — -

ATAl, thermal aeration index.

Shiature Oil-prone SOUTE rooks with type | or Il karogen commonly show bitumen'TOC ratios in the range 0.05-0.25. Caution should be appled when imerpreling extract yields
trom coals. For exampie, many gas-prone 0oais show high extract yiokds suggesting o-prone character, but exiract yield nommalized to TOC is low (<30 mg HC/g TOC)
Bitumen'TOC ratos over 0.25 can mdcate contamination or migrated oil or can be artfacts caused by ratios of smal, naccurate numbers.

P, producton index.

Figure 4.1 Source rock analysis quality ranges for TOC, S1,:32aRd Tax Sourced from
Peters and Cassa (1994).
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4.1 Thermal Maturity

Source rock analysis was performed on 24 samples throughout the studied core interval.
The study area for this research spans the oil, wet gas, and dry gas windows. Well A is located
near or adjacent to the study area where Patchen and Carter (2015) would suggest the maturity of
the well would be in the oil window (Figure 4.2). Vitrinite reflectance equivales¥ofRalues
calculated in this study were calculated by TerraTek but the process was not defined. However,
Ro% equivalent was also calculated from thexValues based on the Jarvie, Claxton, Henk, and
Breyer (2001) method (equation below) and the curves were found to be in agreement with each
other. Vitrinite reflectance andnlx were used to determine the maturity of the source rock.
Vitrinite reflectance was plotted against depth and values from less thas?® & &immature
oil, values between 08.65 R% indicate early oil phase, values 083 R% are peak oil
phase, values between @935 R% are late oil phase, and values greater than 1,3biflicate
dry gas phase (Figure 4.3). The majority of the data points fall within the dry gas window.
However, they are reasonably close to the late oil phasgwas also plotted against depth to
compare to ®b6. Tmax values fC) less than 435 indicate immature, values #35 indicate early
oil phase, values 45850 indicate peak oil phase, values 4610 indicate late oil phase, and
values greater than 470 indicate dry gas phase (Figure 4.4). Likg%hpl®, Tmaxdata points
indicate that maturity for Point Pleasant is primarily in the dry gas window. BthaRd Tnax
values increase deepinto Point Pleasant. To better understand the maturity in Welh4,(°C)
was compared against kerogen conversion (equations below). These points primarily fall into the

wet gas and dry gas zones (Figure 4.5

Kerogen Conversion = Pl (S1/(S1 + S2)) (4.2)

Cal.%VR, (from Tmas) = 0.0180 X Trax +7.16 (4.2)
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tica Consortium
Assessment Units

Wet Gas AU

Figure 4.2 Thermal maturity map of Point Pleasant. The red box indicates the study area.
Sourced from Patchen and Carter (2015).
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Figure 4.3 Calculated vitrinite reflectance equivaleg¥%{Rversus depth chart showing data
points for the studied cored interval. Individual points represent facies.
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Figure 4.4 §ax (°C) versus depth chart for data point in the study interval. Individual points
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1.00

Z3 0.80
[9V)
0 ale
ar Ga
—f 080
@, :
= L e Ut2
(O e Utl
o ° PP7
g 0.60 PPo
‘0 » - N +PP5
o bt PP4
é 050 Stained or : L
o) Contaminated +TP2
© 0.40 i +PP1
% W Lexl
D
O 1w
(]
X

0.20

L I

Low Level Conversion
0.00 +
380 400 420 440 460 430 500 520 540 560 580 600
Tmax (T)

Figure 4.5 lllustratesax (°C) versus kerogen conversion in the studied interval. Points
represent individual facies within the core.
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4.2 TOC Analysis and Petroleum Potential

The TOC content in Well A through the Point Pleasant interval increases from the top of
the section to the bottom of the section (Figure 4.6). A similar trend is observed with the S1 or
petroleum potential (Figure 4.7). There is no correlation between facies and TOC. However,
TOC increases deeper into the section until entering into the Lexington Limestone (Figure 4.6).
TOC values are the highest at the base of Point Pleasant at 5.01 wt. % at 7,364.50 ft. Figure 4.5
is a chart that plots TOC against depth and illustr8iesr” through %¥xcellent estimates for
petroleum potential. Values for TOCHD5 wt. % indicateyoor,” 0.54% indicate ¥air, "1 2
wt. % indicate3good,” 2 # indicate ¥ery good, and 4+ wt. % indicatéexcellent.” Utica and
the top third of Point Pleasant falls into tAgnod” window, the middle to lower portion falls into

the ¥ery good window, while the last three points in the lowest part of the Point Pleasant fall

into the %excellent window.

Well A, TOC, Petroleum Potential

\ ® Ut
Poor Fair e Ut
Jery G Excellent PP
Good Very Good
— -
g >
= o PP
£ 73
a PE
2 g -
qJ PE
&) ;
i ® Lexl
()
=
>
(%]
@© ;2
[}
=
.__,__o——'—'_'_-—'_'_'_.__._'_._._._'——'_
—1T |

Total Organic Cal;bon (wt. %

Figure 4.6 Petroleum potential using TOC versus depth. Individual points represent the facies
throughout the core.
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S1 (amount of free hydrocarbons in the sample) was also plotted against depth to
illustrate the petroleum potential in Point Pleasant. Like the TOC chart, S1 is very similar since
increases deeper into the section (Figure 4.7). S1 Values /M @g/g indicateyoor,” 0.54
mg/g indicate¥air, "~ 1-2 mg/g indicategood,” and 24 indicate ¥/ery good.” The majority of
the well falls into thedvery good window, and the last three points in Point Pleasant are the

highest S1 amounts.

728500 Well A, S1, Petroleum Potential

——All Data

7295.00 / -
Poor i
i Very Good PP7
7305.00 FP6
Good e PPS
© PP4
7315.00 (

¢ PP2

7325.00 B Lexl

Z 7335.00

Measured Depth (ft)

7345.00

7355.00

7365.00

|

—

7375.00
0 1 2 3 4 5

S1 (mg/g)

Figure 4.7 Petroleum potential using S1 versus depth. Individual points represent the different
facies throughout the section.

4.2 Kerogen Type
Kerogen type was measured and calculated by TerraTek. Two charts were generated to

display which kerogen type was the most abundant. HI (hydrogen index) was used to
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characterize the origin of organic matter. Ol (oxygen index) is a parameter that correlates with
the ratio of oxygen to carbon. Ol was plotted against HI to illustrate the kerogen type within the
samples (Figure 4.8). Within the Point Pleasant, the kerogen type is a mature Il. TOC was
subsequently cross plotted with the remaining hydrocarbon potential S2 (mg HC / g) to
demonstrate kerogen quality (Figure 4.9). Point Pleasant falls in the matured Type Il kerogen, oil
prone, marine sourced). This agrees with the conclusions drawn by Patchen and Carter (2015)
regarding the algal source organic matter (marine algal) being the primary source of organic

material.

Well A

900 -

800 -

700 - + Utica
+ Point Pleasant

+'Lexington

600 -

500 -

400 -

HYDROGEN INDEX (HI)

300 -

200 -

100 -

*

0 50 100 150 200 250 300
OXYGEN INDEX (OI)

Figure 4.8 Kerogen Type displaying Point Pleasant data falling into Type II.
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Figure 4.9 Kerogen quality plot illustrating that the Point Pleasant data points are matured
Type |l kerogen.

4.3 Summary
Source rock analysis helped in the research of kerogen type, thermal maturity, and
petroleum potential within the core interval of the Point Pleasant. The kerogen type for the Point
Pleasant is a mature Type Il. Thermal maturity plots for Well A would suggest that this well falls
in the dry gas window, with a few points roughly on the condensate gas window. Petroleum
potential, along with TOC, increased from the top of the Point Pleasant to the base of the Point
Pleasant. This would suggest that the hmsition for horizontal drilling would be towards the
base of the Point Pleasant. In the following chapter, the log data for this well and other wells in
the study area are examiné®d QG LW LV VKRZQ ZLWK VXFK TXDQWLWDWLY

the EHVW UHVHUYRLU IRU HQKDQFHPHQW
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CHAPTERS
PETROPHYSICALDESCRIPTION,CORRELATION,AND MAPPING

The most common types of data used in mapping and studying geologic intethals
subsurface are petrophysical logs. In this study, logs from five pilot wells were used to map
depth, thickness, total porosity (PHIT), volume clay (VCLAY), effective porosity (PHIE), PHIT
multiplied by height (PHITH), PHIE multiplied by height (PHIEH), hydrocarbons per foot
(SOPHIH), TOC, water saturations (SW), and bulk water volume (BVW) throughout the study
area. A plethora of maps were constructed to show how the pay interval changes within the play
horizontally and vertically. Two cross section maps were also made to illustrate the vertical
change in pay by adjusting log responses to the core data. Due to the proprietary nature of this
project, the study cannot show specific locations of the core and pilot wells. Howezan
assume that the cored well is located slightly to the west of the study area. For the Petrophysical
models, & U BslP@pphysicak DQGERRN ZDV XVHG DQG 3HWUDTV /RJ 7UDC

calculate SW. Moreover, all the logs from the cored well weibreé¢d to match the core data.

5.1 Point Pleasant Structure and Isopach Mapping

For this study, the Point Pleasant was broken into the following four zones: 1) Point
Pleasant ALL, 2) Upper Half Point Pleasant, 3) Lower Half Point Pleasant, and 4) Lower ¥ Point
Pleasant. These four zones will illustrate the changes throughout the Point Pleasant. In the later
sections of this chapter, these zones will be used to calculate average total porosity, total porosity
multiplied by height, average effectiverpsity, effective porosity multiplied by height, and
organic saturations multiplied by porosity multiplied by height. The Point Plefisémnicture is

significantly consistent throughout and gradually dips to the southeast (Figures 5.1). Tkeigkness

59



of the intervals vary slightly within the study area as shown in Figure5.5,2however, they

somewhat follow the same trend and thicken to the north and east.
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LHLA S Heyns Q\\\

/ o Ol / / Q\%&\\,\
/// ¥ w \\

://, ® o
///g

Figure 5.1 Point Pleasant structure map within the study area (subsea true vertical depth
(SSTVD), contour interval (c.i.) of 50 ft).
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Figure 5.2 Point Pleasant Isopach map within the study area showing the thickness ranging
from 76-82 ft (c.i=2 ft).

60



“ﬂé@. Bab

N
S
7 N TR
W

\
Ly \ W \ N \\\ . l~ \\\A\\ ,v
| b

//

N2

Vo

SR
N

\\\\\\ W R

R

AN ;‘.‘n_v N

Figure 5.3 Isopach map of the Upper Half Point Pleasant the thickness ranging from 30-44 ft
(c.i. = 2 ft).
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Figure 5.4 Isopach map of the Lower Half Point Pleasant showing the thickness ranging from
32-48 ft (c.i.= 2 ft).
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Figure 5.5 Isopach map of the Lower 1/4 Point Pleasant showing the thickness ranges from
11ftto 18 ft (c.i=0.5 ft).

52 VCLAY
Volume of clay (VCLAY) is an important calculation to make to calculate effective
porosity. In order to calculate VLCAY, the gamma ray (GR) curve needs to be normalized.
Within Petra, the GR curve was normalized by taking thpescentile (clean GR) and the™5
percentile (hot GR), and subsequently taking the&d GR.ax from the original GR log.
FromhereDQ HTXDWLRQ IURP &UDLAQ T YCrain, 2003 8as ugddRd O +DQGERF

normalize the GR log (the equation is given bglow

GR_NRM = GRmin+(GRmax-GRmin)*(GR_O-PC5GR_O)/(PC95GR_O-PC5GR_O)
(5.1)
GR_NRM = gamma ray normalized, GRmin = minimum gamma ray from log, GRmax =

maximum gamma ray from log, GR_O = gamma ray of original log, PC5GR 'O =5
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percentile of original gamma ray, and PC95GR_O % @& centile of original gamma

ray GRmin = 37.41, GRmax = 125.41, PC5GR_O = 36.56, and PC95GR_O = 123.13

Once the five wells had the GR normalized, VCLAY was calculated using a linear
equation and the constants were manipulated to match the clay from the XRD analysis. The
calculation used for VCLAY is given below. These equations were runid B&fV 8VHU ORGHO |

Advanced Transformations to generate a log (Figure 5.6).

VCLAY_SWL = (GR_NRM_SWL-GR_CLEAN)/(GR_SHALE-GR_CLEAN) (5.2)

GR_CLEAN =40, and GR_SHALE = 200

a/CLAY vivq
0 GR 1§, b(RD Clayl%

Figure 5.6 GR on the left with a scale alB0 api and CORE_XRD_CLAY and VCLAY on
the right illustrating the relationship between the two.
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5.3 Average Total Porosity (PHITA)

A few steps were mandatory in the calculation of total porosity (PHIT). First, the average
grain density from the core in Well A was calculated between the top of the Point Pleasant to the
base of the Point Pleasant. The average computed grain density is 2.68 g/cc, and the density of
saline water is 1.20 g/cc. From here, these constants were added into an equation with bulk
density (RHOZ) to calculate total porosity (below). This equation wad.rgn 3SHWUDYfV 8VHU OF

of Advanced Transformations to generate a PHIT log.

PHIT=(RHOZ-2.68)/(1.2-2.68) (5.3)

PHIT = total porosity, RHOZ = bulk density

Once the PHIT was generated, Petra was used to calculate the average total porosity
(PHITA) within four intervals of the Point Pleasant. These intervals are Point Pleasant ALL,
Upper Half Point Pleasant, Lower Half Point Pleasant, and Lower 1/4 Point Pleasant. Such
categorization into intervals was undertaken to demonstrate the change in PHITA through the
sections and subsequently mapped to demonstrate the change of PHITA through the study area

(Figures 5.7-5.10

These maps illustrate the change in average total porosity, vertically and horizontally.
Vertically, these maps show an increase in average total porosity deeper in the section.

Horizontally, these maps show an increase of average total porosity from west to east.

5.4 Total Porosity multiplied by Height (PHITH)
PHITH is total porosity multiplied by height, and the maps created are used to
GHPRQVWUD W Hhése InapsR@\Hie a comprehensive visual representation of the

betteU uSD\ |RQHVY ZLWKSirige\Wésel medpy M@tiplyppdnddiny by height, the lower
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1/4™ of Point Pleasant fares significantly lower than the area as a whole since they multiply

porosity by height. Therefore, there is a decrease in PHITH with the smaller amounts of height
PXOWLSOLHG 7KUHH RI WKH IRXU 3+,7+ PDSV GHPRQVWUDWH
eastern part of the study area, while the Lower % Point Pleasant PHITH map suggests that the

EHWWHU 3SD\ JRQH’ L étewi RaZtDUI® Stutly rela (Figused/K1H 5.14).

Figure 5. 7 PHITA map of Point Pleasant All (decimal percent with contour interval of 0.01).
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Figure 5.8 PHITA map of Upper Half Point Pleasant (decimal percent with contour interval of
0.01).

Figure 5.9 PHITA map of Lower Half Point Pleasant (decimal percent with contour interval of
0.01).
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Figure 5.10 PHITA map of Lower 1/4 Point Pleasant (decimal percent with contour interval of
0.01).

Figure 5. 11 PHITH map of Point Pleasant All (£.0.5).
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Figure 5.12 PHITH map of Upper Half Point Pleasant£di.05).

Figure 5. 13 PHITH map of Lower Half Point Pleasant (c.i. = 0.5).
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Figure 5.14 PHITH map of Lowé&/4 Point Pleasant (c#0.1).

5.5 Total Organic Carbon (TOC)

A TOC log was calculated from the TOC (viB)QG EXON GHQVLW\ IURP :HOO
JLUVW WKH FRUHYTV EXON GHQwithWAK B3 +2R-UMRpWaltdER VV SORWW
Following this, a linear line of best fit was matched to the data points to derive an equation for
calculating TOC from bulk density in logs (equation provided below). This equation was run in
SHWUDYfV 8VHU ORGHO RI $GYDQFHGOTUWD.@iNvdR, P&ta Wwaks Bsodv WR J|
to calculate the average TOC within the Point Pleasant ALL interval. TOC seems to increase to
the east (Figure 5.15 'XH WR 3HWUDYV IXQFWLRQDOLW\ WKLV VWXG\ .
TOC values for the three other broken out intexvéalnfortunately the operator asked for one of

the constants not be shown to maintain confidential.

TOC =((-0.3322*RHOZ)+CON1)-.025 (5.4)

TOC = total organic carbon, and RHOZ = bulk density
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Figure 5.15 TOC map of the Point Pleasant All interval (decimal percent, c.i. = 0.005)

5.6 Average Effective Porosity (PHIEA)

After VCLAY and TOC have been calculated, effective porosity can be computed.
Effective porosity values are used to better understand the porosity that is actually used by the oil
and gas to flow to the wellbore. PHIE was calculated using the equation given below. Two
constants were used to manipulate the calculation to better match the effective porosity values

from the core.

PHIE=PHIT-(VCLAY*CONT_1)-(TOC*CONT_2) (5.5)
PHIE = effective porosity, PHIT = total porosity, VLCAY = clay volume, and TOC =

total organic carbon, Cont_1 = 8%, and CONT_2 = 30%
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Total porosity minus 8% of the clay volume minus 30% of the TOC will provide a good
representation of effective porosity. This porosity was subsequently averaged (PHIEA)
throughout the four different zones to show the zone with a higher PHIEA and then mapped to

show which parts of the study area have the highest PHIEA (Figures 5.16-5.19).

All the four zones show that effective porosity increases to the east. Considering the map,
the operators seem to be following the higher porosity zone because the majority of the wells are
situated to the east. Effective porosity also increases deeper into the section. Examination also

reveals that these operators land their wells in the low&raf/Roint Pleasant.

Figure 5. 16 Point Pleasant All zone mapping the average effective porosity in decimal percent
(c.i.=0.01).
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Figure 5.17 The average effective porosity in the Upper Half Point Pleasant in decimal percent
(c.i.=0.01).

Figure 5. 18 Lower Half Point Pleasant zone mapping the average effective porosity in decimal
percent (c.i. = 0.01).
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Figure 5.19 The average effective porosity in the Lower 1/4 Point Pleasant in decimal percent
(c.i.=0.005).

5.7 Effective Porosity Multiplied by Height (PHIEH)
Like total porosity, effective porosity was also multiplied by heighR VKR Z 3SD\ |RQHV
(Figures 5.20-5.23). As was stated initially, a serabne implies a smat number since these
porosities are multiplied by height. However, data presented above shows that the 1wér 1/4
the Point Pleasant is the highest effective porosity zone. These maps will reflect the same pattern
of PHITH, TOC, and VCLAY because effective porosity is calculated from these values. PHIEH
will increase to the east, and the Point Pleasant ALL has higher values due to calculating higher

sections.
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Figure 5. 20 Point Pleasant All zone mapping the PHIEH in decimal perceatQ&).

Figure 5.21 PHIEH in the Upper Half Point Pleasant in decimal percent Qc05).
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Figure 5. 22 Lower Half Point Pleasant zone mapping the PHIEH in decimal percent (c.i.
0.5).

Figure 5.23 PHIEH in the Lower 1/4 Point Pleasant in decimal percent Qc05).
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5.8 Water Saturation (SW)

Water saturation was calculated within Petra usbrid F K €gddtidgn (Crain, 2018).
Water saturation is the ratio of water to the pore volume. This calculation is slightly more
complicated than the previous equations since it requires a few other calculations prior to the
water saturation calculation. Rather than examining those in detail, this study will limit itself to
presenting those calculations as constants. Below is the fideF K L H § V us&dudcAlcuate

water saturation and the constants that were used.

SWA = ((A*RWFT)/((PHIEAM)*RLA5))(1/N) (5.6)
SWA = water saturation, RWFT (water resistivity at formation temperature) = 0.025
OHMM, A=1, M =2, N =2, PHIE = Calculated Effective Porosity Log, RLA5 = Deep

Resistivity OHMM

This calculation was used to create a water saturation log and compared and calibrated to
match the core data. As in the previous maps, SW was compared in the four different zones and
mapped throughout the study area (Figures 5.24-5.27). The a@hagalues in Point Pleasant
ALL and Upper Half Point Pleasant decrease to the east. However, the Lower Half Point

Pleasant and Lower 1/4 Point Pleasant are observed to be gradually increasing to the northeast.

5.9 Hydrocarbons Per Foot (SOPHIH)

Petra was used to calculate SOPHIH in Log Footages Summation, where effective
porosity, water saturation, and height were used. SOPHIH is simPaflTdH and PHIEH. This
is a pay map to illustrate the increase of hydrocarbon saturation within effective porosity. All the

four zones were calculated and mapped (Figures 5.28-5.31).
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Figure 5. 24 The average SW in Point Pleasant ALL in decimal percentq®b).

Figure 5.25 The average SW Upper Half Point Pleasant in decimal percen0(@5).
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Figure 5. 26 The average SW in Lower Half Point Pleasant in decimal percen0(05).

Figure 5.27 The average is SW Lower 1/4 Point Pleasant in decimal percent (c.i. = 0.05).
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Figure 5. 28 SOPHIH map of Point Pleasant All &0.5).

Figure 5.29 SOPHIH map of Upper Half Point Pleasant€.i05).
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Figure 5. 30 SOPHIH map of Lower Half Point Pleasant£®i5).

Figure 5.31 SOPHIH map of Lower 1/4 Half Point PleasantH€.i05).
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Within all the four maps, SOPHIH seems to increase to the east. This implies that the
hydrocarbon saturation within effective porosity is better to the east. Thiseshtnh the

operators in the region decide to drill.

5.10 Bulk Water Volume (BVW)

A BVW log was created by multiplying the water saturation by the effective porosity.
This is used to evaluate the reservoir potential because it can indicate the capacity of the
reservoir at irreducible water volume. BVW was plotted with effective porosity to demonstrate
where the source of the watsrand how it compares to hydrocarbons (Figure 5.32). The BVW
is quite low, and thereby the majority of the saturation is from hydrocarbons. The cross section
below has all five wells with multiple logs to demonstrate the ultimate pay zone within the Point
Pleasant in the study area. Most of the calculated logs are displayed below along with the core

data points to prove that the petrophysical model created is accurate.

5.11 Summary

The petrophysical model that was created for the mapping of many logs and
characteristics was used to help determine the area (vertically and horizontally) that is more
suitable for hydrocarbon extraction. The primary takeaway from this chapter is that effective
porosity increaes from west to east and increases towards the base of the Point Pleasant. The
lower 1/4" of the Point Pleasant seems to be the best reservoir for hydrocarbon extraction due to
better porosity, TOC, and resistivity. Moreover, the eastern portion of the study area also has

better values than the western portion.
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Figure 5. 32 This is a NW to SE cross section within the study area using five wells. The second from the left is Well A that has core
data points. The logs starting from left to right are GR (scélé®@api), TOC (scale £.2 decimal percent), resistivity (scale 10
10,000 OHMM), PHIE (scale 0P v/v), SW (scale @ decimal percent), BVW (scalefd.2 decimal percent) and PHIE (scal® @

decimal percent), and PE (scal&b3B/E).
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Figure 5. 33 This continued is a NW to SE cross section within the study area using five wells. The second from the left is Well A
that has core data points. The logs starting from left to right are GR (st&l@ &pi), TOC (scale £.2 decimal percent), resistivity

(scale 100,000 OHMM), PHIE (scale 0P v/v), SW (scale & decimal percent), BVW (scalefd.2 decimal percent) and PHIE

(scale 0.2 decimal percent), and PE (scal® B/E).
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CHAPTERG

CONCLUSIONSAND FUTUREWORK

Although this play is called the Utica Play, the majority of the drilling and production
actually comes from the Point Pleasant Formation. The Point Pleasant Formation was deposited
within the Appalachian foreland basin during the late Ordovician approximately 445 million
years ago. The Point Pleasant Formation was deposited after the Utica Shale and before the
Lexington Limestone in shallow marine water on a carbonate shelf. The primary organic matter
was derived from amorphinites. The Point Pleasant Formation is a prolific reservoir where
several operators have drilled and completed thousands of wells in Ohio, West Virginia, and
Pennsylvania. However, Ohio is the primary focus of this research. Ten main conclusions are

drawn from this study. Moreover, this study also presents an opportunity for future work.

6.1 Conclusions
1. 6HYHQ IDFLHVY ZHUH GHWHUPLQHG IURP :HOO $MV FRUH
additioral three facies were described outside of the Point Pleasant.
a. Facies PP1 was determined to be the best facies for source rock and reservoir
quality.
b. From XRD analysis, Facies PP1 was determined to be an argillaceous calcareous
mudstone.
c. Facies PP1 is well-laminated by silt, fossil material, and some ferroan dolomite.
Some fossils and organic material is partially filled by pyrite and ferroan calcite.
Organic material is brown and opaque particles and organic matter flatted strands.
2. The overall depositional environment for the Point Pleasant was interpreted as a more

shoreward inter-platform with restricted circulation.
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3. The entire Point Pleasant was deposited during a transgression.

4. Porosity, permeability, and TOC within the core increase while moving deeper into the
Point Pleasant.

5. The SEM analysis demonstrates that the porosity and permeability are from the area
between the clay flakes and from the organic material.

6. The Point Pleasant is a mature Type Il kerogen.

7. Source Rock analysis placed Well A in the dry gas window but significantly close to the
late oil window (~1.35R0%).

8. TOC and S1 would suggest that Well A falls in thery good petroleum potential
region with the lower 1/4 being in thiexcellent window (TOC ranges from 26
wt.%, and S1 ranges from 1.7575 mg/q).

9. Subsurface mapping highlights the structure of the Point Pleasant to leeidgep
towards the east of the study area, and the thickness of the Point Pleasant is
approximately 80 ft.

10. Subsurface mapping of PHITA, PHITH, PHIEA, PHIEH, VCLAY, TOC, SOPHIH, SW,
and BVW would suggest that the best quality source rock and reservoir is located at the
bottom 1/4h of the Point Pleasant (this matches with the core data) and to the east in the

study area.

6.2 Future Work
1. Acquire core data to the east to prove spdive the petrophysical model.
2. Turn the petrophysical model into a nonlinear one to help resolve the differences within
the upper and lower portions of the section.

3. Understand the changes of the Point Pleasant outside of the study area.
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APPENDIX-A

COREDESCRIPTION

Figure A.1 Well A core description 7,285298 ft.
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Figure A. 2 Well A core description 7,295345 ft.
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Figure A. 3 Well A core description 7,345372 ft.
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