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Abstract

Coupled Geochemical and Nano-Petrophysics of the Utica Play,

Appalachian Basin,

Ohio, USA

Dillon Thomas Worley, M.S.

The University of Texas at Arlington, 2017

Supervising Professor: Q.H. Hu

Being more extensive than the Marcellus Play, the Utica Play covers from New York state in the
north to northeastern Kentucky and Tennessee in the south. The Utica Play is a stacked play consisting
of organic-rich mudstones from upper Ordovician units of Utica Shale, Point Pleasant, and the Logana
member of the Lexington/Trenton Limestone. This study will focus on the pore structure and rock-fluid
interaction and with relation to the rocks geochemical properties to assess the Utica Play. To achieve
this research purpose, 7 core samples and 16 cuttings, with different maturities were collected from
various wells, to study rocks from Utica Shale, Point Pleasant, and Lexington Limestone, as well as the

Kope Formation which is immediately above the Utica Shale.

The research investigated the nano-petrophysics by the means of mercury injection capillary
pressure (MICP), helium porosity and permeability, low-pressure nitrogen gas physisorption, contact
angle, and spontaneous imbibition. The geochemistry of rocks was analyzed by pyrolysis and total
organic content (TOC) measurements, while mineralogy was determined by X-ray diffraction (XRD).
MICP results indicate that clay-rich formations have more intra-clay, organic-matter, and intragranular

pores (2.8-50 nm in pore throats), while the more carbonate-rich samples possess a more prevalent

v



amount of intragranular and intergranular pores (~ 100 nm in pore throats). Mineralogically speaking,
carbonate and clay have an inverse relationship, as clay increases carbonate decreases. Samples have a
low connectivity for the hydrophilic pore network but high for the hydrophobic pore network. From
pyrolysis, S1 shows a positive correlation with MICP porosity. However, the Utica Shale and Point
Pleasant Formation show a negative correlation suggesting OM may play a negative role in porosity
development. Carbonate is not a controlling factor but influences overall porosity. When compared to
other unconventional reservoirs, the Utica Play shows similar traits of hardness, brittleness, organic
richness, porosity and permeability as other successful unconventional plays. For the Utica Play, this
study provides a better understanding of pore structure and how thermal maturity can reduce porosity
in mature samples due to the infilling of bitumen and mineralogy, specifically carbonate, influence
porosity. Our mineralogy, petrophysical, and geochemical results support the Point Pleasant Formation
being the target of the Utica Play. The better sustain production rate of Well B compared to Well A could
be due to the more favorable petrophysical and geochemical properties of the Point Pleasant
Formation. Knowing the petrophysical and geochemical characteristics of the Utica Play could aid in well

placement, well design, and hydraulic fracture design and optimization.
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Chapter 1: Introduction

1.1 Introduction

Part of the Appalachian Basin, the Utica Play includes the Late Ordovician strata of Utica Shale,
Point Pleasant, and the organic-rich Logana member of the Lexington/Trenton Limestone (Figure 1-1)
(referred herein collectively as Utica Play unless specified for each interval) each with its own
characteristics (EIA, 2016). Covering Ohio, West Virginia, Pennsylvania, and New York, the Utica Play
spans 60,000 square miles. Both the Utica and Point Pleasant Formations are favorable for the
accumulation and production of hydrocarbons, but the Point Pleasant formation is more often targeted
because it is more productive (EIA, 2016). The Lexington Limestone, which lies below the Point Pleasant
formation, has also been a target for the play, but is not as extensive as only the Logana member proves
to be organic rich. Changes in maturation level as these formations become deeper to the east have
resulted in roughly parallel trends of oil, wet gas and dry gas production (Patchen and Carter, 2015) as
seen in Figure 1-2. Samples were obtained from low maturity in central Ohio to high maturity in eastern
Ohio (Figure 1-2). Most of the oil and gas exploration and development has been focused in eastern

Ohio where the Utica Play is shallower, meaning it is relatively less expensive to drill.

The Utica Play was first discovered in 2004 by Range Resources. In 2012, USGS originally
estimated the reserves containing 940 MMbo and 38 Tcf gas. As of mid-2015, the Appalachian Oil and
Natural Gas Research Consortium in West Virginia University calculated the Utica Play to contain 1960
MMBO and 782.2 Tcf gas (Patchen and Carter, 2015), nearly 20 times as much technically recoverable
natural gas resource than previously thought by the USGS in 2012. Shale production in Ohio has
increased from 2.5 Bcf in 2011 to 452 Bcf in 2014. In October 2015, operators were producing more than
3 Bcf/d in Ohio (EIA 2016). Per Ohio Department of Natural Resources (ODNR), there are 2,134 drilled

wells and 2,634 permits as of 10/8/17 since September of 2010.



One of the current issues with unconventional reservoirs is the problem of sharp production
decline. In the past decade wells have either been plugged or re-fracked to face this problem, but would
only see a short production peak followed by the same sharp decline in production. New wells are being
drilled just to maintain oil and gas production and be economical. The sharp decline coupled with the

low recovery rates have caught the attention of the oil and gas industry.

The current recovery factor for oil and gas are 3% and 28% for the Utica Play in Ohio (Patchen
and Carter, 2015). The low recovery rate and steep production decline in tight formations are partly
limited by diffusive hydrocarbon transport in the poorly-connected pore spaces. Despite this steep
decline and low overall recovery in shale hydrocarbon development, investigations into their root causes

are surprisingly scarce (Hu and Ewing, 2014).

WEST-CENTRAL EASTERN
OHIO OHIO
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Series

Queenston Sh.

Cincinnati gp.
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Black River Gp.
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Z

Figure 1-1 General stratigraphic column of the Upper Ordovician strata for west-central Ohio and
eastern Ohio. Highlighted in yellow is the target potential of the Utica Play which includes the Utica
Shale along with Point Pleasant Formation and the Logana Member of the Lexington Limestone
(modified from Patchen et al., 2006)



In this work, both drilling cuttings and core samples were obtained from several locations
(Figure 1-2) for several strata. From the wells Prudential #1-A and Cadiz B4H-14, samples were only
obtained for stratum Utica Shale, for wells A and B samples (provided from a company, with the well
names not revealed) were obtained for all members of the Utica Play, and additionally the Kope

formation in Well A.

Utica Shale Oil & Gas
Windows

> binc

b= A
* Core Plugs Cuttings

Figure 1-2 Map showing oil and gas windows in Eastern Ohio, Western Pennsylvania, and West Virginia.
The stars show where samples were obtained along with the well name. Purple stars denote core plug
and the blue stars denote cuttings (modified from NGI, 2017)

1.2 Literature Survey and Our Objective of Study
As the Utica Play has been receiving a lot of attention over the past five years due to the

substantial amounts of natural gas and oil it yields, an increase of research has been conducted on this



play to get a better understanding of its geological characteristics of the play. Some research was done
on the Late Ordovician strata, as summarized in “The Geologic Play Book for Utica Shale Appalachian
Basin Exploration” coordinated by the Appalachian Qil & Natural Gas Consortium and the West Virginia
University Shale Research, Education, Policy and Economic Development Center by Patchen and Carter
(2015). This play book incorporates and integrates results of inorganic geochemistry (bulk mineralogy,
carbonate content, and carbon isotopes), source rock geochemistry (TOC analysis, Rock Eval, organic
petrography & thermal maturity), porosity and permeability (pore imaging, CT X-ray analysis, XRD, MICP,
and helium pycnometry), and subsurface mapping and correlation through geophysical log analysis.

According to Patchen and Carter (2015), three main objectives for the study were to:

1) Characterize and asses the lithology, source rock geochemistry, stratigraphy, depositional
environment(s) and reservoir characteristics of Utica and equivalent rocks in the northern
Appalachian basin

2) Define Utica oil and gas fairways by integrating regional mapping work with drilling activity and
production tracking efforts

3) Provide production-based and volumetric Utica resource assessments informed by geologic and

geochemical data collected during the course of this study.

Even with the large-scale of this study, the researchers were limited to five cores to analyze with
most of their work performed on cuttings and well logs. Other research investigating the pore structure
and petrophysical properties of the Utica Play include the following: Ismail and Zoback (2016) evaluated
the effects of mineralogy and pore structure play on the transport mechanisms using non-adsorbing gas
on Utica and Permian shale samples. Brinkley (2016) characterized the Utica Shale/Point Pleasant about
geochemical and geophysical properties for one well in Washington County, Ohio. Bai et al. (2016)
studied the submicron pore characterization of the Ordovician Utica shale using MICP, XRD, Dispersive

X-ray Spectroscopy, scanning electron microscopy (SEM), and FIB (focused ion beam)-SEM imaging to
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determine pore size distribution, types of pores, and to provide three-dimensional tomography model.
Chukwuma (2015) evaluated the pore structure and fluid migration pathways at the nano-scale using
MICP, fluid imbibition and tracer migration, and laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS). Swift et al. (2014) characterized Utica Shale at nano- to micro scale using

neutron scattering methods.

Of late, authors like Loucks and Reed (2014) and Ko et al. (2017) have been investigating the
maturation and distribution of organic matter to determine the origins of nano-scale pores. Using both
core and cuttings samples from 4 wells and different maturities, the objective of this study will focus on
the pore structure and rock-fluid interaction with relation to the geochemical properties to assess the
late Upper Ordovician strata by MICP, helium porosity and permeability, low-pressure nitrogen gas
physisorption, spontaneous imbibition and contact angle tests (petrophysical attributes), pyrolysis and

TOC (geochemistry) and XRD (mineralogy).

Chapter 2: Geologic Setting and Hydrocarbon Potential of the Upper Ordovician Shale

2.1 Geologic Setting

The Appalachian Basin is an elongate, asymmetric foreland basin that is about 230,000 mi? in
area. It can be more than 1,000 miles long and as much as 350 miles wide (Witt, 1993), and is an oblong
sedimentary basin extending from southeastern Ontario and Southern Quebec to northeastern Alabama
(Ettensohn, 2008). The basin is filled with Paleozoic rock ranging in age from Early Cambrian to Early
Permian, with a preserved thickness of 600-900 m on its western flank and to more than 13,700 m on its
eastern flank (Ettensohn, 2008). As seen in Figure 2-1, the Appalachian Basin is bounded by the eastern
flank of the Cincinnati, Findlay, and Algonquin arches and is bordered on the east by metasedimentary,
metavolcanic, and intrusive Precambrain and Paleozoic rocks of the Allegheny Front consisting of the

Adirondack dome, Blue Ridge and New England Uplands. The northwestern boundary is defined by the



updip erosional limit of Paleozoic sediments along the Laurentian and Frontenac arches of the Canadian
Shield in southeastern Ontario and southern Quebec. The Black Warrior Basin defines the transitional

southern boundary.

The Appalachian Basin formed in response to tectonic loading during four orogenic events on
the eastern margin of Laurentia/Laurussia during approximately 220 Ma from the Early-Middle
Ordovician transition through Permian time (Ettensohn, 2008). The first Paleozoic orogeny, ~ 472 Ma,
formed for nearly 200 Ma through the closure of the lapetus and Rheic oceans. The tectonic loading
during the growth of this orogeny of the crust generated the accommodation space for the Appalachian
sedimentary record. The Allegheny orogeny was the highland at this time that acted as a sediment
source, depositing sediments into the depocenter. The depocenter is roughly coincident with the Rome
trough between northern West Virginia and central Pennsylvania suggesting that the position and

configuration of the depocenter may, in part, have been controlled by the trough (Repetski et al., 2014).
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Figure 2-1 Major structural and tectonic features in the region of the Utica Play (EIA, 2016)

2.2 Stratigraphy of the Late Ordovician Shale

The stratigraphic succession of the Late Ordovician strata of the Appalachian Basin is a mixed
carbonate-clastic system which includes the Kope, Utica Shale, Point Pleasant and Lexington/Trenton
Formations (Figure 2-2). Trenton and Lexington are both formal formation names that have been
applied to the same interval of rock (Patchen and Carter, 2015). The Point Pleasant Formation and the
upper members of the Lexington/Trenton Formation have been the primary target and producing
interval (Wickstrom, 2013; Patchen and Carter, 2015). This is due to the high TOC % and high carbonate
content which is good for its fracability. Extensive research has been extended in surface exposure in

areas of the Cincinnati Arch, Nashville Dome, and in Virginia, yet few published subsurface studies of the



Late Ordovician strata include the east Ohio region. Descriptions of each major lithologic unit, from top

to bottom, of our studied strata are provided below in Sections 2.2.1 thru 2.2.4.
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Figure 2-2 Regional correlation chart of Upper Ordovician strata. Studied intervals highlighted in yellow
box. (modified from Patchen and Carter, 2015).

2.2.1 Kope Formation
The Kope Formation consists predominantly of soft, pale to medium gray, readily weathering
mudstones or shales with very minor black or dark gray tongues, thin beds of light-gray siltstone or

calcisiltite (Brett and Alego, 1999). This organic-poor shale and siltstone unit lies above the Utica Shale.



It is composed of interbedded shale (about 60 to 80%), limestone (20 to 40%), and minor siltstone
(Patchen and Carter, 2015). This formation ranges in thickness from about 40 to 1600 ft with an average
thickness of 200 ft. Equivalent units include the lower portion of the Calloway Creek Limestone of
Kentucky, Lorraine Group of New York, and Reedsville Shale of Pennsylvania and West Virginia (Figure 2-

2).

2.2.2 Utica Shale

The Utica Shale, which is Middle to Late Ordovician in age, consists largely of brownish-black to
black marine shale with small amounts of gray shale, siltstone, or intercalated nodular argillaceous
limestone (Witt, 1993). In eastern Ohio, the Utica Shale is a massive, fossiliferous, organic-rich, black to
gray shale that ranges from 90 to 210 ft thick and interfingers and overlies the Point Pleasant Formation
(Ettensohn, 2010). Moving eastward, the Utica thickens to about 400 ft in central New York. The Utica
Shale was deposited as the basin continued to experience rapid subsidence on the western flank of the
north-south trending Taconic Orogeny. The deepening water column becomes stratified, and the
organic matter is buried and preserved as dark or black muds to result in oxygen-deprived (dysoxic or
anoxic) environments (Ettensohn, 2008). This marine deposit was deposited throughout the Appalachian
Basin and includes the equivalent facies: Athens Shale in Alabama, the Blockhouse Shale in Tennessee,
the Paperville Shale in southwestern Virginia, the Antes Shale in Pennsylvania, the Utica Shale in central

and eastern Ohio, and the Point Pleasant Formation in southwestern Ohio (Witt, 1993).

2.2.3 Point Pleasant Formation

The underlying Point Pleasant Formation in Ohio consist of interbedded light gray to black
limestones, brown to black organic-rich calcareous shales (Wickstrom, 2013). This interval, where it
exists, is equivalent to the lower Clays Ferry Formation of Kentucky and the lower Indian Castle Shale of
New York (Patchen and Carter, 2015). The average carbonate content is about 40 to 60%. As it extends

northward beneath the Utica Shale it is described being interbedded, fossiliferous limestone, shale and
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minor siltstone. The thickness ranges from 0 ft in northwestern Ohio to 240 ft in northern Pennsylvania
(Patchen and Carter, 2015). The Point Pleasant Formation appears to have been deposited in part
contemporaneously with the Trenton Limestone in northwestern Ohio, but also appears to have been
deposited over the Trenton along portions of the platform margin to the southwest (Patchen et al.,

2006).

2.2.4 Lexington/Trenton Formation

The Trenton Formation is a light gray, crystalline, highly fossiliferous, skeletal grainstone. It lies
above the Black River Group and below Utica Shale in Northwest Ohio (Figure 2-2). As the carbonate-
platform deposits of the Trenton thin, the interbedded, organic-rich carbonates and shales of the Utica
Shale and Point Pleasant thicken (Wickstrom, 2013). The Trenton Formation is correlative to the
Lexington Formation as they accumulated on the edges of the Appalachian Basin as low relief carbonate
buildups or platforms. It ranges from 40 feet thick in west-central Ohio to more than 300 feet thick in
northwestern Ohio (Hansen, 1997). Stratigraphically, the carbonate platform is divided; such limestones

are called the Trenton Limestone in northwestern Ohio or Lexington Limestone in southeastern Ohio.

The Lexington Formation consists of nodular and irregularly bedded fossiliferous limestone and
shale (Patchen and Carter, 2015), which consists of three different members: Lexington Undifferentiated
Member, Logana Member, and the Curdsville Member. The Lexington Undifferentiated Member is
considered a cleaner limestone with abundant fossils such as bryozoans, brachiopods, mollusk and
trilobite, and are abundant in whole and broken fragments. The Logana Member is organic-rich and
represents an interbedded calcisiltite, shale and coquinoid limestone (Patchen and Carter, 2015). The
basal strata of the Lexington Limestone are the Curdsville Member which is organic-poor and carbonate
rich. The Lexington platform is a deeper water platform than the Trenton platform in northwestern
Ohio as indicated by more argillaceous material and a more gradational upper contact with the overlying

Point Pleasant (Patchen et al., 2006).
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2.3 Central Appalachian Basin Architecture and Deposition during Ordovician

During the Ordovician, Ohio was in southern tropical latitudes and dominated by warm, shallow
seas (Hansen, 1999). Major structural changes occurred during the collision between the North
American and European continents during the Middle Ordovician which form a series of island arcs and
mountains to the east of Ohio. The Early-Middle Ordovician transition is commonly represented by a
major unconformity, which has been interpreted to represent the initiation of convergence on the new
Laurentian margin and ongoing closure of the lapetus Ocean (Ettensohn, 2008) known as the Knox
unconformity. This is the base of Ordovician strata. The widespread Knox unconformity, an episode of
emergence and erosion of the carbonate platform, was formed when the land surface bulged upward
(known as a peripheral bulge), accompanying development of a foreland basin to the east at the edge of
the orogenic belt (Hansen, 1999; Ryder, 1998). The western margin of the Rome Trough is controlled by
a system of down-to-the-east extensional basement faults, across which abrupt eastward thickening of
carbonates occurs. The northwest boundary fault system of the Rome trough continued to control
subsidence during this time but with diminished effect of sedimentation and depositional patterns as

compared to the early Cambrian (Patchen and Carter, 2006).

During the Middle/Late Ordovician time the architecture evolved into a broad, stable, shallow-
water carbonate ramp as the seas transgressed much of the area. Thick, shaly-carbonates were
deposited within the Rome Trough coming into existence as the depocenter for the Appalachian Basin.
During the late Ordovician time the central Appalachian basin architecture continued to evolve with the
appearance of low-relief carbonate buildups of the Trenton and Lexington platforms surrounding the
interplatform Utica/Point Pleasant sub-basin (Patchen et al., 2006; Figure 2-3). As clean carbonates were
being deposited on shallow-water platforms, interbedded limestones and shales were simultaneously
being deposited within the inter-platform sub-basin (Figure 2-4). During deposition of the Utica Shale,

the intensity of the Taconic orogeny once again increased causing a rapid rise in sea level or increased
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subsidence of the region resulting in the Utica Shale replacing carbonate deposition on the platform

(Patchen et al., 2006).
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Figure 2-3 Facies map of Trenton/Point Pleasant time (from Wickstrom, 2012)
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Figure 2-4 Cross section from transect line above (NW Ohio — West Virginia) displaying depositional
model with idealized platform and sub-basin with facies (from Pope and Read, 1997)
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2.4 Petroleum Potential of the Upper Ordovician

The Utica Play has been known to be a source rock for over 100 years (Orton, 1899; Wallace and
Roen, 1989; Witt, 1993; Ryder, 1998) and is now being drilled as an unconventional reservoir. Even
though most refer to this as the Utica Play, the Point Pleasant Formation is the primary target and
producing interval (Wickstrom, 2013). This is because the Point Pleasant Formation when compared to
the Utica, has a lower clay content, higher organic content, better porosity, and more favorable rock
properties. Several thermal maturation indicators (Tmax, RO, Production Index, Conodont Alteration
Index) show that the Utica Play in Ohio transitions from the oil window in western Ohio to dry gas in
eastern Ohio. Burial- and thermal-history models indicate that the Utica Shale in eastern Ohio entered
the oil-generation window approximately between Late Devonian and Late Pennsylvanian time and
entered the gas-generation window between Middle Mississippian and Early Permian time (Rowan,

2006; Ryder, 2014).

2.4.1 Thermal Maturity

Thermal maturity is one of the most important parameters when evaluating an oil and gas play.
Vitrinite reflectance (%Ro) is commonly used as a thermal maturity indicator. Vitrinite reflectance is a
direct microscopic measure made on the macerals extracted from the kerogen in the source rock but is
dependent on kerogen type and cannot be measured in rocks that lack vitrinite. Rowan (2006) defined
that Ro % values < 0.6 are immature source rock, Ro % values between 0.6 to 1.2 are in the oil window,
and Ro % values > 1.2 are in the gas window. Figure 2-5 shows the progression of vitrinite reflectance
from west to east in Ohio. In western Ohio, Ro % values are less than 0.6%, in central Ohio range from
0.6-0.8%, and in eastern Ohio range from 0.8-1.9%. In western Ohio there are immature oil prone source

rock and moving eastward the Utica Play grades into mature gas-prone source rock.
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Figure 2-5 Calculated %Ro average value per well and %Ro values of the Upper Ordovician Shale Interval

in Ohio (from ODNR, 2013)

2.4.2 Conodont Alteration Index (CAl)

The conodont alteration index (CAl) is an important criterion for estimating the thermal

maturity of Ordovician to Mississippian rocks in the Appalachian basin. CAl is based on color changes

seen in microscopic-sized fossil teeth from the remains of eel-shaped chordates (Patchen and Carter,

2015). These fossils are highly resistant to weathering and high temperature regimes, and are both time

and temperature dependent. When comparing against a set of conodont color standards the CAl can be

obtained. The onset of oil generation is placed between 1.0 and 1.

5, limit of oil generation is between

2.0 and 2.5, and dry gas is generally associated with CAl values in excess of 2.5 (Harris, 1979; Patchen

and Carter, 2015). Using CAl to estimate thermal maturity, Patchen and Carter (2015) defined CAl max
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isograds (Figure 2-6) which also displays the trend of increasing thermal maturity in Ohio increasing to
the east. In central Ohio the maximal CAl values are 1.0 (i.e. the onset of oil generation) and moving

eastward CAl max values are up to 4.0 in southeastern Ohio which is associated with dry gas.
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Figure 2-6 Map of CAl for the Upper Ordovician shale in Ohio (from Patchen and Carter, 2015)
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2.4.3 Total Organic Carbon (TOC)

The Utica shale is characterized by type Il kerogen, which is a variety of kerogen that is typically

prone to oil generation (Ryder, 2014). Maximum TOC values for the Upper Ordovician shale interval

range from poor TOC values as low as 0.1% in south-central Ohio to excellent TOC values > 4.0% in

central and eastern Ohio (Figure 2-7). The average TOC value is up to 3.5% for the Utica Shale, 4 to 5%

for the Point Pleasant Formation, and high as 4 to 5% for the upper Lexington/Trenton with TOC

(Patchen and Carter, 2015).
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Figure 2-7 Maximum TOC values of the Upper Ordovician Shale interval in Ohio (from Ohio DNR,

2013)
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Chapter 3: Methods
3.1 Acquisition of Samples
As the target of the study, the upper Ordovician shale and limestone consisting of Kope, Utica
Shale, Point Pleasant, and the Lexington Limestone Formations, with a focus on the calcareous organic-
rich black Utica Shale. Samples were obtained from a variety of maturity levels from the counties of

Marion, Harrison, and Belmont in Ohio (Table 3-1; Figure 1-2).

Table 3-1 Sample Information

Well Name D?fz)th Formation Sample ID SEIE G BT Producing

orudential | 1144 P1144-U : ]
ruaentia ore ow
Utica N/A
H#1-A 1235 P1235-U | Plugs | (0.64) /
1336 P1336-U
8500-
5240 CB8500-U
CadizB 4H- | 8600- . Cutti High .
Utica B - Oil and Gas
14 8650 CB8600-U ngs (~1.4)
8670-
200 CB8670-U
9930 Kope KS9930-K
10121 Utica ks101210 | -
|
Well A i Gas
10150 Point KS10150-PP | Slabs | (~1.8)
Pleasant
10230 | SIN8ON | ye10230-11
Limestone
10150 , KB10150-U
Utica
10180 KB10180-U
10210 KB10210-PP
Well B 10240 _ kB10240-pp | CUTH | High Gas
Point ngs (~1.8)
Pleasant
10270 KB10270-PP
10300 KB10300-PP
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10330 KB10330-PP
10360 KB10360-PP
10390 KB10390-LL
10420 KB10420-LL
10450 | “€XINBON | o 0450-LL
Limestone
10480 KB10480-LL
10510 KB10510-LL

To investigate how maturation and mineralogy control pore-throat size distribution and if
nonwetting and small pore sizes reduce fluid migration, samples were obtained with various thermal
maturities within the Utica Shale and subsequent Ordovician strata. Core samples from the Utica Shale
in Ohio were obtained from the Horace R. Collins Core Lab Facility through the Ohio Geological Survey
located in Columbus, Ohio, as well as an oil company whose name and name of wells shall remain
confidential. From the Ohio Geological Survey, samples from following two wells were obtained:
Prudential #1-A (APl number 34101201960000) located in Marion County, and Cadiz B 4H-14 (API
number 34067211990000) located in Harrison County. From the oil company, samples from two wells
were obtained: Well A and Well B, both are located in Belmont County (Figure 1-2). Moving from Marion
to Harrison to Belmont Counties, samples increase in thermal maturity. Prudential #1-A has the lowest
maturity of the samples with a Ro of 0.64 % and samples from Well A and B have the highest maturity of
Ro ~ 1.8 %. Core plugs of the Utica Shale were received from well Prudential #1-A at the depths of
1144’,1235’, and 1336’ (Table 3-1; Figure 3-1). Cadiz B 4H-14 is in the high maturity range with Ro ~ 1.4
%, with its cuttings received of the Utica Shale at the depth intervals of 8500’-8540’, 8600’-8650, and
8670°-8700’ (Table 3-1; Figure 3-2). From Well A, core slabs were received from the following strata:
Kope Formation, Utica Shale, Point Pleasant, and the Lexington Formation at the depths of 9930’,
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10121, 10150, and 10230’ respectively (Table 3-1; Figure 3-3). From Well B, cuttings were received
from depths of 10150°-10510’ every 30 feet from the following strata: Utica Shale, Point Pleasant, and
the Lexington Formation (Figure 3-4). Once core samples were received they were prepared to
numerous sizes to be performed with the following laboratory experiments: helium porosity and
permeability (2.5 cm in diameter x >2.5 cm in height), MICP (1-cm sided cube; and sometimes GRI +,
GRI), low pressure nitrogen gas physisorption (GRI), contact angle (1cm in width x 1 cm in length x 0.3
cm in height), imbibition (1-cm sided cube), TOC (<75 um), pyrolysis (<75 um) and XRD (<75 um). GRI+
are of the size fraction of 1.77 to 2.36 mm and GRI (Gas Research Institute; Guidry et al., 1995) are of

the size fraction of 500 to 850 um; both names of GRI+ and GRI are used internally for sample sizes.

Figure 3-1 Photos upon arrival of Prudential #1-A. Top left is a core plug from depth 1145’. Top right is a
core plug from depth 1235’. Bottom middle is a core plug from depth 1336’
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Figure 3-4 Sample photos upon arrival from Well B. Left photo is zoomed out. Right photo is zoomed in.

3.2 X-Ray Diffraction (XRD)

X-Ray Diffraction (XRD) analysis was performed on all samples. Using MAXima_X XRD-7000
(Figure 3-5) at Shimadzu Center for Environmental, Forensics and Material Science (CEFMS) Laboratory
located at University of Texas at Arlington (UTA). XRD is used to identify minerals and obtain the bulk
composition of sample, and the methods and procedures from CEFMS laboratory is provided in

Appendix A.
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Figure 3-5 Shimadzu MAXima_X XRD-7000

3.3 Total Organic Carbon (TOC)

Total Organic Carbon (TOC) was derived from the Total Inorganic Carbon (TIC) and Total Carbon
(TC), which were performed at CEFMS Laboratory of UTA with Shimadzu TOC Vws SSM-5000A (Figure 3-
6). TOC was performed on all samples except for Well B. The methods and procedures from CEFMS

Laboratory is provided in Appendix B. Equation 3-1 is used to calculate the TOC %.

TC % - TIC% = TOC % (3-1)
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Figure 3-6 Shimadzu TOC Vws SSM-5000A

3.4 Pyrolysis

Pyrolysis was performed on all samples. This analysis was performed at our collaborating
institute, China University of Geosciences (CUG) with an instrument OGE-V (Figure 3-7) manufactured by
RIPED (Research Institute of Petroleum Exploration and Development of PetroChina). Pyrolysis analysis
identifies the type and maturity of organic matter as well as the quality of hydrocarbons in samples. The
analysis is performed by a controlled heating of the sample as the organic matter decomposes in the
absence of air. Tissot and Welte (1984) described the following basic parameters to be obtained from
pyrolysis analysis:
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e S1 =the amount of free hydrocarbons (HC) in sample (mg HC/g);

e S2 =the amount of hydrocarbons generated through thermal cracking of nonvolatile organic
matter. This parameter is an indication of the quantity of hydrocarbons that the rock has
potential of producing should burial and maturation continue (mg HC/g);

e S3 =the amount of CO; produce during pyrolysis of kerogen. This parameter is an indication of
the amount of oxygen in the kerogen (mg CO,/g);

e 5S4 =the residual carbon content of sample (mg C/g)

®  Tmax = the maximum temperature reached from S2 (°C).

From these basic parameters, the type and maturity of organic matter can be determined. The
hydrogen index (HI) is the ratio of S2 hydrogen to TOC (Equation 3-2) and is used to characterize the
origin of organic matter. The oxygen index (Ol) is the ratio of S3 to TOC (Equation 3-3), and measures the
oxygen richness of sample. The production index (Pl) is the ratio of already generated hydrocarbons to
potential hydrocarbons (Equation 3-4). The Pl increases with depth and associated hydrocarbon

generation, and can be a good indicator for maturity of sample.

s2
HI = ﬁ x 100 (3-2)
0l = =2 %100 (3-3)
~Toc ¥ )
s1
PI= S1+S2 (3-4)

The procedure for pyrolysis from Weatherford can be found in Appendix C for information. The
instrument OGE-V measures S4 instead of S3 because this instrument does not have the sensor capable
of measuring S3, like the commonly used Rock-Eval instrument. Instead, this instrument has the sensor

to measure S4 during the oxidation to measure the residual organic carbon.
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Figure 3-7 Instrument OGE-V for pyrolysis analysis

3.5 Mercury Injection Capillary Pressure (MICP)

The MICP approach utilizes the non-wetting mercury to invade pore throats by overcoming the
applied capillary pressure of up to 60,000 psia (414 MPa). Pore structure characterization of samples
includes the direct measurement of porosity, particle and bulk density, pore-size distribution, and
median or mean pore diameters (Hu and Ewing, 2014). This method can also indirectly determine
broader pore characteristics, such as total pore surface area, permeability, and tortuosity
(Micromeritics, 2001; Hu and Ewing, 2014). The University of Texas at Arlington and Nanjing University

(NJU) possesses the MICP instrument (Micrometrics Autopore 1V 9510, Norcross, GA; Figure 3-8).
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Mercury, a non-wetting fluid to most porous media, will not invade pores unless an external
pressure is applied. The diameter of pore-throats invaded by mercury is inversely proportional to the
applied pressure; the higher the applied pressure, the smaller are the pores invaded by mercury (Hu and
Ewing, 2014). Washburn (1921) expressed this in the equation he developed (Washburn Equation)

assuming all pore are cylindrical and the opening is circular in cross-section (Equation 3-5).

AP = — (—Zycose) (3-5)

R

Where,
AP — difference in pressure across the curved mercury interface (psia);
y — surface tension for mercury (dynes/cm);
0 — contact angle between the porous medium and mercury (degrees);
R — corresponding radius of the pore throat (cm).

Prior to Wang et al. (2016), Equation 3.5 assumed a constant value for both contact angle and
surface tension. Wang et al. (2016) found that the contact angle of mercury in a circular pore increases
exponentially as pore size decreases. As mercury starts to invade pores less than 5 nm, varying values
for contact angle and surface tension are proposed. The contact angle varies with pore size, geometry,
and temperature (Wang et al., 2016). A new modified Washburn equation is displayed below (Equation

3-6) and Wang et al. (2016) explained how they derived their new equation.

AP = — (ZyHg(R)*cos 9Hg(R))

- (3-6)

Where,

yug and By are functions of R instead of being constant.
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During the sample analysis, the MICP collects the data of applied pressure and incremental
intrusion volume at that specific pressure (Gao and Hu, 2013; Hu and Ewing, 2014). Assuming all shale
pores are cylindrical, the Washburn equation is unrealistic assumption in nature but applicable in

petrophysics.

From the applied pressure and intrusion volume obtained from the MICP analysis we can
indirectly obtain permeability. Katz and Thompson (1986;1987) derived an equation (Equation 3-7) that

calculates permeability based on MICP data:

1

k= 39 (Lmax)2 (LYZ%) (DS(Lmax) (3-7)

Where,
k — permeability (m?);
Lmax — pore-throat diameter at which hydraulic conductance is maximum (um);

L. — characteristic length which is the pore-throat diameter (um) corresponding to the threshold

pressure Py (psia);
@ — porosity of sample (fraction);
S(Lmax) — mercury saturation at Lmax (Gao and Hu, 2013).

Another important topological parameter is effective tortuosity which can be related to
effective diffusion coefficient and travel distance of molecules. Hager (1998) and Webb (2001)

developed Equation 3-8 which calculates tortuosity from the MICP data.

_ |___ b  (n=rcmax -, )
t= \/24k(1+thot) fnzrc,min n® fy (re)dre (3-8)

Where,

T — tortuosity;
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_ o8 '
p —sample density ( /Cm3),
Vot — total pore volume (ml/g);

fy(rc)dr.— volume probability density function (volume of pores with a radius in the range of rc to r. + dr

per kg of dry material) (cm3/g);
re min — minimum detectable capillary radius by MICP (um);
re max — maximum detectable capillary radius by MICP (um).

Compressibility and conformance need to be accounted for. Using a normal blank correction this
can be corrected by completing an MICP experiment with an empty penetrometer. The apparent
intrusion by the empty penetrometer due to mercury and penetrometer compressibility was found to
be negligible when samples are added into the penetrometer to reduce mercury volume, as the
compressibility (and hence apparent pore volume) mostly comes from mercury. When mercury is
injected within crushed particles a certain pressure is required for mercury to fill all the voids between

the particles (so called conformance effect) before entering the intra-particle pores (Tinni et al., 2014).

3.5.1 Procedure for MICP Test

Each sample is oven-dried at 60 °C for at least 48 hours to remove moisture, then immediately
placed in the desiccator (~23°C) with less than 10% relative humidity to be cooled to room temperature.
Once the sample is cooled, it is weighed and placed into a penetrometer, which is an apparatus
consisting of a sample chamber connected to a metal precision-bore and glass capillary stem. Depending
on sample size and porosity levels (GRI+, GRI, or 1-cm? cube), the appropriate penetrometer will need to
be selected for the mercury change within the stem to be detectable. The sample is placed in sample
chamber and then properly sealed. The penetrometer with sample inside is weighed again and placed

into a low-pressure chamber where it is evacuated to 50 um Hg (0.05 torr, 0.000972 psi, 6.7 pa or
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99.993% vacuum). This evacuation process removes air and/or moisture that remains inside the sample.
After the evacuation process, the mercury fills up the sealed sample cup to start low-pressure intrusion
to a maximum filling pressure of 30 psia (0.21 MPa). Equilibrium time (the minimum time for mercury to
stabilize within the sample before the next pressure is applied; the detection limit of the mercury
volume intruded is < 0.1 pL) of 10 seconds is set for low-pressure analysis for shale samples. The
mercury will first invade the sample surface-accessible pore throats with a diameter of about 50 um,
depending on penetrometer being used. Once the low-pressure analysis is completed, the penetrometer
is removed and weighed again to account for the mercury inside the penetrometer to calculate the

densities.

Next, the penetrometer is placed in the high-pressure chamber. The pressure is increased from
30 psia (0.21 MPa) up to 60,000 psia (414 MPa) with an equilibrium time of 30 seconds for pressure
each step. Mercury can intrude pore throats as small as 2.8 nm at its highest pressure. Permeability and
tortuosity can be calculated using the physical properties of mercury (interfacial tension), the contact
angle between mercury and the sample, pore throat radii, and porosity (Gao and Hu, 2013; Hu and
Ewing, 2014). One note about the MICP analysis is the overestimate of volume of smaller pores and an
underestimate of larger pores; this phenomenon is called the ink-bottle effect. This is when large pores
are connected by smaller neck entrances from the sample surface (Kaufman, 2010; Hu and Ewing, 2014),

and need a higher pressure to be reached in order to pass through the initial small pore throat.
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High-Pressure Chamber

Figure 3-8 MICP apparatus of Micrometrics Autopore IV 9510

3.6 Helium Porosity and Permeability

The small gas molecule, helium, is utilized to simultaneously measure the permeability and
porosity test at confining pressures up to 9950 psi over a wide permeability range (0.001 mD to > 10 D)
(Coretest Systems, 2012). Helium porosity and permeability were conducted by Chengdu University of

Technology (CDUT) using the AP-608 Automated Porosimeter-Permeameter (Figure 3-9).

The non-sorbing gas helium invades the pores when a pressure is applied. The AP-608 machine
is capable of directly measuring pore volume for cylindrical core plugs by measuring the grain volume.
From this, porosity is calculated using Equation 3-9 if bulk volume is known (e.g., calculated from the

dimensions of core plugs):
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® =% x100 (3-9)
Where,
® = porosity (%)
PV = pore volume (cm?3)
BV = bulk volume (cm?3)

This instrument uses the pressure-decay method to determine the Klinkenberg-corrected
permeability, slip, and turbulence correction factors. This technique is well suited for low permeability
samples, 0.1 milidarcy to about 0.01 microdarcy (APl RP 40, 1998) because the small differential
pressures and low permeabilities eliminate inertial flow resistance. In general, the lower the

permeability of a sample, the slower the pressure decay.

Since the ultra-low permeability nature of shale samples, the pulse-decay method is suitable to
estimate the permeability of a shale sample. This method assumes Darcy flow as the only flow regime
during permeability test, so gas slip effect is needed to consider differentiating gas permeability from
that of liquids. At the molecular level, gas molecules collide with pore walls and tend to slide while not
losing velocity during gas flow (Wang et al., 2017). Gas slippage can be significant when the pore throat
size is comparable to the mean free path of gas molecules at a given pressure and temperature.
Klinkenberg (1941) identified this gas slip effect, which was later called the Klinkenberg effect and

included it in his equation for permeability 3-10:
ko= ke (14 35 (3-10)
Where,
ka = corrected permeability (10-3um?)
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ke = intrinsic permeability (103um?)
bx = Klinkenberg factor (psi)
Pm = mean pore pressure (psi)

To obtain by, the corrected permeability, kg, is measured at a minimum of three different mean

pore pressures (APl RP 40, 1998). The Klinkgenberg factor is found by Equation 3-11:

_ locu [2T i
b= —+F | (3-11)

Where,
¢ = constant typically taken as 0.9 (Wang et al., 2015)
K = helium viscosity (Pa-s)
M = helium molecular weight (g/mol)
w = width of pore throat (um)
R = universal gas constant (J/mol)
T = temperature (°C)

3.6.1 Procedure for Helium Porosity and Permeability

The procedure follows Coretest Systems (2012) operator manual for the AP-608 instrument. A
core plug (2.5 cm in diameter x ~ 3 cm in height) is loaded into the core holder. Then, with the confining
fluid reservoir pressure regulator set to apply 25 psi of air pressure, valve 5 is open, with helium
displacing air from system and the coreholder through plastic drain line. Any remaining air from the
confining pressure intensifier is purged, repeated two to three times. A reference volume calibration is

completed which is used for porosity and permeability measurements. The system then applies 1,000
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psi confining pressure to the coreholder and 200 psi of pore pressure. After a stabilizing period, valve 1
will close and the system will monitor for stability. After this pressure has become stabilized P1 is
recorded. Next, the volume adjuster will retract increasing the volume by a known, fixed amount, When
the pressure has stabilized, P2 is recorded and the reference volume is calculated. The AP-608 measures
the porosity and permeability of core sample at 20 confining pressures (test steps). The fill valve is
closed and the pressure is monitored until no further change is observed, indicating thermal and
pressure equilibrium. After this pressure has become stable, valve 1 is open, initiating the pressure-
transient portion of the measurement. This decay is measured in time and recorded. A differential
pressure transducer measures the pressure difference between the reservoirs, and another transducer

measures the absolute pressure in the downstream reservoir (API RP 40, 1998)

*| Upstream gas Reservoir

NS

Downstream gas Reservoir
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Figure 3-9 AP-608 Automated Porosimeter-Permeameter

3.7 Low Pressure Nitrogen Gas Physisorption

Nitrogen (N,) gas physisorption is performed on crushed samples (GRI) by measuring the
guantity of gas adsorbed onto or desorbed from a solid surface at some equilibrium vapor pressure
(Quantachrome Instruments, 2015). This method is conducted at a constant temperature of -196.15 °C
(-321.1°F), controlled by liquid nitrogen, at a relative pressure (P/P,) in the range 0.001 to slightly less
than 1.0 for nitrogen gas (Quantachrome Instruments, 2015). Direct measurements include
adsorption/desorption isotherms of sorbed gas amount over relative pressure, from which data can be
reduced to, BET surface area (single and/or multipoint), Langmuir surface area, pore size and surface
area distributions, micropore volume and surface area are modeled according to some theories
(Quantachrom Instruments, 2015). This experiment was conducted at one of our collaborating
universities, China University of Geosciences at Wuhan (CUG), using the autosorb iQ (Quantachrom

Instruments, Boynton Beach FL; Figure 3-10).

When a sample is incrementally being saturated with N, nitrogen gas will be sorbed onto
sample’s surfaces. Isotherms are produced as the quantity adsorbed under different relative pressures is
recorded and can provide information on the surface area, pore volume and pore size distribution. The
shape of isotherm and the hysteresis pattern are useful to qualitatively predict the type of pores
present. The isotherms may be grouped into one of six types presented by Sing et al. (1985), and
hysteresis patterns into four types (Labani et al., 2013). Direct measurements from this instrument are
based on numerous well-studied theories. Specific surface area (m?/g) is obtained by the Brunauer-
Emmett-Teller (BET) method (Brunauer et al., 1940) which is based on the adsorption theory of
multimolecular layers. Pore size distribution and mesopore volume by Dollimore-Heal (DH) and Barrett-

Joyner-Halenda (BJH) method (Barrett et al., 1951; Dollimore and Heal, 1964). Gegg and Sing (1991)
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used both methodologies to calculate actual pore size assuming cylindrical shaped pores using the
thickness of adsorbed layer and the Kelvin equation. However, Ravikovitch et al. (1998) determined that
previous two methods do not give a realistic description of micropore filling and leads to an
underestimation of pore sizes for micropores and mesopores. The Density Functional Theory (DFT) takes
into account the absorbent and absorbate (Lastoskie et al., 1993) and provides a more accurate
approach for pore size distribution at sub-nano size range. The measurement range for pore size
distribution for the BJH method is approximately 3.1 to 220 nm, while for DFT is 1.41 to 36.0 nm. A more
detailed discussion of theories and calculations behind methods is comprehensively discussed in

previous aforementioned works.

Figure 3-10 AutosorbiQ apparatus for low pressure gas physisorption

40



3.7.1 Procedure for Low Pressure Nitrogen Gas Physisorption

It is required to remove moisture content by degassing samples prior to analysis, as volatile
substances and free water will compete with nitrogen molecules for adsorption sites. Each sample is
first dried in an oven at 60 °C for at least 48 hours. Dried sample of about 0.05 g is then placed into the
sample cell with a diameter of 4 mm, which is installed onto the sample degassing apparatus operating
at 300 °C for 3 hours under vacuum (Quantachrome Instruments, 2015). After evacuation, an isotherm
tube is attached to sample cell. The manifold and sample tube are evacuated and after sufficient
vacuum has been achieved, the manifold is cooled to -196.15 °C (-321.1°F) by raising the liquid nitrogen
tank allowing free space to be determined at the analysis temperature. The nitrogen gas is dosed into
manifold. By opening the sample port, nitrogen adsorbs onto sample surfaces. The instrument records
nitrogen pressure and temperature, and also the quantity of nitrogen gas removed from the manifold

(Quantachrome Instruments, 2015).

3.8 Contact Angle

The contact angle test observes the surface wetting characteristics of the sample and
determines whether the shale is wetting or non-wetting to de-ionized (DI) water (hydrophilic fluid), API
(American Petroleum Institute) brine, n-decane (hydrophobic fluid), 20% isopropyl alcohol (IPA) in de-
ionized water. API brine is water wetting but with a high salinity to mimic formation fluid, and the 20%
IPA is to achieve an intermediate surface tension between DI water and API brine. The test is conducted
on a flat surface of the sample. One drop of fluid (2uL) from a pipette is used to wet the surface to
observe the spreading of the liquid. From this experiment, the contact angle the bead makes with the
sample surface interface is measured, and each sample is photographed and recorded during testing

(Model SL200KB, Kino; Figure 3-11). The contact angle will be taken at the 30 second mark of the
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experiment. No spreading of the fluid on the sample is represented by a very high contact angle (~ 100°)

while perfect spreading of the fluid is represented by a very low contact angle (~ 0°).

Figure 3-11 Kino Model SL200KB instrument for contact angle measurement

3.9 Spontaneous Fluid Imbibition

Spontaneous fluid imbibition is the process by which a wetting fluid is drawn into a porous
medium by capillary action (Morrow and Mason, 2001). The University of Texas at Arlington possess the
fluid imbibition instrument. The rate of imbibition is primarily dependent on the porous media, the
fluids, and their interactions which include matrix permeability and relative permeability, matrix shapes
and boundary conditions, fluid viscosity, interfacial tension and wettability (Zhang et al., 1996).
Spontaneous imbibition of wetting liquid into porous media is regarded as a crucially important driving

mechanism for enhancing oil recovery from naturally fractured reservoir, especially with low
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permeability (Cai et al., 2012). Imbibition test involve exposing one face of a shale sample to liquid
(water or n-decane) and monitor the mass uptake over time (Hu et al., 2001; Hu and Ewing, 2014). To
evaluate the imbibition behavior, the equations of Philips, and Handy are used. In soil science, Philip
(1957) developed the Philip’s Infiltration Equation (Equation 3-12) which relates cumulative infiltration
(e.g., imbibition) with time and sorptivity. This equation assumes that capillary pressure is greater than
gravity.

I =St%° (3-12)

Where,
| — cumulative Imbibition (mm)
S — sorptivity (a function of initial water content and porous media; mm/min®?)
t — infiltration time (min)

In petroleum engineering, Handy (1960) has a similar equation to Equation 3-13 which relates
volume of imbibed fluid, acting in a piston-like manner, to the one-dimensional spontaneous imbibition
of fluid into rock sample. In this equation, the weight or volume of the imbibed water is proportional to
the square root of the imbibition time. The driving force for fluid imbibition is capillary force as the

gravity is neglected.

N2, = AZ—PC"K@S” t (3-13)

Where,
Nwt — volume of water imbibed into the sample (cm?)
A — cross-section area of the core (cm?)

P. — capillary pressure at a fluid saturation of wetting front Sys (Pa)
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kw — effective permeability to fluid phase (cm?)
Mw — fluid viscosity (Pa-s)
t—time (s)

Presented in Equation 3-12, sorptivity, another useful parameter to quantifying the rate of
imbibition behavior, that is jointly controlled by the capillary pressure and permeability (Philip, 1957;
Kao and Hunt, 1996). When the gravitational force is negligible, the cumulative infiltration/imbibition is
related to the square-root-of-time through sorptivity with a slope of 0.5 (Philip, 1957; Kao and Hunt,

1996; Hut et al., 2001; Tokunaga and Wan, 2001).

In addition, the effective wetted distance (L4) equals the cumulative infiltration divided by the
step change in the volumetric fluid content (AB8), which is often less than or equal to the porosity of

porous media:
Ly =H/AB (3-14)

Combining Equations 3-12 and 3-14, the effective wetting front distance (Lg) can be expressed as

(Tokonaga and Wan, 2001):
L, = >\t (3-15)
d™ ap

Assuming that the porous medium has good pore connectivity, Equation 3-16 is often used to
characterize the imbibition behavior in one-dimensional medium. Kao and Hunt (1996) further reported
that, when the porous medium has a perfect wettability (contact angle is zero) towards an imbibing
fluid, there is a one-fourth power relationship between the permeability and the effective wetted

distance (Kao and Hunt, 1996; Tokonuaga and Wan, 2001):
1/4
Lqg = BJo/ukiny 'Vt (3-16)
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Where constant B reflects the geometry of the porous medium (0.5 commonly used); o is the
liquid-gas surface tension, mN/m; u is the fluid viscosity, mPa-s; kimb is the permeability of porous media

obtain from imbibition data.

Combining Equation 3-15 and 3-16, a relationship between a fourth-power of sorptivity and the
permeability of the porous media (kimb) can be obtained from imbibition tests, which is expressed as

follows (Kao and Hunt, 1996; Tokonaga and Wan, 2001):

s~ (3 () o

This study will focus on spontaneous fluid imbibition of the upper Ordovician strata using two
fluids (DI water and n-decane) to probe pore connectivity along with the interaction between different
fluids in the sample. Indicated by the slope of log imbibed liquid mass versus log time, we probe pore
connectivity by using the results of network modeling of Ewing and Horton (2002). Generally, the slope
characteristics for imbibing fluid can be divided into three stages: the initial stage (Stage |), linear
imbibition stage (Stage Il), and late imbibition stage (Stage Ill) (Yang et al., 2017). During Stage |, the
balance weight (e.g., imbibed mass) of some samples may fluctuate for a few minutes as the cumulative
imbibition is increasing quickly with respect to time. This may be the result of fluctuations in weight, the
boundary effect and/or instability of sample. During Stage I, the sample stabilizes and linear
relationships in log-log spaces can be observed in which can be used to qualitatively assess the pore
connectivity. The driving force in Stage Il may be mainly capillary pressure in macro- and meso-pore
networks (Yang et al.,2017). During Stage lll, the imbibed fluid has very small slope (usually close to
zero) suggesting fluid has reach the top of the sample. At this point the fluid will continue to imbibe into
the sample’s nano-s