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As one of the most productive shale gas plays, the Haynesville Shale has a high geopressure
gradient and high temperature, but with alack of petrophysical understanding. To analyze the pore
geometry and wettability related connectivity of this formation, multiple methods such as total
organic carbon content (TOC), X-ray diffraction (XRD), vacuum saturation, mercury intrusion
capillary pressure (MICP), contact angle, fluid imbibition, and helium pycnometry were used on
10 Haynesville Shale core samples from asingle well over avertical distance of 123 ft. Theresults
from those tests show that the Haynesville Shale is calcareous shale with 2.26~5.28% of TOC.
The porosities range from 3 to 8%, and the pore-throat sizes are concentrated at the nanoscale
(2.8~50 nm). Moreover, the permeability and effective tortuosity of the pore network controlled
by 2.8 to 50 nm pore-throat size are 3.7 to 23.4 nD and 1413 to 3433, respectively. All ten samples
show strong oil-wet characteristics and only three samples exhibit mixed wettability (both oil-wet
and water-wet). In general oil-wet samples show higher pore connectivity when they imbibe
hydrophobic (a mixture of n-decane:toluene at 2:1, as an oil analog) than hydrophilic (deionized

water) fluids.
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Chapter 1: Introduction

1.1 Introduction

Shale gas, as atype of clean fossil fuel, was first economically produced in the Barnett Shale by
the development of hydraulic fracturing and horizontal drilling (Institute for Energy Research,
2011). After decades of exploration and production, shale gasindustry isfacing acritical
problem that shale gas production always exhibits sharp declines after months or years of
production (Baihly et al., 2010). Shale gas recovery behavior can be related to reservoir quality
and liquid & gas movement in a complex shale matrix. In order to obtain consistent production
and reduced decline rate, researches on the understanding of hydrocarbon migration behavior in
tight shale has attracted more attention (Dehghanpour et al., 2013; Dehghanpour et al., 2012;
Gao & Hu, 2016b; Javadpour et al., 2007; Lan et a., Makhanov et a., 2012; Roychaudhuri et
a.,, 2013; Shenet d., , 2016; Slatt & O’Brien, 2011; Swami & Settari, 2012; Yang et al., 2017,

Yuan et a., 2014; Zhou et d., 2014).

The Late Jurassic was one of the best times for the formation of organic-rich source rocks
(Klemme, 1994). The Haynesville Shale was first commercially produced in 2008 by
Chesapeake Energy Corp; it was estimated to hold 75 trillion cubic feet of recoverable gasin
2011 and 195 trillion cubic feet in 2017 (Instititure for Energy Research, 2011; U.S. Energy
Information Administration, 2011; U.S. Geological Survey, 2017). From 2008 to 2009, 275
horizontal wells were drilled in the Haynesville formation and reached its first production peak
in 2011-2012 (Baihly et al., 2010; Rystad Energy, 2019). After three years of decline, production
in the Haynesville bounced back in the fourth quarter of 2017 (Figure 1). The primary reason for

this bounce was the design of new drilling and completion operations (Oil & Gas Journal, 2018).
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As one of the significant factorsin gas recovery, pore structure and fluid movement study of the
Haynesville Shale is not available in the literature. This study selected ten core samples from the
Haynesville formation with different mineral compositions, organic richness, and depth from a
gas-producing well. Integrated laboratory analyses of mineralogy, organic richness, thermal
maturity, pore structure, and fluid movement behavior of the Haynesville Shale will provide a

significant reference to evaluate reservoir quality and enhance gas recovery.

Haynesville Shale, historical gross gas production by operator
Million cubic feet per day
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Source: Rystad Energy ShaleWellCube

Figure 1. Haynesville Shale, historical gross gas production by operators (Rystad Energy, 2019).



1.2 Literaturereview

1.2.1 Nano-scale shale characterization

As atype of unconventional hydrocarbon reservoir with low porosity, ultra-low permeability,
and high total organic carbon content (TOC), shale attracted world-wide attention in past decades
(Euzen, 2011; Ground Water Protection Council, 2009; Lu et al., 2016; Reig et a., 2014; Slatt,
2011). To maximize and stabilize shale gas production, having a better understanding of shaleis
the first mission in shale study. Folk (1980) and Boggs (2009) named shale asfissile and
laminated mudstone. By using traditional technologies such as outcrop core description and thin
section study, detailed information of shaleis hard to be obtained. Consequently, Boggs (2009)
suggested to utilize X-ray diffraction and scanning el ectron microscopy to study the shale
petrology. In the oil industry, petrology studies of shale alone are not enough to characterize and
evauate shale reservoir quality. Over the past decades, combined with conventional reservoir
characterization technologies such as TOC, pyrolysis, seismic interpretation and well logs, high-
resolution tools have been adopted in shale research (Lu et al., 2016; Sondergeld et a., 2010).
High-resol ution imaging techniques such as field emission-scanning el ectron microscopy (FE-
SEM), focused ion beam-scanning electron microscopy (FIB-SEM), micro-CT (computed
tomography) imaging, and nano-CT imaging and petrophysical methods such as mercury
intrusion capillary pressure (MICP), N2 and CO2 sorption isotherm, spontaneous imbibition, gas
diffusion, nuclear magnetic resonance (NMR), small-angle X-ray scattering (SAXS), small-angle
neutron scattering (SANS) and ultra-small angle neutron scattering (USANS) give researchers

opportunities to investigate pore structure and fluid movement behavior in shale. In the oil



industry, petrophysical analyses more refer to seismic interpretation and well log analysis. Here,
in this study, nano-petrophysical analyses are employed to investigate micro-nanometer features

of pore space or show fluid movement behavior in shale.

Shale gas production is facing challenges from several aspects. In this study, we are focusing on
two significant problemsin both the production and environmental aspect. Thefirst challengeis
inaccurate reservoir quality evaluation. Lu et al. (2016) asked what properties a shale needsto be
considered as a producible reservoir. Establishing a general reservoir quality evaluation system
could help oil companies reduce costs caused by inadequate reservoir quality evaluation. The
second challenge is water resources (Kargbo et al., 2010; Wang et a., 2014). Table 2 shows a
large amount of fresh water being consumed during the hydraulic fracturing (U.S. Environmental
Protection Agency, 2016). During the flowback stage, only around 10% to 40% of fracturing

fluid could be recovered from the subsurface (Arthur et al., 2008).

To conquer those two challenges, petrophysicists have started to shift their attention from
conventional reservoirs (sandstone and carbonate rocks) to unconventional reservoirs (shale). A
series of petrophysical parameters is employed to characterize shale properties. Porosity, pore
volume, pore-throat distribution, permeability, wettability, connectivity, and diffusivity are the
most critical petrophysical parameters (Chen et a., 2011; Clarkson et al., 2013; Gao & Hu,
2016b; Gao et al., 2013; Hu et al., 2012; Neithalath et al., 2010; Peng et a., 2012). In this study,

only experiment-based studies will be discussed.



NUMBER OF FRACFOCUS

MEDIAN VOLUME PER

10TH PERCENTILE

90TH PERCENTILE

| STATE 1.0 DISCLOSURES WELL (GALLONS) (GALLONS) (GaLLons)
| Arkansas 1,423 5,259,965 3,234,963 7,121,249
| California 711 76,818 21,462 285,306
: Colorado 4,898 463,462 147,353 3,092,024
Kansas 121 1,453,788 10,836 2,227,926
| Louisiana 966 5,077,863 1,812,099 7,945,630
| Montana 207 1,455,757 367,326 2,997,552
New Mexico 1,145 175,241 35,638 1,871,666
| North Dakota 2,108 2,022,380 969,380 3,313,482
Ohio 146 3,887,499 2,885,568 5,571,027
Oklahoma 1,783 2,591,778 1,260,906 7,402,230
' Pennsylvania 2,445 4,184,936 2,313,649 €,615,981
Texas 16,882 1,420,613 58,709 6,115,195
| Utah 1,406 302,075 76,286 769,360
| West Virginia 273 5,012,238 3,170,210 7,297,080
Wyoming 1,405 322,793 5,727 1,837,602

Table 1. Introduction of shale pore structure characterization methods.

1.2.2 Pore structure

Pore structure parameters (porosity, pore type, and pore size distribution) are among the first
concerns in the evaluation of highly heterogeneous reservoirs. To accurately predict resource
potential, pore structure parameters play a critical role (Jarvie, 2012). In the oil industry, SEM,
CT, gas adsorption, mercury injection capillary pressure (MICP), helium porosimetry, fluid
saturation method, and nuclear magnetic resonance are currently the most popular porosity
measurement methods (Li et al., 2019; Rodriguezl et al., 2014). Those porosity and pore

structure characterization methods have their unique functions and detection ranges (Table 2).

To study the pore type and 3D pore distribution, Rodriguezl et a. (2014) introduced the most
popular shale study imaging tools. While SEM imaging was widely used in materials science,
Loucks et al. (2009) first applied SEM to shale research. Only one year later, more than 20

publications followed up this method. Shale pore types are classified as organic pores,
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interparticle pores, intraparticle pores, and intercrystallite pores (Loucks et al., 2009; 2010).
Porosity can be determined by helium pycnometry, fluid saturation, and MICP. Helium
pycnometry can measure grain density (and hence porosity) without subjecting samplesto
liquids, which the other two methods could not achieve. Usually, the fluid saturation method is
only associated with water. However, additional fluids with different wettabilities could also be
introduced in this method to test the relationship between measured porosity vs. wettability.
MICP is the most functional method among those three; it can not only generate porosity but also

reveal the pore-throat distribution and pore volumesin different pore systems over um-nm

ranges. In addition, pore-size distribution is another parameter which merits more attention. As a
significant parameter to characterize the pathways of hydrocarbon migration (Slatt & O’Brien,
2011), the pore-size distribution provides necessary information for hydrocarbon production and

reservoir simulation (Michel et al., 2011; Tian et a., 2019).

Method Pore size detection line Major function
SEM ~5 nm 2D Imaging
CT ~50 nm 3D Imaging
Gas Adsorption 0.33-100 nm Pore size distribution
MICP 2.8 nm to 1000 um Porosity and Pore size distribution
NMR ~0.1-10,000 nm Pore size distrinition measured by

different wettability fluids

Helium Porosimetry

All pore sizes larger than the
molecular sizes of Helium
(0.14 nm)

Porosity

Fluid Saturation

All pore sizes larger than the
molecular sizes of water
(0.275 nm)

Porosity measured by different
wettability fluids

Table 2. Introduction of shale pore structure characterization methods.




1.2.3 Permeability

Permeability is an important parameter to quantify the degree of difficulty for fluids to pass
through porous media. Hydrocarbon migration in the reservoir is highly related to permeability.
Unlike pore structure characterization, which is easy to conduct, a permeability determination is
challenging. Current laboratory methods of permeability determination of shale matrix include
(1) gas expansion for core and crushed samples; (2) mercury intrusion (Cui et a., 2009). When
applying the gas expansion method on the core and crushed samples, permeability results always
conflict, and the causes of this are still being debated (Peng & Loucks, 2016; Tinni et al., 2012).
Due to the high experimental cost, long duration, and controversy of the gas expansion method,
it isnot being considered in this study. Over the recent 20 years, many studies have attempted to
use MICP data to estimate permeability (Brown, 2015; Daigle, 2016; Gao & Hu, 2013; Hunt &
Gee, 2002). MICP can anayze one sample within several hours and generate pore structure,
permeability, and tortuosity. Considering the time and cost, MICP permeability approach could

be used as an alternative method.

1.2.4 Tortuosity

Tortuosity is defined as the fraction of traveled distance over a straight line between two points
(Schlumberger Qilfield Glossary, 2019). It can reflect the complexity of pore space and
hydrocarbon pathway morphology (Ghanbarian et a., 2013). When fluids migrate in a porous
media, they spend lesstime in transit through porous media with lower tortuosity. CT, acoustic
absorption, reflection wave, diffusion diaphragm, and MICP were reported to be utilized to

determine the tortuosity of porous media (Diao et al., 2017; Fellah et d., 2003; Gommes et dl.,



2012; Hu et d., 2017). As mentioned in the previous chapter, MICP is utilized to determine the

tortuosity to save time and reduce cost.

1.3 Problems of petrophysical study in the Haynesville Shale

Petrophysical studiesin the Haynesville have two major problems. The first problem is that the
samples chosen are not representative enough. Some studies only use 2-5 samplesto characterize
the whole formation. For a geological formation, especially athick oil and gas producing
formation, a small number and random sampl e selection cannot reflect the true reservoir quality.
In the oil industry, this problem will enhance the unnecessary cost caused by poor quality
reservoir evaluation. The second problem is the resolution of the experiments. In the oil industry,
the popular petrophysical analysis methods are well logging and seismic interpretation, which
are only useful methods for large scale interpretation. However, when down to the nano-scale,
they are not applicable anymore. To investigate nanoscal e features and fluid flow behavior in the
Haynesville Shale, nano-petrophysical methods such as MICP and spontaneous fluid imbibition

are utilized in this study.

1.4 Study Objectives

The purposes of this study were to characterize the Haynesville Shale, evaluate reservoir quality
of different interest zones, and provide valuable conclusions for the operators to explore the

Haynesville Shale.

The specific research objectives of this study were to (1) investigate petrophysical properties of
the Haynesville Shale such as TOC, mineral composition, wettability, porosity, permeability,
tortuosity, wettability related connectivity; (2) characterize fluid movement behavior in the shale

samples; and (3) evaluate reservoir quality with higher vertical resolution.



Chapter 2 Geological background
2.1 Geological setting

The Haynesville Shale is a package within the upper part of the Upper Jurassic Haynesville
Formation and was deposited in an areain northeast Texas and northwest Louisiana in the
northern Gulf of Mexico basin (noted by the red outlinein Figure 2). It overlays the Smackover
limestone and is succeeded by the Bossier Shale. The Haynesville Shale was deposited in the
area bounded by the Rodessa fault and the North Louisiana fault zone in the north, by the East
Texas salt basin and North Louisiana to the east and west, and by the Sabine Island complex in
the south. The total area of the Haynesville covers 9,000 square miles (Ground Water Protection
Council, 2009). Structure, depositional model, and stratigraphy of the study area have been
studied in detail by others (Adams, 2009; Cicero & Steinhoff, 2013; Ewing, 2009; Galloway,
2008; Goldhammer, 1998; Hammes & Frébourg, 2012; Hammes et al., 2011; Mancini et al.,
2008; Nunn, 2012). Briefly speaking, the opening of the Gulf of Mexico and Sabine uplift played
acritical role in the Haynesville Shale deposition, in creating accumulation space and
introducing sea water to this passive margin basin. The Sabine uplift areadid not cause
subsidence during the Jurassic, which makes itself arelatively high land in the middle of the
basin. Haynesville sediments were deposited along the east and west flanks of the uplift forming
two depocenters. The western depocenter lies approximately in Leon County, eastern Texas, and

the east depocenter isfound in Harrison County, TX and Caddo County, LA.
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Figure 2. Location and geological features around the Haynesville Formation, outlined in red. (Hammes
& Frébourg, 2012)

2.2 Haynesville Shale

The Haynesville Shaleis at least partially time equivalent to the carbonate-rich Gilmer and
Haynesville Lime members of the Haynesville Formation (Figure 3). However, the lithology of
the overall Haynesville Formation includes carbonates, siliciclastic, and to alesser extent
evaporites (Figure 4). Thelithological variation isrelated to the shifting of depositional
environments. In northeast Louisiana and western Mississippi, siliciclastic input from the
ancestral Mississippi river was dominant (Cicero & Steinhoff, 2013), whereas in east Texas,
Gilmer/Haynesville lime carbonate production was dominant, fringing the Haynesville Shale to
the west and south (Cicero & Steinhoff, 2013; Torsch, 2013). In general, the Haynesville Shaleis
an organic-rich mudstone. In previous studies (Hammes & Frébourg, 2012; Hammes et al., 2011;

Keator, 2018), researchers came up with several kinds of lithofacies classifications based on
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compositional and sedimentary structures. In the northern part of the basin, the Haynesville
Shale received terrestrial sediments from three directions, which make the mudstone more
siliciclastic rich and has relatively lower TOC contents. In the south, close to the Sabine uplift,
the mudstone is more cal careous rich and has higher TOC values (Hammes et a., 2011). In the
whole area, the organisms present are major planktons, shallow water benthic dwellers,
swimming bottom-dwellers, and algae. Foraminifera, radiolaria, filibranch mollusks, ammonites,
pel ecypods, sponge spicules, and cal cispheres have been reported in the core and thin section
scales (Hammes et al., 2011). After death, the organisms sank to the sea floor. The shells and
bones became cal careous grains, and the dead bodies, bacteria, and al gae became the source of
sedimentary organic matter. In summary, this organic-rich black Haynesville Shale was
deposited under anoxic shallow marine conditions behind the high energy carbonate buildups,

stranded rift blocks.
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Knowles Lime
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surface
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| ST
HVL Lime 5

Angelina Island

Figure 3. Cross-section of the northern Gulf of Mexico Basin (Hammes and Frébourg, 2012).

The Haynesville Shaleis the rapid buria of the overlying lower Cretaceous sediments deposition
(Nunn, 2012). The present day temperature in the Haynesville Shale ranges from 260°F (125°C)

to 380°F (195°C) (Speight, 2017). The geothermal gradient in the mid-Cretaceous is estimated to
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have been about 0.33°F/ft. With heat dissipation over time, geothermal gradients decrease to
0.0135 to 0.02°F/ft at present (Nunn, 2012). With the properties of high geopressured gradients
and high ancient temperature gradient, the Haynesville Shale is avitally important area to study
the relationship between pore structure and porosity, permeability, pore size distribution, pore
connectivity, and pore types. For example, relationships among high pressure, porosity, and
permeability in Haynesville Shale show that the porosity and permeability increased significantly

with an increase in pressure (Boosari et al., 2016).
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Figure 4. Stratigraphic column of northern Gulf of Mexico Basin (Goldhammer, 1998; Hammes, 2011)




Chapter 3 Methods

3.1. Sample selection, collection, and processing

A total of ten samples was collected from awell located in San Augustine County, Eastern
Texas. The samples were selected based on well logs which were used to help locate interesting

depths to sample; Table 3 shows basic sample information.

Sample ID | Depth (ft) Selection Criteria

BS 14359 14358.5 Low clay contant

BS 14374 14374 High porosity

BS 14395 14395 Upper carbonate-rich
zone

BS 14404 14404 Mud-rich zone petween

two carbonate-rich zone

BS 14411 14411 Lower carbonate-rich
zone

BS 14427 14426.5 High porosity

BS 14433 14432.5 Hot and low porosity

BS 14446 14446 Hot and high porosity
BS 14462 14462 Hot and high porosity
BS 14482 14482 Hot kitchen

Table 3. Sample depth and selection criteria; BS denotes the abbreviation of the well name.
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Samples were first weighed and photographed. 2.5 cm diameter core plug(s) were then taken

using a coring machine. After coring, samples were cut into 1 cm? cubes and 0.4cmx 1cmx1cm

thin slabs with a steel saw. Each sample has at least ten cubes and four thin slabs. Rock
fragments were then collected and crushed into six different sizes, #8 to #12 mesh, #12 to #20
mesh, #20 to #35 mesh, #35 to #80 mesh, #80 to #200 mesh, and <#200 mesh. Samples from
#8/#12 mesh to #80/#200 mesh were washed with deionized water to remove the fines sticking
on the sample surface. After being dried in the air, these granular samples were placed into glass
jars. <200 mesh size samples were directly bottled for later use such as TOC analyses (Figure

5).

#&Cilo

Cubes and 8~12mesh  12~20 mesh 20~35 mesh 35~80 mesh 80-~200 mesh <200 mesh
thin slabs i

Figure 5. Sample photo with different sizes.
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3.2. X-Ray Diffraction

X-Ray Diffraction (XRD) analysis, or X-Ray crystallography, is performed to qualitatively and
quantitatively investigate the mineral composition of the rock sample. XRD measures the
intensities and angle of beams diffracted by mineral crystals, and through spectrum anaysis

obtains the mineral compositions and weight percentages. XRD data was obtained using a

Shimadzu MaximaX XRD-7000 (Figure 6).

Figure 6. XRD analyzer of Shimadzu MaximaX XRD-7000.
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3.3 Pyrolysisand Total Organic Carbon

3.3.1 Pyrolysis

Samples of less than 75 um were used to detect the organic matter richness and composition and
the maturity of the source rock by pyrolysis. Pyrolysis analyses were performed with OGE-V Qil
and Gas Evaluation Station (Figure 7) designed by the Research Institute of Petroleum
Exploration and Development of PetroChina. According to Lafargue at a. (1998) and Tissot &
Welte (1985), the parameter descriptions which are listed below associated with analysis

temperature and duration (Table 4).

.
|

2 L "y ﬁ\%_ﬁ_:«

Figure 7. Pyrolysis analyzer of OGE-V Oil and Gas Evaluation Station.
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Descriptions Analysis condition | Analysis Duration
S1 (mg HC/g) The free hydrocarbons (HC) present in the sample before the analysis 300 180s
S2 (mg HC/q) The volume of hydrocarbons that fromed during thermal pyrolysis 300 ~600 360s
4 (mg HC/q) The residual carbon content of the samples 600 60s
Tmax () T he temperature maximum point of hydrocarbon generateion during pyrolysis

Table 4. Pyrolysis parameters and analysis condition.

3.3.2 Total Organic Carbon

TOC refers to the amount of total organic carbon in geological materials. TOC analyses were

performed with Rapid CS Cube manufactured by the Elementar Company (Figure 8). High-

temperature combustion is the most commonly used method in TOC analyses. By combusting

samples at 1200 °C in an oxygen-rich reaction tube, all carbon converts to carbon dioxide which

is detected by the sensor.

Figure 8. TOC analyzer of Rapid CS Cube.
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3.3.3 Procedure of TOC analyses

The procedure of TOC analyses is straightforward. Samples less than 75 pm were oven-dried at
60 °C for at least 48 hours and then placed in the desiccator to be cooled to room temperature.
Around 1 g for each sample was weighted and placed in asilver cup on athermal-panel with the
temperature at 60 °C. HCl was dropped into each silver cup to remove inorganic carbonate acids
till no more reaction, followed with adding drops of de-ionized water for several rounds to wash
out residual HCI. After completely dry, the sample was wrapped with the silver cup and fed to

the TOC analyzer.

3.4 Helium Pycnometry

3.4.1 Introduction of Helium Pycnometry

The helium pycnometry is awork station to measure the grain density, and this test was
conducted using a G-Denpyc 2900 (Figure 9). The mechanism of thistest is the combination of
the volume displacement method and gas expansion principle. First, we expanded a certain
guantity of helium into the aluminum chamber at a previously set pressure P; to determine the
empty chamber volume Ve. Second, we placed samples into the aluminum chamber and resealed
the chamber. We flushed the same quantity of helium into the chamber, and recorded the

chamber pressure P after the chamber stabilized.

According to Boyle’s Law and density equation,

Pr*Ve=P2*Vgus

Ve ngs:Vs

Pps=M/Vs
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P1: pressure when chamber filled only with helium, Pascal

P>: pressure when the chamber filled with both samples and helium, Pascal
Ve gas volume when the chamber is empty, cm?®

Vgus. gas volume when chamber filled with samples, cm®

Vs sample grain volume, cm?®

M: sample weight, g

ps. sample grain density, g/cm?®

Figure 9. G-Denpyc 2900 helium pycnometry.
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3.4.2 Procedure of Helium pycnometry

Both cubic samples and granular samples were oven-dried at 60°C for 48 hours to remove
moisture. Samples were taken out from the oven and placed in the desiccator to be cooled to
room temperature. First, an empty aluminum chamber was placed in the analyzer to perform
chamber volume calibration. Next, we filled the chamber with weighed samples and re-ran the

analysis. Fivetests were conducted, and an average grain density of five tests was reported.

3.5 Vacuum saturation

3.5.1 Introduction of Vacuum saturation

As aporosity determination method, vacuum saturation (Figure 10) does not produce as many
petrophysical parameters as MICP. However, it has its advantages which MICP does not have:
(2) Itisefficient for alarge sample size and volume: one round of vacuum saturation can test 30-
40 core plugs or 240 pieces of 1cm? cubesin 2 days, while MICP can only test 6-8 samples a
day; (2) It islow cost: one round of vacuum saturation costs less than 20 dollars but one MICP
analysis costs more than 100 dollars; (3) It allows a choice of wetting or non-wetting fluid to

probe fluid-associated porosities.
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Figure 10. A) A photo and B) schematic diagram of vacuum saturation.
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Combined with Archimedes’ principle (Figure 11), vacuum saturation can measure porosity,
bulk density and grain density of rock samples (American Petroleum Institute, 1998). The

vacuum saturation set used in this study was custom designed by Dr. Hu’s research group.
The equations used to calculate porosity, bulk density, and grain density are listed below.
0=V of Vb=(WsWq)/Ws

Pb=V o/ Wa=(WsWa)/ps

Pg= Pu/(1-9)

where,

@= porosity, no unit

Vo= void volume, cm®

V= bulk volume, cm?

Ws= sample weight with fluid saturation, g

Wq= sample over-dry weight, g

W= sample submerged weight in fluid, g

pr= fluid density, g/cm?®

po= bulk density, g/lcm®

pg= grain density, g/cm?
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Figure 11. A) A photo and, B) schematic diagram of Archimedes’ bucket.
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3.5.2 The procedure of vacuum saturation

Samples were oven dried at 60 °C for 48 hours to remove moisture in connected pore spaces and
taken out of the oven and placed into a desiccator for 30 minutes. Once the samples were cooled
to room temperature, the oven-dry weight was measured. After weighing, for cylinder and
irregular samples, they were directly placed into the vacuum chamber. For cubic samples, they
were first put into the tray-holder and then placed into the vacuum chamber. After the chamber
was properly sealed, the evacuation was started. The first evacuation process removed the air
inside the sample for 6 to 8 hours, and the pressure in the chamber dropped to 0.06-0.1 torr
(7.999-13.332 Pascal, or 99.99% vacuum). CO> was then alowed to enter into the chamber to
replace air inside the sample, as CO» is more soluble in water than air. The second evacuation
following the CO» flushing lasted for 12 to 18 hours. After finishing the second evacuation, a
fluid (DI water) which invades the edge-accessible pore system was added to the vacuum
chamber and 30 psi CO: pressure was applied to press water into the samplesfor 3 to 4 hours.
Once the vacuum saturation was complete, samples were taken out of the vacuum chamber.
Slightly DI water-moistened Kimwipes were used to wipe off the excess fluid on the sample
surface and the saturated weight was recorded in air. Next, the samples were placed into the
Archimedes’ bucket to weigh the submerged weight. Finally, we used the equations to determine

the porosity, bulk density, and grain density.

3.6 Mercury Intrusion Capillary Pressure (MICP)

3.6.1 Introduction of Mercury Intrusion Capillary Pressure analysis

MICP iswidely used to analyze pore structure parameters (porosity, pore throat size, pore

volume, pore throat size distribution, pore surface area, permeability, and tortuosity). A
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Micromeritics AutoPore 9520 (Figure 12) was used to analyze cubic samples. The Washburn
equation (Washburn, 1921) describes the relationship between pressure and radius of the
capillary pore. The pressure conditions were set from 5 psi to 60,000 psi, which means that the

detectable pore-throat diameter ranged from 45,000 to 2.8 nm.

Figure 12. Micromeritics AutoPore 9520.

3.6.2 Procedure of MICP analyses

Samples were oven dried at 60°C for 48 hours to remove the moisture and then placed into a
desiccator to be cooled to room temperature. Next, we assembled a sample with a penetrometer
and weighed the assembly mass. The penetrometer is an analyzer chamber connecting the
sample with the MICP station. The penetrometer was covered with vacuum grease and inserted
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into the low- pressure port, where it was evacuated to 50 um Hg (0.05 torr, 6.666 pascals). Once
the evacuation finishes, the penetrometer was filled with mercury to pressure at 5 psi. The low-
pressure analysis used pressure ranges from 5 psi to 30 psi. During the analysis, when reaching
each pressure point, the system stayed at each specified pressure for a short time (equilibrium
time) to stabilize the volume reading and then increased or decreased to the next pressure point.

For both low- and high-pressure anal yses the equilibrium time was set to 30 seconds.

After low-pressure analysis, we weighed the penetrometer with the vacuum grease and small
mercury drops were cleaned from its surface. Then the penetrometer was placed into the high-
pressure port. During the high-pressure analysis, the pressure increased from 30 psi to 60,000
psi.

3.7 Contact Angle

3.7.1 Introduction of Contact Angle

The contact angle was first mentioned by Thomas (1804) as an angle created by liquid and solid
surface interaction (Figure 13). In Kwok & Neumann (1999), contact angle measurement and
interpretation were discussed in detail. In shale studies, a combination of contact angle and

spontaneous imbibition is used to characterize the wettability related connectivity.

In this study, a SL200KB Optical Dynamic/ Static Interfacial Tensiometer & Contact Angle
Meter (Figure 14) was used for contact angle measurement. DI water, APl (American Petroleum
Institute) brine, n-decane, and 10% isopropyl alcohol (IPA) were used to determine the contact
angles of different fluids. The DI water represents hydrophilic fluid, and n-decane represents
hydrophobic fluid. The 10% IPA is an example of amphiphilic fluid. The API brineisused to

mimic fluid at the reservoir condition.
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Figure 13. lllustration of contact angle.

Figure 14. SL200KB Optical Dynamic/ Static Interfacial Tensiometer & Contact Angle Meter.
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3.7.2 Procedure of Contact Angle

Oven-dried thin slabs of 1cmx1cmx0.3cm were used in thistest. Thin slabs were first sanded or
polished by sandpaper or polisher to reduce the roughness of the surface. For each test, one thin
dlab was placed on an adjustable platform. A droplet of afluid was dropped onto the surface of a
horizontal thin slab. The software was used to capture droplet behavior and generate contact

angle data.

3.8 Spontaneous Fluid Imbibition

3.8.1 Introduction of Spontaneous Fluid imbibition

The spontaneous fluid imbibition was used to detect the behavior of fluid interaction with arock.
By conducting imbibition tests using different fluids, pore connectivity and wettability could be
guantitatively assessed (Gao & Hu, 2016a, 2016b; Yang et al., 2017). Those studies reported that
the amount of fluid one sample takesinis strongly related to the sample’s wettability. To create
different wettability analysis conditions, DI water was used as the hydrophilic fluid, and n-
decane and toluene mixed solution (D T2, n-decane and toluene mixed at 2:1 by volume) was
used as the hydrophobic fluid. The first-order driving force in this experiment is the capillary
force, and the second-order driving force is diffusion and adsorption of vapor in the air (Kiepsch
& Pelster, 2016). Thefirst-order counter force of fluid imbibition is gravity. Handy (1960)

claimed that the gravity effect should be negligible in coarse-textured rock.
In this study, we employed Handy’s model:
Qu?=(2Pkw®A2Su/pw)t

Quw: total volume of water imbibed in, cm®
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Pc: capillary pressure, Pa

Kw: the effective permeability of the porous medium to awetting fluid, cm?
Ac: imbibition cross-sectiona area, cm?

Sw: water saturation, %

Mw: fluid viscosity, Pa*s

¢: sample porosity

t: imbibition time, s

3.8.2 Procedure of Spontaneous Fluid imbibition

For the fluid imbibition test, samples were cut into 1 cm?® cubes. Except for the top and the
bottom, all other surfaces were covered with quick cure epoxy. After being epoxied, samples
were placed into the 60°C oven for 48 hours to remove the moisture. Then we took the samples
out of the oven and immediately placed them into desiccator to be cooled to room temperature.
Sample, holder, balance, and fluid dish were assembled as Figure 15 shows. The balance used
was the Radwag A S 60/220.R2. Once the sample touched the surface, we started the balance’s
auto-recording software on the computer. For DI water, the test duration was set to 24 hours. For
DT2, thetest duration was set to be 6 hours considering its higher wettability onto shale and

reduce the impact of its high evaporation rate.
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Figure 15. A) A photo and, B) Schematic diagram of imbibition set.

31



Chapter 4: Results
4.1 X-Ray diffraction
The mineral compositions of the Haynesville Shale samples in the study area shown in Table 5.
In general, carbonates, quartz & feldspar, and clays are the three abundant mineral groups. Pyrite
and ulvospinel only exist as a small amount. Carbonate composition takes 28.6% to 66.6 % of
total weight percentage, quartz & feldspar account for 22.2% to 45.5%, and clay occupies 7% to
23.9%. To classify the Haynesville Shale, a shale classification ternary diagram, modified from
Schlumberger (2014), was used. In this study, QFM (quartz, feldspar, and mica) group is
replaced by the QF group while muscovite and illite assigned to the clay group because of their
claylike sheet structure. The magjor mineral groups, QF (quartz and feldspar), clays (illite,
kaolinite, chlorite, and muscovite), and carbonates (calcite and dolomite) are used to plot the
ternary diagram (Figure 16). Also, considered as trace minerals, pyrite and ulvospinel are

neglected in this diagram.

From the ternary diagram, most of the ten samples plot as mixed mudstone and
carbonate/siliceous mudstone, with only three samples classified as mixed carbonate mudstone

and silica-rich mudstone.

More detailed information such as clay mineral content distribution, quart & feldspar content
distribution, and calcite vs. dolomite contents are clearly shown in amineral composition pies

diagrams (Figure 17 to 21).
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" Mineral Content|

~_ (%) | Quartz Albite |Anorthite| Microcline | Calcite |Dolomite Pyrite

Sample ID

BS 14359 24.2 5.0 24.9 21.7 17.5 0.8 155 1.4 3.1
BS 14374 33.1 2.9 2.1 29.4 2.4 22.4 0.6 0.9 2.3 3.9
BS 14395 38.3 0.9 1.0 4.3 22.9 10.5 15.2 1.0 0.5 1.8 3.5
BS 14404 40.3 3.7 1.5 24.6 4.0 17.7 0.2 0.5 3.1 4.5
BS 14411 18.7 3.5 65.2 1.4 7.0 0.3 1.1 2.8
BS 14427 24.7 5.6 42.6 1.3 19.5 0.5 0.3 2.1 3.4
BS 14433 23.3 3.0 60.2 1.2 8.0 0.6 0.3 1.1 2.1
BS 14446 34.8 3.8 1.3 31.0 2.1 19.4 0.6 0.3 2.8 4.0
BS 14462 34.6 1.8 1.2 40.6 2.1 14.0 0.9 0.6 0.9 3.3
BS 14482 25.1 2.7 1.0 48.3 14.4 1.0 0.4 1.5 5.6

Table 5. Mineral composition of each sample (wt.%).

33




Clay(%)

0 100

BS 14359
BS 14374
BS 14395
BS 14404
BS 14411
BS 14427
BS 14433
BS 14446
BS 14462
0 BS 14482

Clay
~-dominated
lithotype

20

= OO~ AWK =

argillaceous
mudstone

Argillaccous
carbonate

Argillaceous
siliceous

60

mudstone

80 Mixed 8 20
siliceous carbonate
mudstone &.‘arborqc/ mudstone
siliceolls

mudston
Silica @& Carbonate

wiloriida Carbonate-rich Silica-rfh B Su
100 lithotype siliceous mudstone carbonate mudstone lithotype 0
Quartz& T I | | T | T Carbonate(%)
Feldspar(%)
0 20 40 60 80 100

Figure 16.. Ternary shae classification diagram with the Haynesville samples plotted on (modified from
Schlumberger, 2014).
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Figure 17. Pie chart of mineral composition: BS 14359 (top) and BS 14374 (bottom).
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Figure 18. Pie chart of mineral composition: BS 14395 (top) and BS 14404 (bottom).
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Figure 19. Pie chart of mineral composition. BS 14411 (top) and BS 14427 (bottom).
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Figure 20. Pie chart of mineral composition. BS 14433 (top) and BS 14446 (bottom).
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Figure 21. Pie chart of mineral composition. BS 14462 (top) and BS 14482 (bottom).
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4.2 Pyrolysisand TOC

Rapid CS Cube generated TOC values were obtained in this study (Figure 22). TOC
values generated from pyrolysis are used as areference group (Table 6). Two issues made the

results obtained from the two methods differ. (1) The maximum of the pyrolysisis 600 C°,
whereas the temperature of TOC analysisis 1200 C°. The lower temperature in the pyrolysisled

some of the organic matters to remain uncombusted. (2) The samples used in pyrolysis were not
aicd-washed. The existing of inorganic carbon influenced the final results. Pyrolysisresults are
shown in Table 6. In this programmed pyrolysis analysis using the OGE-V Oil and Gas
Evaluation Station, S3 values were not recorded. For calculated indexes, only the production

index (PI) was used in this analysis.

The Haynesville Shale, which has been well-known as an organic-rich shale gas play, has

a high maturity and high TOC percentage. The TOC vs. depth trend (Figure 22) shows that the
TOC increases with depth by afactor of 2. The Haynesville Shale has the properties of being a
good hydrocarbon reservoir such as high TOC content (2.26 to 5.28 %), high S1 values (1.51 to
3.22 mg/g). However, the S2 values, which represent CO, signal generated from the cracking of
kerogen, range from 0.68 to 1 mg/g. The very low S2 value led to Tmax values unreliable. High
S1 values and low S2 values generate high Pl. Pl reflects the degree of maturity of source rock.
The high PI value indicates Haynesville Shale is over-mature and has low hydrocarbon

generation potential.
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0 max Sl 2 S1+S2 Pl
Sample1D 1TOC (%) ™ | (mgig) | (my/g) | (molg) |(s(s1+s2))
BS 14359 1.97 400.1 1.55 0.73 2.28 0.68
BS 14374 1.97 381.7 3.06 0.48 3.54 0.86
BS 14395 2.48 351.9 2.86 0.81 3.67 0.78
BS 14404 454 386.0 3.22 0.97 4.19 0.77
BS 14411 3.23 N/A 1.51 0 1.51 1.00
BS 14427 5.70 371.1 2.63 0.41 3.04 0.87
BS 14433 4.09 371.0 1.58 0.13 1.71 0.92
BS 14446 5.75 365.5 2.27 0.34 2.61 0.87
BS 14462 454 386.0 2.16 0.92 3.08 0.70
BS 14482 6.40 358.0 2.57 0.65 3.22 0.80

Table 6. Summary of pyrolysis data.
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TOC (%) vs. Depth (ft)
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Sample ID TOC (%)
BS 14359 2.26
BS 14374 3.39
BS 14395 3.07
BS 14404 2.85
BS 14411 3.45
BS 14427 331
BS 14433 391
BS 14446 5.12
BS 14462 4.42
BS 14482 5.28

Figure 22. Plot of TOC (%) with depth (ft). TOC data from Rapid CS Cube TOC analyses.
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BS 14374 Pyrolysis Analysis

BS 14359 Pyrolysis Analysis
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Figure 23. Pyrolysis plot: A) BS 14359, B) BS 14374, C) BS 14395, D) BS 14404.
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45



4.3 Vacuum saturation

Our vacuum saturation set allows 240 cubic samples to be ran at the same time. In other words, it
can measure porosities of 240 samplesin 3 days. In this test, to reduce the sample selection bias,
we selected four cubes from each sample to assess the influence of heterogeneity. Moreover, DI
water (run on 4 samples), aswell as DT2 and tetrahydrofuran (THF) (both run on one sample)
were used to verify the impact of wettability on measured porosities. DI water edge-accessible

porosities of Haynesville Shale range from 2.626+0.25 % to 6.631+0.890 %. DT2 edge-

accessible porosities range from 3.14% to 7.74%. THF edge-accessible porosities range from
3.319t0 10.422%. The significant wettability of each fluid may lead to large variation of
porosities. Comparing with DI water edge-accessible porosities, the DT2 porosities do not show
an obvious increasing or decreasing trend. During the experiments, the higher evaporation rate of
THF has been noticed to affect the measurement. Unlike the negligible evaporation rates of DI
water and DT2 in vacuum saturation experiments, the higher evaporation rate of THF from both

fluid-saturated samples and Archimedes’ bucket tend to result in alarge variation of porosities.
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DT2 (mixwee of 2 nrdecane
Dlwater 16 y Terahydrofran
Sample size Buk | AV | Gpig | Avense Bulk | Grain Buk | Grain
Porosity | Average | oo | BUK f o] OB [Porosit] e | gensiey | PO | garminy | demsity
®6) |porosity (36) Y | densin(gtc density(g/em| (3¢) - )
(em) [ (gem) y (@em) | (@em) (gem) |(gem)
| Cuba A §433 2. 286 1678 2555 2767
[ cueR | 7244 | 4% | [ 254 |
BS 14359 v T —{oozee123 M2 qr0.000 2B 200,019
CubsD 5 37a | 258 | 2705
Cube A T3 2381 25712
s |—CubsBE ) 5075 | | 2307 | 2525
B8 3% - S5 5 54120855 232 39020 002 2L 25600 01 — RETTA T
Cube D 3414 2304 251 740 | 2459 | 2658
Cubs A 2548 24351 23515
|_CubeB | 2803 | | 2432 | | 2303 |
BS 14305 — e |2se00 224002722 26210 008 TRETTRET
CubsD 3538 240 2581
Cube A 5080 2380 2435 |
| _CubeB | 6583 | | 2345 | | 2510 |
BS 14404 e e sssstass 2323540015 2 2500 24 T EETTEET
CubsD | 4030 237 2476 5527 | 2410 | 256]
Cubs A 260 1438 23520
BS 14411 |—oumB 2O 5 aon050 24R 2 4p120011 221 25280.008 TEE o ar
CubsD | 348 2451 2339 3140 | 2506 | 2588
Cube A 7432 130 2516
BS 14427 —Q"‘:g 30 663120890 [0 232001 (213 245620 (21 117 | 242 | 2455
CubsD | 6523 2300 2470 5543 | 27375 | 2514
[ Cupea | s 241 | By
BS lag3  [—eueaE H—ﬁﬁ— 475120581 [0 245420 04220 25782004 e e
CubsD | 4526 142 2540 3778 | 2486 | 2583
[ cupea 579 234 2538
|__CubeB | 5667 | | 238 | 2510
BS 14845 - £.172:0.768 228 2 36840002 |— 25240019 e T
CutsD | i ET] 2407 s%0 [ 230 | 258
CubeA | 403 2408 2530
BS 14y [— et S8 5 25003 23X 240004 [T 25220011 R =
CubsD 4365 2400 253 4140 | 2455 | 256]
[ curea 5000 242 2579
BS 14482 —mcg 0B s 15a002 —3{15—3 2434001822 256020016 R R
CubsD | 35291 2410 2545 S0]18 | 245] | 2644

Table 7. Vacuum saturation data of employing DI water, DT2, and THF fluids.
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4.4 Mercury Intrusion Capillary Pressure

Mercury intrusion capillary pressure is one of the core experiments in this research. The MICP
test can generate bulk density, grain density, total pore area, porosity, permeability, tortuosity,
and pore-throat size distribution. In this study, porosity, pore-throat size distribution,
permeability, and tortuosity are used as key parameters and the rest of the parameters are used
for comparison with the results obtained from other methods. The porosity of the Haynesville
Shale measured from MICP ranges from 2.8% to 7.3%. Permeability varies from 4 to 23 nano-
darcy (nD). Effective tortuosity has a minimum value of 1413 and a maximum value of 3433m,

whereas the geometrical tortuosity various from 8 to 12.

Bulk density | Apparent Grain | Total Pore . . . . . .
Sample ID 3 . 3 N Porosity (%) | Permeability (nD) | Effective tortuosity | Geometrical tortuosity
(g/cm?) density (g/cm?) | area (m?/g)

BS 14359 2.4171 2.6078 12.087 7.313 23.4 1580 10.748

BS 14374 2.4394 2.596 16.293 6.0342 13.1 1914 10.746

BS 14395 2.4818 2.5542 6.14 2.8373 7.9 3433 9.87

BS 14404 2.3805 2.4982 13.557 4.7119 4.8 3296 12.461

BS 14411 2.4536 2.5318 9.06 3.0905 3.7 2011 7.884

BS 14427 2.3437 2.5043 18.052 6.4127 6.5 1879 10.977

BS 14433 2.4584 2.5717 13.005 4.4062 4.0 1753 8.788

BS 14446 2.3824 2.5222 15.243 5.5404 6.4 2570 11.932

BS 14462 2.4225 2.5559 15.514 5.2166 4.7 2751 11.979

BS 14482 2.4776 2.5875 10.817 4.2453 5.9 1413 8.586

Table 8. Summary of MICP results.

A plot of intrusion pressure vs. Log differential intrusion (Figure 26 to Figure 35, plot A)
illustrates various pore system in the shale sample. Gao and Hu (2013) introduced how to divide
different pore systems by picking up inflection points. Each inflection point, representing a
connected pore network, is used to calcul ate the permeability and tortuosity of each pore system.
Another plot of pore-throat diameter vs. incremental pore volume (Figure 26 to Figure 35, plot

C) shows the mercury intrusion volume at each pressure point, which was then converted to
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pore-throat diameter; as aresult, it gives a continuous picture of the mercury intrusion process.
To understand the pore-throat diameter distribution and pore volume, the pore systems are
divided into five groups based on pore-throat diameter, which are related to dominant pore types
(Table9). Overall, the pore-throat sizes of Haynesville Shale are concentrated from 2.8 to 50
nm. All the samples arerich in organic pores and intragranular pores. Most samples contain a
large amount of inter-clay platelet pores, whereas the BS 14359 only contains avery small
amount. Intergranular pores, micro-fractures, and laminations are not predominant pore types.
However, microfracture or lamination occupies a considerable percentage in samples BS 14359

(17.6 %) and BS 14395 (23.5 %).

~__ Pore-throat
~size (um)| (,0028-0.005 | 0.005-0.01 0.01-0.05 0.05-1 1-50
Sample ID

BS 14359 0.6 44.4 25.3 12.0 17.6
BS 14374 30.1 35.4 20.2 4.4 9.8
BS 14395 27.4 22.8 18.8 7.4 23.6
BS 14404 35.9 30.8 15.8 6.2 11.3
BS 14411 35.2 36.8 15.6 5.6 6.7
BS 14427 29.8 357 20.5 6.5 7.4
BS 14433 36.0 36.3 16.5 4.5 6.6
BS 14446 29.9 36.1 17.6 6.3 10.0
BS 14462 34.1 39.4 14.9 4.0 7.7
BS 14482 26.3 37.1 21.8 6.4 8.4

Table 9. Pore throat size vs. pore distribution in percentage.
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4.5 Contact angle and wettability

As anatural material with various compositions, shale has a complex wettability. Understanding
wettability isthefirst step for researchers when studying liquid-solid interaction behavior. The
contact angle is used to determine the wettability of shale samples. Four different fluids (DI
water, API brine, 10% IPA, and n-decane) were used to measure the contact angles. The contact
angle measurement suggested n-decane most easily wets the samples, but they also show a good
wetting towards DI water, API brine, and 10% IPA. An example of BS 14411 is presented to
explain the contact angle measurement and final results of the contact angle of four fluids vs. log
elapsed time. Figure 36 shows the contact angle of DI water, API brine, and 10% IPA at 30
seconds after adroplet of liquid was placed onto the sample surface. Due to the fact that n-
decane spreads out on sample surface very quickly, we used a high-speed camerato capture the
contact angle images within 1 second. The contact angle detection limit is 3 degrees so that any
contact angle less than 3 degrees will not be identified. In Table 10, those values are recorded as

< 3 degrees.
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Sample ID | DI water | API brine| 10% IPA | n-decane | Vettability
Classification

BS 14359 58.3 13.2 49.4 <3 Oil-Wet

BS 14374 28.0 22.3 25.0 <3 Oil-Wet

BS 14395 15.4 15.5 33.4 <3 Intermediate-Wet
BS 14404 41.0 30.0 24.3 <3 Oil-Wet

BS 14411 52.6 34.8 38.2 <3 Oil-Wet

BS 14427 33.3 32.5 28.0 <3 Oil-Wet

BS 14433 24.0 38.0 61.3 <3 Intermediate-Wet
BS 14446 7.4 33.3 24.1 <3 Intermediate-Wet
BS 14462 52.8 38.4 50.6 <3 Oil-Wet

BS 14482 46.1 26.9 6.1 <3 Oil-Wet

Table 10. Summary of contact angle data (degree).
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BS 14411
DI Water

Contact Angle=52.6°

BS 14411
API Brine

Contact Angle=34.8°
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BS 14411
10% IPA

Contact Angle= 38.2°

BS 14411
Decane

Contact Angle <3°

Figure 36. Contact angle of BS 14411-H. A) DI water, B) APl Brine, C) 10% IPA, D) Decane.
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4.6 Spontaneous imbibition

DI water and DT2 were used to detect wettability related pore connectivity. Based on the
imbibition behavior and slope, the imbibition process could be divided into four stages. The first
stage is the noisy stage which happens when the sample starts to touch the fluid surface and ends
when the sample stops vibrating. The second stage is the fluid imbibition into the wall & edge of
the sample. In the third stage, fluid starts to migrate into the interior of the shale matrix. When
fluid reaches the top of the sample, the sample does not imbibe more fluid from the reservoir; the
process enters the last and 4™ stage, the stable stage. Hu et a. (2012) introduced the connectivity
classification by the analysis of theinterior stage slope. When the slope is about 0.5, the sample
has a high connectivity to the imbibing fluid. When the slop is around 0.26, the sample has alow
connectivity. The slope between 0.26 to 0.5 is considered as intermediate connectivity for the
porous media. In general, the Haynesville shows a high connectivity to hydrophobic fluid and
intermediate to low connectivity to the hydrophilic fluid (Table 11). Only BS 14446 shows a
high connectivity to both water and DT2. The connectivity is related to the wettability but does

not indicate adirect and linear relationship.

Sample ID | Fluid type W“':lf‘p:dge St:l“gt: ':[";e Connectivity| Fluid type w“':lf‘p:dge s‘;”g': ;?:;e Connectivity
. BS 14359 DI Water 0.516 0.430 Intermidate DT2 1.801 0.660 High
| BS 14374 DI Water 2.062 0.288 Low DT2 0.784 1.108 High
. BS 14395 DI Water 0.424 0.381 Intermidate DT2 0.989 0.678 High
: BS 14404 DI Water 1.313 0.519 High DT2 1.175 0.417 Intermidate
BS 14411 DI Water 2.593 0.468 Intermidate DT2 1.140 0.496 High
| BS 14427 DI Water 2.531 0.428 Intermidate DT2 1.261 0.573 High
BS 14433 DI Water 0.071 0.455 Intermidate DT2 3.527 0.750 High
: BS 14446 DI Water -0.194 0.932 High DT2 3.800 0.638 High
BS 14462 DI Water 0.818 0.234 Low DT2 0.437 0.314 Intenmidate
: BS 14482 DI Water 5.697 0.545 High DT2 5.973 0.450 Intenmidate

Table 11. Imbibition results of DI water and DT2 fluids.

64



10 sec 120 sec 12hr 24 hr
A f t —t
E o BS 14359
£
= DI Water 24H
S
2
E 4 Slope: 0.516 '\
.g l 6] Slope: 0,430
=
=
: /
6 o
BL -2 o
<
-3 ; - !
1.5 -0.5 0.5 1.5 25
Log Time (min)
20 sec 2 hr
+ B
C
E‘ 0 BS 14374
E’ DI Water 24H  slope: 0.288
= o ....-"'"'" IIIIIII
E 14
2 Slope: 2.062
=
=
£
s}
2 -2
-l
-3 t t t t
-L.5 -0.5 0.5 15 25
Log Time (min)

B ‘ : i
-0.5
- BS 14359
g DT2 6H
-
£ 10
E
ZE
2 Slope: 1.801 Slope: 0.660
g 15 + F
S N
= £
£
= L
o a4
oL
(=]
=
25 ;o . :
-1.5 0.5 0.5 1.5 25
Log Time (min)
Smin  25min 70 min 6 hr
-0.5 = o + - +—
D .\.l\"i\\' ||_‘f|“
Lo | BS14374
E DT2 6H
5 -1.5 Slope: 0.784
&
Z \
:E 20 + Slope: 1.108
)
Z -]
= §
3 25 3
] &2
S >
g 30 o
-
L]
-3.5 ; .
-1.5 -0.5 0.5 1.5 25

4 min 10 min

3hr 6hr

Log Time (min)
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Figure 38. Imbibition for DIW (A and C) and DT2 (B and D) for samples BS 14395 and BS14404, respectively.
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Figure 40. Imbibition for DIW (A and C) and DT2 (B and D) for samples BS 14433 and BS14446, respectively.
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4.7 Helium pycnometry

Helium pycnometry is one of the best methods to study grain density of porous media. Five
different sizes, 1 cm® cube, #8 to #12 mesh, #20 to #35 mesh, #35 to #80 mesh, and #80 to #200
mesh samples were used for the analysis in thiswork. Table 12 presents the results, whereas
Figure 42 shows grain density vs. sample size. The obtained grain densities of Haynesville Shale
range from 2.594 to 2.832 g/cm?. Figure 42 shows a slight density increase with decreasing
sample size. Some of the samples, such as BS 14374 and BS 14446, show more noticeable
trends; their densities increase from 2.661 to 2.767 and 2.466 to 2.656, respectively. The

noticeable density increase is not due to analytical errors will be discussed in the Discussion.

Grain density
@M | em®Cube | #8to #12 mesh | #20 to #35 mesh | #35 to #80 mesh | #80 to #200 mesh | Average Helium
grain density
Sample ID
BS 14359 N/A 2.7356 2.8723 2.,9511 2.7682 2.8318
BS 14374 2.6608 2.7466 2.7304 2.8406 2.8552 2.7667
BS 14395 2.4855 2.6371 2.6530 2.6847 2.6592 2.6239
BS 14404 2.5495 2.5873 2.7017 2.7069 2.7879 2.6667
BS 14411 2.5524 2.8869 2.3598 2.7643 3.1231 2.7373
BS 14427 N/A 2.5210 2.5473 2.6105 2.6952 2.5935
BS 14433 2.4581 2.7467 2.7654 2.7258 2.7902 2.6972
BS 14446 2.4665 2.4540 2.7201 2.7520 2.8867 2.6559
BS 14462 2.5021 2.6993 2.7173 2.7390 2.7664 2.6848
BS 14482 2.7283 2.6048 2.7491 2.7274 2.7383 2.7096

Table 12. Helium pycnometry grain density vs. Different sample sizes.
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Chapter 5: Discussion
5.1 Mineralogy

XRD isadirect measurement of mineral composition. Mineralogical studies indicate the
depositional environment and if there was any catastrophic event. In the Haynesville Shale, the
carbonate group shows an opposite trend with quartz & feldspar group and clay & micagroup. It
shows that transgressions and regressions happened during deposition. During the transgressions,
the study area accepts more marine sediments. When regression replaces transgression, more
siliceous sediments charged the study area. Pyrite, as an important indicator for the anoxic
environment, accounts for a 2.1% to 5.6%. The presence of considerable pyrite in the
Haynesville Shale reveal s that although the transgression and regression do influence the
sedimentary processes, the study area remained an anoxic and relatively quiet environment.
Under this situation, alarge amount of organic matter was well preserved and became the source
of hydrocarbons. Clay contents are relatively low in the Haynesville Shale, 7.3% to 23.9%. The
low clay content in shale has the advantages of increasing formation brittleness and avoiding the

swelling problem caused by high clay contents (Zhang et al., 2017).

Lacking petrographic studies in thiswork, the grain size, grain type, and roundness data are not
available. Those petrographic properties can be not only used in the aspect of sedimentology
studies such as the provenance of sediments, sedimentary system classification, and basin
analysis, but also in the aspect of petrophysical studies to determine the effects of the above

properties on porosity, permeability, and tortuosity.
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5.2 Organic Richness and Thermal Maturation

Total organic carbon contents obtained from direct measurements range from 2.26 to 5.12%, and
values derived from pyrolysis are between 1.97 and 6.40%. The organic richness of the
Haynesville Shale is good and meets the genera commercial development criteria (Zou, 2013).
Pl values of this formation range from 0.68 to 1 and the Tmax between 351.9 °C and 400.1 °C
and. A PI value larger than 0.5 indicates that the sample is overmature (Espitalieet al., 1977). In
Tissot et a. (1987), Tmax below 435°C means an immature source rock. In the Haynesville Shale,
this criterion isno longer valid. Tmax IS the maximum temperature of the S2 peak point. From
Figures 23 to 25, S2 in al the samples are too small, and the correct Tmax cannot be detected. In
other words, during the burial and thermal evolution, most of the kerogen which could generate
S2 peak in the pyrolysis tests has been transformed to bitumen. In the study area and across most

of basin, the Haynesville Shale is overmature and has less potential to generate more gas.
5.3 Porosity and Per meability

Porosity is acritical parameter to reflects reservoir storage capacity and interior pathways for
hydrocarbon migration. In this research, porosity was determined by MICP and vacuum
saturation. High heterogeneity of shale is always a big problem for shale characterization. Even
two cubes from one core plug could show different results. In addition, various techniques also
lead to inconsistent results. For example, the minimum pore-throat size detection limit for MICP
is 2.8 nm, any pore space less than 2.8 nm cannot be detected. However, the water molecules can
invade pore size large than 0.275 nm. Some pore space cannot be recorded because of the
technique limitation. So that in, we set + 1.5% as porosity heterogeneity evaluation line as the
rule of thumb of porosity comparison. The porosity heterogeneity evaluation line is defined as

when using different parts of samples from one larger shale sample or using multiple methods to
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determine the porosity; a good fitting of measured porosities difference should be less than 1.5%.
In this study, porosity measured from MICP, DI water vacuum saturation, and DT2 vacuum
saturation agree with each other well. Only some of the THF results show alarge offset dueto its
high evaporation rate which leads to inaccurate measurements. The porosity in the Haynesville
ranges from 3% to 8% which is generally lower than other published results of 10.23% (Parker et
al., 2009), 8% to 14% (Wang & Hammes, 2010). Such a disagreement probably comes from the

locality and the selection of samples.

Due to the ultra-low matrix permeability, conventiona permeability methods did not work well
on shale. In this study, permeability is estimated from MICP. Permeability values vary from 3.7
to 23.4 nD. Our data are consistent with results from previous studies, such as 5.6 nD calculated

by Parker et a. (2009) and 0.2~100 nD measured by Tinni et al. (2012).

Por osity MICP Vacuum saturation
(%)

Sample D Mercury DI Water DT2 THF
BS 14359 7.313 6.026+=1.238 7.774 7.678
BS 14374 6.034 5.841=+0.855 7.490 7.910
BS 14395 2.837 2.929+0.367 N/A 3.319
BS 14404 4.712 5.946=1.495 5:527 8.625
BS 14411 3.091 2.626=x0.525 3.140 3.548
BS 14427 6.413 6.631+0.890 5.543 1.175
BS 14433 4.406 4.751=0.581 3.778 6.254
BS 14446 5.540 6.173+0.768 5.309 10.422
BS 14462 5.217 5.289=0.380 4.140 6.073
BS 14482 4.245 5.156=0.624 6.918 6.624

Table 13. Porosity (%) determined from different methods for cubic samples.
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5.4 Pore Structure

The pore structure of marine shaleis controlled by its composition, the total amount of organic
matter, cementation, thermal evolution, and buria history. In this study, the pore structure was
characterized by MICP which can generate porosity, permeability, pore-throat size distribution,
and tortuosity. Although the samples are from different depths with various mineral
compositions and TOC contents, the pore structure of the Haynesville Shale is consistently
similar. From MICP results, the pore-throat sizes are concentrated in the 2.8 to 50 nm range, and
the effectivity tortuosity and geometrical tortuosity varies from 1413 to 3433 and 8 to 12,
respectively. The geometrical tortuosity is the tortuosity only be used to characterize tortuous
pathways geometrically. The effective tortuosity takes the fluid movement into considering and
can explain the complexity of pathways that fluid moving in the porous media have to undergo.
Those nanopores are mainly inter-clay platelet layer pores, organic pores, and intraparticle pores.
From the aspect of pore composition and morphology, pores are divided into inter-clay platel et
pores, organic pores, intraparticle pores, interparticle pores, microfractures, and natural fractures.
With respect to fluid migration, pore types can be merged into organic pores, inorganic pores,

and fractures.

Fluid migration in shale is complex; it includes flow mechanisms from nanometer to micrometer
scales. Fluid flow includes (1) free gas flow in natural fractures; (2) gas desorption from the
surface of kerogen into the pore space; (3) gas diffusion between the interior of the kerogen and
the surface of the kerogen; and (4) liquid imbibition (Javadpour et a., 2007; Wang & Reed,
2009). Natural fractures provide a pathway for free gas to connect to hydraulic fractures and the

wellbore. Due to its oil-wetting characteristics, organic matter is like filters which block the
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hydrophilic fluids and only allow hydrophobic fluids to flow through it. This behavior indicates
that samples with higher TOC contents have the potential to have higher permeability towards
hydrophobic fluids. Fluid imbibition is also related to wettability; thiswill be detailed discussed

later.

The tortuosity reflects the complexity of the pore structure. It explains the exact travel length of a
liquid molecule through porous media between two ends of a straight line. As highly
heterogeneous porous media with various compositions and pore types, the shale shows a high
effective tortuosity. The effective tortuosity of 2.8nm to 50 nm pore-throats in the Haynesville
Shale ranges from 1413 to 3433 and the geometrical tortuosity ranges from 8 to 12. The
geometrical tortuosity of 8 to 12 indicates that for one fluid molecule to travel 1 cm in a straight

line, the distance it actually needsto travel is8to 12 cm.

5.5 Wettability Related Connectivity

Pore connectivity of shaleis highly related to wettability. Organic-rich shale has the preference
to be oil-wet because of the high TOC content and well-devel oped organic matter-hosted pores
in the gas generating window. The organic matter acts as a nano filter which will block the
hydrophilic fluid but alow the hydrophobic fluids to pass through (Wang & Reed, 2009). Our
contact angle results showed that 7 samples are only oil-wet and 3 samples are intermediately
wet (both wet to hydrophilic and hydrophobic fluids). Imbibition results with two wettability
fluids suggest that the Hayneville Shale has the preference to imbibe hydrophobic fluid (DT2)
with ahigh fluid uptake rate. Although the uptake rate of the hydrophilic fluid is not as high as
that of hydrophobic fluid, eight samples still show intermediate to high rates of the hydrophilic
fluid, consistent with low to modest contact angle measurements towards both DI water and API

brine.
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5.6 Density and Sources of Error

Density is also an important parameter in the shale reservoir evaluation. Table 14 illustrates the
density results of cubic samples measured by different methods. The results agree with each

other very well.

Helium pycnometry was not only applied to the cubic sample, but also to granular samples. The
slight grain density increase with a decreasing sample size is caused by the opening of isolated

pore space which makes samples slightly denser.

Each experiment has its sources of error, and a clear understanding of those sources of error can

help researchers reduce inaccurate operations and assess the pros and cons of each method.

The sources of errors from liquid vacuum saturation measurement and helium pycnometry have

been discussed in detail in Helsel et al. (2016) and were also observed in this study.

For vacuum saturation fluid density measurement, human error cannot be neglected. When
weighing the fluid-saturated samples, we usually wipe out extra fluid by moist Kimwipe.
Although we try only to wipe out the extrafluid and keep the surface of the sample moist, there
could be an error especially for low porosity samples. Another source of error is caused by fluid
evaporation. Fluid evaporation from the saturated sample will cause alower mass of saturated
sample and liquid evaporation from Archimedes’ bucket will cause a decrease in measured bulk
volume. Among three fluids used in porosity and density measurement, THF has the highest
evaporation rate which poses a big challenge during the measurements. However, the high
evaporation rate of THF could lead to a smaller porosity, and our results (Table 13) still mostly
show larger porosity results than DI water and DT2 fluids; thisindicates that amphiphilic fluid of

THF is able to access more pore spaces, both hydrophilic and hydrophobic.
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Helium pycnometry has two major types of error. The first source of error istemperature. The
temperature in the laboratory is set to be constant, but the temperature of the helium pycnometry
will not always be stable. After several test runs, the vacuum pump will become a heat source
which will heat helium. The second source of error is from the transportation of sample from

bal ance to pycnometry. The improper handling of operators may lose some sample, especialy

when the sample sizeis very small.
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Densi Vac aturati : .
( j:::tr 3)| Helium Grain MICP bulk Dlln:vz:er b ulkon Vacuum saturation | Vacuum saturation | Average of bulk
g . density /MICP . ; DT2 bulk density / | THF bulk density / | density / average
density : . density / grain . : . : ; 2
Sample ID grain density dotisit) DT2 grain density | THF graindensity | of grain density
2.417 2.497 2.578 2.555 2.512+0.062
i N/A 2.608 2.657 2.795 2.767 2.707+0.077
2.439 2.394 2.459 2.442 2.434+0.024
BS 14374
2.661 2.596 2.543 2.658 2.652 2.622+0.046
2.482 2.447 N/A 2.557 2.495+0.046
ki 2.486 2.554 2.521 N/A 2.645 2.552+0.059
2.381 2.354 2419 2.429 2.396+0.03
BS 14404 : - - :
2.549 2.498 2.503 2.561 2.658 2.554+0.058
BS 14411 2.454 2.461 2.506 2.558 2.495+0.042
2.552 2.532 2.528 2.588 2.652 2.57+0.046
2.344 2.329 R3S 2.427 2.369+0.038
14427
Bs N/A 2.504 2.495 2.514 2.456 2.492+0.022
2.458 2.454 2.486 2.540 2.484+0.034
514433 2.458 2.572 2.576 2.583 2.709 2.58+0.08
2.382 2.366 2.390 2.352 2.37340.015
Ll 2466 2. 59 2.522 2.524 2.626 2.532+0.052
2.423 2.402 2.455 2.480 2.44+0.03
BS 14462
2.502 2.556 2.536 2.561 2.641 2.559+0.046
2.478 2.434 2.461 2.526 2.475+0.034
BS 14482
2.728 2.588 2.566 2.644 2.706 2.646+0.063

Table 14. Density measurements of cubic samples from different methods.
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5.7 Reservoir quality evaluation

To evaluate thereservoir quality, Burnaman et al. (2009) came up with 17 criteria. By adding more

criteria in the nano-petrophysical and geochemical aspects, modified criteria are shown in Table

15, and criteriain orange-colored cells are applied in this study.

Mineral Lateral continuit
Geology b8 Tectonic setting Y| Absolute age of
conposition of shale shale
Geochemical Organic richness kerogen type Thermal Wettabilit
| IC 11
& i maturation ¥
< : Gas-in-place and : o
Storage capacity Shale thickness Porosity Permeability
reserves
Nano- W - .
- Pore type Pore distribution Connectivity Tortuosity
petrophysics
3-D sesmic Tranport Drill sites with
Engineering Shale brittleness | avaliable prior to | Pressure gradient | infrasturture in | easy access and
drilling place constraution
Logistics of water
Envirorimental Produced water supplies for
dispoal hydraulic
fracturing

Table 15. Reservoir evaluation criteria (modified from Burnaman et a. 2009).

In this study, we adopted 12 parameters to evaluate the Haynesville Shale. Table 16 provides all

results for reservoir evaluation.

1)

2)

3)

4)

Mineral composition: around 70% of the minerals are brittle ones (carbonate, quartz, and

mica), clay content ranges from 7.3 to 20.3%.

Organic richness. TOC ranges from 2.26 to 5.28 and show a generally increasing trend

with increasing depth.

Thermal maturation: overmatured shale, no hydrocarbon generation potential.

Wettability: strongly oil-wet, modestly water-wet.
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5) Shalethickness: thetotal thicknessis 123 ft in this area.

6) Porosity: 3-8%.

7) Permeability: 3.7 to 23.4 nD.

8) Poretype: inter-clay platelet pores, organic pores, intraparticle pores.

9) Poredistribution: pore-throat sizes concentrated in 2.8 to 50 nm.

10) Connectivity: good connectivity to hydrophobic fluid and intermediate connectivity
to the hydrophilic fluid.

11) Tortuosity: effectivity tortuosity and geometrical tortuosity various from 1413 to 3433
and 8to 12, respectively.

12) Pressure gradient: >0.9 psi/ft.
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2850nm | MICP (2.8 | Effective | Averagegrain |y oa0e bulk
... | Geometrical | density (MICP, .
MIcP DI Water porevolume | 50 nm pore | tortuosity tortuosit: vacuum density (MICP, Hydrophilic | Hydrophobic
Sample D | Depth (ft) Lithology TOC (%) porosity . to the whole system) | (2.8-50 nm y . . vacuum Wettability Y p. . ydrop L
porosity (%) e (2.8-50 nm | saturation, helium ) connectivity | connectivity
(%) pore volume |Permeability pore poresystem)|  pyenometry) saturation)
0, A
(%) (nD) system) gem~3 g/em”3

BS14359 | 143585 | Mixed Mudstone 2.261 7.313 | 6.026£1.238 70.318 234 1580 10.748 2.512+0.062 2.707+0.077 Oilwet | Intermidate High
BS14374 | 14374 | Mixed Mudstone 3.393 6.034 | 5841:0.85 | 85775 13.1 1914 10.746 2.434+0.024 2.622+0,046 Oil-wet Low High

BS 14395 14395 Carb&“:f;?:geous 3.065 2.837 | 2.929+0.367 69.066 7.9 3433 9.870 2.495+0.046 2.552+0.059 '”terwj'ate Intermidate High
BS14404 | 14404 | Mixed Mudstone 2.848 4712 | 5946:1.495 | 82528 48 3206 12.461 2.396:0.03 2.554+0.058 Oil-wet High Intermidate
BS 14411 14411 3"”;52;5120"“ 3.452 3001 | 2.626£0.525 87.648 37 2011 7.884 2.495+0.042 2.57+0.046 Olwet | Intermidate High
BS14427 | 144265 | Mixed Mudstone 3.300 6413 | 6.631:0.800 | 86138 65 1879 10.977 2.369:0.038 2.492+0,022 Oilwet | Intermidate High
BS14433 | 144325 |Slicarich Cabondel ;g0 4406 | 4.751:0.581 88.878 40 1753 8.788 2.484+0.034 258:008 | 'MEMedAS | iete High

mudstone wet
X Intermediate- . .

BS14446 | 14446 | Mixed Mudstone 5117 5540 | 6.173:0.768 |  83.709 6.4 2570 11.932 2.373£0.015 2.532+0,052 i High High
BS14462 | 14462 Carb‘&”i;i‘::eous 4.424 5217 | 5.289:0.380 88.376 4.7 2751 11.979 2.44+0.03 2.550+0,046 Oil-wet Low Intermidate
BS14482 | 14482 M'Xsldug;’:r?:“e 5.276 4245 | 5.156+0.624 85.208 5.9 1413 8.586 2.475+0.034 2.646+0.063 Oil-wet High Intermidate

Table 16. Result compilation of Haynesville Shale.
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Chapter 6: Conclusions
6.1 Conclusions

Overal, the thick (123 ft), overmature, organic-rich (TOC 2.26-2.58%) Haynesville Shaleis
agood shale gas reservoir with arelatively high porosity (3-8%), and the high-pressure
gradient (>0.9psi/ft) provides good driving force for production. High hydrophobic
connectivity indicates oil and gas migrate faster than water in the formation. However, small
pore-throat sizes (2.8-50 nm), ultra-low permeabilities (3.7 to 23.4 nD) and high effective
tortuosity (1413-3433) and geometrical tortuosity (8-12) increase production difficulties. A
high percentage of brittle mineral content (~70%) and low clay content (<20%) make
hydraulic fracturing easier, but the intermediate hydrophilic connectivity will lead to the loss

of alarge amount of hydraulic fracturing water in the long term.

6.2 Futureworks

To evaluate more aspects of the Haynesville Shale, petrographic thin section and SEM
imaging, and lithofacies identification from well logs need to be conducted along with the
methods used in this study. Although most of the grains in mudstone are too fine to be
identified by polarizing microscopy, thereis still alarge amount of information (grain type,
grain size, roundness, sedimentary structures, cementation) to be extracted from the
petrographic thin section studies. In addition, the current pore system characterization
methods do not include any imaging method. SEM images provide an intuitive understanding

of pore type and morphology. Lastly, sedimentary process is one of the most critical factors



controlling shale evolution. Having a better understanding on both sedimentol ogy and nano-
petrophysics will give petroleum geol ogists more insights for effective oil and gas

exploration.
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