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Pore structure study is an important part of unconventional shale reservoir

characterization, since the pore system provides the primary petroleum storage

space and fluid flow pathways. Previous studies have suggested that the pore

structure is related to the total organic carbon (TOC) content,mineral compositions,

and thematurity of the organicmatter (OM). However, few studies have focused on

the mineral grains, the primary grains being deposited but before cementation,

which are the building blocks of shale. EightWoodford Shale outcrop samples from

southern Oklahoma were chosen to study the effects of mineral grain size on the

pore structure characterization, using multiple and complementary experimental

approaches, including laser diffraction,mineralogy, TOC, pyrolysis, liquid immersion

porosimetry, mercury intrusion porosimetry, gas physisorption, (ultra) small angle

X-ray scattering, scanning electron microscopy, and spontaneous imbibition. The

results from different experiments of eight samples show that the Woodford Shale

has themeanmineral grain diameters at 3–6 μm, awide range of porosity at 3–40%

and pore diameters at 50–1,000 nm, and various pore connectivity. Grain size

variation was probably caused by the sea-level fluctuation during its deposition,

which affect the porosity, pore size distribution, and pore connectivity. With

decreasing mineral grain sizes, the porosity tends to increase while the pore

connectivity worsens. The results also indicate that OM and carbonates in this

low-maturity Woodford Shale could block the pores and decrease the porosity.

Coupling with the grain size analyses, the control of depositional environment on

grain sizes and subsequent effects on pore structure is identified. The pore structure

characteristics over a wide pore-diameter range provided by multiple experiments

could improve the understanding of storage space and fluid flow in the Woodford

Shale to further increase its petroleum production.
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Introduction

Shales have fine-grained matrices, low porosities and very low

permeabilities, and very slow fluid flow rates; as a consequence,

hydraulic fracturing is needed for the petroleum production in shale

reservoirs. To understand the fluid-matrix interactions, pore

structure characterization of shale has been carried out in recent

decades (Ross and Bustin, 2009; Curtis et al., 2010; Clarkson et al.,

2013; Cao et al., 2016; Sun et al., 2017; Kibria et al., 2018). Pore size

distribution, pore types, and pore connectivity are key aspects of shale

pore structure studies (Parker et al., 2009; Wang et al., 2016; Gao

et al., 2018; Sun et al., 2019; Wang et al., 2021a; Wang et al., 2022).

The factors that control pore structure properties of bothmarine and

lacustrine shales include TOC content, mineral compositions, and

thermal maturity. Increasing TOC content and thermal maturity

both increase the formation of secondary pores in OM, which can

lead to an increase in the porosity and specific pore surface area

(Curtis et al., 2012; Cao et al., 2015). The contents of silica minerals

also increase the porosity in both marine and lacustrine shale (Fu

et al., 2015; Dong and Harris, 2020; Iqbal et al., 2021).

Mineral grain sizes can also be a factor controlling the pore

structure. In this study, we define the mineral grains as the primarily

deposited grains, which can be measured after the dissolution of

cements and OM. Several studies have shown that quartz grain sizes

in sandstones are positively correlated with porosity, pore throat size,

and pore connectivity (Cao et al., 2016; Li et al., 2018; Qiao et al.,

2020). However, few studies have focused on the effects of mineral

grain sizes on pore structure in shale. The full section Woodford

Shale outcrop at southern Oklahoma is a good option to study this

topic. The samples collected from the bottom to the top of the section

deposited at the same basin with a continuous environment change,

under which the changes of mineral grain size could have a rule to

follow (Catuneanu, 2006). Moreover, Woodford Shale in Oklahoma

is an important unconventional source rock, and its pore structure

study could provide more geologic supports to improve the

petroleum production. In this work on eight Woodford Shale

outcrop samples collected from Oklahoma in USA, the effects of

mineral grain size on pore structure have been studied using various

experiments of X-ray diffraction on mineralogy (XRD), TOC,

pyrolysis, liquid immersion porosimetry (LIP), mercury intrusion

porosimetry (MIP), gas physisorption (GP), (ultra) small angle X-ray

scattering [(U)SAXS)], scanning electron microscopy (SEM),

spontaneous imbibition (SI), and grain size distribution (GSD) by

laser diffraction. The results from different experiments of these eight

samples are discussed to illustrate the effects of grain size on pore

structure, including porosity, pore size distribution, pore connectivity,

and tortuosity.

Geological background

The Late Devonian to Early Mississippian marine Woodford

Shale is widely distributed in the Midwest USA, including

western Texas, southeastern New Mexico, and southern

Oklahoma (Comer, 1991; Romero and Philp, 2012). The

Woodford Shale in Oklahoma contains OM of mostly algal/

bacterial origin, which is oil- and associated gas-prone, and

contains reserves of more than 644 billion cubic feet of gas

and 460 million barrels of oil (Cardott, 2012; Cardott, 2017). Like

most shale reservoirs, the extremely low permeability and other

complex petrophysical properties lead to a rapid decline in

petroleum production in the Woodford Shale and make

economic development difficult to sustain. However, the

studies on the Woodford Shale have not attracted much

attention of petrophysicists since the production is not

prominent, and only a few research studies focus on the basic

aspects of pore structure characteristics (Slatt and O’Brien, 2011;

Kibria et al., 2018; Ojha et al., 2018; Cullen, 2020).

The Woodford Shale in Oklahoma is mainly present in the

Anadarko, Arkoma, Ardmore, and Marietta Basins (Cardott,

2017). The samples in this study were collected from the

outcrop in the McAlister Cemetery quarry, in the western

Ardmore Basin, to the south of Ardmore city near the exit off

Interstate 35 (Bernal et al., 2012; Ekwunife, 2017). The Ardmore

Basin is the consequence of compression by a series of tectonic

events in Pennsylvanian to Permian (Granath, 1989). Eight

samples collected in this work were from the 100 m-thick

vertical section. The Hunton Group and Sycamore Limestone

contact with the Woodford Shale unconformably on the top and

bottom, respectively (Figure 1; Comer, 2008; Ekwunife, 2017).

The Woodford Shale is unofficially subdivided into three units:

Lower, Middle, and Upper Woodford; the Lower and Middle

units were deposited in a transgressive environment, and the

Upper Woodford Shale was formed under a regressive

environment (Bernal et al., 2012).

Samples and methods

Woodford samples

From these eight samples, WFD-4,WFD-5, andWFD-6 were

collected from Middle Woodford, while samples WFD-7, WFD-

8, WFD-9, WFD-11, and WFD-328 came from the Upper

Woodford (Figure 1). Since the shale from Lower Woodford

is too fragile to collect as chunky samples, onlyMiddle and Upper

Woodford were covered in this work. These samples were

processed into various shapes and sizes for different

laboratory experiments detailed below.

Mineralogy, organic geochemistry, and
SEM imaging

Samples were pulverized into powder with particle

sizes <75 μm and oven-dried at 60°C for 48 h before the
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mineralogy and organic geochemistry analyses. The mineral

analyses by XRD were performed using a Shimadzu MAXima

X XRD-7000 X-ray Diffractometer with the 2θ from 2° to 70°. The

mineralogical compositions were semi-quantitatively calculated

in weight percentage with an approximate uncertainty of ±10%

(Moore and Reynolds, 1997). TOC content and pyrolysis were

conducted by GeoMark Research Ltd with a LECO TOC and

HAWK pyrolysis instruments, respectively. The TOC content,

Tmax and other geochemical parameters (e.g., S1 and S2) were

obtained from these two measurements.

Pore types were studied using images generated by SEM.

Images are created using a variety of radiation signals, including

X-rays, backscattered electrons, secondary electrons, and Auger

electrons emitted from the sample surface. Backscattered

electrons (BSE) and secondary electrons (SE) are two

commonly used signals in SEM image generation. The BSE

images reflect the atomic number differences in the sample

and show the compositional difference at different grayscales.

The SE signals produce a visual information of the surface

topography of the sample. Both Hitachi S-4800 and Hitachi

N-3000 instruments were applied in this study for different

observational scales of samples and containing pores. Before

scanning, all the samples were oven-dried at 60°C for 48 h and

coated with metal Pt for 1–2 min with Hummer VI Sputtering

System.

Liquid immersion porosimetry

LIP was carried out after vacuum pulling to evacuate the air

from the connected pore space, followed by a liquid immersion to

ensure full liquid saturation of the pore systems connected to the

sample surface. Samples as 1-cm3 cubes with a side length of 1 cm

were vacuumed under a pressure of 0.1 Torr for over 12 h, after

that samples were flushed with CO2 for 30 min. The aim of CO2

injection was to use this gas to replace the residual air, in order to

improve the water saturation of the pores since CO2 dissolves

more readily in water than air during the subsequent water

immersion. Samples were evacuated again under a similar

vacuum pressure for 12 h before the release of deionized

water (DIW) into the sample/vacuum chamber to occupy the

evacuated pore space. The water-saturated sample was then

submerged under boiled and cooled DIW to obtain the bulk

volume and pore volume, using the Archimedes’ principle (Hu

et al., 2012, 2015; Kuila et al., 2014). Porosity, bulk density, and

grain density were calculated from the sample weight, bulk

volume, and pore volume.

Spontaneous imbibition

SI can be applied to characterize the combined influence of

capillarity and relative permeability on the extent and rate of fluid

flow in porous media. The capillary force-driven SI is a process in

which the wetting fluid (e.g., water) expels a non-wetting fluid

(e.g., air or oil) in a water-wet material. Imbibition can be

regarded as diffusion mathematically (Philip, 1957). Hu et al.

(2012) proved that the fitting slope of imbibed mass and imbibed

time in log-log space could describe the pore connectivity of the

shale rocks. The experimental procedure of imbibition tests

follows Hu et al. (2001). One 1-cm3 cubic sample was hung

under a bottom-weighing electronic balance with the bottom end

in contact with the imbibing liquid which is DIW. Except for the

bottom and top faces, the other four faces of the cube were

covered by epoxy to minimize the adsorption of DIW vapor. The

imbibition direction was transverse (T direction) to the bedding

layers, without the restriction of either top or bottom faces of the

sample. For samples without stratifications, the imbibition

FIGURE 1
Outcrop sample locations and lithostratigraphy (modified after Ekwunife, 2017).
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direction was not specified. Every sample was tested for 24 h. The

porosity measured from LIP method was used in SI for imbibed

liquid volume calculation, because both methods use DIW as the

testing fluid.

Mercury intrusion porosimetry

MIP method uses non-wetting liquid mercury to invade

pores under an applied pressure, and the data can be used to

measure the pore-throat diameter distribution. 1-cm3 cubes with

side length of 1 cm were used and oven-dried for 48 h before the

MIP tests by following the procedure of Gao and Hu (2013) and

Hu et al. (2017). The Washburn equation describes the

relationship between the applied pressure and pore throat size

being intruded (Eq. 1)

ΔP � −2γ cos θ
r

(1)

where ΔP is the applied pressure, γ is the surface tension of

mercury, θ is the contact angle, and r is the radius of the pore

throat (Washburn, 1921). The surface tension and contact angle

are commonly selected as 0.485 Nm−1 and 140° (Baiker and

Reithaar, 1982; Giesche, 2006). The Washburn equation is the

basic theory of the MIP approach in converting the applied

mercury pressure to the pore-throat diameter. The maximum

pressure that the MIP instrument (Micromeritics AutoPore IV

9520) used in this study could achieve is 413 MPa, corresponding

to the pore-throat diameter of ~3 nm (Gao et al., 2018). Related

to the sample holder and initial filling pressure of 1.38 KPa, the

maximum pore-throat diameter that can be detected by MIP in

this work is 1,000 μm.

In addition to porosity and pore throat diameter distribution,

tortuosity and permeability of the pore system can be obtained by

the MIP method. Tortuosity is the ratio of the actual distance the

fluid travels and the shortest distance between the start and end

points of the fluid flow. Eq. 2 shows the calculation of tortuosity

(ξ) using the pressure-volume data collected during the MIP

tests:

ξ �
����������������������������

ρ

24k(1 + ρVtot) ∫η�rc,max

η�rc,min

η2fv(η)dη√
(2)

where ρ is the density, k is the permeability, Vtot is the total pore

volume, and ∫η�rc, max

η�rc, min
η2fv(η)dη is the probability density

function of the pore throat volume (Micromeritics Instrument

Inc, 2015). Permeability (k) can be calculated using Eq. 3 (Katz

and Thompson, 1986):

k � 1
89
(L max)2(L max

Lc
)∅S(Lmax) (3)

where L max is the pore throat diameter under the maximum

hydraulic conductance, Lc is the pore throat diameter

corresponding to the threshold pressure, ∅ is the porosity,

and S(L max) is the mercury saturation (Katz and Thompson,

1986; Micromeritics Instrument Inc, 2015).

Gas physisorption

Hand-crushed granular samples with diameter between

500–840 μm were used in GP tests, as nitrogen gas was used

with a Micromeritics ASPS 2460 system. The Langmuir

equation expresses the relationship between the volume of

nitrogen gas adsorbed and the relative pressure, from which

pore surface area, pore diameter distribution, and pore shape

can be calculated (Bardestani et al., 2019). At the beginning of

the adsorption process, the gas molecules start to form a

monolayer on the pore walls at low relative pressures. The

specific surface area can be calculated based on a monolayer

coverage of nitrogen molecules using the Brunauer-Emmett-

Teller (BET) equation (Thommes, 2010; Lowell et al., 2012).

An isotherm plot can be obtained by plotting adsorption

volume against relative pressure at a constant experimental

temperature. During the desorption process, the nitrogen in

pores is released with decreasing pressure. The Barrett-

Joyner-Halenda (BJH) method was used to calculate the

pore diameter distribution (Barrett et al., 1951). The

experimental temperature was 77.3K, while the absolute

pressure range was 0.210–102 KPa and the relative

pressure range was 0.002–0.998.

(Ultra) small angle X-ray scattering

To understand the effect of OM on pore structure

characteristics, both solvent-extracted and non-extracted

samples were measured by (U)SAXS methods. Two wafers

were made from every sample with a thickness of ~0.8 mm:

one wafer was soaked in a mixture of dichloromethane and

methanol at a volume ratio of 9:1 under 70°C for 48 h (Zhang

et al., 2019), and another wafer was made without soaking in

solvent.

In (U)SAXS analyses, the X-ray passes through the

sample and scatters differently, and the contrast of the

scattering intensity measured by the detector is used to

characterize the spatial pore data of porous materials (Li

et al., 2016; Sun et al., 2020). The (U)SAXS experiments were

performed at beamline 9-ID of the Advanced Photon Source

at Argonne National Laboratory in Illinois. The detectable

pore diameter range is ~1 Å-6 μm, and the range of scattering

vector Q is 8×10–5< Q < 6 A−1. Each sampling spot was

scanned by ultra-SAXS for 90 s and by (U)SAXS for 10 s with

an X-ray energy of 21 keV, yielding the combined (U)SAXS

data (Wang et al., 2021b). Calibration and background

subtraction were needed during (U)SAXS experiments for

Frontiers in Earth Science frontiersin.org04

Zhao et al. 10.3389/feart.2022.1019951

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1019951


consequent data reduction. The data were processed by Igo

Pro software following Ilavsky and Jemian (2009) and

Ilavsky et al. (2018). Porosity, pore diameter distribution,

and pore surface area were thus calculated, and pore volume

obtained using the bulk density results obtained from MIP

tests.

Particle size analyses by laser diffraction

The particle size is related to the diffraction angle when

the X-ray passing through the particle, and the particle size

distribution is related to the diffracted light intensity. During

the measurement, samples are carried by being suspended in

DIW, and flowing through a monochromatically parallel

X-ray beam in the sample cell. The scatter patterns and

light intensity are measured by the detector after the

scattered light passes through a focal lens and is captured

by the detector (;McCave et al., 1986; Ma et al., 2000; Wen

et al., 2002).

With a detectable range from 10 nm to 300 μm, a Shimadzu

SALD-7101 laser diffraction particle size analyzer was applied in

this study to measure the grain size distribution. Eight hand

crushed and sieved samples with a particle diameter of

500–841 μm were dissolved in sequence in 10% HCl and 30%

H2O2 to dissolve the carbonate cement and pyrite, which can

disaggregate the mineral grains. The residual grains were carried

by 0.5 g/L NaH2PO4 solution, which was applied for better

dispersion of the grains for grain size measurement (Penner

and Lagaly, 2001; Sato et al., 2019). In this study, to simplify the

analysis and discussion, we define a particle as the aggregation of

primarily-deposited crystal grains being cemented (i.e., by

carbonates), and a grain as the primary crystals. In other

word, the sizes of the grains that remain in the HCl and

H2O2 solutions are regarded as the primarily deposited crystal

grains.

Results

Basic rock properties from XRD, rock
pyrolysis, and LIP

Table 1 shows the mineralogical compositions from XRD

analyses. Quartz, dolomite, and clays are the major minerals in

these eight samples of theWoodford Shale. The quartz content varies

from 13.7 wt.% to 92.2 wt.%, the dolomite content ranges from

2.30 wt.% to 84.9 wt.%, and clays content varies from 0-73.5 wt.%.

Sample WFD-328 has the highest quartz content, WFD-8 has the

highest dolomite content, andWFD-11 has the highest clays content.

The TOC content varies from 0.06 to 15.7%. Tmax values range

from 408 to 425°C, indicating that all samples are thermally

immature with respect to oil generation. The low value of 374°C

for sample WFD-7 is unreliable due to its low TOC and S2 values.

SEM observations

From the SEM images, both interparticle, intraparticle, and OM

pores were identified in the samples. Interparticle pores formed

between mineral grains, such as rigid quartz grains, are the

primary contributors to the pore volume (Figures 2A,B).

Intraparticle pores are defined as pores inside the grain boundary

(Loucks et al., 2012). Intraparticle pores are common in clayminerals,

such as kaolinite and illite (Figure 2C). The pores in OM are also a

type of intraparticle pore (Figure 2D); however, in this study, they are

called OM pores. WFD-6 has well-connected OM pores with

diameters of 30–50 nm (Figures 2E,F). The particles of OM were

obviously detected by the SEM in samples with TOC contents >4%,
such as WFD-4, WFD-5, WFD-8, and WFD-9; nevertheless, not all

OM has pores inside. Some non-porous OM filled in partial

interparticle pores could block the interparticle pores and decrease

the pore volume. Both samples WFD-4 and WFD-8 are dominated

by carbonates. In Figure 2G, non-porous carbonates are likely serving

TABLE 1 Mineralogical, petrophysical, and geochemical properties from XRD, and rock pyrolysis results (HC: hydrocarbons; wt.%: weight
percentage).

Sample ID Mineralogy (wt.%) TOC (%) Ro (%) Tmax (°C) S1 (mg
HC/g)

S2 (mg
HC/g)

Quartz Feldspar Dolomite Gypsum Clays Pyrite

WFD-4 13.7 0.30 84.9 — 0.0 1.50 4.05 0.29 414 1.6 24.7

WFD-5 25.8 14.6 15.0 11.5 31.3 1.70 7.40 0.22 410 2.9 49.7

WFD-6 40.8 — 18.0 12.3 21.6 7.30 10.6 0.18 408 4.1 62.1

WFD-7 75.6 — 2.30 — 22.1 — 0.07 0.00 374 0.06 0.05

WFD-8 17.9 1.20 72.8 — 5.9 0.20 8.35 0.27 413 4.4 61.6

WFD-9 68.1 — — 13.5 17.1 1.40 15.7 0.49 425 9.1 135

WFD-11 26.5 — — — 73.5 — 0.06 0.29 414 0.10 0.04

WFD-328 92.2 — — — 7.80 — 1.21 0.31 415 0.37 3.99

Frontiers in Earth Science frontiersin.org05

Zhao et al. 10.3389/feart.2022.1019951

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1019951


as the cements. The sizes of mineral grains, including quartz, clay

minerals, and feldspar, can also be estimated from the SEM images

with a mean size of 3–4 μm.

Pore structure from MIP, GP, and LIP
methods

Porosity, pore-throat size distribution, and tortuosity can be

obtained from MIP (Table 2). The average porosity of MIP is

22.9%, within the range of 3.72–50.3%. Figure 3 shows the pore-

throat diameter distribution from the MIP analyses. Most

samples have pore-throat diameters smaller than 1 μm. WFD-

4 and WFD-8 have lower peaks with the smallest porosities

compared with other samples (Figure 3). SamplesWFD-5,WFD-

6, and WFD-9 are dominated by pores with a diameter of

0.02 μm, while WFD-7, WFD-11, and WFD-328 primarily

have pore diameters of 0.1–1 and ~1,000 μm. The total pore

volume varies from 0.02 cm3/g to 0.58 cm3/g. The total pore

surface areas range from 2.69 m2/g to 26.2 m2/g, and tortuosity

calculated from the MIP method changes from 3.00 to 3,341.

From the GP analyses, hysteresis loops apparently exist

between the adsorption and desorption isotherms due to both

pore blocking and cavitation (Figure 4) (Thommes et al., 2015;

Schlumberger and Thommes, 2021). The adsorption isotherms

suddenly increase after P/P0 = 0.8. No horizontal plateau exists

when P/P0 approaches to 1 in these samples, which indicates that

the diameters of many pores are over the upper detectable range

of GP method (Ravikovitch and Neimark, 2002), which is

300 nm in this work. The desorption isotherms show a step-

down behavior and overlap with the adsorption isotherms at

P/P0 = 0.4–0.5. Based on the classification of IUPAC (Thommes

et al., 2015), the hysteresis loops for these eight Woodford Shales

are identified as Type H3, which indicates a primary presence of

slit-shaped pores. Figure 5 shows the dominant pore diameter is

2–3 nm. The total pore volume within the GP-measurable range

of 1–300 nm varies from 0.01 cm3/g to 0.05 cm3/g, and over 50%

of the total pore volume is provided by pores with a diameter

smaller than 50 nm. In addition, the specific pore surface area

varies from 1.96 m2/g to 13.0 m2/g. Porosities range from 3.94 to

40.3% from the LIP analyses, and the bulk density varies from

1.66 g/cm3 to 2.44 g/cm3. LIP and MIP show similar porosities

and bulk densities. Total pore volume and total pore surface area

from MIP and GP were compared under the same pore range

from 1–300 nm (Table 2). For its wide measurable pore size

range, MIP results have higher values of total pore volume and

pore surface area than these from GP.

Pore structure from (U)SAXS analyses

The pore structure analyses by (U)SAXS method were

applied to both non-extracted and solvent-extracted samples.

For non-extracted samples, the range of porosities is from 2.84 to

8.93% (Table 3). The pore diameter distributions are

characterized by multiple peaks in Figure 6. All samples have

similar pore diameter distribution patterns with a dominance at

50–100 nm and 250–700 nm, in additional to a minor presence

of pores at 2–10 nm in diameters.

For solvent-extracted samples, the porosity varies from

4.93 to 11.1%. The pore diameter distribution patterns of

solvent-extracted samples are similar to the non-extracted

samples but with greater incremental porosities. The pore

FIGURE 2
Pore types identified in SEM images; (A,B) interparticle pores in
WFD-4 and WFD-9; (C) intraparticle pores in WFD-5; (D) OM pores
and pyrite in WFD-4; (E,F) connected OM pores in WFD-6; (G)
carbonate in WFD-8; (H) carbonate in WFD-4; (I) BSE image of
WFD-6 before solvent extraction; (J) BSE image of WFD-6 after
solvent extraction.
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diameter distribution curves of solvent-extracted samples

WFD-5, WFD-7, WFD-11, and WFD-328 show little

differences compared to the results of non-extracted samples

(Figures 6A,B). The curves of solvent-extracted samples WFD-

4, WFD-6, WFD-8, and WFD-9 show a significant increase in

incremental porosities at diameters of 40–150 nm and

300–1,000 nm. The porosity differences [(solvent-

extracted–non-extracted)/non-extracted) ×100%] among

these samples vary from 7.72 to 94.1% with an average of

46.5% (Table 3), which indicates the dramatic porosity

increase after the solvent extraction.

Pore connectivity from SI method

As mentioned in Spontaneous imbibition Section, SI can

estimate the pore connectivity associated with LIP result. The

DIW volume imbibed by the eight samples varies from 0.03 to

TABLE 2 Porosity, pore volume, surface area, and tortuosity obtained from three methods, (-) means dimensionless.

Sample
ID

LIP MIP GP

Porosity Bulk
density

Porosity Bulk
density

Total
pore
volume

Total
pore
surface
area

Total
pore
volume
for
1–300 nm
interval

Total
pore
surface
area
for
1–300 nm
interval

Tortuosity
(-)<

Total
pore
volume

Total
pore
surface
area

(%) (g/cm3) (%) (g/cm3) (cm3/g) (m2/g) (cm3/g) (m2/g) (cm3/g) (m2/g)

WFD-4 3.94 2.44 3.72 2.47 0.02 9.75 0.01 9.75 28.5 0.01 1.96

WFD-5 19.5 1.88 16.9 1.95 0.09 19.1 0.08 19.1 8.84 0.04 12.1

WFD-6 18.0 1.79 16.5 1.81 0.09 26.2 0.08 26.2 5.15 0.04 10.4

WFD-7 40.3 1.57 50.3 1.60 0.58 2.69 0.03 1.37 3.00 0.04 10.2

WFD-8 7.96 2.34 6.64 2.40 0.03 5.65 0.02 5.65 20.2 0.01 1.92

WFD-9 13.8 1.83 13.3 1.89 0.07 21.7 0.07 21.7 3.21 0.03 5.89

WFD-11 37.1 1.66 43.2 1.46 0.30 13.1 0.06 12.0 1,544 0.05 13.0

WFD-328 31.1 1.81 33.0 1.72 0.19 13.7 0.10 13.2 3,341 0.03 8.87

FIGURE 3
Pore-throat size distribution from MIP analyses with complete (0.3 nm-1000 µm) and zoomed (0.3 nm-2 µm) regions.
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0.45 cm3. Since the sample dimension of LIP and SI are the same

which is a cube with a length of ~1 cm, the pore volume and

porosity measured by LIP can be used to calculate the imbibed

DIW volume in SI. The imbibed DIW volumes from SI are only

0.34–0.86% of the total pore volumes (Table 4). In the log-log

plot of imbibition time against cumulative imbibition volume,

these eight samples can be separated into two groups based on

the imbibition behaviors (Figure 7). Group 1 contains samples

WFD-4, WFD-5, WFD-6, WFD-8, and WFD-9, which have no

or a very short plateau during the experimental duration of the SI

tests. The fitted imbibition slopes vary from 0.10 to 0.38

(Table 4). In addition, samples WFD-5 and WFD-6 show an

FIGURE 4
Isotherm plots from the GP method.

FIGURE 5
Pore diameter distribution from the GP method.
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increase in the fitted slope after 2 and 4 h of imbibition,

respectively.

Group 2 contains samples WFD-7, WFD-11, and WFD-328

which have fast and large cumulative imbibition with a long

plateau after 40 min of imbibition test time. The fitted slopes vary

from 0.52 to 0.59 (Table 4).

Particle size distribution analyses

Table 5 shows the mean grain size and sorting of eight

Woodford Shale samples, which were calculated by Eq.

4 reported by Folk (1980) for sedimentary rocks:

Mean particle size � D16 +D50 +D84

3
(4a)

Sorting � D84 −D16

4
+ D95 −D5

6.6
(4b)

where D is the grain diameter in micrometers and the numbers in

subscript represent the cumulative percentage in particle size

distribution. For these eight samples, the mean grain size varies

from 1.72 to 6.42 μm, with an average of 3.82 μm; in addition, the

sorting parameter varies from 2.56 to 5.87 (Table 5). Based on the

sorting classification by Folk (1980), these eight samples fall in the

categories of being very poorly sorted to extremely poorly sorted,

which will affect the wide range of pore size distribution. Figure 8

shows that theGSD obtained from the laser diffractionmethod.Most

samples are dominated by grains with sizes at 3 μm, except forWFD-

7 which has a second maximum at 0.06 μm. The mean grain size

estimated from SEM images (3–4 μm) also shows similar results to

the laser diffraction analyses.

Discussion

In this Section, the comparison of experimental methods,

pore structure characterization, and effect of grain sizes on pore

structure will be discussed. As no single experiment can measure

the complete spectrum of the pore structure, through measuring

shale by multiple experiments, the pore structure can be

characterized credibly and comprehensively, and the pros and

cons of each experiment can be compared. With a well-justified

pore structure characterization, the discussion on the effect of

grain sizes on pore structure can be more reasonable.

Comparison of GP, MIP, LIP and (U)SAXS
methods

In Results Results Section, the similar porosities and bulk

densities between MIP and LIP indicate the accuracy of the LIP

and increase the credibility of SI results, since the porosities from

LIP were used to calculate the imbibed DIW volume percentage

in SI. Both GP and MIP are fluid-intrusion methods which use

fluids to probe pore structures. GP uses nitrogen gas based on the

Kelvin equation and MIP uses high-pressure liquid mercury

based on the Washburn equation. For GP method, only pore

volume and specific surface area of the samples can be obtained.

Moreover, the measurable pore range of GP is 2–300 nmwhich is

too narrow to fully characterize the pore structure of shale with a

nm-µm spectrum. For MIP method, more petrophysical

properties can be probed compared with GP, including pore

volume, specific surface area, densities, and the wide measurable

pore-throat range from 3 nm to ~1,000 μm. This makes the MIP

the most popular method in pore structure characterization.

However, the samples cannot be reused after MIP, since

mercury will pollute them; in addition, there are some

concerns that high pressure intrusion may deform the pore

structure of porous media Unlike the fluid-intrusion methods,

(U)SAXS measures both isolated and connected pores in

1–1,000 nm on ~800 μm intact wafers which can be tested

repeatably.

The pore volumes measured by GP, MIP, and (U)SAXS

methods were compared in the pore range of 2–300 nm which

TABLE 3 Porosity before and after solvent extraction.

Sample ID Porosity from (U)SAXS (%) Porosity difference (%)

Non-extracted Solvent-extracted

WFD-4 3.24 4.93 51.9

WFD-5 8.66 9.33 7.72

WFD-6 5.21 9.36 79.7

WFD-7 7.86 11.1 40.6

WFD-8 2.84 5.51 94.1

WFD-9 4.56 7.62 67.0

WFD-11 6.79 7.39 8.80

WFD-328 8.93 10.9 22.1
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is the overlapping range of the three methods (Figure 9). The

results show that GP has similar pore volume with (U)SAXS in

2–300 nm, which indicate the creditability of both methods. MIP

shows no data in <2.8 nm and slightly higher pore volume than

GP and (U)SAXS in the pore interval of 2.8–300 nm, which could

be mainly caused by the ink-bottle effect in the MIP method, as

the MIP method measures the pore-throat distribution with the

pore volume associated with larger-sized pore body being

ascribed to smaller pore throats. The systematic bias in (U)

SAXS and sample heterogeneity will also need to be considered in

the result comparison among different methods. The data

interpretation model for pore volume calculation in (U)SAXS

FIGURE 6
Pore diameter distributions of non-extracted (A) and solvent-extracted (B) samples.
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was applicable for samples with porosities smaller than 10%,

while the Woodford Shale outcrop samples have large porosities

with an average of 21.5% to potentially introduce systematic bias

to the pore volume results. The sample dimension in MIP is 1-

cm3 cube and in (U)SAXS is 0.8 mm-thick wafer with X-ray

scanning area of 0.64 mm2. The measurable volume in (U)SAXS

is much smaller than in MIP, which may enlarge the effect of

sample heterogeneity and show smaller pore volume in (U)SAXS.

Pore body with small throat cannot be filled until the throat

was intruded under high pressure. In such condition, the

mercury volume being filled into pore body will be accounted

as the volume corresponding to a smaller size of pore throat.

Because the Washburn equation links the intrusion pressure to

pore throat size (Wardlaw and McKellar, 1981; Gao et al., 2018;

Zhang, et al., 2019). Therefore, the volume of pore-throats in

nanometers are higher than GP and (U)SAXS. No single

experiment can characterize the complete spectrum of pore

structure in shale because of the limitations and different

principles of each experiment. For MIP, higher pressures are

needed to measure pores in nanometers, while the high pressure

could potentially change the original pore structure and

introduce errors to the results (Tang et al., 2016; Li et al.,

2018). Compared with MIP, the GP method will not distort

the pore structures and keep the samples reusable. However, the

measurement range of GP is only from 2–300 nm which is much

smaller than the range in MIP which is from 3 nm to ~1,000 μm.

Therefore, the combined data from both methods can be the best

option to cover more pores and obtain a better and holistic

characterization of the connected pores, with the ability of

assessing the ink-bottle effect.

In summary, MIP is the most economic and popular test in

pore structure characterization. Though GP could measure

nano-sized pores in 2–300 nm by using theoretical data

interpretation models, this relatively narrow range make

the GP not as effective as MIP. (U)SAXS could measure

nano-sized pores in the range of 1–1,000 nm, which is more

powerful than GP. However, the small sample size and the

accessibility to (U)SAXS instruments in national facilities are

the two major limitation, along with the upper testable limit of

1 μm in diameter that is relatively not sufficient to cover many

shale samples.

Pore structure characterization by MIP,
GP, (U)SAXS and SI methods

In this section, pore structure will be discussed in the context

of pore size distribution and pore connectivity. Pore size

distribution are based on the combined data of GP and MIP

methods. To avoid the errors introduced by the deformation in

pores <50 nm under high mercury pressure, GP provides the

pore data in 1–50 nm and MIP provides data in the 50 nm-

1000 μm range. In addition, the pore connectivity of the

Woodford Shale is to be discussed from imbibition slopes (SI)

and tortuosity (MIP) results.

In this study, the pore diameter classification by Loucks

et al. (2012) was applied. Loucks et al. (2012) proposed three

categories of pores: nanopores (1 nm-1 μm), micropores

(1–62.5 μm), and mesopores (62.5 μm-4 mm). Figure 10

shows the domination of nanopores in the eight samples.

WFD-7, WFD-11, and WFD-328 with porosities over 30%

(from MIP) have large pore volumes in nanopores and

mesopores. For other samples with porosities at 3–17%

(from MIP), only nanopores have the domination. The

large pore volumes in large porosity samples may be

caused by the weathering and dissolution of the outcrops.

These eight Woodford Shale samples were also tested by (U)

SAXS method for solvent-extracted and non-extracted samples.

The pore volume distribution of non-extracted samples from (U)

SAXS shows similar distribution behavior (Figure 10A), which

TABLE 4 Results of imbibition to T directions of Woodford Shale samples.

Sample ID SI slope (-) Imbibed DIW volume in SI Expected pore volume from LIP Ratio of imbibed DIW
volume

(cm3) (cm3) (%)

WFD-4 0.38 0.03 5.70 0.56

WFD-5 0.26 0.13 30.0 0.42

WFD-6 0.10 0.08 24.3 0.34

WFD-7 0.59 0.33 38.1 0.86

WFD-8 0.16 0.04 9.72 0.43

WFD-9 0.21 0.08 18.7 0.41

WFD-11 0.52 0.45 67.7 0.67

WFD-328 0.54 0.29 35.2 0.83

Frontiers in Earth Science frontiersin.org11

Zhao et al. 10.3389/feart.2022.1019951

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1019951


indicates the consistency among GP, MIP, and (U)SAXS

methods (Figure 10B). In Table 3, the porosities of solvent-

extracted samples increase 46% on the average compared to the

non-extracted samples. Samples with high TOC contents, such as

WFD-8 and WFD-9, tend to have greater porosity differences

after the solvent extraction. Pore diameter distributions of WFD-

FIGURE 7
Plots of imbibition time vs. cumulative imbibition volume of SI results with fitted imbibition slopes.
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4, WFD-6, WFD-8, and WFD-9 show a volume increase in

nanopores after the solvent extraction, especially at the intervals

of 50–100 nm and 400–1,000 nm (Figure 6B). Through the

comparison of SEM images, bitumen which is soluble to the

solvent decreases obviously with the solvent extraction (Figures

2I,J). Therefore, it is reasonable to speculate that the bitumen

which is accounted as OM could block pores and may affect the

pore connectivity (Tissot and Welte, 1984).

The fitted slope can indicate the pore connectivity based

on the classification by Hu et al. (2002). The values of fitted

slope at ~0.26 indicates poor pore connectivity, ~0.5 for good

pore connectivity, and 0.26–0.5 for intermediate pore

connectivity. The fitted slopes from SI method show that

the pore connectivities of these eight samples are different.

Samples WFD-6, WFD-8, and WFD-9 have poor pore

connectivity, WFD-4 and WFD-5 have intermediate pore

connectivity, and WFD-7, WFD-11, and WFD-328 have

good pore connectivity. The increase in fitted slope for

samples WFD-5 and WFD-6 indicates the pore connectivity

changing from poor pore connectivity to intermediate

connectivity during the imbibition process. To find the

factors that influence the pore connectivity, crossplots of

TABLE 5 Mean grain size from laser diffraction analyses (TST: transgressive system tract; HST: highstand system tract).

Depositional environment Sample ID Mean grain size Soring (-)

(μm)

TST WFD-4 6.42 5.87

WFD-5 5.06 5.02

WFD-6 2.95 2.95

HST WFD-7 1.72 2.56

WFD-8 4.10 3.22

WFD-9 3.22 3.23

WFD-11 3.07 2.67

WFD-328 4.04 4.66

FIGURE 8
Laser diffraction-derived GSD results of eight Woodford Shale sample.
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fitted slopes with other results were presented (Figure 11A).

Group 1 samples (WFD-4, WFD-5, WFD-6, WFD-8, and

WFD-9) in SI show a positive relationship between mean

grain size and the fitted slope. This correlation could indicate

FIGURE 9
Pore volume comparison of GP, MIP, and (U)SAXS methods in six ranges; (A) < 2.8 nm; (B) 2.8–5 nm; (C) 5–10 nm; (D) 10–50 nm; (E)
50–100 nm; (F) 100–300 nm.
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that the increase in grain diameter could help to improve the

pore connectivity. Wang X. et al. (2021) pointed out that pores

with diameter >50 nm provide the major driving force in SI

process. In Table 6, the percentages of pores in 0.05–1 μm for

samples WFD-5, WFD-8, WFD-9, WFD-11, and WFD-328

are over 50%. The cross-plot of percentage of pore volume in

0.05–1 μm and mean grain size also have a positive

relationship (Figure 11B). Therefore, we reasonably expect

that shales with grain sizes greater than 4 μm have a higher

possibility to create more nanopores with diameters over

50 nm and provide better pore connectivity. Samples in

Group 2 (WFD-7, WFD-11, and WFD-328) in SI show less

correlation with mean grain sizes. Tortuosity is also an

important property in shale pore structure studies, which

could affect the formation factor in Archie’s Law and fluid

flow behavior (Archie, 1941; Tsang, 1984). The tortuosity

values in the eight Woodford Shale samples are lower than

30, except for samples WFD-11 and WFD-328 which are

extremely high (Table 2). Results from Rao and Bai (2020)

show a negative linear relationship between tortuosity and

porosity in granular soil simulation. However, no relationship

exists between tortuosity and porosity in Figure 11C, which

could be caused by the complexity of the pore structure in

shale.

FIGURE 10
(A) Combined pore diameter distribution of MIP and GP method; (B) pore diameter distribution of (U)SAXS method.
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FIGURE 11
Cross plots of (A) mean grain size vs. fitting slopes; (B) nanopore percentage vs. mean grain size; (C) porosity vs. tortuosity; (D) porosity vs.
blocking factor; (E) mean grain size vs. sorting; (F) mean grain size vs. porosity; and (G) mean grain size vs. tortuosity; (-) means dimensionless.
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Effects of grain size and pore blocking
factors on pore structure

In this section, the influence of grain sizes, pore blocking

factors, and paleo-depositional environment on the pore

structure of Woodford Shale will be discussed. The results

of solvent extraction and (U)SAXS analyses, as well as SEM

imaging, show that the bitumen could block the pore space

and decrease the porosity as reported by Wei et al. (2014). In

addition, Taghavi et al. (2006) and Ehrenberg et al. (2006)

showed that the compaction and recrystallization of

carbonates can decrease the porosity. From XRD results,

the carbonate percentages in WFD-4 & WFD-8 are over

70%, and both samples have the smallest porosities in the

eight samples. Moreover, the carbonates in WFD-4 & WFD-8

are observed to be non-porous in SEM images (Figures 2G,H).

Therefore, we speculate that both bitumen and carbonates in

the Woodford Shale act as pore blocking materials. To

quantify the potential contribution of these pore blocking

materials, a blocking factor is introduced in this study (Eq. 5)

(Table 7). To simplify the weight percent calculation of

bitumen, we used TOC% as the replacement in calculating

the blocking factor.

Blocking factor � carbonate% + TOC%
clays% + carbonates% + qtz% + TOC%

× 100%

(5)

where qtz% is the total percentage of quartz, feldspars, and other

traceminerals from the XRD results. The blocking factor varies from

0.06 to 86.4% (Table 1), and the negative relationship between

porosity (from MIP) and blocking factor prove the effect of

carbonates and OM on porosity (Figure 11D). Mean grain sizes

of eight samples show positive and negative relationships with

sorting values and porosity (from MIP) (Figures 11E,F). Samples

with small grain sizes tend to be well-sorted, andwell-sorted samples

tend to have greater porosities (McLean and Kirk, 1969; Edwards,

2001; Ogolo et al., 2015). Grain sizes also have direct relationships

with the depositional environment of the Woodford Shale. Middle

Woodford Shale was deposited in a transgressive environment with

increasing water depth, and Upper Woodford Shale was deposited

in a highstand system with relatively stable water level (Figure 1)

(Comer, 1991; Kirkland et al., 1992; Philp andDeGarmo, 2020). As a

water depth increases, the grains deposited at the same place tend to

have smaller diameters (Catuneanu, 2006). Therefore, the grain size

will decrease upward in the stratigraphic column (from older to

younger rocks). In Figure 12, such grain size decrease can be

observed in Middle Woodford Shale with the sea-level increase.

The changing pattern in the grain size in the UpperWoodford Shale

is irregular as the grain sizes decrease first and then increase, which

should show grain size increase upward in high-stand system

(Figure 12).

The paleo-location of the Ardmore Basin was near the

equator and subtropical area (Comer, 1991). The oxygen-

bearing surface water could not sink due to its high

temperature, which finally formed a thermocline and created

the anoxic bottom water environment (Kirkland et al., 1992).

Moreover, the dilution of the OM by the sediments was weak due

TABLE 6 Pore volume percentages from the combined GP-MIP data.

Sample ID Pore diameter from GP (μm) Pore diameter from MIP (μm)

<0.0028 0.0028–0.005 0.005–0.01 0.01–0.05 0.05–0.1 0.1–1 1–10 10–100 >100

WFD-4 0.0042 0.0066 0.0168 0.0949 0.00 0.00 1.19 18.20 80.5

WFD-5 0.0037 0.0054 0.0125 0.0471 59.5 30.8 3.66 4.44 1.57

WFD-6 0.0093 0.0156 0.0386 0.1534 46.2 0.02 16.6 31.7 5.32

WFD-7 0.0002 0.0002 0.0005 0.0025 1.21 35.0 0.39 0.28 63.1

WFD-8 0.0006 0.0009 0.0025 0.0147 80.3 12.1 2.27 3.78 1.54

WFD-9 0.0004 0.0009 0.0032 0.0218 97.7 1.53 0.04 0.45 0.29

WFD-11 0.0006 0.0007 0.0013 0.0069 4.27 62.1 2.62 0.35 30.6

WFD-328 0.0006 0.0009 0.0021 0.0092 9.60 66.0 0.25 0.36 23.8

TABLE 7 Blocking factors of the eight Woodford Shale samples.

Sample ID Blocking factor (%)

WFD-4 86.4

WFD-5 23.8

WFD-6 31.4

WFD-7 2.36

WFD-8 76.4

WFD-9 15.6

WFD-11 0.06

WFD-328 1.20
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to the less input of sediments during the deposition (Kirkland

et al., 1992). Therefore, the anoxic environment and low dilution

resulted in higher preservation of the OM in theWoodford Shale.

Compared with the Middle Woodford Shale, the TOC%

preserved in the Upper Woodford Shale is much lower. In the

Upper Woodford Shale, quartz and feldspars are the major

minerals and the Upper Woodford Shale has a smaller

average blocking factor than the Middle Woodford Shale.

In Woodford Shale samples, positive relationships exist

between tortuosity vs. mean grain size, rather than in

tortuosity vs. porosity (Figures 11C,G). As discussed before,

samples with greater grain sizes tend to be poorly sorted,

which has also been suggested by Khabbazi et al. (2015) and

Rezende and Pope (2015). Compared with well-sorted samples,

smaller sized grains fill in the pores in poorly-sorted samples,

resulting in more barriers to fluid movement and an increase in

the tortuosity. Therefore, the Woodford Shale outcrop samples

with greater grain size tend to be poorly sorted and have higher

tortuosity than smaller sized samples.

Conclusion

Multiple experiments were applied on eight Woodford

Shale outcrop samples to characterize the pore structure, with

a particular emphasis on grain sizes and their distributions.

Through a comparison of integrated and complementary

experiments, the associated (U)SAXS, MIP, and GP

methods are a good combination for shale pore structure

study. The results indicate that (1) the nanopores (1 nm-

1 µm) dominated Woodford Shale outcrop samples have

porosities in 3–40% with poor-to-good pore connectivity;

2) carbonate and OM can decrease the porosity; and 3)

porosity, pore connectivity, and tortuosity have close

relationships with the grain size which is affected by the

sea-level fluctuation in the Woodford Shale. With the sea-

level increase, the grain size will decrease, which makes the

porosity and tortuosity increase and improves the pore

connectivity. This study presents the advantages of the

application of multiple experiments on shale. The multiple

experiments tested the shales on different aspects to probe the

pore structures as comprehensive as possible. This study also

built a connection between pore structure and grain size.

Since the pores are created based on the grains, such as the

interparticle pores, the studies on grains can provide more

understandings on pore structures and the pore structure can

be further connected with depositional environment in the

future.
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FIGURE 12
Grain size changes with sample depths.
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