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ARTICLE INFO ABSTRACT
Keywords: A full petrographic and petrophysical characterization of tight sandstones has been conducted as part of ongoing
Pore size distribution study of Carbon Dioxide Enhanced Oil and Gas Recovery (CO2-EOR/EGR) and COsgsequestration. The main

Kaolinite booklets
Filamentous illite

EOR

Tight sandstone reservoirs

purpose of this study is to give novel perception into the interplay of the rock characteristics and fluid flow in
tight formations, which are candidates for EOR/EGR processes (macroscopic sweep vs. microscopic displacement
efficiency). To achieve this, several experimental techniques, including routine core analysis, X-ray diffraction
(XRD), X-ray fluorescence (XRF), thin sections petrography, Scanning Electron Microscopy (SEM) and capil-
larity/pore size distributions by using Mercury Injection Capillary Pressure (MICP), Nuclear Magnetic Resonance
(NMR), and Micro-Computed Tomography (Micro-CT), were conducted. Three tight sandstone rock samples
(Bandera, Kentucky, and Scioto) were used in this work and particular attention was paid to the impact of clay
content on rock’s pore system and other petrophysical characteristics and hence fluids flow during production
process.

Results indicate that the presence of fibrous illite clay acting as pore bridging in Bandera and Kentucky
samples have blocked the overall micro-pore system causing a significant reduction in the micro-pore throat
system to 36% in Bandera sand and 50.9% in Kentucky sample. On the other hand, absence of fibrous illite and
the presence of illite platelets in the Scioto sandstone led to a clear preservation of the sample’s micro-pore throat
attributing to a total of 59.1% of the total pore throat system.

A new dimensionless number (dimensionless micro-pore throat modality) was established, defined as the ratio
of micro-to macro-pore sizes. This shows that Scioto has the highest value of 1.44 implying that both macro- and
micro-pore systems contribute to flow. Therefore, the mitigation of oil bypass from smaller pores should be a key
criterion in selecting the proper recovery methods. Results show the effect of clay mineralogy on pore system
considering a part of the physical and spatial properties the pore/grain framework of the tight sandstones.

1. Introduction shale, sandstone, or carbonate rocks with low permeability and porosity
(Zou et al., 2012; Caineng et al., 2013; Ma et al., 2021). In the 1970’s,

Tight reservoirs are one of the main types of unconventional re- the U.S government classified tight reservoirs as those with permeability
sources (Berg, 1986; Caineng et al., 2015; Althani, 2021), categorized as values less than 0.1 mD in order to make well development eligible for
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federal-state tax credit (Holditch, 2006). The National Resources of
Canada (NRC) defined tight oil reservoirs as petroleum resources pro-
ducing economically via hydraulic fracturing techniques regardless of
the type of lithology (National Resources Canada, 2012). Several re-
searchers used porosity (¢) and permeability (k) as threshold cut-off to
characterize tight reservoirs, where ¢ < 10% and k < 0.1 mD (Wang
et al., 2015; Zhang et al., 2016). Flow behavior in tight reservoirs is
complicated because of their pore system (bodies and throats) hetero-
geneity formed during depositional and diagenetic processes (Burley
and Worden, 2003). Geological and petrophysical rock characterization
can help understand the pore systems and thus enable a better
description of the flow processes involved in the production operations
(Nelson, 2009; Stroker et al., 2013). Although that many industry pro-
fessionals and researchers classify tight reservoirs based on a perme-
ability threshold of 0.1 mD, investigating the complex pore size
distribution should be considered as an essential key in tight reservoirs
classification. Spatial correlations of pore throats and bodies are most
relevant parameters for permeability in tight rock characterization.
Smaller throat sizes lead to higher capillary pressures obstructing the
fluid mobilization (Alamdari et al., 2012; Zhao et al., 2018).

Pore throats and bodies are important factors in exploration and
development plans, hence, rock’s pore system measurements techniques
such as MICP, Micro-CT scan, and NMR examinations are widely used in
petrophysical analysis. However, each technique has its limitations
when applied to tight rocks. Micro-CT scanning is a non-destructive
method utilized in order to characterize and determine high-resolution
images of pore systems. Nevertheless, small sample sizes have to be
acquired to obtain higher resolution (Sakellariou et al., 2003). Several
studies reported Micro-CT scanning of tight rocks with resolutions
ranging from 5 to 8 pm, which enabled smaller grains and micro-pores to
be recognized (Bultreys et al., 2016; Peksa et al., 2015). The MICP
technique is commonly applied to obtain the distribution of pore-throat
size of rock specimens. It estimates the distribution of pore volume by
injecting mercury under elevated pressure into pore space. The volume
of mercury that intrudes the pores is measured, while injection pressure
gradually increases up to a maximum of 60,000 psi. Therefore, MICP
works well in tight rocks as it is capable of measuring pore-throat size
down to around 0.003 pm (Giesche et al., 2006; Comisky et al., 2011). It
is noteworthy that MICP is a destructive technique with both environ-
mental and health issues (Rice et al., 2014; Lu et al., 2017).

NMR method is widely used to estimate petrophysical properties
such as permeability, porosity, pore volumes, and wettability (Mar-
schall, 1995; Hinedi et al., 1997; Coates et al., 1999; Chen and Balcom,
2006; El-Husseiny and Knight, 2017; Jin et al., 2020). Wang et al. (2020)
studied the distribution of pore sizes in a variety range of permeability
values between 0.07 and 4450 mD and found that NMR estimated
porosity values are in good correlation with helium porosity. Centrifuge
and NMR techniques were utilized to estimate the connate water and
pore fluid distributions for the Middle Bakken formation (Karimi and
Kazemi, 2015). They observed that oil occupies larger pores while water
tends to reside in smaller pores. Micro-CT and MICP techniques are
limited to a laboratory scale, while NMR method is applied to determine
the distribution of pore size at both field and laboratory scales (Call-
aghan, 1993; Prammer, 1994; Kenyon, 1997; Heaton et al., 2002;
Westphal et al., 2005).

0Oil and water contain adequate amounts of hydrogen nuclei. When a
rock specimen holding hydrogen molecules is put inside NMR device,
the protons in pore system are polarized by the magnetic field. An NMR
signal is generated via introducing radio frequency (RF) pulse sequence
(Carr and Purcell, 1954). Mathematical inversion, i.e., inverse laplace
transformation, converts the measured NMR signals to the relaxation
time (T3) of rock sample (Song, 2001). The Ty relaxation is defined as the
period it takes the magnetic vector to depart from and return to the
lowest energy level after NMR is applied under the excitement of RF
field (Meiboom and Gill, 1958; Lyu et al., 2018). The T, relaxation is
proportional to the fluid distribution in pores (Kleinberg et al., 1994;
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Howard, 1998; Baban et al., 2021) where larger pores will depict longer
T, values and tiny pores will show shorter T, values, hence, the pore
volumes of various pores can be analyzed. NMR measurement can
determine fluid volumes of core samples by knowing the Ty cut-off
value. In order to estimate the T, cut-off for given sample, T, relaxa-
tion is measured before and after the drainage displacement process. The
T, cut-off value is related to the rock mineralogy (Looyestijn, 2008; Rios
et al., 2014; Elsayed et al., 2021). However, many studies (Miller et al.,
1990; Murphy, 1995; Zhang et al., 2003; Adebayo et al., 2017) recom-
mended using the standard cut-off value of 33 ms for sandstone samples
resulting in misinterpretation of pore volumes and permeability values.
Therefore, mineralogical composition has a vital role in the determi-
nation of a sandstone pore framework. A new work on the effect of
mineralization on petrophysical properties of Fontainebleau sandstone
found that the impact of quartz overgrowth reduces porosity and
permeability (Al Saadi et al., 2017). They also showed that other min-
erals present such as accessory oxides, clays and feldspar have very
minor effect on rock wettability, since they were mostly included in the
quartz overgrowth.

Different types and abundances of clay material can bridge and even
clog the pore networks preventing the fluid transport. In addition, dis-
tribution of the clays varies from reservoir to reservoir that makes 2D
and 3D microscopy analysis of the core material a key factor for both
successful oil and gas exploration and development campaigns (Zhu
et al., 2020). The presence of clay minerals lowers the rock quality in
sandstones, especially porosity and permeability (Neasham, 1977).
Porosity and permeability reveal an inverse relationship with the total
clay mineral content (Schrader and Yariv, 1990; Yuan et al., 2015).
Rosenbrand et al. (2015) measured the permeabilities of Rotliegend
sandstones; they believed that fibrous illite as demonstrated by SEM
images, contributes to lower permeability. Kuila and Prasad (2013)
found that kaolinite clay minerals reduce porosity in sandstone while it
has less effect on permeability.

Previous works investigated the impact of clay minerals on pore
structure in sandstone rocks (Stueck et al., 2013; Wang et al., 2020),
nevertheless, detailed analyses of the effect of clay contents (type and
size) on the micro-pore bodies and throats and relating them to the
microscopic displacement efficiency of the micropore system in tight
sandstone rocks are still not fully discussed. In this study, three repre-
sentative tight sandstone samples were characterized. At the first stage,
measurements and quantifications of the mineralogy accessory of three
outcrops samples using several imaging tools (Micro-CT, XRD, SEM and
petrographic thin-sections) are conducted. This multiple approach al-
lows us to acquire mineral type and content at different resolutions. A set
of experimental tests was performed by using a helium porosimeter, gas
permeameter, MICP, NMR, and Micro-CT imaging, to determine key
petrophysical parameters of the three sandstone samples and to estab-
lish the effect of clay mineralogy and contents on the pore framework of
tight sandstone reservoirs. A new dimensionless parameter is established
to characterize pore throat’s heterogeneity and their control on fluids
flow at different pore levels during the recovery processes in tight
sandstones helping in better planning of such processes.

2. Materials and methodology
2.1. Core samples

Three outcrop sandstone samples were chosen as model to represent
tight sandstone reservoirs. These are Bandera, Kentucky, and Scioto
sandstones provided by Kocurek Industries company™, Caldwell, TX,
US from different quarries (Fig. 1). These quarries are a good source for
the construction industry and the rocks are known for their homoge-
neous characteristics suitable for comparable petroleum engineering
laboratory tests (Farid Ibrahim and Nasr-El-Din, 2018; Hassan et al.,
2019; Elsayed et al., 2021).

All samples originated during the Carboniferous, in a fluvial
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Fig. 1. Location of samples used in this study, where (a) Bandera sandstone, (b) Kentucky sandstone, and (c) Scioto sandstone (USGS, 2023).

depositional system with porosity reduction caused by their burial his-
tory. Bandera sandstone located in Southeastern Kansas and it is a
member of Bandera shale formation that was deposited during the
Desmoinesian age of the middle Pennsylvanian subsystem (323-299 Ma)
(Adams et al., 1903; Jewett and Abernathy, 1945). It is a brown,
thin-bedded sandstone, ranging from 0 to 10 m in thickness. The original
fluvial depositional environment is fine-grained, and poorly-sorted
(Martino, 1989; Brownfield et al., 1998; Koch and Burke, 2009).

Kentucky sandstone is light grey excavated from the western portion
of the Kentucky Coal Field. It belongs to the Caseyville formation that
was deposited during lower Pennsylvanian time (Glick, 1963; Gilder-
sleeve, 1965; Shawe, 1966; Greb et al., 1992; Harris, 2007). Scioto
sandstone samples were acquired from the Buena Vista member near
McDermott, southern Scioto County, Ohio. This member is part of the
lower Mississippian Cuyahoga formation covers the western part of
Appalachian basin and has been deposited as deltaic turbidite deposits
(Hull et al., 2004; Hannibal et al., 2006; Wolfe and Stucker, 2013).
Scioto sandstone is blue grey, consisting of mostly coarse silt or fine sand
and generally well-sorted (Saja and Hannibal, 2017). Stratigraphic di-
visions of the tested sandstones for this study (Fig. 2). When more
samples are used, a detailed geological description would be significant
for future studies involving reservoir rocks.

2.2. Experimental data collection and processing

Prior to the experiments, dry samples with radius of 3.8 cm and
length of 4 cm were vacuumed for 2 day at 75 °C. Thereafter, plug
samples were used to measure the permeability and porosity values at
20 °C. A Vinci™ helium porosimeter was used to determine the samples
total connected porosity while Core-Lab™ gas permeameter was utilized
to determine gas permeability and Klinkenberg liquid permeability.
Subsequently, petrographical and morphological analysis of samples
was conducted by using Micro CT, SEM, and thin-section imaging. Thin
sections of ca. 3 cm? area were prepared from the end trim of the three
sandstone plugs, that were examined, by using polarization microscopy
to evaluate the mineralogy, mineral distribution, textures, and area
porosity with a resolution down to 1 pm (Nichols, 2009; Ghiasi-Freez
et al., 2012; Wardaya et al., 2013; Asmussen et al., 2015; Varfolomeev
et al., 2016). Image J, an image analysis program, was applied to
analyze and quantify the characteristics of the 2D images. A thin disk of
circa 5 mm in thickness and a volume of ca. 10 mm® solid rock volume
was then prepared for the three sandstones. To provide a higher reso-
lution in the sub-nanometer range (Bultreys et al., 2016), TESCAN™
instrument (model MIRA3) equipped with EDX detector was used to
generate SEM density images with a pixel resolution in nanometres to
distinguish growth and interaction in and between mineral grains next
to pore morphology (Doughty and Tomutsa, 1996; Ahmed, 2008). For
spatial 3D texture quantification, Micro-CT scanning with a 3D X-ray
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Fig. 2. Stratigraphic divisions of outcrop sections of (a) Bandera (Pepper et al., 1954), (b) Kentucky (Greb et al., 1992), (c) Scioto (Hull et al., 2004).

Microscope Zeiss Xradia Versa-620 was conducted on cylindrical plugs
with a diameter of 4.3 mm and a length of 4.1 mm samples. The mea-
surements were carried out by using a 100 KV/7 X-ray source, providing
5001 slices for rendering. The resolution of the Micro-CT depends on
sample shape and volume; therefore, different size cylindrical plugs
were prepared to obtain a 5-pm voxel size. Pore structure character-
ization was performed by using the maximum ball method (Buades
et al., 2005; Dong et al., 2007). Table 1 lists the primary data of image
spatial characteristics.

Elemental and mineralogical analyses (XRF and XRD measurements)
were performed on grinded samples. XRF measurements were con-
ducted using Rigaku™ NEX CG instrument with a maximum voltage of
40 kV and current of 1 mA. Data acquisition and elements evaluation
was completed with QuantEZ software. XRD measurements were ob-
tained with a Rigaku™ ULTIMA IV powder X-Ray diffractometer using a
Cuka source at 40 kV and 40 mA with a 26-range of 3°~100° at 0.02° step
size within 8 min time period.

NMR measurements were conducted using a 2 MHz Oxford In-
struments GeoSpec 2-75 equipped with Green Imaging Technologies
(v6.1) software. The NMR measurements were done by the Carr-Purcell-
Meiboom-Gill (CPMG) pulse (Carr and Purcell, 1954). The main acqui-
sition parameters used in these experiments are listed in Table 2. Three
vacuumed samples saturated with 3% KCL brine were subjected to NMR
measurements. KCL was used for preparing the brine because it is more
compatible with sandstones than other common salts like NaCl and it
was used in this work to mitigate any damage to rocks samples (Green

Table 1
List of plug samples with corresponding dimensions and Micro-CT scan voxel
size.

Table 2

Main parameters of NMR acquisition.
Parameter Value
Echo spacing time, TE 110 ps
Signal to Noise Ratio, SNR 150
Total number of scans 32
Number of Echoes 27,272
Maximum Ty 300 ms

et al., 2008; Elsayed et al., 2021). A Centrifuge at 4000 revolutions per
minute (rpm) was then used to desaturate the samples with air as the
displacing phase and another NMR measurements was conducted to
determine the movable and immovable fluid volume. A Micrometrics
Auto Pore V 9600 was used for mercury intrusion capillary pressure
(MICP) analysis. MICP experiments were conducted to estimate the
distribution of throat size via the drainage capillary pressure. The in-
strument measures pore throat diameters between 0.003 and 500 pm. In
order to preserve the clay structure, the test was conducted on dry cy-
lindrical 1.27 x 1.27 cm plugs at 75 °C at incremental injection pres-
sures up to 60,000 psia (450 MPa).

3. Results
3.1. Porosity and permeability

The estimated permeability and porosity of investigated core

Table 3
Pore volume, porosity, and permeability values of core samples used for this

Sample Resolution  NY NX NZ Length Diameter study. All core samples have diameter of 3.8 + 0.1 cm and length of 3.9 + 0.1
size size cm.
(pm/ (voxel) (voxel) (voxel) (mm) (mm) Sample Pore volume Porosity Permeability
1

voxel) (co) (vol%) (mD)
Bandera 5 761 828 836 3.81 4.14 Bandera 10.1 24.4 24.12
Kentucky 5 709 717 715 3.55 3.59 Kentucky 6.8 15.0 0.98
Scioto 5 709 717 715 3.55 3.59 Scioto 7.88 17.5 1.21
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samples are listed in Table 3. The results indicate that Scioto and Ken-
tucky have similar petrophysical properties with a porosity of 17.5 vol%
and 1.2 mD for Scioto, and 15 vol% and 0.98 mD for Kentucky. Bandera
sample shows a better reservoir quality of 24.4 vol% porosity and 24.12
mD permeability.

3.2. Petrography and mineralogy

Petrographic and mineralogy analyses were determined with thin-
sections (Polarization microscopy), SEM and XRD techniques. SEM
and thin-section results show that the Scioto sandstone contains
moderately well sorted grains of medium silt to fine sand sizes of 30-120
pm (on average, 110 pm). The grain shape is subangular to subrounded
and the grain contacts are predominantly point to face contacts. Based
on point counting, the Scioto sample shows a visible intergranular
porosity of 24% (Fig. 3a). The SEM micrographs revealed a pore-lining
illite platelets coating quartz grains (Fig. 4a). Point counting (300
points) shows that Scioto’s grain framework is composed of circa 44%
quartz, 14% lithics, and <1% feldspar, where the rock fragments are
composed of metamorphic and sedimentary rocks, with a minor amount
of volcanic rock fragments. Based on the textural maturity classification
by (Folk, 1951), Scioto’s grains are subrounded and moderately sorted
with low amount of clay content. Therefore, the sandstone can be
classified as submature sublitharenite (Fig. 5, Folk, 1980; Boggs, 2012)
(see Fig. 6).

The Bandera sandstone has a grain framework comprising of 64%
quartz, 2% feldspars and 1% lithic fragments, indicating that the sand-
stones could be classified as quartzarenite, according to the triangle of
Folk (Fig. 5). The rock fragments include metamorphic, sedimentary,
and minor volcanic fragments. The mica contained 8% muscovite (with
an average of 2.8%) and trace amount (<1%) of biotite. The particle size
revealed that the Bandera is fine to very fine-grained, between 30 and
180 pm (averaging 87 pm), and moderately to well sorted. Grains are
mainly sub-angular to angular and exhibit long grain contacts (Fig. 3b).
Booklets of Kaolinite were recognized by SEM images with ranges of 5
pm to 10 pm in size (Fig. 4d). Such booklets can partially or completely
reduce porosity in general and micro-porosity in specific.
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Additionally, SEM images of Bandera sandstone shows clear
kaolinite ‘books’ and filamentous illite overlying the quartz overgrowth
(Fig. 4c). Visible pores between grains were clearly observed in thin-
sections and SEM images (Fig. 1b and 2c), respectively.

Kentucky sandstone shows moderately to poorly sorted coarse silt-
size grains of 55 pm on average. The grains are largely subangular to
angular in shape with clay minerals filling spaces between grains indi-
cating that the sample has a matrix supported fabric (Fig. 3c). SEM
images demonstrate that fibrous illite act as pore bridging (average 0.25
pm wide). Due to the presence of fibrous illite, permeability is reduced
by partial blockage of pore throats (Fig. 4b). The mineral phases in
Kentucky consist of 58% quartz, 1% feldspars, 1% lithic fragments, and
20% mica. The grains contacts are long to concave-convex contact
planes. Intergranular porosity of 14% was observed in thin-sections
micro-pores have not been clearly recognized.

XRD and XRF results are summarized in Tables 4 and 5, respectively.
The results show high percentages of quartz, 89.2, 77.1, and 64.2% for
the Scioto, Kentucky, and Bandera sandstones, respectively. Bandera
sandstone has a total clay content (illite, kaolinite, and chlorite) of
14.3%, while the total clay contents of Kentucky and Scioto sandstones
are 3.6 and 4.1%, respectively with illite as the prevailed clay mineral in
the tested core samples measuring 6.4%, 3.6% and 2.2% for Bandera,
Kentucky, and Scioto, respectively (Fig. 4). The chemical index of
weathering (CIW) has been determined by using Harnois equation
(Harnois, 1988). Accordingly CIW values of tested sandstones were
calculated based on XRF measurements as 67.04%, 51.89%, and 42% for
Bandera, Kentucky, and Scioto samples, indicating that tested sand-
stones have undergone low chemical weathering conditions.

3.3. Petrophysical measurement

MICP, Micro-CT, and NMR analytical results were examined to
investigate the impact of clay minerals on micro-pore bodies and
throats. According to Nelson’s pore system size distribution, micro-
porosity is assigned to pore bodies smaller than 10 pm, and micro-
pore throats have throat diameters larger than 1 pm. However, the
macro-, and meso-pore systems are applied to pore bodies exceeding 30

Fig. 3. Thin-sections showing the textural properties
of Bandera, Kentucky, and Scioto sandstones. (a)
Scioto exhibits coarse silt to fine-sized grains, lithics
(L) illustrates as dirty brown colors, straight edges are
the result of quartz overgrowths (QO) around elon-
gated quartz grains (Q), weathering of a feldspar (F),
dark color indicates matrix in the sample (M), and
moderately visible pores between grains (P), (b)
Bandera is fine grained sandstone, grain shape is
angular to sub-rounded, well sorted sediments.
Clearly visible primary pore spaces are clearly
recognizable, Quartz overgrowth around original
grains, (c) Kentucky is medium to coarse silt size with
poorly sorting sediments, no visible pores between
grains, some Quartz overgrowth around grains.
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Fig. 4. SEM images represent (a) Scioto shows pore-lining with illite platelets and visible micro-pores, (b) Kentucky shows pore bridging with illite filamentous, (c)
Bandera shows sharp surface as a result of the quartz overgrowths and visible pores between elongated grains, and top partly weathered feldspar with clays, (d)
Kentucky shows books of kaolinite occluding pores, and (e) Bandera shows acircular chlorite filling micropores.
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Fig. 5. Classification of sandstone after (Folk, 1980) criterion, where Bandera
and Kentucky sandstones could be classified as quartzarenite, while Scioto
sandstone can be named as sublitharenite.

pm and a throat diameter larger than 1 pm (Nelson, 2009). Micro-CT
scan results were utilized to plot the pore size distribution versus their
frequencies for the three sandstones (Fig. 7a). All sandstone samples
show broader pore size spectrum with Bandera displaying relatively
dispersed pore body distribution between 5 and 50 pm (averaging 24.4
pum). Kentucky and Scioto exhibit almost similar pore body size distri-
bution with 5-28 pm (averaging 16.8 pm) for Kentucky, and 5 to 30 pm
(averaging 18 pm) for Scioto. MICP-derived pore throat distributions are
plotted in Fig. 7b. Bandera shows clear macro- and meso-pore throat
systems with an average pore throat diameter of circa 6 pm. Kentucky
and Scioto samples show narrower average throat sizes of approximately
1.8 pm.

Based on the micro-pore system criterion by (Nelson, 2009), the
Scioto micro-pore throat and micro-pore body proportion results show
the highest contribution to the total pore system with 59 vol% and 29.5
vol%, respectively. The Kentucky sandstone follows with a micro-pore
throat and body contribution to the total pore system of 49 vol% and
23.5 vol%, respectively. The Bandera sandstone micro-pore throat and
micro-pore body proportion shows the lowest contribution to the total
pore system with 36 vol%, and 10 vol%, respectively (Fig. 7). To further
investigate the pore systems and relate it to the previous results, NMR Ty
measurements were conducted “before and after” the centrifuge
displacement test. Ty cut-off values of tested sandstones were obtained
as 17.8, 12.2, and 24.6ms for Bandera, Kentucky, and Scioto, respec-
tively. Subsequently, these values were utilized to estimate the bound
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Fig. 6. Ternary diagrams of the tested sandstone samples, (a) represents minerals content and (b) shows clay minerals content.

Table 4
Mineralogical Compositions of Bandera, Kentucky, and Scioto sandstone samples (units in wt%).
Sample Quartz Plagioclase Orthoclase Anhydrite Ilmenite Siderite Dolomite Halite Hematite Pyrite Chlorite Illite Kaolinite
Bandera 64.4 12 1 3 1 0.5 0.4 1.4 1.2 0.8 3.4 6.4 4.5
Kentucky 77.1 10.2 2.8 3.6 0 0.7 0.9 0.8 0.3 0 0 3.6 0
Scioto 89.2 21 0.7 3 0 0.2 0 0.2 0.5 0 0.9 2.2 1
Table 5
Elemental compositions of Bandera, Kentucky, and Scioto sandstone samples (units in wt%).
Sample Al,03 Si0, TiOy Fe,03 MnO MgO CaO Na,O K,0 P,0s5 SO3
Bandera 4.93 79.90 0.49 3.02 0.86 1.16 1.50 0.92 0.71 0.12 1.87
Kentucky 2.88 88.25 0.59 0.81 0.13 0.31 1.91 0.76 0.83 0.05 1.81
Scioto 1.20 93.21 0.50 0.81 0.10 0.30 1.28 0.38 0.31 0.1 1.20
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Fig. 7. Pore size and throat distributions of Bandera, Kentucky, and Scioto sandstones, where (a) shows pore-body diameter distributions obtained by Micro-CT scan

and (b) represents pore-throat diameter distributions obtained with MICP.

volume index (BVI) and Free fluid index (FFI) of all pore frameworks.
BVI is the cumulative NMR-porosity after centrifuge test, while FFI is
fully saturated cumulative NMR-porosity minus BVI. NMR results show
that Scioto has the highest bound fluid with almost 9% of the total
porosity, while Kentucky shows the lowest value of bound fluid with
7.5% of the total porosity. Bandera sandstone exhibits the highest
movable fluid among the three sandstones with 14.3% of the total
porosity (Fig. 8).

4. Discussion

For the tight sandstones analyzed, we found that the porosity and

permeability increase with the total clay mineral content (Fig. 9a and b),
and this comes in line with findings of Lai et al. (2018) and Wang et al.
(2020). To gain a deeper insight into the relationship of porosity,
permeability, and clay minerals, it is more convenient to focus on the
effect of clay contents on pore bodies and throats. Our study showed a
relatively wider pore-throat size distribution in Bandera (24.4%
porosity, 24.11 mD permeability) covering the micro-, meso-, and
macro-pore throat systems with the highest total clay content of 14.3%.
However, the significant contribution to flow mainly comes from the
macro-pore throat system (64% macro-pore throat proportion)
(Table 6). This macro-pore throat system accesses only the dominant
macro-pore body system (89.4% pore body system proportion) as
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yielded from digital rock analysis. This finding is in contradiction with
the study of (Wu et al., 2022), who stated that the lower the clay mineral
content is, the larger pores can be found, and the more movable fluid
content exist in the larger pore throats.

In contrast, this study displayed that the marked presence of the
macro-pore system in Bandera, when compared to the other samples,
can be ascribed to the absence of quartz overgrowth as a result of clay
coating effect, and relatively larger grain size (average of 87 pm), which
aligns with the observation of Al Saadi et al. (2017). The low contri-
bution of the macro-pore system in Kentucky and Scioto is attributed to
the smaller pore size characterizing these rocks average of 16 pm for
Kentucky and 18 pm for Scioto. In addition, we found finer grain size
(average of 55 pm for Kentucky and 59 pm for Scioto) compared to the
Bandera sample that characterized with relatively higher pore and grain
size values of 24 pm and 87 pm, respectively (Fig. 10a). Therefore, a
higher macro-body size proportion contributes to higher porosity
(Fig. 10b).

This study showed that micro-pore body proportion (Fig. 9c) or
micro-throat proportion (Fig. 9d) increase with drop of the total clay
mineral composition for all tested samples. This finding agrees with that
of Wang et al. (2020); where they showed that the increasing percentage
of clay minerals clearly decreases the pore throat distribution, porosity,
and permeability of tight sandstone. However, we specifically showed
that fibrous illite clay acting as pore bridging in sandstone tends to block
the existing micro-throat system, affecting the flow displacement effi-
ciency and illite content and micro-throat size proportion are strongly
correlated (R2 =0.9994, Fig. 9f). This confirms that the low contribution
of micro-throat system is attributed to illite-chocking and validates the
hypothesis of this study. In contrast, there is a relatively fair correlation

between illite content and micro-pore body proportion, revealing that
changes in illite content have less influence on micro-pore body pro-
portion (R? = 0.6058, Fig. 9¢). The micro-pore body system of Bandera
are measured to be the least among the samples with10.6% proportion
to the total system and this is attributed to the presence of Kaolinite as
pore filling (average size of 5.2 pm), which tends to fill pores and
therefore reduces the micro-pore system significantly. On the contrary,
micro-pore systems of Kentucky and Scioto show higher values with
50.1% and 59%, respectively. The kaolinite content and micro-pore
body proportions show a strong correlation (R? = 0.9827, Fig. 9g).
However, kaolinite and micro-throat size proportions relation reveals a
weaker correlation compared to the micro-pore body proportion (R? =
0.708, Fig. 9h), indicating that the kaolinite has little effect on
micro-throat radius in tight sandstone samples.

The above experimental outcomes are consistent with the micro-pore
system contribution obtained from NMR results. It indicates that Scioto
has the highest micro-pore system contribution, almost 50% of the total
porosity. Kentucky follows with 48% and Bandera has the smallest
micro-pore system of 38%, as indicated in Table 6. Furthermore, NMR
measurements illustrate that macro-pore system is dominant in Bandera
with almost 62% proportion, which are in agreement with high per-
centage of intergranular pores observed with thin sections (Fig. 3b). In
addition, Micro-CT and MICP results confirm that Banderas’ macro-pore
body and throat system proportions are the highest among the tested
samples with 89.4% and 64%, respectively. The difference of micro-pore
bodies and throats proportions is related to the limitation of each
technique, which should be a subjected for further future studies.

Due to the significant complication of the pore-throat systems in
tight rocks, most of displacing fluid during the injection method will
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Fig. 9. Cross plots of clay mineral content and porosity, permeability, and proportions of micro-pore body size, micro-pore throat size. (a) the cross plots between
total clay mineral content and porosity; (b) the cross plots between total clay mineral content and permeability; (c) the cross plots between total clay mineral content
and micro-pore body size proportion; (d) the cross plots between total clay mineral content and micro-pore throat size proportion; (e) the cross plots between illite
content and micro-pore body size proportion; (f) the cross plots between illite content and micro-pore throat size proportion; (g) the cross plots between kaolinite
content and micro-pore body size proportion; (h) the cross plots between kaolinite content and micro-pore throat size proportion.
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Table 6
Summary of the grain size, Micro-pore bodies and throats proportions, and
micropore system of three sandstones samples.

Sample Average Micro- Micro- Micropore Micro-
Grain pore body  throat system throat
size fraction fraction fraction modality

(uCT) (MICP) (NMR) ratio
(MTMR)
(pm) (%) (%) (%) (fraction)

Bandera 87 10.6 36 38 0.56

Kentucky 55 29.5 50.9 48 1.03

Scioto 59 23 59.1 50 1.44

favour the least resistant paths (macro-pore throat) and is going to
bypass the displaced fluid in the micro-pore throat (Fig. 11). As a result,
lower microscopic displacement efficiency of the injection process is
faced due to channelling effect (Zhao et al., 2015; Madathil et al., 2015;
Gao et al., 2016). The micro-pore throat modality ratio (MTMR) can be
considered for describing the microscopic displacement efficiency of
IOR/EOR processes. MTMR is a dimensionless number that relates the
abundance size of the micro-pore throat to the macro-pore throat.

A large value of micro-pore throat modality ratio demonstrates that
the most of the displacing fluid will flow mainly into the macro-pore
throat leaving the micro-pore throat system behind. As a result, poor
microscopic displacement efficiency occurs due to the inability of
injected fluid to access the micro-pore system mobilizing the displaced
fluid (Bolandtaba and Skauge, 2011; Lv et al., 2017).

(Fig. 12b) shows that kaolinite has little effect on MTMR, while illite
reveals a strong negative correlation with MTMR (R? of 0.9774) in the
tested sandstone samples (Fig. 12a). The results indicate that MTMR
values decreases as illite content increases in sandstone samples, which
negatively affects the microscopic displacement efficiency of tight
sandstone. Therefore, high values of MTMR are needed to divert the
displacing fluid using viscous fluids, foam, or polymer to reach out the
oil residing in smaller pores and hence improving the microscopic
displacement efficiency (Nguyen et al., 2014; Dong et al., 2016; Abde-
laal et al., 2020).

The MTMR results were compared to NMR fluid parameters such as
FFI/BVI (Kleinberg and Vinegar, 1996; Hinedi et al., 1997; Elsayed
et al., 2021). The relationship confirmed that MTMR decreases as the
ratio of movable to bound fluid increases in sandstone samples (R =
0.8568, Fig. 13). Here the low MTMR value is ascribed to the high
contribution of movable to bound fluid ratio confirming the hypothesis
of this study. The bound fluid is reduced due to the presence of clay
minerals that reduces the micropore contribution in tested samples. This
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novel micro-pore throat modality ratio (MTMR) is believed to be a key
criterion in selecting the most efficient EOR methods in different tight
sandstones. Larger dataset would offer further insight to our new
dimensionless number which is a potential for future work based on
these findings.

As indicated earlier, CIW values imply that tested sandstone samples
exhibit low weathering conditions. The MTMR were compared to CIW
values, and results showed a strong negative correlation (R? = 0.971,
Fig. 14). For the tested samples, the MTMR decreases as CIW values
increases, which suggests that the higher the CIW, the lower the flow
contribution from micro-pore system, leading to a less overall micro-
scopic displacement efficiency.

5. Conclusions

The primary goal of this study was to investigate the impact of clay
minerals on the pore framework of tight sandstone samples and to relate
it to the displacement efficiency. At the outset of this study, we proposed
that illite clay acting as pore bridging could reduce the micro-throat
system. Furthermore, we have argued that pore-filling kaolinite book-
lets could reduce micro-pore body system in tight sandstone. Finally, we
have also hypothesized that the distribution of throats and bodies plays a
significant role in the hydraulic properties of tight sandstone. The multi-
techniques analysis reported has clearly supports the above hypotheses
on how clay minerals affect pore structure, but needs to be placed in the
context of the existing studies. Different tight sandstones were analyzed

Qe

PMicro-pore throat

Displacing fluid

s P Macro-pore throat

= Displacing
fluid

Displaced ( ‘ Pore-throat
fluid  ~

Fig. 11. Schematic showing that displacing fluid flows to the least resistance
path (macro-pore throat) and bypasses the micro-pore throat area due to
capillary effect.
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Fig. 10. Cross-plots showing the relation of macro-body proportion to the grain size, pore body size and porosity in tight sandstone samples. (a) Cross-plots showing
the relation of macro-body proportion to the grain size and pore body size; (b) Cross-plots showing the relation of porosity to the grain size and pore body size.
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to define their petrography, mineralogy and petrophysical properties.
Petrographic thin-sections, X-ray diffraction (XRD), X-ray fluorescence
(XRF) and scanning electron microscopy (SEM) were used to determine
the mineralogical and elemental composition; Mercury intrusion capil-
lary pressure (MICP) experiments were used to define pore throat size
distributions and nuclear magnetic resonance (NMR) and Micro-
Computed Tomography Micro-CT measurements were utilized to
determine the pore size distributions. Based on the multiple measure-
ments conducted, the following can be concluded.

e Illite clay acting as pore bridging tends to reduce the micro-throat
system. A strong correlation was obtained between illite content
and micro-pore throat proportion in tested sandstone samples (R? =

11

0.9994) implying that the higher the illite content, the lower the

micro-pore throat system proportion (36%, 50.9%, and 59.1% in

Bandera, Kentucky and Scioto respectively.
e The presence of pore-filling kaolinite booklets reduces micro-pore
body system in sandstone samples. Bandera characterized with 4.5
wt% kaolinite content shows low micro-pore body measured at 10.6
vol% of total pore body system. Nevertheless, the shortage of
kaolinite clay minerals as the case in Kentucky and Scioto sandstones
preserves the sample’s total micro-pore body system (29.5 vol% and
23 vol%, respectively) revealing strong correlation (R? = 0.9827)
between kaolinite content and micro-pore body proportion.
The low contribution of macro-pore system in Kentucky and Scioto
samples is attributed to finer grain size (55 pm and 59 pm in for
Kentucky and Scioto, respectively), and smaller pore size (16 and 18
pm for Kentucky and Scioto, respectively). In contrast, Bandera
shows a clear macro-pore representing 89.4% of total pore system
due to the absence of quartz overgrowth as a result of clay coating,
and relatively coarser grain size (87 pm).
e MTMR suggests that precaution should be taken in selecting the
efficient recovery process for Scioto sandstone (1.44 MTMR) to
mitigate the negative capillarity effect that can lead up oil bypass
from the micro-throat system. Conversely, flow mostly comes from
the macro-throat system for Bandera and oil bypass is minimal as
indicated by MTMR of 0.56.
A strong negative correlation was acquired between MTMR and CIW
in tested sandstone samples, suggesting that the higher the CIW
value, the lower the contribution of micro-pore throat system and
hence the MTMR value.
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