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Abstract

Macro-, meso-, micro-pore systems combined with clay content are critical for fluid flow behavior in
tight sandstone formations. This study investigates the impact of clay mineralogy on pore systems in tight
rocks. Three outcrop samples were selected based on their comparative petrophysical parameters (Bandera,
Kentucky, and Scioto). Our experiments carried out to study the impact of clay content on micro-pore
systems in tight sandstone reservoirs involve the following techniques: Routine core analysis (RCA), to
estimate the main petrophysical parameters such as porosity and permeability, X-ray diffraction (XRD), and
scanning electron microscopy (SEM) to assess mineralogy and elemental composition, Mercury Injection
Capillary Pressure (MICP), Nuclear Magnetic Resonance (NMR), and Micro-Computed Tomography
(Micro-CT) to analyze pore size distributions. Clay structure results show the presence of booklets of
kaolinite and platelets to filamentous shapes of illite. The Scioto sample exhibits a micro-pore system with
an average pore body size of 12.6+0.6 um and an average pore throat size of 0.25+0.19 um. In Bandera and
Kentucky samples illite shows pore-bridging clay filling with an average mineral size of around 0.25+0.03
um, which reduces the micro-pore throat system sizes. In addition, pore-filling kaolinite minerals with a
diameter of 5.1+£0.21 pum, also reduce the micro-pore body sizes. This study qualifies and quantifies the
relationship of clay content with primary petrophysical properties of three tight sandstones. The results help
to advance procedures for planning oil recovery and CO, sequestration in tight sandstone reservoirs.

Introduction

Tight oil and gas reservoirs have to be developed to meet the growing energy demand (Sakhaee-Pour et
al., 2014; Qu and Guo et al., 2020; Zeeshan et al., 2021) for a growing world population. Describing fluid
flow at micro-and meso-scale in tight formations is challenging due to the complexity of the pore systems.
Diagenesis is one of the main causes of the heterogeneity in pore systems of tight rocks. However, secondary
mineral dissolution and recrystallization are additional elements of the burial history that complicate the
spatial quantification of a pore-framework (Schmidt & Mcdonald, 1984; Lai et al., 2018).
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Several studies show a comparable pore system complexity regarding the presence of clay minerals
(Randolph et al., 1984; Soeder et al., 1987; Zhao et al., 2017). They represent significant mineral quantities
in sedimentary rocks, such as sandstones. The minerals belong to the phyllosilicates, have a wide variety
of physical and chemical properties, and are characterized in the optical properties molecular compositions
of the mono-mineral flakes. (Coates et al., 1999; Rigby and Edler, 2002; Xiao et al., 2018) Clay minerals
occupy the pores in three main modes: pore-filling, pore lining, and pore bridging (Neasham, 1977), where
each mode impacts the basic petrophysical properties in a different manner. Illite minerals strongly reduce
porosity and permeability of sandstone rocks (Moore and Reynolds, 1997). In addition, the presence of
kaolinite booklets and illite pore bridging mineralization are responsible for lowering permeability and
effective porosity in sandstone rocks (Schmitt et al., 2015).

To the best of our knowledge, the effect of clay minerals on micro-pore systems have rarely been
discussed in the literature. Micro-pore systems are defined as consisting of pore-throats and pore-bodies
having diameters less than 1 and 10 microns, respectively (Swanson, 1985; Keighin, 1997; Nelson, 2009).
Because of the complexity of the pore system at different scales in tight sandstones, a full characterization
of the micro-pores, with a combination of assessing methods is needed (Ren et al., 2019). We characterized
the micro-pore systems in tight rocks by using image analysis with petrographical texture quantification
on thin sections; SEM/Micro-CT/NMR imaging, and complementary MICP, and XRD analyses (Akin et
al., 2003; Pan et al., 2015; Gao et al., 2016). Each technique provides independently unique spatial and
mineralogical information and the insight into the distribution behavior within micro-pore system results
(Dullien 1979; Wang et al., 2021; Wu et al., 2022).

XRD is used to determine the bulk mineral distribution with an emphasis on the clay mineral composition,
and quantification of its structured grain part in the texture. Observing the micro-pores in tight rocks is
impossible with this bulk analysis method (Coker et al., 1996; Liu et al., 2017). Tiny pores and distribution
of clay minerals in micro-pore system have to be identified and qualified by using SEM (Jian, 2005; Yang et
al., 2016), Micro-CT for quantification of pore body distributions (Tucker, 2001; Kwak et al., 2018; Meng
et al., 2021), and especially in tight rocks, at higher resolution, in order to capture the small pore bodies
(Klaver et al., 2016). Additionally, MICP is used to determine pore throat size distribution of the open
pore framework (Katz and Thompson, 1986; Liao et al., 2012; Xiao et al., 2017). However, narrow throat
sizes may impede flow rate because of the reduced rock permeability and resulting rising capillary pressure.
Drainage and imbibition processes are more challenging to perform and need careful attention (Darcy, 1856;
Cao et al., 2016). Hence, high mercury injection pressure was suggested to be used to estimate micro-pore
throat sizes distributions in tight sandstones (Kilmer et al., 1987; Zou et al., 2012).

NMR is an alternative to quantify bulk micro-pore systems and system variations in tight rocks (Chen and
Balcom, 2006). Based on NMR measurements, pore volumes of micro-, meso-, and macro-pore systems
in sandstones can be determined by analyzing T, cutoff values (Mitchell et al., 2014; Kwak et al., 2017).
The threshold or T, cutoft is the intersection value between 1) the cumulative curves of NMR T, fully brine
saturated, and 2) the NMR T, after drainage process. Values below this intersection represent the trapped
fluid within small pores immobile to flow. Values above T, cutoff, correspond to hydrogen molecules,
which are free to move (Timur, 1969; Sen et al., 1990). In sandstones, the T, cutoff value is experimentally
determined to be approximately 33 msec. However, it may vary, since the T, relaxation is affected by pore
geometry (Coates et al., 1999). The T, relaxation time from a big pore is longer and progressively shorter
as the pore size decreases from large to medium to small (Hinedi et al., 1997).

The study is structured as follows. The first step is to describe the experimental methods and workflow
as used in this study. The results of these experiments are then explained and discussed accordingly. Finally,
a discussion and conclusions are followed by recommendations.
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Experiments

Bandera, Kentucky, and Scioto sandstone outcrops were received from Kocurek Industries Caldwell, TX in a
cleaned and dried condition. The samples were analyzed on their porosity by using NMR, MICP, and Micro-
CT results. A step-by-step procedure for each experiment conducted in this study is shown in Figure 1.

Figure 1—The workflow diagram of the current study.

NMR T, measurements were performed on sandstone cores fully saturated with brine and after drainage
processes to estimate the fluid volume in pore systems. In the NMR measurements 3% KCL brine was used
to saturate samples for the T, measurements at Sw=1. A centrifuge with a rotational speed of 4,000 was
then used to reach the immovable fluid volume. In the MICP tests, mercury was used to produce capillary
pressure curves, from which the throat size distributions were determined.

An Auto Pore V 9600 was performed on three cylindrical plugs of rock samples 0.5 x 0.5-inch diameter
to obtain the pore-throat distribution. The maximum injection pressure performed on the three samples
reaches 60,000 psi, which enables access to the micro-pore throat system.

Porosity was determined by using a Vinci™ helium porosimeter and the application of Boyle's law. The
absolute permeability was measured by using a Core-Lab™ Gas Permeameter. A TESCAN instrument
model MIRA3 equipped with EDX detector was used to create SEM images. Mineral determination was
done by using X-ray diffraction analysis. Rock chips of the three sandstones prepared as thin disks of around
5 mm diameter and a volume of ca. 10 mm?, were prepared in advance. A Rigaku ULTIMA IV powder X-
Ray diffractometer ran with a Cuka radiation source at 40 kV and 40 mA with 20 interval, covering the
range from 3° to 100° with a step size of 0.02° increment of 8 minutes.

The Micro-CT tests were performed on cylindrical plugs with a diameter of 4.3 mm and a length of
4.1 mm. The resulting stacked images, i.e. 3D tomograms, were further analyzed on the pore body size
distributions. The test was carried out on a Zeiss Xradia Versa-620 CT-scanner using an X-ray source with
100 KV/7 W energy settings and, providing a total of 5001 images. The voxel size for three sandstone
samples is 5 pm.

A 2 MHz Oxford Instruments GeoSpec 2—75 equipped with Green Imaging Technologies Systems v6.1
software. The NMR test was conducted on cylindrical plugs of rock samples with a 1.5-inch diameter and
1.5-inch length at 25 °C. The T, relaxation times for all the samples were determined by the Carr-Purcell-
Meiboom-Gill pulse sequence (Carr and Purcell, 1954). NMR T, spectrums were measured using 110 ps
echo spacing and 150 signal to noise ratio.

Results and Discussion

Porosity and Permeability
Porosities and permeabilities are summarized in Table 1. Scioto and Kentucky samples were found to
have nearly similar porosity permeability 17.5 vol. % and permeability of 1.21 mD for Scioto, and 15vol.
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% porosity and 0.98 mD permeability for Kentucky. Bandera has a higher porosity of 25 vol.% and

considerable higher permeability of 24 mD.

Table 1—Porosities and permeabilities of three sandstone samples.

Sandstone name Porosity (%) Permeability (mD)
Bandera 25+0.10 24+ 0.20
Kentucky 15+ 0.10 0.98+0.20
Scioto 17.5+0.10 1.21+0.20

Mineralogy and Pore-system analysis

The XRD and SEM results show that for the three sandstones that quartz (SiO,) is the dominant mineral,
associated by small amounts of feldspar and clay minerals (Figure 2). Bandera sample has the highest
percentage of clay, 14 wt%. The Kentucky and Scioto samples have a total clay content ranging from 3 to 4
wt%. Furthermore, XRD analyses indicates that illite is the most abundant clay mineral in all samples, with
approximately 6.4 wt% in the Bandera sample, 3.6 wt% in the Kentucky sample, and 2.2 wt% in the Scioto
sample. The results also show that Bandera has the highest kaolinite clay content of 4.5 wt%, followed by
Scioto with almost 1.0 wt %.

W Quartz K feldspars ® Plagioclase B Chlorite lite/mica  ® Kaolinite

5
2\: 60 £ . [
3 .o 23 ]
2 1
20 1 -
] £ = = ) . m

BANDERA KENTUCKY sCioTO BANDERA KENTUCKY SCloTo

Figure 2—Bulk minerals determined by XRD of Bandera, Kentucky, and Scioto sandstone
samples. (left) Quartz and feldspar minerals content, and (right) clay minerals content.

The distribution of these minerals in the micro-pore system visualized and quantified using the SEM
microphotographs (Figure 3), show that the pore-filling kaolinite is predominant in Bandera sample,
whereas filamentous illite form pore bridging structures in Bandera and Kentucky sandstones. These results
are in good agreement with the XRD mineral analysis results.

Figure 3—SEM images represent (a) pore filling with kaolinite booklets, (b) pore bridging with illite filaments
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NMR T, measurements were performed at Sw=1, saturated with brine, and after drainage conditions in
order to estimate the fluid volume in the pore systems (Figure 4). The NMR T, distribution of the brine-
saturated samples shows a dominant single peak and represents the pore size distribution of the sandstone
samples. It is clearly visible that the Bandera sample contains a larger pore size distribution compared to
the other samples, having the longest T, peak at 40 ms, followed by the Scioto sample with T, peak at 35
ms, and the smallest pore size distribution is the Kentucky sample, which shows the shortest relaxation
peak of 28 ms. After evacuation and removal of all brine, the non-wetting phase (air), generates no NMR
signal since it contains no hydrogen molecules (Karimi and Kazemi, 2015). Subsequently, the immovable
fluid can be determined by subtracting the drainage NMR T, spectrum from fully saturated brine NMR
T, spectrum (Figure 4). Fluid distribution in macro-, meso-, and micro-regimes can then be calculated for
sandstone samples.

Blue: Movable fluid. %
Orange: Mineral water, %
Green: Capillary fluid, %

Bandera (T Peak 40 ms)

1.00 /’{T‘ Scioto (T, Peak 35 ms)

080 /

/ \
060 /o~ .l\ll Kentucky (T; Peak 28 ms)

Incremental porosity, p.u.

T, Relaxation Time, ms

Figure 4—NMR T, results for three sandstone samples (a) Bandera, (b) Kentucky, (c) Scioto.

Figure 5-a shows the micro-pore throat distributions for the three sandstone samples from the MICP
measurements. We confirm that, on one hand, the micro-pore throat system of Kentucky and Bandera
samples is low, representing respectively 6 and 8 vol. %. However, the Scioto, has a much higher micro-
pore throat system of nearly 29 vol. %. We also confirm that the decrease in micro-pore throat system, in
Bandera and Kentucky samples is due to illite bridging that blocks the tiny pores. It was also confirmed
by using the NMR T, measurements, where irreducible fluid in Kentucky and Bandera samples is also low
45 and 33%, respectively when compared to Scioto sandstone of almost 50% (Figure 4). Micro-CT results
show that Kentucky has the highest micro-pore body system of 29.6%. On the contrary, Bandera and Scioto
show low micro-pore body system due to the high kaolinite content of 4.5 and 1.0 wt% (Figure 5-b).
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Figure 5—Micro-pore size distribution results (a) micro-pore-throat distribution, (b) micro-pore body distribution.

Impact of clay minerals on micro-pore system. 1t is confirmed that micro-pore system can be identified
using the workflow as proposed in Figure 1. MICP results show that illite clay minerals reduce the micro-
pore throat distribution in Bandera and Kentucky samples. This observation is in line with the NMR T,
results, where the immovable volume shows lower values. NMR T, results also illustrate the immovable
fluid is the largest among the tested sample. Therefore, this shows that illite blocks the micro-pore systems
and reduces the immovable fluid volume accordingly. In addition, Micro-CT results confirm that kaolinite
reduces the micro-pore body sizes in Bandera and Scioto samples. These results align with SEM images
where kaolinite fills the tiny pores (Figure 3-b).

Conclusion

Several imaging and spatial measurement techniques were applied on the Bandera, Kentucky, and Scioto
sandstone to investigate their micro-pore systems and their impact on the petrophysical properties of the
sandstone. The techniques included the routine core analysis to estimate the main petrophysical parameters
of porosity and permeability; X-ray diffraction (XRD), and scanning electron microscopy (SEM) to
determine the mineralogical and recognize the presence of clay minerals within the pore system; Mercury
intrusion capillary pressure (MICP) for pore throat size distributions analysis, nuclear magnetic resonance
(NMR) and Micro-Computed Tomography (Micro-CT) to analyze pore size distributions. Based on this
study, following conclusions can be made:

e A workflow to characterize the impact of clay minerals on micro-pore throats and bodies in tight
rocks was developed

e SEM results identify illite clay mineral blocking the micro-pore throats in Bandera and Kentucky
sandstone samples. Kaolinite clay fills the small pores in Scioto and Bandera.

¢ Pore size and mineralogical results confirmed that presence of illite reduces the micro-pore throat
system size. Pore filling kaolinite lowers the micro-pore bodies size in sandstone samples.

e Presence of kaolinite and illite reduce the micro-pore system size significantly.

e NMR T, measurements and MICP results show that micro-pore system contribution of Bandera and
Kentucky samples is relatively small compared to Scioto samples due to presence of clay minerals.

e The accessibility of the micro-pore system in the Scioto sample is better than other samples due
to the lack of pore-bridging illite.

e We recommend to include more tight sandstone samples in this study:.
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