J. Hydrol. Hydromech., 71,2023, 1, 11-21
https://doi.org/10.2478/johh-2022-0042

©2023 Caroline H. Dias et al., published by Sciendo. This work is licensed under the
Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International Licence.

> sciendo WM reisay sis

Journal of Hydrology and Hydromechanics

Effects of pore size and pore connectivity on trapped gas saturation

Caroline H. Dias!", Felipe M. Eler!, Carlos Cordeiro!, Mateus G. Ramirez', José A. Soares?, Denise
Nunes', Maira C.O. Lima!, Paulo Couto!

! Department of Civil Engineering, COPPE, Federal University of Rio de Janeiro, RJ, Brazil.
2 Department of Mining Engineering, Federal University of Campina Grande, Paraiba, PB, Brazil.
* Corresponding author. E-mail: caroldias@petroleo.ufrj.br

Abstract: Trapped or residual air (or gas) is known to affect the multiphase hydraulic properties of both soils and rocks.
Trapped air is known to impact many vadose zone hydrologic applications such as infiltration and flow in the capillary
fringe, but is also a major issue affecting recoverable oil reserves. Although many studies have focused on the relationship
between porosity and trapped gas saturation (Sg) in sandstones, far fewer studies have been carried out for carbonate rocks.
This work aims to analyze the influence of porous media properties on trapped gas saturation in carbonate rocks. For this
we used thirteen Indiana Limestone and Silurian dolomite rock samples from the USA, and several coquinas from the
Morro do Chaves formation in Brazil. Pore size distributions were obtained for all samples using Nuclear Magnetic Res-
onance (NMR), and Mercury Injection Capillary Pressure (MICP) data from three of the samples to determine their pore
throat size distributions. Additionally, 3D microtomography (microCT) images were used to quantify macropore profiles
and pore connectivities. Results indicate a lower capacity of gas trapping in carbonate rocks in which micro- and mesopores
predominate. Results also indicate that in carbonate rocks, pore size exerts a greater influence on the ability of gas trapping
compared to pore connectivity, so that rocks with a predominance of macropores have greater capacity for gas trapping,
even when the macropores are well interconnected. These findings show that pore characteristics very much affect the
processes governing gas trapping in carbonate rocks, and indirectly the multiphase hydraulic properties and recoverable

oil reserves of carbonate rock reservoirs.
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INTRODUCTION

Air or gas trapping in porous media occurs during displace-
ment of an initially present non-wetting phase by an infiltrating
wetting phase (Mohammadian et al., 2015; Raeini et al., 2015;
Tanino and Blunt, 2012). Trapped air can significantly affect
multiphase flow phenomena in vadose zone hydrologic applica-
tions such as infiltration and flow processes in the capillary
fringe (e.g., Faybishenko, 1995; Fayer and Hillel, 1986;
Gongalves et al., 2019; and references therein). Gas trapping
plays an important role also in hydrocarbon recovery and carbon
capture and storage (CCS) processes (Fatemi and Sohrabi, 2013;
Wang et al., 2016). Regarding hydrocarbon recovery efficiency,
capillary trapping of gas reduces residual oil saturation (Afzali
et al., 2018; Element et al., 2003). In case of CCS, the main ob-
jective is to maximize capillary trapping to increase CO, storage
(e.g., Ruspini et al., 2017). These various studies show that air or
gas trapping is a function of many parameters, including the pre-
vailing wetting rate, wettability, and especially grain texture and
pore structure.

Understanding and quantifying the effects of trapped gas in
oil reservoirs is a challenge, particularly for carbonate rocks
which have an unusually complex multiscale heterogeneous pore
structure causing unique fluid retention and flow properties
(Godoy et al., 2019; Sun et al., 2017). Carbonate hydrocarbon
reservoirs, including the Brazilian Pre-Salt, are the subject of
several scientific investigations due to their geological complex-
ity and economic value (Herlinger et al., 2017; Lima et al., 2022).

One of the main uncertainties in estimating recoverable
reserves of oil fields is the large variation in observed values of
trapped gas saturation (Sg). Various experimental and simulation

studies have been conducted to assess how selected porous
media properties affect the degree of gas trapping (e.g., Bona et
al., 2014; Jerauld, 1997). Pore structure and pore connectivity
play especially a key role in the gas trapping process. Gas
trapping is favored when wide pores are connected to narrow
throats, with a well-connected pore system disfavoring gas
trapping (Krevor et al., 2015). Fatemi and Sohrabi (2013) verified
the influence of wettability on gas trapping. They observed that
wettability to water leads to more gas trapping, probably due to
increased snap-off in such systems. Suzanne et al. (2003), Tanino
and Blunt (2013), and Kazemi et al. (2020), among others, found
that trapped gas saturation (Sg,) tended to increase with initial gas
saturation (Sg). Various studies have looked at the specific
relationships between porosity (&) and trapped gas saturation
(S¢), including factors causing values to deviate from established
correlations. Most of these studies involved sandstone rocks. For
example, Hamon et al. (2001) performed 300 S, measurements
on samples taken from three different sandstone gas reservoirs to
analyze their variation and trend with petrophysical properties.
S values ranged from 5% to 85%, with the plot of S, values
versus porosity showing two trends. For porosity values below
14%, Fontainebleau samples showed an increase in Sg as the
porosity decreased, while S, values decreased for two
sandstones. For samples with porosities above 14%, S, values
were on average 25-35% for the three analyzed reservoirs. In
these samples, clay presence was detected, showing that the
amount of clay controls the S,. The authors concluded that
increasing the clay content decreased gas trapping. Suzanne and
Billiote (2004) studied the influence of microporosity on S in
sandstones samples. They found that microporosity did not retain
gas due to the proportion between pore bodies and pore throat
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sizes and the gas diffusion mechanism. Ni et al. (2019) correlated
several trapping coefficients (notably the linear and nonlinear
Land trapping coefficients) with a range of petrophysical
parameters (porosity, permeability, heterogeneity degree)
estimated using computer tomography (CT) images. They found
that the trapping capacity of sandstones decreased with porosity
and increased with the degree of heterogeneity of the samples,
but that the pore size distribution had little or no impact on the
degree of CO, trapping. Kazemi (2020) evaluated the effects of
different parameters, including porosity, on S,, in unconsolidated
sandstones samples. They also observed that increasing the
porosity led to a decrease in Sy, consistent with other studies. No
favorable scenario was found for the snap-off trapping processes
in regions of high porosity. Compared to sandstones, relatively
few gas trapping studies have focused on carbonate rocks.
Tanino and Blunt (2012) evaluated the effects of pore structure
on capillary trapping in both sandstone and carbonate samples.
They found that capillary trapping increased mostly with
increasing pore body-to-throat aspect ratios and tended to
decrease with higher pore coordination numbers. They also
correlated trapped saturation with the microporosity fraction of
the pore volume but could not find a consistent relationship
between these two parameters. The microporosity part of their
samples had a pore aspect ratio and connectivity similar as those
of the macroporosity region. In another study, Khisamov et al.
(2020) proposed a method for estimating the saturation of
trapped gas based on quantitative characteristics of the pore
space structure and wettability. They found that the ratio between
pore bodies and pore throats controlled the trapping capacity of
their carbonate samples. They also showed that carbonate rocks
with large pores, especially when water-wet, had higher trapped
gas saturations. Our preliminary research showed a decreasing
trend of Sy, values with increasing porosity, similarly as several
carlier studies (e.g., Kazemi, 2020; Ruspini, 2017). However, we
noted a significant variation in the S, values for samples with
similar porosity. This indicated that, in addition to porosity, other
factors must have affected S,;. Motivated by these initial results,
we investigated the influence of specific properties on Sy of

carbonate rocks samples. Nuclear magnetic resonance (NMR),
capillary pressure by mercury injection (MICP) and 3D microto-
mography images (microCT) were used to obtain a better under-
standing of the complete pore space, including microporosity
and pore connectivity.

MATERIALS AND METHODS

In total, 46 carbonate rock samples were used for the Sy
analyses. The samples had porosities between 6% and 29.6%,
and permeability between 1.70 mD and 1440 mD. Of these
samples, 13 were used to analyze the pore size distribution using
NMR. The 13 samples were selected based on part of a S, versus
porosity plot which showed the greatest variability in the
measured gas saturation values. Fig. 1 shows a graph of S, versus
porosity for all carbonate samples. At a porosity of about 15%,
the values of S, varied from 18.4% to 64.3%. The 13 samples at
or near this porosity value we selected for analysis of the pore
size distribution; they are highlighted in Fig. 1 with different
colors and grouped in terms of Indiana limestones (IL), coquinas
(MC) from the Morro do Chaves formation in Brazil (Silveira et
al., 2022), and silurian dolomites (SD).

Table 1 provides a list of the carbonate samples that were
used, along with standard petrophysical properties (porosity and
permeability) of the samples and measured trapped gas values.
Below we provide details about the various measurements.

Trapped gas saturation tests

Procedures for estimating S, followed closely the approach
described by Aissaoui (1983). Samples (5.0 cm long and 3.8 cm
in diameter) were kept first for 24 hours in a controlled humidity
oven at (60 °C and a relative humidity of 40%) to ensure
completely dry plugs with air saturations at near 100%.
Coreflood tests were subsequently performed to determine air-
water S values by imbibing water under laboratory conditions.
We used a confining pressure of 1,000 psi (6.89 MPa)
and ambient fluid pressures, with the temperature being 21 °C.
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Fig. 1. Trapped gas saturation (Sg) versus porosity for all carbonate samples. The samples selected for the pore size distribution analysis are
highlighted according to their geological formation: Indiana Limestones (red circles), Coquinas (green circles), and Silurian Dolomites (pur-

ple circles).
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Table 1. Measured porosities (&), permeabilities (k) and trapped gas
saturations (Sg/) 13 carbonate rock samples.

Samples 7] k Y
(%) (mD) (%)
IL 09 01 16.3 10.9 35.0
IL 09 02 16.5 18.7 33.0
IL_09 03 16.1 10.5 27.4
IL 09 04 16.2 14.0 253
IL_09 05 15.8 7.4 18.4
IL_09 06 16.2 15.5 36.3
MCI15P1 B 16.3 10.6 36.0
MCI15P2 15.6 13.9 46.2
MC20P1 16.3 208.6 44.0
MC20P2 17.2 296.4 44.6
SD 35 03 16.6 1338.9 64.3
SD 35 04 16.6 1326.5 59.0
SD 35 05 15.9 117.3 51.0

The experimental apparatus comprised a positive displacement
pump, a confinement cell, pressure differential measurement
transducers, graduated glassware, and an image capture system
(Fig. 2).

After inserting the sample into the core holder, the confining
pressure was raised to 1,000 psi (6.89 MPa, the same confining
pressure used to measure the routine core properties). A positive
displacement pump was used to inject distilled water into the sys-
tem at a flow rate of 1 cm*/min. The distilled water was carefully
deaired to ensure that no gas was injected into the sample and
during the imbibition. The gas initially contained in the dry sam-
ples was displaced and collected at the equipment outlet during
a period of 24 hours. This information was recorded, along with
the time and temperature at which production occurred, to yield
estimates of S,

Nuclear magnetic resonance (NMR)

Nuclear Magnetic Resonance (NMR) is a technique that stands
out in the investigation of the physical and chemical properties of
materials in the oil and gas industry (Trevizan, et al., 2014). The
transverse relaxation time T, is obtained through controlled ra-
diofrequency pulses applied to previously saturated rock samples.
From T, it is possible to obtain various information about the po-
rous system, such as porosity, pore distribution, and permeability
estimation, among others (Alyafei, 2015).

Before the tests, the samples were submitted to vacuum for
8 h, and subsequently saturated with 30,000 ppm of a KCl solu-
tion at a constant pressure of 1.500 psi (10.34 MPa) to minimize
possible reactions of clay material in the samples.

Transducer
CoreHolder

To estimate the percentage of pores capable of retaining fluids
by capillarity, the NMR analyzes were performed with the sam-
ples at complete saturation and after centrifugation, thereby
providing estimates of irreducible saturation (S,,;) for determi-
nation of the T, cut-off value. The T, cut-off value is an essential
parameter in NMR measurements since its value differentiates
pores occupied by free fluid from pores occupied by fluid
trapped by capillarity. This approach assumes that free fluids oc-
cupy large pores while irreducible fluid preferentially occupies
the smaller pores (Lai et al., 2018).

The equipment used to acquire the NMR data was a low-field
Oxford spectrometer (model Geospect 12/53 3D Imager). Fol-
lowing the methodology of Meiboom and Gill (1958), the CPMG
sequence widely used in petrophysics was applied, leading to es-
timates of the porosity and pore size distribution. The approach
assumes that decay (relaxation) during magnetization is propor-
tional to the volume/surface ratio of a single pore/throat, which
makes it possible to obtain the pore size (r) using
r=V/S=p,T, O]
where V /S is the volume to surface ratio (um), p, is the surface
relaxivity (a rock specific scalar constant) (um/ms), and T, is the
transverse relaxation time.

Mercury intrusion capillary pressure (MICP)

Mercury intrusion capillary pressure (MICP) tests, in turn, are
widely used to assess the complexity and heterogeneity of the
pore throat structure (Li et al., 2016; Washburn, 1921). Through
this test, the capillary pressure curve per pore volume is obtained,
which can be transformed into a size distribution of the pore throat
radii. For the MICP measurements we placed the rock samples is
in a closed container under vacuum, and then filled the container
with mercury. Initially, pressure is used to fill the largest pores,
and as the pressure is increased, the mercury can enter the smaller
pores, thereby allowing all pores at the end of the experiments to
be filled with the non-wetting fluid (Washburn, 1921). The pore
throat radii are then calculated from the pressure data using

P 20|cos 6| )

= @
where P, is the capillary pressure (MPa), R, is the throat radius
(um), o is the surface tension (mN/m) and 0 is the contact angle
(°). Since MICP is a destructive technique, three subsampled
plugs (SD_35_03, MC20P2, and IL_09_05) were selected to ob-
tain the pore throat size distribution curves.

Integration of NMR and MICP results provides estimates of
the surface relaxivity (p,), which is needed to calibrate the relax-
ation time curve T, to produce the pore size distribution (Fleury
and Romero-Sarmiento, 2016). Approximating the pore network
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Fig. 2. Experimental setup used for the trapped gas (Sgr) measurements.
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as a bundle of cylindrical capillary tubes of radius r, the pore
structure can be correlated with T, by means of p, according to:

S 2nrl 2
(V) lind = r2l = ; = Tspherical = 3p2T2 (3)
cylinder

where [ is the length of the capillary, and 3 a shape parameter for
pores considered to be spherical (Ge et al., 2021; Lima et al.,
2020). If the pores are considered cylindrical, the shape parame-
ter becomes 2.

X-ray microtomography (microCT)

Investigations of pore structures at scales ranging from mi-
crometers to a few millimeters are possible using microCT scan-
ners that provide non-destructive 3D images of the internal struc-
ture of materials (Lima et al., 2022). Image acquisitions were per-
formed using CoreTOM equipment (Tescan/XRE) with a 25 pm
voxel size, while the images were reconstructed using the Acquila
reconstruction software (Tescan/XRE). Image processing was
carried out using Avizo 9.5 (Thermo Fisher Scientific). Image
segmentation into pores and the mineral matrix (Fig. 3) was per-
formed using the threshold tool (Otsuki et al., 2006). Threshold
values were determined by comparing the pixel size with the
NMR curve, with T, values first being converted to pore radii us-
ing Eq. (3) (Lima et al., 2020). After this, the pore structure was
analyzed by transforming the pore space into a skeleton showing
individual pores and throats in the pore network (Wildenschild
and Sheppard, 2013). The skeleton was subsequently used in the
PoreFlow software (Raoof et al., 2013) to obtain a more complete
quantitative understanding of the entire pore system.

RESULTS AND DISCUSSION
Pore size distribution analysis using T2 distribution graphs

Porosity values obtained using NMR showed good agreement
with the routine core measurements, and hence were considered
to be of good quality. According to Souza (2012), the porosity
values obtained by these two techniques are not expected to be
the same, but they should have errors less than approximately
about 2%.

The pore size distributions were analyzed using T, relaxation
time distributions since the T, values are proportional to pore
size, with its amplitude being directly related to the incremental
porosity of the sample (Shao et al., 2017). Silva et al. (2015) par-
titioned the pores of carbonate rocks into five different families:
micropores (T, values up to 1 ms), a transition from micropores
to mesopores (1 to 10 ms), mesopores (10 to 100 ms), a transition
from mesopores to macropores (100 to 1000 ms) and macropores
(T, values above 1000 ms). We used these transition regions to
facilitate a well-defined classification of pore sizes for the car-
bonate rocks because of their complex heterogeneous nature.

Figure 4 presents the pore size distributions of the six Indiana
limestone samples. Notice that the curves for the six samples
have very similar shapes, with the distribution of pore sizes and
average relaxation times being essentially the same regardless of
the selected sample. The plots themselves show bimodal distri-
butions with T,values varying between 0.1 ms and about 9000
ms. The bimodality T, distributions suggest that the samples are
composed of both micro/mesopores (on average 31% of the pore
volume) and macropores (about 69%). The bimodality also indi-
cates the presence of a discontinuous range of pore sizes reflect-
ing considerable heterogeneity of the samples.

Figure 5 shows the distributions of T, times of the four co-
quina samples. Samples MC15P1_B and MC15P2 exhibited bi-
modal curves reflecting the internal pore heterogeneity present
in these samples. The curves for samples MC20P1 and MC20P2,
on the other hand, are very much unimodal, thus highlighting the
far more homogeneous pore size distributions of these two sam-
ples. There is a predominance of macropores (about 77% of the
pores are in the macropores range), for microprosity and meso-
porosity this value is 23% on average for all samples. It is also
observed that the contribution of smaller pores concerning total
porosity is not significant.

Figure 6 shows the pore size distributions for the three silurian
dolomite samples analyzed. As observed for the Indiana limestone
samples, the curves for the three silurian dolomite samples show
similarity between them, showing that, regardless of the selected
sample, it will represent well the other two samples analyzed. T,
values range from 0.1 ms to 9000 ms in a unimodal distribution.
The high occurrence of pore size above 100 ms (average of 79%)
suggests that the sample is formed mainly by macropores.

Fig. 3. MicroCT slices of sample MC20P2 with a voxel size of 25: (A) Grayscale image with pores in black and the rock matrix in gray; (B)

Grayscale image with the segmented pores in blue.
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Indiana Limestone
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Fig. 4. Distribution of T, times for Indiana limestone samples (top) and volumetric fractions of the pore space partitioning (micropore,
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Silurian Dolomite
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Fig. 6. Distribution of T, times for silurian dolomite samples and volumetric fractions of pore space partitioning (micropore, mesopore, and

macropore).

Kazemi et al. (2020) previously listed S, values for lime-
stones having porosity values of 15% (similar porosities as our
samples as shown in Fig. 1). Their S, values ranged from 40%
to about 60%, consistent with our silurian dolomite and coquina
results, except for coquina sample MC15P1 B. When analyzing
the T, time distributions of the Indiana limestone samples, in
comparison with the other samples, we noted that this group had
the highest percentage of microporosity. According to Suzanne
and Billiote (2004), among others, high levels of microporosity
diminishes gas trapping due to the low proportion of pore body
and pore throats. This is also consistent with MC15P1_B coquina
sample having an S, value of 36%, not too much different from
those of the Indiana limestones. The proportion of micro- and
meso-porosity porosity for this sample was 31%, while the aver-
age of the coquina samples was only 23% (the same as for the
Indiana limestone samples). Micro/mesoporosities greater than
30% hence seemed to have negative influence on gas trapping.

A useful complementary analysis to NMR is the characteriza-
tion of the distribution of pore openings (e.g., their radii) using
MICP. With this approach, the entire pore system represented by
pore bodies (corresponding to the largest voids) and pore throats
(connections between pore bodies) can be evaluated (Yuan and
Rezaee, 2019). Figure 7 shows the pore throat size distributions,
obtained via MICP tests, for the analyzed samples, as well as the
volumetric fraction of pores partitioned into micro-, meso- and
macroporosity. As noted earlier reported, only three samples
were submitted to MICP tests based on the choice of S, values
(high, medium, and low value), i.e., samples SD_35_03 (silurian
dolomite), MC20P2 (coquina), and IL 09 05 (Indiana lime-
stone). The throat size partitioning scheme described by
Gyllensten et al. (2008) was used to differentiate between

different regions of the pore system: micropores from 0 to 0.5
pum, mesopores from 0.5 to 5 um, and macropores above 5 pm.

The pore throat size distribution graph for the Indiana lime-
stone sample in Fig. 7 shows a high percentage of throats in the
micro/mesopore scale, about 60%, indicating that this sample is
mostly composed of pores connected to small throats. The other
two samples had similar profiles, indicating that the coquina and
silurian dolomite samples contain mostly pores connected to
large throats, with the volumetric fractions in the macroporosity
scale being 88% and 77%, respectively.

The combined use of NMR and MICP results enables a con-
version of the relaxation time distributions into pore radii distri-
butions by superimposing the NMR curve over the MICP curve,
and equating the peaks of the curves. Once it is verified that the
distributions are well correlated, the surface relaxivity p; in Eq.
(1) can be adjusted until the distributions present the same max-
imum as seen in Fig. 8 (Lima, et al., 2020). This correlation of
the results makes it possible to partition the pores (e.g., Gyllen-
sten et al., 2008).

Correlations of the NMR and MICP curves for samples
SD 35 03 (silurian dolomite), MC20P2 (coquina) and
IL_09_05 (Indiana limestone) are presented in Fig. 8. The Silu-
rian Dolomite sample shows a reasonable correlation between
the two curves, with the sample containing mostly macropores
(about 77% of the pores), connected to large throats. The per-
centage of micropores and mesopores is only 23%, indicating
that microporosity does not significant contribute to total poros-
ity. The Coquina sample similarly shows a good close overlap-
ping of the NMR and MICP curves. The sample is formed mainly
by macropores (about 69% of the pores) connected to large
throats, while the percentage of micro- and mesopores being 31%.

16



Effects of pore size and pore connectivity on trapped gas saturation

Distribution Function

Tid e e e
= Silurian Dolomite
1 Coquina
= Indiana Limestone
0.8
= = Micropore
0.6 - = Mesopore
= = Macropore
0.4
0.2
0
0.001 0.01 0.1

Pore Throat (um)

100%

0% mSilurian Dolomite
s m Coquina

70%

§0% mindiana Limestone
50%

40%

30%

Porous Volume Fraction (%)

20%

Micropore

10% I I I

Mesopore Macropore

Fig. 7. Pore throat size distributions of the silurian dolomite, coquina, and Indiana limestone samples and volumetric fractions of the pore
space partitions (micropore, mesopore and macropore) for each group of samples.

1.2

Distribution Function
=
-

0.001 0.01

Silurian Dolomite

p2 = 13 ym/s SNl

—ICP

0.1 1 10 100 1000
Pore Throat (um)

Coquina

— AR

p2 = 9 um/s

— I

0.8

0.8

Distribution Function

0.001 0.01 0.1 1 10 100 1000
Pore Throat (um)

Indiana Limestone

1.2
;| P2= 8 ym/s
0.8

0.6

Distribution Function

0.001 0.01

0.1 1 1
Pore Throat (pm)

e IR
— I CF

0 100 1000

Fig. 8. Correlation between the NMR and MICP results for silurian dolomite sample SD_35_03, coquina sample MC20P2 and Indiana

limestone sample IL_09_05.

17



Caroline H. Dias, Felipe M. Eler, Carlos Cordeiro, Mateus G. Ramirez, José A. Soares, Denise Nunes, Maira C.O. Lima, Paulo Couto

By comparison, Indiana limestone sample IL_09 05 shows a
relatively poor correlation in Fig. 8 between the NMR and MICP
curves. Still, both curves indicate a bimodal pore distribution,
with pore throats in mostly the micropore and mesopore regions.
The MICP analysis indicates that about 54% of the pore throats
are in the micropore and mesopores regions (following the
scheme of Gyllenstein et al., 2008). With this analysis, we
corroborate the view that Indiana limestone sample (IL_09 05)
is formed mainly by small pores connected to small throats, un-
like the two other samples. Fig. 8 also presents important infor-
mation about the relaxivity p,. The values used here (8, 9 and 13
um/s) are typical of carbonate rocks.

The results obtained using NMR and MICP showed that the
Indiana limestone samples have a high percentage of micropores
and mesopores in their structure and that these pores are
connected to throats also at the micropore and mesopores scale.
Thus, we conclude that the microporosity and mesoporosity in
these samples are the main cause of the low S, values, conform-
ing that gas trapping decreases substantially with an increase in
relatively small pores. According to Jerauld (1997), gas trapping
in micropores is not effective and will occur only at relatively
high initial or maximum gas saturations. Changes in the
saturation of trapped gas with increasing maximum gas satura-
tion decreases with increasing maximum gas saturation, eventu-
ally approaching zero, thus indicating little entrapment in
microporosity.

The silurian dolomite and coquina samples did not show sig-
nificant proportions of micropores in their structures in terms of
changing the trapping capacity of these samples. To further in-
vestigate this, we investigated the pore structure of these samples
using microCT, in addition to obtaining estimates of the pore size
distribution (via NMR) and the pore throat size distribution (via
MICP). The skeletons generated for each sample made it possi-
ble to extract information about the pore connectivity (Godoy et

al., 2019; Sahimi et al., 2012). The coordination number (or pore
connectivity) represents the number of pore bodies that are
connected with adjacent pores. Fig. 9 presents a comparison of
coordination number versus frequency of the silurian dolomite
SD 35 03 and coquina MC20P2 samples. The silurian dolomite
sample showed better connectivity than the coquina sample. The
coquina sample, in turn, had a higher frequency of pores
connected (up to 7 throats). These results are opposite to those
observed by Jerauld (1997), likely because the silurian dolomite
sample with its better connectivity than the coquina sample,
generated greater gas trapping.

For better characterization of the connectivity, a pore
frequency graph by connection number was generated for
different pore radii (Fig. 10). For pores with smaller radii we
observed that coquina presents a higher frequency for all
coordination numbers. Once the pore radius increases, the
frequency became higher for the silurian dolomite sample
regardless of coordination number. Making a parallel with the S,
values, we observed that profile of samples that trapped more gas
are the samples that have pores with larger radii and better
connectiveness. According to Blunt et al. (2013), the water films
increase in the throats and along the pore walls as the water
pressure increases during imbibition of water-wettable rocks.
This increase occurs until the non-wetting fluid (gas in our case)
loses contact with the surface of the solid. In this situation, all
engulfed throats can become filled by wetting fluid while the the
non-wetting phase is retained in the pore bodies, leading to a
considerable amount of trapping in those pores since they
contain most of the void volume in a rock (Fleury and Romero-
Samiento, 2016; Krevor et al., 2015). Even with the silurian
dolomite samples having pores better connected than the coquina
samples (which would make gas trapping difficult), the
frequency of larger pores in its structure was decisive to favor
more gas trapping as compared to the coquina samples.
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Fig. 9. Comparison of coordination numbers by frequency of silurian dolomite samples SD_35 03 (in purple) and of coquina sample

MC20P2) (in green).
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Fig. 10. Pore frequency by coordination number for different pore sizes for the silurian dolomite (SD) and coquina (MC) samples.

CONCLUSIONS

Our research focused on the effects of pore structure, pore
size distribution and pore connectivity on observed values of Sy
in carbonate rock samples having very similar porosity values.
NMR and MICP studies were performed on silurian dolomite,
coquina, and Indiana limestone samples. Integration of the NMR
and MICP methods enabled the estimates of the surface relaxa-
tion necessary to transform relaxation times into the pore size
distribution, which in turn enabled the partitioning of pores into
micro-, meso-, and macropores. MicroCT images were further
used to obtain skeletons that provided the necessary input data
(points, segments, and nodes) to generate 3D pore spaces and
their connections.

The analysis of the pore bodies and pore throats through
NMR and MICP could explain some of the observed variations
in measured S, values. For the Indiana limestone samples a con-
siderable volume of pores existed within the micropore and mes-
opore ranges. Since microporosity interferes with effective gas
trapping, this caused lower S, values of these samples compared
to the coquina and Indiana limestone plugs with less micropores
and mesopores in their pore structure.

The 3D characterization of the pore space using microCT im-
ages provided an attractive means of explaining the high S, val-
ues obtained for the silurian dolomite and coquina samples. We
observed that even with a well-connected pore network, the fre-
quency of pores with larger radii was decisive for greater trap-
ping of the silurian dolomite sample compared to the coquina
sample, thus showing that pore radii exert a greater influence on
gas trapping than pore connectivity.
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