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Shale porosity measurements have crucial scientific and economical applications in unconventional
petroleum systems. As a standard technique, liquid saturation methods, including water saturation (WS)
and oil saturation (0S), have been widely used to measure the porosity of many rock types. For clay-rich
shale reservoirs with high organic matter content, it is well known that the WS method may cause clay
swelling and induce structural changes in the pore system. The OS method affects the accuracy of
porosity measurements because of some of the oil being dissolved by kerogen within the shale; however,
this has not received sufficient research attention. In this study, we compare the previously reported and
newly tested OS porosities with helium (He) expansion porosity. Results show that OS porosity generally
exceeds the He porosity. Furthermore, the higher the total organic carbon (TOC) content and lower the
maturity of shale, the greater the difference between the OS and helium porosities. When using the OS
method, the effect of kerogen-dissolved oil causes an overestimation of the shale porosity by ~30%. To the
best of our knowledge, this is the first time to note the kerogen-dissolve oil effects on OS porosity. Herein,
we propose a new, simple, and effective correction method for estimating OS porosity that involves
subtracting the kerogen-dissolved oil content from raw OS porosity. In addition, the quantification model
of kerogen-dissolved oil capacity is established, taking into account the abundance and maturity of
organic matter. Taking the He porosity as the benchmark, the absolute error of the corrected OS porosity
does not exceed 1% and the average relative error is only ~10%. The obtained results can help improve the
accuracy of shale porosity evaluation methods.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

et al., 2014; Anovitz and Cole, 2015). The gas expansion method
developed by the Gas Research Institute (GRI), employing Boyle’s

Porosity measurement has always been a key parameter in oil
and gas reserve, reservoir as well as carbon dioxide (CO,) storage
evaluation. Fluid injection techniques, including gas expansion,
liquid saturation or immersion, gas adsorption, and mercury
intrusion porosimetry, are currently used to directly measure rock
porosity (Anovitz and Cole, 2015). Amoung them, gas adsorption
and mercury intrusion methods have limited resolutions in shale
pore size (e.g., gas adsorption detects pores < 200 nm and mercury
intrusion method detects pores > 7 nm) (Josh et al., 2012; Al Hinai
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law and injecting gas (e.g., helium) into the rock for testing pore
volume, is considered one of the most accurate methods for
measuring porosity in low-permeability rocks (Luffel and Guidry,
1992; Anovitz and Cole, 2015). In liquid saturation methods, rock
porosity is determined by saturating a clean, dry sample with a
liquid of known density. The pore volume of the sample is calcu-
lated based on the weight difference between the fully saturated
and dry states, and the bulk volume is determined by immersing
the sample in liquid and using the Archimedes’ Principle.
Compared with the He approach, the saturated fluid method not
only provides rock porosity value, but also provides pore structure
and fluid information when the fluid-saturated sample is further
subjected to NMR tests. The key factor considered is the choice of
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saturating fluid. Commonly used saturating fluids are water and oil.
Kuila et al. (2014) proposed the water immersion porosimetry
(WIP) method for measuring gas shale porosity. Lately, many
scholars have believed that WIP causes clay mineral swelling,
thereby destroying shale pore structures (Topor et al.,, 2016; Ai
et al,, 2021; Zhao et al., 2021), and they have recommended brine
as a saturating fluid. However, Zhou et al. (2021) reported that shale
breaks into slag after saturation with brine. In addition, brine may
not be able to enter the organic pores and for mature shale with
high TOC, the water or brine saturation (WS) porosity is smaller
than the gas porosity (Saidian et al., 2014).

To avoid these issues, some scholars recommend saturating
shale samples with light kerosene or n-dodecane (n-Cy3) to mea-
sure porosity (Gannaway, 2014; Kausik et al., 2014; Ousseini Tinni,
2015; Zhang et al., 2017). In our previous studies, we proposed an
NMR method for evaluating shale porosity and pore-size distribu-
tion based on the differences in T, spectra between the fully n-
dodecane (n-Cyq;) saturated and dry states of the samples (Li et al.,
20193, 2019b). In this work, although shale porosities determined
using the oil saturation (OS) method show an excellent correlation
with the NMR method, both methods do not consider the effect of
kerogen-dissolved oil. During the oil imbibition process, a portion
of the oil enters the kerogen skeleton (Fig. 1) because of the oil-
absorbing properties of kerogen polymers and the strong interac-
tion between kerogen and organic solvents (DiStefano et al., 2019),
which has been confirmed by geochemists studying kerogen
characteristics (Ritter, 2003; Kelemen et al., 2006). Qil imbibition/
dissolution into the kerogen skeleton increases the mass of the oil-
saturated samples but does not contribute to the porosity of the
rock. This causes an overestimation of OS porosity. As reported by
scholars, porosity determined using the OS method is generally
larger than that obtained using the He method (Fig. 2). In particular,
the lower the maturity and the higher the TOC of the kerogen, the
greater the amount of oil it absorbs (Jarvie, 2014), increasing the
porosity difference between the two methods.

The He approach has been identified as a standard method for
measurement of shale porosity according to the Chinese National
Standard GB/T34533-2017. Herein, we consider helium porosity as
the benchmark and propose an OS porosity correction model
considering the oil dissolution effect by different thermally
matured kerogens. Subsequently, the model is validated using the
new porosity data and the porosity data from previous studies. We

Oil in pores
Mineral

Kerogen |
(OMm)

Oil dissolved in
OM matrix

Fig. 1. Schematic of oil occurrence in pores and organic matter matrix in shale sample
(modified after Zhu et al., 2020).
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Fig. 2. Porosity comparison between gas expansion and oil saturation methods re-
ported by previous studies (Gannaway, 2014; Ousseini Tinni, 2015; Zhang et al., 2017,
2020; Sang et al., 2018; Bhandari et al., 2019; Gong et al., 2020).

hope this provides new perspectives for the accurate measurement
of shale porosity.

2. Samples and methods
2.1. Samples

A total of 15 shale core samples were selected from the first
member of the Qingshankou Formation in the Gulong Sag, Songliao
Basin, Eastern China. The shale oil reserves in the Gulong Sag are
approximately 1.268 billion tons, successfully developed in recent
years. For the selected samples, thermal maturity (vitrinite reflec-
tance, %R,) is between 0.79% and 1.65%, the total organic carbon
content (TOC) ranges from 0.1 to 9.35 w.t.%, and the organic matter
is mainly dominated by type II kerogen. Minerals mainly comprise
clay minerals (av. ~38%), quartz (~22%), dolomite (18%), and
plagioclase (~11%). Clay minerals mainly comprise illite (~51%) and
mixed-layer illite/montmorillonites (~36%). The geochemical char-
acteristics and mineral composition of each sample are presented
in Table 1.

2.2. Methods
(1) Workflow

Fifteen core plugs with a diameter of ~2.5 cm and height of
3—5 cm were obtained via wire cutting. Each plug was extracted,
submitted to He porosity measurement, and saturated with oil (n-
dodecane, n-Cy3) for OS porosity measurement.

Among the 15 core samples, seven were subjected to kerogen
isolation. The dissolved oil (n-Cy2) experiment of increasingly
mature kerogen was performed to determine the oil-dissolving
capacity of organic matter, which was applied for correcting OS
porosity. The OS and He porosities were compared to verify the
model. The evaluation process is shown in Fig. 3.

(2) Experiments
a. He porosity measurement (¢ye):

The as-received shales were subjected to chloroform
extraction for 4 weeks and dried at 65 °C for 12 h to
remove the residual fluids. Before the gas porosity mea-
surement, the diameter and height of each plug were
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Table 1
Geochemistry and mineral composition of shale samples used in this study.
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No. Ro, % TOC, w.t.% Mineral composition, % Clay components, %

Clay Quartz Plagioclase Calcite Dolomite Pyrite Others I/S It K C
1 0.79 9.35 34.2 16.8 134 0.0 249 6.4 43 46 49 3 2
2" 0.83 2.67 14.9 12.5 4.0 0.0 60.4 5.1 3.1 — — — —
3" 0.94 2.45 20.7 8.1 2.1 0.0 61.3 34 44 — — — —
4 1.03 3.51 - - — — — — - — — - —
5" 1.05 141 52.9 215 13.2 1.1 6.4 2.7 22 42 56 0 2
6 1.09 5.61 - - — — — — — — — — —
7" 1.21 1.67 41.8 244 15.5 5.4 0.0 5.9 7.0 34 57 0 9
8" 1.24 2.61 47.8 30.2 8.5 5.8 1.7 34 2.6 44 40 6 10
9 1.26 2.83 453 220 10.2 0.0 14.4 2.8 53 44 54 2 0
10 1.32 2.56 45.0 203 12.7 3.1 09 10.5 7.5 40 47 4 9
11" 1.37 3.75 514 25.9 10.3 6.7 0.0 5.7 0.0 38 45 7 10
12 141 0.10 30.0 0.0 20.7 4.8 0.0 0.0 445 17 48 0 35
13 1.61 2.56 51.7 26.1 14.9 0.0 5.7 0.0 1.6 29 59 3 9
14 1.63 1.22 225 94 53 3.8 429 10.0 6.1 — — - —
15" 1.65 2.15 45.6 24.8 134 0.0 8.4 52 2.6 34 56 0 10

Note: * Represent the samples for kerogen isolation; "—" represent no data analysis; "I/S" represents mixed-layer illite/montmorillonites, "It" represents illite, and "K" and "C"

represent kaolinite and chlorite, respectively.
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Fig. 3. Brief workflow of the evaluation process.

measured using a vernier caliper for calculating the bulk
volume V. The helium porosity measurements were per-
formed using a PoroPDP-200 porosimeter produced by
CoelLab, USA.
. Pressurized saturated oil experiment

After He porosity measurements, dried shales were
weighed (my) and vacuumed for 24 h, and saturated with
n-Cqp for 72 h at a fluid pressure of 15 MPa. After satura-
tion, the samples were weighed again (m;). The detailed
procedure of the saturation experiment can be found in
our previous study (Li et al., 2019a). Shale porosity ob-
tained using the OS method (¢.s) is given as follows.

my —m
po xV

o

x 100%, (1)

Pos =

where p,, is the density of the saturating fluid (n-Cy,) in g/cm> and V
is the bulk volume of sample in cm?>.
c. Kerogen-dissolved oil quantification

Kerogen separation was performed by the traditional acid
digestion method recorded in the Chinese National Standard GB/
T19144-2010. In this work, the shale core samples were crushed
to less than 200 mesh, and then treated with the HCI solution for
48 h to remove carbonates. After that, solid residue was collected by
filter paper and then dried in an oven overnight at a temperature of
60 °C. Then, the HF and HCl mixture solution (1:1) was used to
remove silicates. Subsequently, the extractable organic matter was
removed by Soxhlet extraction using toluene as organic solvent.
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After the above procedures, kerogen was obtained.

Each isolated kerogen sample was poured into a stoppered glass
tube with quartz wool at the bottom. The initial height (H;) of
kerogen was measured using a vernier caliper. The tube was
immersed into n-Cq3 (25 °C, 72 h) and centrifuged at 8000 rpm for
60 min to remove the bulk fluids between the kerogen particles
(Sun et al., 2019). After centrifugation, kerogen height was recorded
again as H,. The kerogen swelling ratio was calculated using the
ratio of the two heights. After that, the dissolved oil of kerogen was
accordingly quantified as follows (Wei et al., 2012).

H,
QV:H_17 (2)
(QV — 1) X po (3)

Ma= p < TOC, '

where Hj is the initial height of kerogen in mm; Hj is the height of
kerogen after centrifuge in mm; p, and py are the densities of n-Cy;
and kerogen, respectively in g/cm?; TOCy is total organic carbon
content of kerogen, w.t.%; and My is the dissolved oil content of
kerogen in g oil/g TOC.

3. Results and discussions
3.1. Shale porosity

The porosities measured using the helium method (¢ye) and the
oil saturation method (¢qs) are listed in Table 2 ¢ye ranges from
2.58% to 11.84%, with an average of 7.94%. Fig. 4a shows the rela-
tionship between He porosity and mineral content. ¢y is positively
correlated with clay minerals and quartz; however, it is negatively
correlated with dolomite, indicating that the inorganic pores of
shale are mainly attributed to clay pores and quartz intergranular
pores. Previous studies reported that the carbonate minerals in
Gulong shale are concentrated in the ostracod limestone, and in the
silty laminae within fine sandstone and mudstone, calcite and iron
cement can be seen filling in between debris particles as well as
some residual intergranular pores (Liu et al., 2018; Bai et al., 2022),
thus decrease the porosity. In general, the porosity of shale with
high maturity and well-developed organic pores positively corre-
lates with the TOC (Milliken et al., 2013). Because of the wide
maturity range of the selected samples used in this study, the
correlation between He porosity and TOC is complex (Fig. 4b).



J.-B. Li, M. Wang, H.-M. Shao et al.

Table 2
Porosity comparison between He expansion and oil saturation methods.
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No. Bulk density, g/cm® PHer % Saturated oil method Corrected saturated oil method
Pos» % Absolute error, % Relative error, % Pos-c» % Absolute error, % Relative error, %
1 2.16 5.79 10.74 4.95 85.49 4.27 1.52 26.21
2 2.56 333 5.66 233 69.97 3.65 0.32 9.55
3 2.66 2.98 447 1.49 50.00 292 0.06 2.03
4 2.44 8.26 10.58 2.32 28.09 8.92 0.66 8.05
5 2.43 11.84 12.02 0.18 1.52 11.01 0.83 7.02
6 2.34 11.62 13.64 2.02 17.38 11.42 0.20 1.70
7 2.49 10.59 10.60 0.01 0.09 10.57 0.02 0.20
8 2.44 9.68 11.39 1.71 17.67 10.58 0.90 9.31
9 2.57 5.90 8.41 2,51 42.54 7.52 1.62 2747
10 245 9.00 10.18 1.18 13.11 9.50 0.50 5.54
11 2.40 10.12 11.82 1.70 16.80 10.94 0.82 8.14
12 2.50 7.66 8.50 0.84 10.97 8.48 0.82 10.67
13 241 9.48 11.34 1.86 19.62 10.97 1.49 15.71
14 2.78 2.58 2.76 0.18 6.98 2.56 0.02 0.76
15 2.52 10.28 8.06 - - 7.76 2.52 24.51
Min 2.16 2.58 2.76 0.01 0.09 2.56 0.02 0.20
Max 2.78 11.84 13.64 495 85.49 11.42 2.52 2747
Average 2.48 7.94 9.34 1.66 27.16 8.07 0.82 10.46
Note: "—" represents non valid data.
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Fig. 4. Relationships between He porosity and (a) mineral composition and (b) TOC content.

Overall, moderately mature (R,< 1.0%) and highly mature shale
(Ro > 1.0%) show positive correlations between He porosity and
TOC. The slope of the latter line is steeper, indicating that more
organic pores are developed in the shales with higher maturity.
The porosity measured by the oil saturation method () ranges
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from 2.76% to 13.64%, with an average of 9.34%. Except for sample
No. 15, ¢os values are greater than ¢ye values (Fig. 5), confirming
previous reports (Fig. 2). Moreover, the deviation between ¢,s and
oHe increases with increasing TOC. Setting shale porosity measured
by the He method as the benchmark, porosity determined via the
oil saturation method is overestimated by 0.01%—4.95%
(average = 1.66%). The relative errors of the two methods range
from 0.01% to 85.49%, with an average of 27.16% (Table 2). That is,
kerogen-dissolved oil causes an overestimation of shale porosity by
~30%. Furthermore, the higher the TOC and the lower the maturity
of shale samples (e.g., Nos. 1-3, 6), the higher the overestimation of
porosity using the oil saturation method. For shale samples with
low TOC (e.g., Nos. 7, 12), ¢os is almost equal to ¢pe.

3.2. Dissolved oil capacity of kerogen

The swelling ratio of seven kerogen samples (%R,, 0.83%—1.65%)
ranges from 1.045 to 1.232, with an average of 1.098. As the
maturity increases, the swelling ratio decreases. A similar trend
was reported by Wei et al. (2012), who investigated the swelling of
variably matured kerogens obtained from the gold tube thermal
simulation experiments. The dissolved oil capacity of kerogen is
mainly controlled by the kerogen structure. With increasing
maturity, the aromatization degree and crosslink density of
kerogen increase (Larsen et al.,, 2002), reducing the capacity to
dissolve oil. According to dissolved oil experiments of kerogen re-
ported by previous scholars (Kelemen et al., 2006; Wei et al., 2012)
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and test results of this study (Fig. 6), we conclude that the thermal
maturity ranges from 0.5% to 1.65% and the dissolved oil capacity of
kerogen is ~0.45—0.05 g oil/g TOC. Kerogen-dissolved oil capacity
(Mg, g oil/g TOC) can be expressed as follows.

Mg = 1.1946 x e~ 2022xRo (4)

3.3. OS porosity correction

In the process of oil saturation, owing to the effect of kerogen-
dissolved oil, the weight difference between saturated shale and
dried shale is higher than that of the oil entering the pores, causing
overestimation of OS porosity. Therefore, the amount of oils dis-
solved in kerogen should be deducted when using the oil saturation
method for measuring shale porosity. Combining Eqgs. (1) and (4),
the OS porosity should be corrected as follows.

my —my — my xTOCx My 5
Gos_c = ;) 00— x 100%
o
— os — 1.1946 x e 2022xRo  TOC » 70| (5)

Po

where ¢qs.c is the corrected porosity obtained using the saturated
oil ;nethod in % and py, is the bulk density of the shale sample in g/
cm”.

Based on the TOC and maturity data of the 15 shale samples
used in this study, the corrected OS porosity ranges from 2.56% to
11.42%, with an average of 8.07%. It is in good agreement with
corrected OS and He porosities, with an average absolute porosity
error of no more than 1% and a relative error of only ~10% (Table 2).
Some samples still have high relative errors even if the corrected OS
method is used, such as No.l1 and No.9, whose error exceed 25%.
Considering that the error of these two samples is high when using
the OS method, the relative error may be caused by sample
heterogeneity.

In addition, by combining the data of He porosity, OS porosity,
TOC, and maturity reported by previous studies, the OS porosity can
be corrected via Eq. (5). Furthermore, a good agreement is found
between the corrected OS porosity and He porosity (Fig. 7a), and
these porosities are distributed on both sides of the diagonal (1:1),

Petroleum Science 20 (2023) 3273—-3279

with an absolute error not exceeding 2%. The linear correlation
coefficient is 85%, further proving the reliability of the correction
model.

3.4. Uncertain analysis

There are two key factors when studying shale porosity using
the fluid saturation method: one is the aforementioned choice of
saturating fluid and the other is the pretreatment of the samples
(Kuila et al., 2014). All porosimetry techniques involve removing
naturally occurring formation fluids in the as-received shale cores
before saturating the pore system with a measurable volume of
external fluids. Unlike gas shale, oil-bearing shale samples have
relatively low-maturity and high-viscosity fluids, and a small pore
throat system. Thus, oil-bearing shales should be crushed first (i.e.,
GRI method) and extracted using a relatively strong polar solvent
for a long time, such as 4 weeks, as recommended by Handwerger
et al. (2011). For extraction, chloroform and toluene (or dichloro-
methane and methanol, 93:7) are the most commonly used sol-
vents and can extract most of the soluble organic matter, causing
substantial pore-space recovery (Zargari et al., 2015). The solvent
extraction process extracts the oil components generated by and
dissolved in kerogen; however, if the sample pretreatment is not
thorough, kerogen-dissolved oil remains in the shale before the
saturation process, preventing the solvent from entering the
kerogen. Besides, kerogen will expands in volume after oil ab-
sorption, resulting in reduced pore volume. However, this was not
considered in this work. There are some minor errors between the
corrected OS and He porosities because of the heterogeneous and
complex nature of the shale composition and pores. The errors in
shale plug volume and mass measurements could also affect the
porosity values, and the possible sources of uncertainty related to
shale porosity were discussed in detail by Yang et al. (2016).

The shale TOC can be used to roughly correct the OS porosity
when the maturity and bulk density of the shales are unknown.
Sandvik et al. (1992) proposed that the S; retention capacity of
kerogen is 0.1 g HCs/g TOC. Considering the heavy hydrocarbons in
pyrolysis S, peak, the oil (bitumen “A” extracts) retention capacity
of kerogen is ~0.2 g oil/g TOC (Wang et al., 2019). Using this value,
we roughly corrected the OS porosity of this study and previously
reported data, as shown in Fig. 7b. Except for the relatively large
deviations of a few samples from the studies performed by Zhang
et al. (2020) and Gong et al. (2020), the correction results show
good consistency with the He porosity, and the two are evenly
distributed on both sides of the diagonal.

4. Conclusions

In a comparison between OS and He porosities of newly tested
15 shale core samples and previously reported results, the
following two observations were made.

(1) OS porosity exceeds the He porosity. The lower the maturity
and the higher the TOC of the shales, the greater the differ-
ence between the two porosities.

(2) A correction model for OS porosity is proposed using the TOC
and maturity data of the core samples. The corrected OS
porosity is consistent with the He porosity. When the shale
maturity is unknown, a kerogen-dissolved oil capacity of
0.2 g oil/g TOC is recommended to roughly correct the OS
porosity.
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Nomenclature and glossary

oS Oil saturation

WS Water saturation

PHe Porosity obtained by He method, %

Pos Porosity obtained by oil saturation method, %

Do Density of saturating oil, g/cm>

Pk Density of kerogen, g/cm>

Db Bulk density of shale sample, g/cm?

1% Bulk volume of sample, cm?

my Dried shales weighed, g

my Oil-saturated shales weighed, g

Hq Initial height of kerogen in kerogen-dissolve oil
experiment, mm

Hy Height of kerogen after centrifuge, mm

Qv Kerogen swelling ratio

TOC Total organic carbon, w.t.%

TOCk Total organic carbon content of kerogen, w.t.%

Ro Vitrinite reflectance, %

My Dissolved oil content of kerogen, g oil/g TOC

Pos-c Corrected porosity obtained by the saturated oil
method, %
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