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ABSTRACT: The geochemical and petrophysical characteristics of the Lower Paleozoic shales (the Lower Silurian Longmaxi
Formation and the Lower Cambrian Niutitang Formation) in southern China have been well documented in recent years.
However, the water content in these shales is less studied. Since water and hydrocarbons concomitantly distribute in the pore
spaces of the shale reservoir, the water in the shale reservoir is important to the evaluation and development of its hydrocarbon
resources. In the present study, the water content (Cpy) and equilibrium saturation (Sgy) of the two sets of overmature organic-
rich shales, which were, respectively, collected from the Niutitang Formation of Fengye 1 well (FY1) and the Longmaxi
Formation of Yougian 1 well (YQ1) in the Upper Yangtze Region of southern China, were investigated. The results show that
the Cpy of the FY1 and YQI shales is 4.17—5.29 mg/g and 3.70—5.06 mg/g, respectively; the Sgy of the FY1 and YQ1 shales is
34.23—42.72% and 38.07—45.51%, respectively; and both sets of shales are in a subirreducible water-equilibrated state. The Cpy
and Cgpy of these shales have positive correlations with their TOC content, total porosity, surface area, and pore volume of both
the micropores and nonmicropores, but the Sgy has negative correlations with these parameters, indicating that the organic
matter in these shales holds some water and that the TOC content mainly controls the Cpy, Cgpy, and Sgy. According to the
regression lines in the TOC content vs Cyy plots and the TOC content vs Cgpy plots, the water equilibrium saturations of the
organic-hosted pores (Sow) and inorganic-hosted pores (Spy) were estimated. The Spy of these shales is greater than the Sqy,
and the Spy/Sow ratio of the FY1 and YQI shales is 2.28 and 2.04, respectively, quantitatively indicating that the organic-hosted
pores of these overmature shales are less hydrophilic than the inorganic-hosted pores. Therefore, for a set of overmature shales
(FY1 or YQ1), with increasing TOC contents, the organic-hosted pore content increases and provides more storage space for
the water in the shales, but the bulk hydrophilia of the shales reduces, leading to an increase in the Cy and Cgpy and a decrease
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1. INTRODUCTION

The water content in a shale gas reservoir is important for
evaluating its gas resources,"” as it significantly influences both
the free and absorbed shale gas content.”* The Lower Silurian
Longmaxi Formation and the Lower Cambrian Niutitang
Formation organic-rich shales with equivalent vitrinite reflec-
tance (EqRo) values of 2.5—4.5% developed widely in the Upper
Yangtze Region of southern China.”® The two sets of
overmature shales are now the crucial strata for shale gas
exploration in China’~” and have contributed more than 95% of
shale gas production in China with an annual yield of shale gas of
more than 90 x 10° m>.*'”"" In recent years, the geochemical
and petrophysical characteristics of the two sets of shales have
been well documented.'””'® Though undergoing intense
dehydration during the diagenetic and thermal evolution
stages,w_w the Lower Paleozoic overmature shales in southern
China were generally found to contain connate water.”””!
However, the water content in these shales is less studied, and
the shale gas-producing areas in southern China generally lack
the water content data, affectin% the evaluation and prediction of
shale gas potential in this area.””*’

The water content in shale strata is affected by several factors
other than geological environments and thermal evolu-
tions.>*™*” For example, the water content can be influenced
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by the content and composition of organic matter and inorganic
minerals in shales due to their different water wettabilities™ ™"
and by the porosity and pore structures of shales as they affect
the interaction force between nanopore walls and water
molecules.””™* In addition, the salinity of connate water,
which influences the water adsorption and transport in the shale
pore system,” >’ may also have a certain effect on the water
content in shales. At present, the factors affecting the water
content of organic-rich shales are still not fully understood,
especially for overmature shales, since the water wettability of
organic and inorganic matter and the nanopore characteristics of
these shales have been significantly transformed by thermal
evolution.”***

Shale gas reservoirs, especially with overmature shales,
generally only contain irreducible water.”” The methods of
measuring water content in conventional reservoirs are generally
invalid to shale reservoirs because of their very low permeability
and porosity.”****~** At present, the water content in shale gas
reservoirs is mainly indirectly obtained from interpretations of
well log data,”” although such data obtained in this way are
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Figure 1. Schematic maps showing the Upper Yangtze Region of southern China (a) and the stratigraphic column of this area (b). CNSH: Changning-

Shuanghe; WY: Weiyuan; JSB: Jiaoshiba; FY1: Fengye 1 well; YQI: Yougqian 1 well (modified with permission from ref 6).

usually inaccurate due to the low porosity and permeability of
organic-rich shales.*’™* Because it is difficult to obtain typical
shale samples with preserved water characteristics in geological
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conditions, as-received shale or coal samples are commonly used
in laboratory studies.””**~** It was reported that the water
characteristics of as-received shale samples undergo approx-
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Table 1. Conventional Geochemical Characteristics and Mineral Compositions of the FY1 and YQ1 Shales

mineral compositions (%)

sample information clays

well stratum number  depth (m) lithology TOC (%)* BRo (%)” quartz feldspar illite  chlorite carbonate others

FY1 Lower Cambrian FY1-1 2448.54 black shale 1.76 — 29.3 28.4 333 0.0 6.5 2.4
FY1-2 2449.44 2.70 3.95 31.6 32.1 28.5 0.0 5.4 2.3
FY1-3 2450.8 3.67 _ 33.6 36.9 17.7 0.0 6.5 5.3
FY1-4 2455.85 4.51 3.82 314 33.0 25.0 0.0 6.4 4.2
FY1-5 2457.3 6.38 e 39.3 26.9 23.7 0.0 59 4.2
FY1-6 2458.4 542 4.06 33.7 29.0 26.2 0.0 6.1 5.0
FY1-7 2480.95 7.85 _— 39.1 30.6 219 0.0 5.2 3.3
FY1-8 2496.79 7.59 4.13 274 44.1 21.6 0.0 0.0 6.8
FY1-9 2533 8.68 R 68.0 8.9 18.0 0.0 3.1 2.0

YQ1 Lower Silurian YQI-1 1123.87 black shale 1.63 e 31.5 22.8 22.4 17.1 5.3 0.9
YQ1-2 1126.71 1.94 2.73 27.8 229 25.3 15.1 7.0 19
YQI-3 1129.27 2.48 _— 35.3 19.9 27.5 8.7 6.0 2.5
YQI-4 1136.02 2.94 _ 29.5 19.0 24.2 11.8 13.8 1.7
YQI-5 1143.36 3.19 3.05 389 13.3 30.3 8.1 7.5 1.8
YQl-6 1145.90 3.64 e 332 19.8 21.6 11.4 10.4 3.5
YQ1-7 1147.70 4.08 e 50.7 5.5 21.0 11.6 9.4 19
YQ1I-8 1149.35 4.59 2.96 332 14.7 28.4 11.0 9.2 3.5
YQ1-9 1161.76 5.03 _— 43.8 14.3 24.6 10.0 2.9 4.4

“Data cited from ref 49. “Mean pyrobitumen reflectance. “No data.

imately no significant changes for two years when sealed in
Ziploc bags and preserved at an ambient temperature because of
their low permeability and porosity and abundant nanopores.’
Therefore, as-received shale samples were commonly used in
studying the water characteristics of shales. In a previous study,
the equilibrium irreducible water contents (Cgpy, the water
content in moisture-equilibrated shale samples at a relative
humidity of 96—97% and 30 °C) of two sets of as-received
overmature organic-rich shale samples, which were derived from
the Niutitang Formation of the Fengye 1 well (FY1) and the
Longmaxi Formation of the Yougian 1 well (YQ1) in the Upper
Yangtze Region of southern China, were investigated by a water
adsorption experiment.*” In the present study, the water content
(Crw) and equilibrium saturation (Sgy, the percentage of Cry in
Cgrw) of the two sets of typical overmature shales, which were
used to, respectively, characterize the irreducible water content
in as-received shale samples and the degree of the irreducible
water in these shales reaching moisture equilibrium, were further
investigated. Combining with the organic and inorganic
compositions and the pore characteristics of these two sets of
shale samples, the factors influencing the Cyy, Cgpw, and Sgyy of
these overmature shales are also discussed. The present study is
to provide a further understanding on water distribution in the
pore system of shales and to determine the main controlling
factor of the water content in these overmature shales.

2. SAMPLES AND EXPERIMENTS

2.1.Sample Information. In the present study, shale samples were
derived from the Fengye 1 (FY1) and Yougqian 1 (YQ1) test wells in the
Upper Yangtze Region of southern China (Figure 1a), and their target
formations are the Niutitang Formation of the Lower Cambrian and the
Longmaxi Formation of the Lower Silurian, respectively (Figure 1b). A
shale core sample was broken into large pieces when taken out of the
test well, and the large pieces originally located in the inner part of the
shale core were selected and sealed in Ziploc bags for laboratory studies
since the external part of that may be polluted by the imbibition of
drilling fluids. The selected large pieces of shale cores generally contain
some gases (they bubble when immersed in water), which prevents

external water from accessing them during the drilling process.
Therefore, the water content in these shale pieces is believed to be
slightly influenced during the drilling process and to approximately
represent their connate water content.” However, it should be pointed
out that the risk could not be totally eliminated.

The conventional geochemical characteristics and mineral compo-
sitions of these shale samples were reported in a previous study® and
are briefly summarized here (Table 1). The FY1 samples have a TOC
content of 1.76—8.68%, and their quartz, feldspar, and clay minerals are
27.4—68%, 8.9—44.1%, and 17.7—33.3%, respectively. The YQI
samples have a TOC content of 1.63—5.03%, and their quartz, feldspar,
and clay minerals are 27.8—50.7%, 5.5—22.9%, and 32.6—40.4%,
respectively. The measured pyrobitumen reflectance values are 3.82—
4.13% for the FY1 shales and 2.73—3.05% for the YQI shales,
respectively, corresponding to 3.87—4.17% and 2.83—3.14% equivalent
vitrinite reflectance values (ERq) according to Schoenherr et al.>°

2.2, Experiments. 2.2.1. Measurement of the Cy, and Sg,, of
Shales. Small cylindrical cores with a diameter of 15 mm and a length of
20 mm were drilled from the selected shale core samples to measure
their Cpy in the present study. The small shale core samples were first
weighed to obtain their as-received mass (m,g, g). Then, they were
loaded into a vacuum oven (<30 mmHg), and their dry mass (M, g)
was obtained by holding at 105 °C for 12 h in the oven. The water
content (Cpy, mg/g) of a shale sample can be calculated by eq 1:

Crw = [(myg — mp,,) X 1000]/mp,, (1)

Combined with the equilibrium irreducible water contents (Cgpy,
mg/g) reported by a previous study’® (see Table 2), the water
equilibrium saturations (Sgy, %) of these shale samples can be further
calculated by eq 2:

Sew = Crw/ Cpny X 100 (2)

The water equilibrium saturation (Sgy) rather than the conventional
water saturation (the percentage of water volume in total pore volume)
is used in the present study because the average density of the
irreducible water, which was used in calculation of its volume, differs
from that of its bulk phase, significantly changes with pore types
(organic-hosted or inorganic-hosted pores) and pore sizes (micropores
or nonmicropores),”" and varies with the thickness in nanopore walls.>”
Compared to the conventional water saturation, the Sy is a more
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Table 2. Water Content (Cyy) and Equilibrium Irreducible
Water Content (Cgpy) as Well as the Water Equilibrium
Saturation (Sgy) of the FY1 and YQI1 Samples

sample
information”
water water
content equilibrium irreducible equilibrium

well  number (mg/g) water content (mg/g) b saturation (%)°
FYl FY1-1 4.17 9.77 42.72
FY1-2 4.37 10.40 42.02
FY1-3 4.39 11.76 37.35
FY1-4 4.68 12.66 36.98
FY1-5 5.04 14.06 35.83
FY1-6 4.73 13.49 35.08
FY1-7 5.09 14.87 34.23
FY1-8 S.15 14.94 34.44
FY1-9 5.29 15.04 35.18
YQI  YQIl 3.70 8.13 4545
YQ1-2 3.78 8.30 45.51
YQ1-3 4.03 10.04 40.13
YQI-4 479 1124 42.60
YQI1-5 4.28 10.98 38.97
YQ1-6 4.56 11.80 38.65
YQ1-7 5.06 12.65 40.02
YQ1-8 4.72 12.41 38.07
YQ1-9 4.78 12.48 38.30

“Sample information, see Table 1. “Data cited from ref 49. These data
were obtained at an equalized moisture condition with a relative
humidity of 96—97% and 30 °C. “The percentage of water content
(Crw) in equilibrium irreducible water content (Cgpy)-

suitable parameter to discuss the factors influencing the water in
overmature shales as only irreducible water is present in them.*”

2.2.2. Analysis of Total Porosity. In the present study, the total
porosity of a shale sample was determined by its skeletal and bulk
density as described by Chalmers et al.*® The skeletal (p,, g/cm?) and
bulk densities (pg, g/cm?) of a dried cylindrical shale core sample were,
respectively, measured by a helium pycnometry instrument (the
Quantachrome Ultra-Pore 300) at an ambient temperature (25 °C) and
a hydrometer (DH-1200M, Daho Meter) according to the sealing
paraffin method."> The total porosity (®, %) can be calculated using eq
3:

® = (1 — pg/ps) X 100 ()

2.2.3. Analysis of Pore Structures. Shale nanopores are generally
divided into micropores (<2 nm), mesopores (2—S0 nm). and

macropores (>50 nm) based on the IUPAC standards (International
Union of Pure and Applied Chemistry).>* In the present study, the low-
pressure CO, and N, adsorption experiments which performed on a
Micromeritics ASAP 2020 M apparatus were used to characterize the
micropore and nonmicropore (including mesopores and macropores)
structures of shales, respectively. The low-pressure gas adsorption
experiments were commonly used,'”'*'¥*%%373% and the main
procedures are briefly summarized below. The small cylindrical shale
core sample was first dried at 105 °C for 6 h and was gently crushed into
20—40 mesh (380—830 um) in a stainless steel mortar. Then, these
shale grains were loaded into the testing apparatus, which was
evacuated to a high vacuum of approximately 10 mmHg, and were
degassed at 110 °C for 12 h. The samples were tested at —196.56 °C
(liquid nitrogen environment) and a relative pressure of 0.005—0.995
for the N, adsorption and at 0 °C (ice—water mixture environment)
and a relative pressure of 0.00001 to 0.032 for the CO, adsorption. The
Dubinin—Astakhov equation was used to calculate the volume (V)
and surface area (S,;.) of micropore according to the CO, adsorption
data.’® The modified Brunauer—Emmett—Teller equation was used to
calculate the surface area (S, ;) of nonmicropore based on the N,
adsorption data.'*®° The maximum adsorption value in the N,
adsorption isotherm multiplied by the density conversion factor of
0.001547 gave the total volume, and the total volume subtractir_l§ the
micropore volume gave the nonmicropore volume (Vo). 12

3. RESULTS AND DISCUSSION

3.1. G,y and Sg, of Shales and Their Relationships with
TOC and Clay Mineral Contents. The Cpy of the FY1 and
YQlsamples is 4.17—5.29 mg/g and 3.70—5.06 mg/g,
respectively, and the average Cpy of the FY1 and YQI samples
is 4.77 mg/g and 4.41 mg/g, respectively (Table 2). The Cpy of
the two sets of shales are considerably lower than their Cgpy,
indicating only irreducible water in these overmature shales. The
Sew is 34.23—42.72% with an average of 37.09% for the FY1
samples and is 38.07—45.51% with an average of 40.86% for the
YQI samples (Table 2), indicating these shale samples have not
been equilibrated by the irreducible water. Comparing with the
YQI1 shales, the FY1 shales have slightly higher Cy, values and
slightly lower Sgy values (Table 2). Additionally, the Cpy of
these shale samples is positively correlated with the Cgpy and is
negatively correlated with the Sgyy (Figure 2), indicating that, for
a set of overmature organic-rich shales (FY1 or YQ1), the shales
with a higher Cy may have a higher Cgpy and a lower Sgy.

The TOC contents of the two sets of shales clearly have
positive correlations with the Cpy, with a coefficient (R*) of 0.97
and 0.72 for the FY1 and YQI shales, respectively (Figure 3a),
and have negative correlations with the Sgy, with a coefficient
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Figure 2. Correlations of water content (Cry) with equilibrium irreducible water content (Cgpy) (a) as well as water equilibrium saturation (Sgy,) (b)
of the studied shale samples. The Cgpy data of shale samples are cited from ref 49.
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samples.

Table 3. Total Porosity, Pore Volume, and Surface Area of the FY1 and YQ1 Samples

sample
. . a
information

total
number {:%))

micropore

orosity pore volume

well (cm3/g) (mz/g)

FY1 FYl1-1 1.43 0.0042 10.58
FY1-2 1.51 0.0041 10.25
FY1-3 1.55 0.0053 13.21
FY1-4 2.10 0.0059 14.72
FY1-5 2.23 0.0058 14.58
FY1-6 2.23 0.0068 16.90
FY1-7 3.02 0.0071 17.66
FY1-8 3.17 0.0061 15.15
FY1-9 3.57 0.0072 18.07

YQl YQIl 1.83 0.0034 8.54
YQ1-2 1.86 0.0034 8.56
YQ1-3 2.53 0.0044 11.00
YQI1-4 2.77 0.0049 12.30
YQI-5 2.94 0.0050 12.52
YQ1-6 2.76 0.0056 14.05
YQI1-7 3.53 0.0062 15.56
YQ1-8 3.18 0.0058 14.36
YQ1-9 3.30 0.0075 18.73

surface area

nonmicropore” total pore
pore volume surface area pore volume
(em’/g) (m*/g) (em’/g)
0.0041 3.86 0.0083
0.0046 4.13 0.0087
0.0056 5.43 0.0109
0.0052 5.79 0.0111
0.0069 6.58 0.0128
0.0059 7.06 0.0126
0.0057 7.96 0.0128
0.0065 7.12 0.0126
0.0066 8.20 0.0138
0.0054 341 0.0088
0.0063 4.09 0.0097
0.0067 4.89 0.0112
0.0068 5.19 0.0117
0.0073 5.80 0.0123
0.0074 5.77 0.0131
0.0073 6.08 0.0136
0.0074 5.79 0.0132
0.0075 6.92 0.0150

. . b ; .
“For sample information, see Table 1. "Nonmicropore includes mesopore and macropore.

surface area

(m*/g)

14.43
14.38
18.65
20.51
21.16
23.96
25.62
22.27
26.28
11.95
12.65
15.89
17.48
18.31
19.82
21.64
20.16
25.65

(R?) of 0.79 and 0.72 for the FY1 and YQI shales, respectively
(Figure 3b). However, the total clay mineral contents of the two
sets of shales have weakly negative correlations with the Cpy
(Figure 4a) and have weakly positive correlations with the Sgy

(Figure 4b). The similar correlations of the TOC content and
total clay mineral content with the Cypy of the two sets of shales
were also observed in a previous study.”’ Since the TOC
contents of the two sets of shales also have negative correlations
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Figure 6. Correlations of the water content (Cpy) and equilibrium irreducible water content (Cgpy) with the pore volume and surface area of the
micropores (a, d), nonmicropores (b, e), and total pores (c, f) of the studied shale samples. The Cgpy data of shale samples are cited from ref 49.

with the total clay minerals,” the Cpyy and Sgyy of the two sets of
overmature shales are mainly controlled by their TOC contents
compared with their total clay mineral content. Though the
quartz and feldspar relative contents of the two sets shales are
high (Table 1), they have no significant effects on the Cpy and
Sgw because few pores developed in these brittle minerals.

3.2. Porosity and Pore Structures of Shales and Their
Relationships with the Cy, Cgw, and Sgy. The total porosity
is 1.43—3.57% with an average of 2.31% for the FY1 the samples
and is 1.83—3.53% with an average of 2.75% for the YQI
samples (Table 3). The total porosity of both sets of shales has a
positive correlation with the Cpyy and Cgpy, with coefficients (R)
of 0.89 and 0.87 for the FY1 samples and with coefficients (R?)
of 0.85 and 0.94 for the YQ1 samples (Figure Sa). However, the
total porosity of these shales shows a negative correlation with
the Sy, with a coefficient (R*) of 0.61 for the FY1 samples and
with a coefficient (R*) of 0.71 for the YQ1 samples (Figure 5b).
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Table 3 shows the pore structure parameters of the FY1 and
YQ1 shales. The micropore, nonmicropore (mesopore +
macropore), and total pore (micropore + nonmicropore)
volumes of the FY1 shales are 0.0041—0.0072 cm?/g, 0.0041—
0.0069 cm®/g, and 0.0083—0.0138 cm?®/g, respectively; the
micropore, nonmicropore, and total surface areas of this set of
shales are 10.25—18.07 m*/g, 3.86—8.20 m?/g, and 14.38—
26.28 m?/ g, respectively. The micropore, nonmicropore, and
total pore volumes of the YQ1 shales are 0.0034—0.0075 cm®/g,
0.0054—0.0075 cm®/g, and 0.0088—0.0150 cm*/g, respectively;
the micropore, nonmicropore, and total surface areas of this set
of shales are 8.54—18.73 m’/g, 3.41—6.92 m*/g, and 11.95—
25.65 m”/g, respectively. The above pore structure parameters
of these shales have positive correlations with the Cpy and Cgpy,
with coefficients (R?) of 0.71—0.73 and 0.81—0.94, respectively
(Figure 6), and have negative relationships with the Sgy, with
coefficients (R*) of 0.66—0.92 (Figure 7). It was noted that there
is an obvious difference in the regression line slopes between the
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samples.

Cirw V8 Spic (Figure 6d) and the Cgry vs S,,_mic (Figure 6e), which
implies that the nonmicropore surface area may have a stronger
effect on the irreducible water than the micropore surface area at
the moisture-equilibrated state.*’

According to the above results, the water in the studied
overmature shale samples occurs widely in both micropores and
nonmicropores, and the Cpy, Cgny, and Sgy are obviously
constrained by the porosity and pore structure parameters.

3.3. Organic-Hosted and Inorganic-Hosted Pores.
Since the organic matter and inorganic minerals of shales have
different water wettabilities,”®>"** the organic-hosted and
inorganic-hosted pores would be different in capacity of holding
water and then affect the Cpy, Cgpy, and Sgy. Therefore, the
organic-hosted and inorganic-hosted pores of these shales were
characterized in the studied samples.

The TOC contents of both the FY1 and YQI samples show
remarkable linear positive correlations with the total porosity,
and the coefficient (R?) is 0.92 for the FY1 shales and 0.82 for
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the YQI shales (Figure 8a). The slope of the regression line in
the TOC content vs total porosity plot (Figure 8a) represents
the average organic-hosted porosity of per 1% of TOC content
(Wom)-">"® Then, the organic-hosted porosity (Poy) of these
shales can be estimated based on the Wg,; and their TOC
content (TOC X Wpy), and the inorganic-hosted porosity
(Ppy) can be obtained by subtracting the Pgy, from the total
porosity of these shales. The results show that the Py of the
FY1 and YQI shales are 0.55—2.69% and 0.75—2.33%,
respectively, and that the Py of the FY1 and YQI shales are
0.25—0.88% and 0.96—1.64%, respectively (Table 4). For a
given TOC content, the Py, and Ppy of the YQI samples (with a
lower maturity) are higher than those of the FY1 samples (with a
higher maturity) (Figure 8b). Additionally, with increasing
TOC contents, in both sets of shales, the Py, shows no apparent
changes, but the Py, significantly increases; the Py is greater
than the Py, when the TOC content of the FY1 and YQ1 shales
is larger than 2.06% and 2.66%, respectively (Figure 8b).
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Table 4. Organic-Hosted and Inorganic-Hosted Porosity, Micropore Volume, and Nonmicropore Surface Area of the FY1 and
YQ1 Samples

sample
information® total porosity” micropore volume nonmicropore surface area

well number  Poy (%)  Pig (%)  Pru/Pom Vot (em”/8)  Vivemic (cm’/8)  Vivemie/ Vortmie  Sonon (M7/8)  Stvinon (7/8)  Sivtnon/Sot-non

FY1 FYI-1 0.55 0.88 1.62 0.0007 0.0035 5.02 1.09 2.76 2.53
FY1-2 0.84 0.68 0.81 0.0011 0.0030 2.80 1.68 2.46 147
FY1-3 1.14 0.41 0.36 0.0015 0.0038 2.61 2.28 3.16 1.39
FY1-4 1.40 0.70 0.50 0.0018 0.0041 227 2.80 2.99 1.07
FY1-5 1.98 0.25 0.13 0.0026 0.0033 1.29 3.96 2.62 0.66
FY1-6 1.68 0.55 0.33 0.0022 0.0046 2.12 3.37 3.69 1.10
FY1-7 2.43 0.58 0.24 0.0031 0.0039 1.25 4.87 3.09 0.63
FY1-8 2.35 0.82 0.35 0.0030 0.0030 1.00 4.71 2.41 0.51
FY1-9 2.69 0.88 0.33 0.0035 0.0038 1.09 5.39 2.81 0.52

YQl YQI-1 0.75 1.08 1.44 0.0018 0.0016 0.91 1.40 2.00 1.43
YQI1-2 0.90 0.96 1.07 0.0021 0.0013 0.61 1.67 241 1.44
YQI-3 1.15 1.38 121 0.0027 0.0017 0.61 2.14 2.75 1.29
YQIl-4 1.36 141 1.04 0.0032 0.0017 0.52 2.54 2.65 1.08
YQI-5 148 1.46 0.99 0.0035 0.0015 0.43 2.76 3.04 1.10
YQl-6 1.68 1.08 0.64 0.0040 0.0016 0.41 3.14 2.63 0.84
YQl1-7 1.89 1.64 0.87 0.0045 0.0017 0.39 3.52 2.56 0.73
YQI-8 2.12 1.06 0.50 0.0050 0.0007 0.14 3.96 1.84 0.46
YQI-9 233 0.97 0.42 0.0055 0.0020 0.36 4.34 2.58 0.59

“For sample information, see Table 1. bpoy and Ppy: the organic-hosted and inorganic-hosted porosity; Voyy.mic and Viyg s the organic-hosted and
inorganic-hosted micropore volume; Sopnen @0d Spyipon: the organic-hosted and inorganic-hosted nonmicropore surface area.
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Figure 9. Correlations of the TOC content with the total micropore volume (a), total nonmicropore surface area (b), the organic-hosted and
inorganic-hosted micropore volume (c), and the organic-hosted and inorganic-hosted nonmicropore surface area (d) of the studied shale samples.

It was reported that irreducible water has different wettability of the micropores, or absorbed in the nonmicropores,
distributions and occurrences in micropores and nonmicropores mainly controlled by the surface area and water wettability of the
of shales. The irreducible water is either condensed in the nonmicropores.33”49’61’62 Therefore, shale micropore volume
micropores, mainly controlled by the volume and water and nonmicropore surface area, as well as the water wettability of
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Figure 10. Correlations of the water content (Cpy) and equilibrium irreducible water content (Cgpy) with the organic-hosted porosity (Poy) (a),
organic-hosted micropore volume (Vo mic) (b), and organic-hosted nonmicropore surface area (Soynon) () of the studied shale samples. The Cgpy

data of shale samples are cited from ref 49.

the two different sized pores, have remarkable influences on the
Crws Cerwy and Sgyy. The TOC contents of the FY1 and YQI1
samples clearly have remarkable linear positive correlations with
the micropore volume, and the coefficient (R*) is 0.79 for the
FY1 shales and 0.93 for the YQ1 shales (Figure 9a). The TOC
contents clearly have remarkable linear positive correlations
with the nonmicropore surface area, and the coefficient (R?) is
0.93 for the FY1 shales and 0.88 for the YQ1 shales (Figure 9b).
Therefore, based on the slopes of the regression lines in Figure
9a and b and the TOC contents of these shales, the organic-
hosted and inorganic-hosted pore structure parameters of these
shales were also obtained by the above-mentioned method
(Table 4, Figure 9c and d).

For a given TOC content, the micropore volume and
nonmicropore surface area of the YQI samples are larger than
these of the FY1 samples (Figure 9a,b). With increasing TOC
contents, the inorganic-hosted pore structure parameters of the
FY1 and YQI samples show no significant changes, but the
organic-hosted pore structure parameters of these shales
significantly increase and lead to an increase in the total pore
structure parameters (Table 4 and Figure 9c and d). The
organic-hosted (Vymic) and inorganic-hosted (Vipg.mic) micro-
pore volumes of the FY1 samples are 0.0007—0.0035 cm®/g and
0.0030—0.0046 cm*/g, respectively, and the V. of this set of
shale samples is smaller than its Vi .. The organic-hosted
(SoM-non) and inorganic-hosted (Sp.non) NONMicropore surface
areas of the FY1 samples are 1.09—5.39 mz/g and 2.41—3.69
m?*/g, respectively, and the Soyp0n are greater than the Spypon
for the samples with TOC content >4.65% (Table 4 and Figure
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9¢c and d). The Vopimic and Viypmie of the YQI samples are
0.0018—0.0055 cm®/g and 0.0007—0.0020 cm®/g, respectively,
and the Vi mi of this set of shale samples is greater than its
Virtmic: The Sominon a0 Siygnon of the YQI samples are 1.40—
4.34 m*/g and 1.84—3.04 m*/g, respectively, and the Soy.non is
greater than the Sy .., for the samples with TOC content
>2.89% (Table 4 and Figure 9c and d). It should be pointed out
that the calculated organic-hosted and inorganic-hosted porosity
or pore structure values only cover the open pores of the shales,
excluding the closed organic-hosted and inorganic-hosted pores
in the shale matrix.

The evolutions of organic-hosted pores are mainly controlled
by the kerogen degradation and hydrocarbon expulsion. The
volume shrinkage of kerogen provided significant pore spaces for
the generated oils, and organic-hosted pores formed as the oils
were expulsed from the shale matrix or cracked into gas.”*~%
The evolutions of inorganic-hosted pores are mainly controlled
by the compaction of overlying strata, the filling of hydro-
carbons, and the transformation of clay minerals during thermal
evolution stages.’”®” Therefore, shale porosity and pore
structures are influenced by several factors, mainly including
the organic and inorganic composition and content, organic
matter thermal maturities, as well as mineral diagenesis
levels.”*”* For overmature shales, although the porosity and
pore structure are mainly controlled by their TOC content,"*
they could be altered with further increasing maturity.’”
According to a thermal simulation experiment carried out by
Chen and Xiao,”” when the maturity of a shale exceeds the dry
gas window (approximately R, = 3.5%), the volume and surface
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area of the micropores and the mesopore surface area would
decrease as the maturity increases because of the conversion of
micropores into mesopores and the pore size expansion of the
mesopores. The Lower Cambrian shales generally have lower
porosities compared with the Lower Silurian shales in southern
China,"*">** which is attributed to a more intense diagenesis
and compaction of the Lower Cambrian shales caused by a
deeper burial or a higher maturity.” Given a certain TOC
content, the total porosity, organic-hosted porosity, and pore
structure parameters of the FY1 shales are lower than those of
the YQI shales (Table 4), which is probably due to the same
reason as mentioned above: a higher maturity and a stronger
diagenesis of the FY1 samples caused by a deeper burial (Table
1).

3.4. TOC Content Control of the Water in Overmature
Shales. Theoretically, the Cy and Cpy of overmature shales
are mainly controlled by their hydrophilic pore volumes and
surface areas under a certain geological condition and will
increase with increasing these pore structure parameters.
However, the Sgyy of these shales mainly depends on the relative
ratio of their hydrophilic to hydrophobic pores, i.e., the ratio of
the hydrophilic to hydrophobic pore volumes and/or hydro-
philic to hydrophobic pore surface areas, and will increase with
the increase of these ratios. The organic matter in shales is
conventionally considered hydrophobic, and the organic-hosted
pores rarely hold water due to the drainage of hydrocarbon
generation and expulsion; in contrast, the inorganic matter
(mainly clay minerals) in shales is more hydrophilic due to its
higher values of cation-exchange capacity and surface charge
density,”>’>”* and thus the water in shales is mainly stored in
their inorganic-hosted pores.w’33’42’74’75 However, recent
studies show that some organic-hosted pores in shales can also
hold water molecules.”®’°~*" The generally accepted mecha-
nism is that the surfaces of the organic-hosted pores have some
hydrophilic oxygen-containing functional groups, which could
capture water through hydrogen bonding with water mole-
cules.’***¥1 7% Alternatively, several studies indicate that
porous organic matter, such as porous carbon and graphite,
even without oxygen-containing functional groups, also presents
a mild hydrophilia and holds water through the interaction force
existing between nanopore walls and water molecules;*”””*” the
smaller the pore size of an organic-hosted nanopore, the stronger
its hydrophilic capacity.”* For the organic matter in overmature
shales, the oxygen-containing functional groups may have
degraded because of their aromatization, but the widely
developed organic-hosted nanopores, especially micropores
and mesopores,'**”** provide more storage space for water,
although the hydrophilia of these nanopores is weaker compared
to their associated inorganic-hosted nanopores. Figure 10 shows
that the Popy Vormio 20d Somonon Of both the FY1 and YQI1
samples have obvious positive relationships with the Cyy and
Cgrw,y and the coefficients (R*) are 0.72—0.97 and 0.89—0.97,
respectively, further indicating that the organic-hosted pores of
these overmature shales could hold water. For a set of the
studied shales, the shales with higher TOC contents have more
nanopore spaces for storing water and thus have a higher Cpy
and Cgpy-

Though water can be stored in the two types of shale pores,
the organic-hosted pores are relatively hydrophobic compared
with the inorganic-hosted pores. Figure 3a and Figure 11 present
linear positive relationships of the TOC content with the Cpy
and Cgpy of the FY1 and YQI samples, indicating the controls of
the TOC content on the two parameters. Combining Figure 3a
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Figure 11. Correlations of the TOC content of the studied shale
samples with their equilibrium irreducible water content (Cpgpy). Data
are presented in Table 1 and Table 2 and cited from ref 49.

and Figure 11, the water equilibrium saturation of the organic-
hosted pores (Sow) and inorganic-hosted pores (Spy) can be
deduced for the two sets of shales. The slopes of the regression
lines in Figure 3a and Figure 11 represent the average water
content (Cpy.onm) and the average equilibrium irreducible water
content (Cgrw.om) held by the organic-hosted pores of the
samples, respectively, and the Sqyy can be estimated by the ratio
of Crw.om/ Cerw-om- The Cryv.om of the FY1 and YQ1 shales is
0.16 mg/g and 0.35 mg/g, respectively; the Cgry. oy of the FY1
and YQI shales is 0.81 mg/g and 1.39 mg/g, respectively (Figure
3a and Figure 11); and thus the ratios of Cyy.om/Crrw-om (i€
the Sow) are 19.75% for the FY1 samples and 25.18% for the
YQI samples. The intercepts of the regression lines in Figure 3a
and Figure 11 represent the average water content (Cpy.p) and
the average equilibrium irreducible water content (Cgpy.ppr) held
by the inorganic-hosted pores of the samples, respectively, and
the ratio of Cpy.iv/Cerwm can be considered as the average
water equilibrium saturation of the inorganic-hosted pores
(Stw)- The Cry.py of the FY1 and YQ1 shales is 3.90 mg/g and
3.25 mg/g, respectively, and the Cgpy.py of the FY1 and YQI
shales is 8.65 mg/g and 6.33 mg/g, respectively (Figure 3a and
Figure 11); thus, the ratios of Cpy.ip/Cerw.iv (i-€,, the Spy) are
45.09% for the FY1 samples and 51.34% for the YQ1 samples.
According to these data, the Sqyy of the two sets of shales is much
lower than their Sy, and the Spy/Sqow ratio is 2.28 for the FY1
samples and 2.04 for the YQI samples, indicating that the
inorganic-hosted pores of these overmature shales are more
hydrophilic compared with their organic-hosted pores. It was
reported that the hydrophilic capacity of inorganic-hosted pores
in high-rank coals from the Bowen Basin, Australia, is 2.3—2.8
times larger than that of their organic-hosted pores,*” which is
similar with the overmature shales in the present study.

Since the organic-hosted and inorganic-hosted pores of these
overmature shales present different hydrophilic capacities, their
bulk water wettability could be approximately characterized by
the ratios of inorganic-hosted porosity/organic-hosted porosity
(Pim/Poy), inorganic-hosted micropore volume/organic-
hosted micropore volume (Viyimic/ Voumic), and inorganic-
hosted nonmicropore surface area/organic-hosted nonmicro-
pore surface area (Siy_non/Som-non) (Table 4). These ratios show
significant positive correlations with the TOC content (Figure
12) and significant negative correlations with the Sy, (Figure
13) for the two sets of overmature shale samples. Therefore,
these shales become less hydrophilic with increasing TOC
contents, which accounts for the associated decrease of the Sgy.
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Figure 12. Correlations of the TOC content with the ratios of inorganic-hosted porosity/organic-hosted porosity (P/Poy) (2), inorganic-hosted
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nonmicropore surface area (Siynon/Som-non) (€) Of the studied shale samples.

3.5. Implications of Water in Overmature Shales. Shale
strata are deposited in a subaqueous environment, and thus they
are saturated with water during sedimentary stages. During early
diagenesis, the connate water gradually drains away from the
shale matrix by compactions of overlying strata with increasing
burial depth.”’ During the stages of petroleum generation and
expulsion, this water is further reduced, mainly due to the
displacement drainage of liquid hydrocarbons and the flow-
through drying of gaseous hydrocarbons.”***~° It has been
reported that the water content of shales decreases with
increasing thermal evolution, and the higher the maturity of
shales, the lower their water content.'® This correlation was also
observed in coal samples, whose moisture content decreases
with increasing coal ranks.*> The organic-rich FY1 and YQI
shale samples, whose original kerogen is type I or II, have
experienced a burial depth of 7000—8000 m and 6000—7000
m,*’ reaching the end and late stage of dry gas generation,
respectively.5 The strong diagenesis, very high maturity, and
exhaustive petroleum generation and expulsion are the reasons
for their low water content and the subirreducible water-
equilibrated state.

The Lower Cambrian and Lower Silurian shales, which widely
developed in the Upper Yangtze Region of southern China, have
equivalent vitrinite reflectance (ERg) values of 3.0—4.5% and
2.5-3.5%, TOC contents of 2—8% and 2—5%, and total clay
contents of 20—30% and 30—40%, respectively.”*** The Lower
Paleozoic overmature shales and the FY1 and YQ1 shales are
similar in geochemical parameters (Table 1), and thus, the water
characteristics in the Lower Paleozoic overmature shales could
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be partially determined by those of the two sets of shales. The
Cpw of five Longmaxi Formation shale samples, derived from the
Jiaoye 4 well in the Sichuan Basin, was measured to be 2.73—
6.14 mg/g by TRA (Tight Rock Analysis) technology”' and was
consistent with that of the YQI samples in the present study
(Table 2). Since the free water in a shale reservoir only occurs
after it has been saturated by the irreducible water with a content
approximating the Cgpy, "’ it may be further deduced that the
Lower Paleozoic overmature shale gas reservoirs, which are in a
subirreducible water-equilibrated state, are almost without
connate free water, unless the shale reservoirs were damaged
by tectonic movements and subsequently injected with
sedimentary water.

A low water content in shale reservoir is beneficial to the
storage of shale gas resources since the water in the shale
reservoir occupies a certain amount of its pore spaces, which
would result in the reduction of both the free and adsorbed gas
content.”?%*"*7 However, the low water content is harmful to
the production of shale gas because the fracturing water could
spontaneously imbibe into the shale pore system and block its
connectivity.””**”" Meanwhile, a subirreducible water-equili-
brated state of shale reservoirs leads to a low flow-back rate of the
fracturing water and thus wastes water resources;”>”> this is a
significant disadvantage for the shale gas development in the
Upper Yangtze Region of southern China where water resources
are generally lacking.'” Therefore, both beneficial and harmful
aspects of a low water content and equilibrium saturation in
overmature shales should be considered when evaluating,
exploring, and developing the shale gas in southern China.
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4. CONCLUSIONS

In the present study, the water content (Cpy, i.e., the irreducible
water content) and equilibrium saturation (Sgy, the percentage
of Cpy in Cgpy, here Cgpy is the equilibrium irreducible water
content at a relative humidity of 96—97% and 30 °C), as well as
their influencing factors of two sets of as-received overmature
organic-rich shale samples, respectively, derived from the Lower
Cambrian Niutitang Formation of Fengye 1 well (FY1) and the
Lower Silurian Longmaxi Formation of Yougian 1 well (YQ1) in
the Upper Yangtze Region of southern China, were investigated.
Several conclusions are summarized here:

(1) The Cpy of the FY1 and YQI samples is 4.17—5.29 mg/g
and 3.70—5.06 mg/g, respectively. The Sgy of the FY1
and YQI shales is 34.23—42.72% and 38.07—45.51%,
respectively, indicating both sets of shales are in a
subirreducible water-equilibrated state.

(2) The Cpy and Cgpy of overmature shales are positively

correlated with their TOC content, total porosity, surface

area, and pore volume of both the micropores and
nonmicropores; however, the Sy of these shales is
negatively correlated with these parameters.

(3) Water can store in the organic-hosted pores of overmature
shales as well as in the inorganic-hosted pores, and the
water equilibrium saturation of the inorganic-hosted
pores (Spy) is greater than that of the organic-hosted
pores (Sow)- The Spy/Sow ratio of the FY1 and YQI
overmature shales is 2.28 and 2.04, respectively.

(4) The TOC content controls the porosity and pore

structures of overmature shales; additionally, these
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parameters control the bulk water wettability and water-
storage spaces of these shales. Thus, under a certain
geological condition, the TOC content may be the
dominating factor that affects the Cy, Cgpy, and Sgyy of a
set of overmature shales.
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Sgw = water equilibrium saturation

FY1 = Fengye 1 well

YQ1 = Yougqian 1 well

Sow = water equilibrium saturation of the organic-hosted
pore

Spw = water equilibrium saturation of the inorganic-hosted
pore

TOC = total organic carbon

BR, = pyrobitumen reflectance value

ER, = equivalent vitrinite reflectance value

mar = mass of as-received shale sample

Mp,, = mass of dry shale sample

ps = the skeletal density

pg = the bulk density

@ = the total porosity

Vmic = micropore volume

Smic = micropore surface area

Sp-mic = honmicropore surface area

V,\-mic = Donmicropore volume

Wom = average organic-hosted porosity of per 1% of TOC
content

Py = organic-hosted porosity

Py = inorganic-hosted porosity

SoM-non = Organic-hosted nonmicropore surface area

SiM-non = inorganic-hosted nonmicropore surface area
VoM-mic = organic-hosted micropore volume

Crw.om = average water content in organic-hosted pore
ViM.mic = inorganic-hosted micropore volume

Cerw-om = average equilibrium irreducible water content held
by organic-hosted pore

Crw.nv = average water content in inorganic-hosted pore
TRA = tight rock analysis

Cew-v = average equilibrium irreducible water content held
by inorganic-hosted pore
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