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Tight sandstone reservoirs are characterized by poor physical properties, strong
heterogeneity, and complex pore structures, resulting in low reservoir saturation
calculation accuracy, and the log interpretations do not match the gas test results.
In response to the aforementioned problems, the tight sandstone reservoir of the third
member of the Xujiahe Formation of the Dayi structure in the Western Sichuan
Depression was investigated through a series of experiments on petrophysical
properties, casting thin-section identification, rock resistivity, nuclear magnetic
resonance, and high-pressure mercury intrusion. Then, after a systematic analysis of
the influence of different factors, including physical properties, mineral composition,
and pore structure, on the rock-electric parameters, the parameters of the Archie
model were appropriately corrected. The results showed that, for tight sandstone
reservoirs, the cementation exponent was mainly affected by the physical properties
and clay content, and the saturation exponent was controlled by the proportion of
relatively large pore components in the total pore system. Therefore, the non-linear
least squares method was used to construct the variable cementation index model; the
pseudo-capillary pressure curve was constructed, and a new parameter “the large-pore
proportion,” which is used to optimize the saturation exponent, was proposed in
combination with the fractal theory. Finally, an Archie model with variable parameters
was used to process the actual logging data in the study area. The results show that this
method can obtain more accurate gas saturation, providing a new idea and method for
fine sandstone saturation logging evaluation.

KEYWORDS

Western Sichuan Depression, tight sandstone, petrophysics, fractal theory, saturation
model

1 Introduction

Tight sandstone gas reservoirs are globally considered important for exploring and
exploiting unconventional gas reservoirs, and accurately evaluating the saturation of
reservoirs is crucial in this process (Jia et al., 2012; Zou et al., 2015; Zhao et al., 2016;
Jia et al., 2022). In 1942, Archie, an expert at the Shell Company, published Archie’s formula
and proposed the first model for well logging to calculate the saturation of oil and gas in
reservoirs (Archie G E, 1942). However, with the progressive deepening of exploration and
exploitation, scholars have found that Archie’s formula has poor applicability to
unconventional reservoirs, as indicated by the mismatch between the log interpretation
of the saturation and gas test results. The following are the causes of this situation: compared
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with conventional sandstone reservoirs, tight sandstone reservoirs
are characterized by poor physical properties, strong heterogeneity,
diverse pore types, complex pore structure, etc., complicating the
conductivity law of core and making the rock-electric relationship
“non-Archie” (Sun, 2007; Li et al, 2015; Yan et al, 2015). To
enhance the accuracy of calculating tight sandstone reservoir
saturation, many scholars have conducted research that can be
broadly categorized into the following two methods. First, a
series based on the complex
conductance mechanism of tight sandstone have been established
(Zhang et al., 2010; Zhang et al.,, 2011; Tang et al., 2016; Hu et al,,
2017). The second tunes the rock electric parameters of Archie’s
formula to improve its applicability to tight sandstone reservoir

of new saturation model
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evaluations. In comparison, creating a new saturation model is more
complicated, with many parameters to be determined, several of
which are difficult to determine in practical applications, thereby
challenging its applicability. Therefore, the Archie model with
optimized parameters remains widely used in the evaluation of
tight sandstone reservoir saturation (Xia et al., 2020).

The Upper Triassic Xujiahe Formation in Sichuan Basin is a key
stratum for tight sandstone gas exploration and exploitation in China.
For a long time, the Xu 2, 4, and 6 members have been the main focus,
while the Xu 1, 3, and 5 members, as source rocks, have received less
attention (Zhang and Yang, 2022). Recent studies have shown that the
gas reservoir fullness of the Xu 2, 4, and 6 members is low, and gas-
bearing abundance only increases in the structurally high part (Zhao
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etal, 2011; Bian et al., 2012). In contrast, the source rock strata in the Xu
1, 3, and 5 members are developed with continuously distributed thick
massive sandstone, with a sufficient gas supply for its coexistence with
the source rock, which likely forms under suitable conditions, leading to
their high exploration potential (Qin et al,, 2007; Fan et al., 2018; Fu et al,,
2020).

Taking tight sandstone reservoirs of the third Member of the Xujiahe
Formation as the research object, the conductivity law of tight sandstone
was systematically analyzed through petrophysical properties, cast thin
section identification, nuclear magnetism, rock resistivity, and high-
pressure mercury intrusion. A saturation model with variable rock
electric parameters was constructed based on the analysis to improve
the accuracy of tight sandstone saturation logging evaluation.

2 Methodology
2.1 Geological setting

Geographically, the Sichuan Basin, located in Southwest China
with an area of approximately 260,000 km” is composed of a low and
gentle uplift, a southern folded area, a highly folded southeast area,
and a western depression area (Figures 1A, B), which is situated
southwest of the West Sichuan Depression. The regional structure is
the frontal hidden structural belt within the Longmenshan thrust
belt in western Sichuan, adjacent to the Chengdu Depression in the
southeast, the Wuzhongshan structural belt in the northwest, the
Yazihe structure in the north obliquely, and the Qiongxi structure in
the south (Figure 1C). The Dayi structure is a northwest-dipping
monocline with traps controlled by local structures, faults, and
trough faults as the main developed faults (Chen et al., 2013; Liu
etal, 2014; Chen et al., 2016). Based on regional geological data, the
Dayi structure of the Xujiahe Formation is a mega-thick continental
coal-bearing clastic rock series, deposited in the Xu 2, 3, 4, and
5 members from the bottom up (Figure 1D); the sandstone reservoir
of the Xu 3 member is one of the main gas-producing reservoirs.

Research has indicated that the tight sandstone in the Xu
3 Member underwent three stages of evolution. In the early
diagenetic stage, because of the large burial depth, the porosity
decreased significantly under compaction, and the primary porosity
decreased from 30% to nearly 10%. In the middle diagenetic stage,
the Anxian orogenic movement provided abundant carbonate
cement for the Xujiahe Formation, leading to a further decrease
in porosity, and tight reservoirs exhibited ultralow porosity, which
dropped below 2%. In the late diagenetic period, the porosity of tight
reservoirs increased under dissolution, but was still below 5%
(Zhang, 2009; Luo, 2015; Liu et al., 2018; Liu et al., 2020).

2.2 Samples and experimental
measurements

2.2.1 Sample source

The experimental cores were obtained from tight sandstone
reservoirs in the study area. While collecting core samples,
considering the length of the cores and the planar distribution of
the core wells, 25 cores were drilled from five wells to ensure that the
cores represented the characteristics of the block.
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2.2.2 Experimental methods

To ensure the comparability of measurements between different
experiments, each core sample was cut into plugs and chips, and the
designed experimental procedure was strictly followed. The chips were
grounded into powder for X-ray diffraction analysis, parts of the plugs
were cut for casting thin section identification and the remaining plunger
samples were used for petrophysical properties, nuclear magnetic
resonance (NMR), rock resistivity, and high-pressure mercury
intrusion (HPMI) experiments. The experiments were conducted in
the following steps. (1) Before the experiment, both sides of the core
samples were polished and cleaned to remove remnants of the reservoir
fluids or drilling mud inside the sample. (2) The core was dried at 100°C
until the quality of core samples remained stable, and the helium porosity
and permeability were tested after cooling. (3) The core was placed in a
vacuum dryer and vacuumized for 8 h under a vacuum of 133.3 Pa. Then,
distilled water was added to the dryer, and external pressure was applied
to the core and distilled water to fully saturate the core. (4) Fully water-
saturated NMR T, spectra and porosities were obtained from core NMR
experiments. A centrifuge was used to displace the mobile water in the
core, and NMR measurements were performed again to obtain the
centrifuge T, spectrum and porosity of the bound fluids. (5) After the
NMR experiment, the core was dried again, and then vacuum and
pressurization of a saturated formation water solution were performed to
conduct the desaturated rock—electric experiment. (6) Finally, ten cores
were screened for high-pressure mercury intrusion experiments.

3 Results
3.1 Petrophysical parameters of core sample

The results of the core physical property experiments indicated
that the reservoir in the study area was highly dense, and the values
of core porosity and permeability were small (Table 1). The porosity
is between 2% and 4%, with an average value of 3.16%; permeability
ranges from 0.01 x 107 to 0.1 x 10~ um?, with an average value of
0.0235 x 107 pm’. Porosity and permeability are positively
correlated. With similar porosity values, the relative difference in
permeability values was significant, implying strong heterogeneity of
the reservoir pore structure (Figure 2).

3.2 Mineral components X-ray obtained
from diffraction analysis

Whole-rock X-ray diffraction analysis of the core revealed that
the mineral composition of the reservoir cores was mainly quartz
(average value: 66.4%), followed by feldspar (average value: 20.77%)
and clay minerals (average value: 8.24%), with minor amounts of
dolomite and calcite (Table 1).

3.3 Pore structure parameters of core
samples derived from HPMI and water-
saturated NMR experiments

The HPMI curves of the ten core samples with different
porosities and permeability are shown in Figure 3A. The mercury
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TABLE 1 Petrophysical properties of core plug and their corresponding lithological components of chips.

10.3389/feart.2023.1223997

Core no. Porosity Permeability Main mineral components Cementation Saturation
(%) (x 107 um?) exponent exponent
Quartz Feldspar Clay
content content content
(%) (%) (%)
D9-2 2.760 0.010 75.700 14.900 6.460 1.570 4.543
D3-1 3.120 0.010 58.500 25.690 12.600 1.554 4788
D8-2 3.400 0.039 71.980 19.750 4550 1.599 4.708
DY-1 2,590 0.014 76.740 17.230 4500 1.606 4772
D5-1 2.640 0.020 63.190 17.630 9.740 1.536 4.797
D10-1 3.970 0.050 58.740 26570 11.130 1.583 4.923
D2-2 3.200 0.008 62.330 20.740 10.430 1.517 5.028
D7-1 2730 0.017 64.390 22.040 9.980 1.584 5.082
D2-1 3.060 0.015 56.730 27.570 8.740 1.554 5.296
D5-2 2.290 0.022 66.300 17.070 8.740 1.532 5.417
D10-2 4350 0.042 72.770 17.820 4.870 1.581 5523
D15-2 3.280 0.032 70.040 18.160 8.420 1.621 5.602
D13-1 3330 0.018 68.080 21210 7.970 1.593 5.846
D7-2 3.190 0015 60.530 26410 7.590 1.598 6.105
D13-2 2.700 0.016 72.290 20430 6.500 1.552 6308
D4-2 2.140 0.016 63.720 20.090 11.760 1.528 7.260
D4-1 3.020 0.009 56.910 23.630 13.800 1.527 7.522
relaxation time of the saturated T, spectrum exceeds 20,000 ms
0.1 and presented a bimodal distribution, indicating strong core
® heterogeneity (Figure 3B).
® ® Q Based on the HPMI curves and NMR T, spectra aforementioned
| ® .. P i displayed, quantitative pore structure parameters, such as maximum pore
= @ ® % _______ ol radius (R,), average pore radius (R;,), median pore radius (Rs), structure
2 ._,_-—'. ..‘ coefficient (P), relative sorting coefficient (D), characteristic structural
o . . .
2 0.01 [ @ .Q. parameters (C), homogeneity coefficient (a), maximum mercury
= @ intrusion saturations (Shg,...), displacement pressure (Pd), median
2 Em: P P
Qé pressure (Ps), and saturated T, mean value (Typy), are calculated
5 y = 0.00440:4798x and shown in Table 2. The data show that the average pore radius of
A~ . .
R?2=10.285 the reservoir core was between 22 and 96 nm, and the displacement
pressure mainly ranged from 1.354 to 8.263 MPa. The maximum throat
0.001 5 2'5 :; 3'5 ; as radius of the corresponding core was between 89 and 543 nm, indicating
Porosity/% that the reservoirs of the Xu 3 Member in the study area were developed
with nanoscale pore throats with a large difference in size.
FIGURE 2

Cross-plots of porosity vs. permeability for all core samples.

intrusion curves indicate that the maximum mercury intrusion
saturations for all core samples are less than 65%, that is,
mercury cannot enter most of the pore systems when the
injection pressure reaches 200 MPa. Moreover, the maximum
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3.4 Rock—electric parameters obtained from
rock resistivity experiment

Twenty-five cores from the Xu 3 Member in the study area were
selected as experimental samples, with porosity ranging from 2.298% to
4.153% and permeability ranging from 0.0071 x 107 to 0.0591 x
10° um?. Figure 2 shows the results of the rock resistivity
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FIGURE 3
(A) Characteristics of HPMI curves and (B) water-saturated NMR T, spectra of core samples.

TABLE 2 Pore structure parameters of the core samples derived from the HPMI test and the NMR experiment.

Core no. Ra (hm) Ry (nm)  Rso (nm) ()] Stgmax (%)  Pd (MPa)  Psq (MPa)
D13-1 542.621 77.939 20.538 1666 | 0.130 | 0.130 | 0.144 63.107 1.355 35.790 9.508
D4-2 88.946 21.959 5914 0022 | 0154 | 0154 0247 59.034 8.263 124.290 7.556
D3-2 178.473 50.527 11.918 0044 | 0117 | 0117 | 0283 62.897 4118 61.670 7.678
D5-2 88.978 21912 7.487 0048 | 0.142 | 0142 0246 62.964 8.260 98.170 10.317
D10-1 542.960 92.123 35910 0168 | 0.127 | 0127 | 0.170 63.179 1.354 20470 9.957
D5-1 133.687 29.150 9.184 0005 | 0112 | 0112 | 0218 63.120 5.498 80.030 9272
D9-1 268.679 59.744 13.248 0104 | 0129 | 0129 | 0222 62.254 2736 55.480 10.897
D7-1 133.706 34.088 12.779 0028 | 0153 | 0153 | 0255 62.586 5.497 57.520 8.038
D4-1 541,578 89.506 20.295 0316 | 0.142 | 0142 | 0.165 62.993 1.357 36.220 9.587
D10-2 542431 96.139 29.187 0296 | 0.141 | 0.141 | 0.177 65.398 1.355 25.180 12.542

experiment, indicating that the relationship between core formation
factors and porosity in the study area is relatively concentrated, and
when proportionality coefficient a=1, the distribution range of
cementation exponent (m) is 1.4-1.7 (Figure 4A). For proportionality
coefficient b=1, the distribution range of the saturation exponent (n) was
3-8, and the relationship between the resistivity index and water
saturation was relatively scattered, which is non-linear when the
water saturation is less than 40%, typical of the “non-Archie
phenomenon” (Figure 4B).

4 Discussion

By applying Archie’s formula to tight sandstone reservoirs,
the parameters in the model must be collected, provided that a
systematic and in-depth analysis of the response law of rock
resistivity is conducted. Therefore, based on rock-electric
experimental data analysis combined with petrophysical

property analysis, casting thin section identification, and
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HPMI experiments, the influences of physical properties,
mineral composition, and pore structure on the resistivity law
of the core were analyzed.

4.1 Influence of mineral components on
rock—electrical parameters

Although the absolute contents of both quartz and feldspar have
no significant correlation with the rock-electrical parameters
(Figures 5A, B), the clay content has a good negative correlation
with the cementation exponent (Figure 5C), that is, the higher the
clay content, the smaller the value of m. The analysis suggests that
owing to the adsorption of clay minerals on water, a water film is
easily formed on the surface of the particles, increasing the
conductivity of the core and reducing the value of the formation
factor. This results in a decrease in the fitted m value. Figure 5D
shows that there was no significant correlation between the clay
content and the saturation exponent.
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4.2 Influence of physical properties on
rock—electrical parameters

The cross-plot of the cementation exponent and physical

property parameters shows that the value of m increases with an
increase in porosity and permeability and is more correlated with

Frontiers in Earth Science

porosity, indicating that the cementation index is more affected by

porosity (Figures 5E, F). Similarly, the cross-plot of the saturation

exponent and physical parameters indicated that the saturation

exponent was negatively correlated with the porosity and
permeability (Figures 5G, H). Further analysis revealed that the
fitting trend between the saturation exponent and permeability

06

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1223997

Guo et al. 10.3389/feart.2023.1223997
A B
10000 10000 - 1000
@ T2 reverse accumulation:
1000 y = 254.5x02034 1000 A —Mercury capillary radius 106
°
100 E
7]
£ s L
[3] Q
0tk &
y = 5099.1x!-5668
1k R2=0.9927
0.1 . L a a 0.01
0.001 0.01 0.1 1 10 10 0 20 40 60 80 100
Re/pm Shg/%
FIGURE 6

(A) Cross-plot of Rc vs. T, and (B) difference in measurement scales between NMR and mercury intrusion experiments.

exhibited two patterns. (1) When n > 5.4, n decreases rapidly with
increasing permeability and (2) when n < 5.4, n decreases slowly
with increasing permeability. In theory, the saturation exponent
reflects the degree of uniformity of the fluid distribution in the core;
the larger the n value, the more uneven the fluid distribution. The
relationship between the saturation index and permeability reveals
that, in an extremely complex fluid distribution, if there are
preferential seepage channels, the fluid is distributed quickly and
evenly, whereas when the fluid distribution is uniform, the change in
permeability has no obvious effect (Gao, 2012; Cong and Hu, 2016;
Zhang et al.,, 2017).

4.3 Influence of pore structure on
rock—electrical parameters

The pore structure of the cores can be characterized
quantitatively by HPMI experiments, but with limited pressure in
the laboratory mercury intrusion apparatus, it is difficult to inject
mercury into every pore of the cores; therefore, the capillary pressure
curve cannot reflect the total pore system (Yakov V and Win L S,
2001; Liu et al., 2008; Li et al., 2015). However, the NMR experiment
can measure the attenuation signal of all hydrogen nuclei of water-
saturated core pores; therefore, the pore structure of tight sandstone
cores was evaluated using pseudo-capillary pressure curves
constructed through NMR (Figure 6A). Yudan et al. (2005)
suggested that the relationship between the capillary pressure
(Pc) and relaxation time (7T,) can be expressed as follows (He
et al., 2005):

20cosf 1
P.=—x— (1)
P> XFS T2

where g represents the fluid interface tension, 0 is the wetting contact
angle, p, is the transverse surface relaxation time, and Fs is a
geometry factor. The value of Fs was 2 for the cylindrical throat
and 3 for the spherical throat. After non-linear interpolation of the
T, spectrum, the relationship between the capillary pressure and

Frontiers in Earth Science

pore radius (Rc) was fitted, and the results showed that a piecewise
fitting relationship exists between the two variables, implying that
the pore system can be divided into two parts (Figure 6B).

Finally, the characteristic pore structure parameters of the cores
in the study area were extracted based on the construction of a
pseudo-capillary pressure curve (Table 3).

The cross-plot of the cementation exponent and mercury
intrusion characteristic parameters shows that, overall, the
cementation exponent decreases with the increase of the relative
sorting and homogenization coefficients, indicating that the stronger
the throat homogeneity, the smaller the value of m (Figures 7A, B).
The cross-plot of saturation exponent and mercury injection
characteristic parameters shows that, in the overall trend, the
saturation exponent has a strong negative correlation with the
median radius and the average radius, suggesting that the larger
the radius of the pore and throat, the more uniform the fluid
saturation distribution (Figures 7C, D). The correlation analysis
between the rock-electrical parameters and mercury intrusion
characteristic parameters also showed that, compared with the
cementation exponent, the correlation coefficient between the
saturation exponent and mercury intrusion characteristic
parameters was greater, indicating that the saturation exponent
was more influenced by the pore structure.

A diagram of the saturation exponent and pseudo-capillary
pressure curve characteristic parameters revealed that the index
was controlled by the core-pore structure. Therefore, the influence
of the pore structure on the index was further analyzed by
combining it with the data thin
identification, physical property analysis, and NMR experiments.

Four cores (D4-1, D7-1, D9-1, and D9-2) with similar porosities
and different saturation exponents were selected for comparative

from casting section

analysis of the water-saturated NMR T, spectrum (Figure 8A).The
saturation exponent is related to the signal amplitude at 100 ms of
the T, spectrum, and the larger the signal amplitude at 100 ms, the
smaller the value of n (Figure 8B), and a comparison of the casting
thin sections from the four cores shows that, in general, the larger
the maximum pore size and main pore size distribution interval, the
smaller the saturation exponent (Figure 9). Therefore, in tight
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TABLE 3 Pore structure parameters derived from the pseudo-capillary curve and their corresponding large porosity proportion.

Large porosity proportion

(%)
D1-2 58.383 12.589 40.574 0.355 0.439 5.002
D2-1 46.260 15.888 27.247 0.349 0.429 5.022
D2-2 44.075 16.676 26.745 0.347 0.428 6.359
D3-1 51.076 14.390 65.994 0.346 0.437 5.815
D3-2 50.158 14.654 17.442 0.351 0.432 3.209
D4-1 45.151 6.279 17.627 0.350 0.427 1.532
D4-2 71.533 5.275 19.265 0.367 0.449 1.448
D5-1 56.843 12.930 58.357 0.357 0.435 5.551
D5-2 65.379 11.242 39.364 0.365 0.442 4.065
D7-1 55.588 13.222 35.929 0.355 0.435 5.491
D7-2 43.691 16.823 16.877 0.347 0.427 2273
D8-1 20.108 36.552 66.125 0.333 0.400 8.707
D8-2 33.168 22.160 47.530 0.345 0.414 6.607
D9-1 56.824 12.935 38.728 0.359 0.434 5.866
D9-2 51.541 34.261 48.420 0.355 0.430 6.462
D10-1 25.907 28.371 26.115 0.337 0.409 5.856
D10-2 19.892 36.950 25.972 0.333 0.399 3.200
D11-1 36.943 19.895 57.800 0.348 0.417 7.449
D11-2 22.527 10.627 25.761 0.338 0.403 3.537
D13-1 38.173 9.255 17.048 0.345 0.421 2.948
D13-2 59.753 12.301 17.399 0.355 0.441 1.989
D14-1 25.985 28.285 17.040 0.341 0.407 7.286
D14-2 35.337 20.800 31.665 0.347 0.416 7.066
D15-1 27.580 26.649 56.403 0.339 0.411 6.670
D15-2 39.173 18.763 17.154 0.346 0.422 3.003

sandstone reservoirs, the saturation exponent is controlled by the
pore structure, particularly by the development of large-size
reservoir pores, that is, the more developed the large-size pores,
the more uniform the core fluid saturation distribution and the
smaller the saturation exponent. To describe the development of
large-sized pores, the fractal dimension theory of pore throats was
used to quantitatively evaluate the pore structure.

4.3.1 Determination of fractal dimension by high-
pressure mercury injection experiment

The fractal theory is used to study the internal structure of an object
based on self-similarity (Xie et al,, 2010; Huang et al,, 2018; Xia et al,
2018). Numerous studies have shown that the pore structure of tight
sandstone has fractal features, and the complexity and heterogeneity of
the pore structure can be characterized by the fractal dimension. In
general, D in the fractal dimension is distributed between 2 and 3; the

Frontiers in Earth Science

closer it is to 2, the smoother the pore surface and the more regular the
pore throat structure.

Typically, the fractal dimension of a pore structure is obtained
through HPMI experiments in the laboratory. According to the
capillary model and the fractal geometry theory, the fractal
dimension of a pore with a radius larger than r (a specific value)
can be represented by the following function:

73D _ 3D r 3-D
ng(Zr): max3_D = 1_< ) > (2)
rmax

max

where 7,,,,, is the maximum pore-throat radius in (#)m and D is the
fractal dimension.
Taking both sides of Eq. 2, we obtain

log[l — Spig ( zr)] = (3-D)logr — (3 — D)log 7 ax- (3)
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Eq. 3 shows that fractal dimension D can be calculated using the
relationship between log [1-Sy, (>7)] and log r.

Figure 10 shows the fitting results for the two reservoir cores in
the study area obtained using Eq. 3. The relationship between

Frontiers in Earth Science

log[1 —Spy(=7)] and logr is expressed as a staged structure. The
two segments of the fitted curve represent relatively large and small

pores in the cores, and the slopes correspond to fractal dimensions D; of
the large pores and D, of the small pores (Qu et al., 2020).

09

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1223997

Guo et al. 10.3389/feart.2023.1223997

FIGURE 9

Casting thin section identification of cores with different saturation exponents. (A) Well-DY102, 4 585.605 m, fine lithic sandstone, maximum pore

size is 0.2 mm, main pore size ranges from 0.05 to 0.1 mm. (B) Well-DY1, 4 590.375 m, feldspar lithic sandstone, maximum pore size is 0.1 mm, main pore
size ranges from 0.01 to 0.05 mm. (C) Well-DY102, 4 597.865 m, medium lithic sandstone, maximum pore size is 0.26 mm, main pore size ranges from
0.02 to 0.21 mm. (D) Well-DY7, 4 597.875 m, medium feldspar lithic sandstone, maximum pore size is 0.38 mm, main pore size ranges from 0.02 to

0.22 mm.
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FIGURE 10
Fractal dimension fitting diagram of capillary mercury intrusion curves of core samples. (A) Cross-plot of log(Rc) vs. log(1-Sy;4) of D2-2 and (B) cross-
plot of log(Rc) vs. log(1-Syg) of D3-2.

4.3.2 Determination of the proportion of large the saturation index. Thus, a relatively large pore size is a crucial
pores and optimization of the saturation exponent factor affecting the saturation coefficient. To describe the

Based on the relationship between permeability, relatively large ~ development of large pores, the concept of large-pore proportion
pores, and saturation exponent, the development of large pores is  was introduced and defined as the ratio of large-pore components to
shown to lead to a more uniform fluid distribution and a decreasein  the total pore system, denoted as p.
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The steps to determine the proportion of large pores in the
lab are as follows: (1) determine the threshold pore radius of
relatively large and small pores by the two-segment structure of
capillary pressure curves; (2) calculate the ratio of large-pore
components to the total pore system and construct the pseudo-
capillary pressure curve with the water-saturated NMR T,
spectrum; and (3) convert the threshold pore radius of
relatively large and small pores into corresponding T, values,
denoted as T, ¢, based on the fitting relationship between pore
radius and T, distribution. Subsequently, the peak envelope area
larger than T, ¢ in the T, spectrum was divided by the entire
spectrum envelope area, and a large pore proportion was
obtained. In processing the actual well data, because no NMR
logging data were collected in the study area, a calculation model
of the large-pore proportion was indirectly constructed using the
permeability scale (Figure 11A)

P =0.1118 x Perm®*"%, 4)

where P represents the proportion of large pores in % and Perm is
permeability in 107* um?.

The cross-plot of the large-pore proportion and the
saturation exponent shows that the proportion is negatively
correlated with the index, that is, the saturation exponent
decreases as the proportion increases (Figure 11B). With n =
5.4 and p = 5% as limits, the fitting trends of the proportion and
index can be roughly divided into two segments: when the
proportion is less than 5%, the index was high, indicating
that the cores contain mainly small pores, and the fluid
the
distribution became rapid even with a slight increase in the

saturation distribution is highly uneven. However,
number of large pores. When the proportion was greater than
5%, the saturation index was small, indicating that large pores
developed well in the cores, resulting in a uniform fluid
saturation distribution. However, with an increase in the
proportion, the index decreased slowly, suggesting that the

distribution did not change significantly.
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5 Archie parameter model and
application

5.1 Fixed rock—electrical parameters

Based on the basic theory of the Archie model, the relationships
between porosity and formation factors as well as water saturation
and electrical resistivity increase coefficients were fitted, and the
fixed rock-electrical parameter values were obtained as a,=1.0686,
b,=1.1939, m,=1.56, and 1,=4.895.

5.2 Variable cementation index model

An analysis of the factors influencing the cementation exponent
showed that m was controlled by the porosity and clay content.
Therefore, the porosity and clay content were selected as
independent variables, and linear multiple regression was used to
construct the variable cementation index calculation model with a
correlation coefficient R* of 0.7591. The variable cementation
exponent is denoted as m,, and the calculation model is as follows:

My = 0.03 X ¢ — 0.006 X V gy + 1.502, (5)

where m, is the variable cementation exponent and V,,, is the clay

lay
content in percentage.

5.3 Variable saturation exponent model

Previous studies have shown that the saturation exponent is
primarily controlled by the proportion of large pores in the core
relative to the total pore system. The distribution of the core fluid
saturation presented different rules, with a threshold proportion of
large pores of 5%. Hence, the proportion-dependent variable
saturation index model was constructed and denoted as n,. The
calculation model was
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FIGURE 12

Comprehensive logging interpretation of wells of the Dayi structure. (A) Logging interpretation at 4 750 m-4 775 m and (B) logging interpretation at

4 580 m-4 605 m.

1y = 9.3547 x e %P P < 5% ©)
n, = 8.6183 x P73 pP>59% -

5.4 Applications

Based on Archie’s model with variable parameters, the reservoir
saturation of the Xu 3 Member in Well X of the Dayi structure in the
West Sichuan Depression was quantitatively evaluated. The green
curve in the nine sections (Sw;) represents the saturation calculation
results for the fixed rock electrical parameters, and the red curve
represents the saturation calculation results for the variable Archie

parameter model (Swy).

Frontiers in Earth Science

Analysis of the comprehensive evaluation result map of the well
logging data obtained from 4750 to 4775 m of this well suggests that
this interval is an industrial gas reservoir, as determined by the gas
testing results. The conventional logging curve shows that the
natural gamma rays in the perforated interval are low, the well
diameter is relatively stable, and the spontaneous potential curve
presents an overall negative anomaly, indicating the good
permeability of this interval. All three porosity curves show that
the values of acoustics and neutrons increase, whereas the density
value decreases, and the deep and shallow lateral resistivity has a
slight positive difference. A comparison of the saturation calculation
results in the perforated interval suggests that (1) the calculated
water saturation from the fixed rock-electric parameter model is
large and overlaps the bound water saturation, indicating that there
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is a large amount of mobile water, and the calculation is inconsistent
with the gas testing result and (2) the calculated water saturation
from the variable Archie’s model ranges from 40% to 70%, which is
consistent with the bound water saturation. The overlapping results
indicate the presence of gas in the interval, which is consistent with
the gas test results (Figure 12A).

Based on the analysis of the comprehensive evaluation result
map of well-logging data obtained from 4580 to 4605 m in this well,
the calculated bound water saturation from the fixed rock-electric
parameter model overlaps with the water saturation in the interval,
indicating a large amount of mobile water, which is inconsistent
with the gas testing result. However, the water saturation calculated
from Archie’s model was similar to the bound water saturation,
which was consistent with the gas testing results, further proving the
effectiveness of Archie’s model with variable parameters in the
application (Figure 12B).

6 Conclusion

The reservoir lithology of the Xu 3 Member in the West Sichuan
Depression is dominated by the feldspar lithic sandstone, followed
by lithic sandstone. The average porosity and permeability are 3.16%
and 0.0235 x 10~* um?, respectively, indicating reservoirs in the Xu
3 Member are typical tight sandstone reservoirs. Reservoirs are
developed with nanoscale pore throats, with relatively large
differences in size and complex pore structures.

The conductivity law of tight sandstone reservoirs in the study area
shows that the cementation exponent is controlled by porosity and clay
content, and the main factor affecting the saturation exponent is the
ratio of the large-pore components to the total pore system. In this
study, the fractal dimension was used, and through formula derivation,
an obvious boundary was observed between the fractal dimensions of
relatively large and small pores in tight sandstone. Therefore, the “large-
pore proportion” concept is proposed, and the segmentation calculation
model of saturation index is established.
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