
Research Article
Analyzing the Origin of Low Resistivity in Gas-Bearing Tight
Sandstone Reservoir

Yanjiao Jiang ,1,2 Jian Zhou ,1,2 Xiaofei Fu,2,3 Likai Cui,2,3 Chao Fang,4

and Jiangman Cui5

1School of Earth Sciences, Northeast Petroleum University, Daqing 163318, China
2State Key Laboratory Base of Unconventional Oil and Gas Accumulation and Development, Northeast Petroleum University,
Daqing 163318, China
3Institute of Unconventional Oil & Gas, Northeast Petroleum University, Daqing 163318, China
4Production and Operation Department of the Sixth Oil Production Plant, PetroChina Daqing Oilfield Co., Ltd,
Daqing 163114, China
5Technology Research Institute of Testing Company, PetroChina Dagang Oilfield Co., Ltd, Tianjin 300280, China

Correspondence should be addressed to Yanjiao Jiang; jyjiao0224@163.com and Jian Zhou; zhouj87@163.com

Received 25 April 2021; Revised 24 June 2021; Accepted 7 August 2021; Published 31 August 2021

Academic Editor: Umberta Tinivella

Copyright © 2021 Yanjiao Jiang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Complex characteristics exist in the resistivity response of Gs reservoirs in the central inversion belt of the Xihu Sag, East China
Sea Basin. Some drilling wells have confirmed the existence of abnormally low resistivity in gas reservoirs of the area; and the
electrical logging response was unable to reflect fluid properties of the reservoir accurately. Therefore, it is necessary to analyze
the origin of the low resistivity and determine its controlling factors. Based on experimental data of core analysis and
numerical simulations of mud invasion, this study thoroughly explores the origin of low resistivity in the subject gas-bearing
reservoir considering both internal and external factors. The results indicated that when there is no or a low degree of mud
invasion, the fine lithology, complex pore structure, additional clay mineral conductivity, and high content of pyrite are the
main internal factors driving the conditions present in the studied gas reservoir. When mud invasion occurs, the invasion of
highly saline mud is the main external cause of low resistivity. The numerical simulation results indicated that a formation
with good permeability and high overbalance pressure has a deep invasion depth. The resistivity around the well is obviously
reduced after the invasion, and low resistivity would form easily. Combined with actual data of several wells, the main
influencing factors of the reservoir’s electrical characteristics were analyzed, and the main controlling factors of low resistivity
in the gas reservoirs are given. This study provides valuable support for studying the low-contrast complex reservoir
conductivity mechanism. The study also offers novel ideas for accurate calculation of saturation and the meticulous evaluation
of reservoir for subsequent studies.

1. Introduction

Recent exploration and development efforts have indicated
that the amount of hydrocarbon reserves in the low-
resistivity reservoirs is considerable. Such reservoirs have
been the research object of many studies, exhibiting the great
potential of being complex reservoirs. Low-resistivity reser-
voirs are commonly found in most oilfields and have become
one of the most valued sources to increase the production

and tapping potential of old oilfields [1–4]. Many scholars
have conducted in-depth research on the generation of low
resistivity in these reservoirs [4–6]. The research results have
indicated that the cause of the low resistivity could be classi-
fied into internal causes, external causes, and combined
causes. The internal causes mainly include highly saline for-
mation water, high irreducible water saturation formed by
the development of micropores, additional conductivity of
clay, conductive minerals in the rock skeleton, and thin
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sand-shale interbedding. The external causes mainly include
salty mud invasion and the limited detection range of the log-
ging tools. Nevertheless, the simultaneous action of internal
and external factors forms a combined cause. The identifica-
tion and evaluation of low resistivity in the reservoir, which is
an important issue in the field of logging [2, 7–10], have
always been difficult. This is because the generation mecha-
nism of low resistivity is complex and it differs in various oil-
fields, which introduces great difficulty to the interpretation
of well logging data in every particular area [11–16].

The study area of this research is an important, large gas
field in China discovered in 2013, with considerable reserves
and favorable exploration and development prospects [17,
18]. The vertical heterogeneity of the target reservoir is
strong, and a considerable part of the formation has low
porosity and low permeability near a tight reservoir. The
physical properties of the reservoir change greatly, and
abnormally low-resistivity gas layers exist within many for-
mations. Even in the same set of gas reservoirs, the resistivity
exhibits obvious differences, which affects the accurate judg-
ment of the gas-related reservoir properties. Many explora-
tion wells have proved that some reservoir layers of the
area have serious mud invasion, which distorts the response
of electric logging. This kind of near-tight reservoir charac-
teristics coupled with abnormally low resistivity bring great
difficulties to the reservoir evaluation. At present, there is
limited research on the origin of low resistivity in the gas res-
ervoirs of the study area. Hence, it is necessary to carry out
specific research to provide beneficial information for quan-
titative identification and effective development of low-
resistivity reservoirs in this area.

Based on a large number of core experimental analysis
data and numerical simulations of mud invasion, this paper
thoroughly explores the origin of low resistivity in the sub-
ject tight sandstone gas reservoirs considering the internal
and external factors. In this paper, theoretical analysis,
numerical simulation, and data examples were combined
to examine the main factors of the abnormally low resistivity
and determine the potential of formations to represent low
resistivity. Herein, detailed case analysis provided effective
data for the accurate identification of low-resistivity reser-
voirs. This study provides a basis for further establishment
of resistivity models for different generation mechanisms
of low resistivity to improve the interpretation accuracy of
the well logging data.

2. Study Area

The Xihu Sag is located at the northeast of the East China
Sea Basin. It is a sedimentary sag filled with Cenozoic-aged
sediments. The sag can be divided into five substructural
units from west to east, including the western slope belt,
western sag belt, central inversion structural belt, eastern
sag belt, and eastern fault step belt [19]. The study area is
located in the middle of the sedimentary sag (Figure 1),
which is a key reservoir exploration area with high develop-
ment value. In the study block, the Gs formation is a set of
fluvial-lacustrine strata, and the sedimentary environment
mainly consists of a fluvial delta system. The lithology of

the Gs formation is complex, and mud intercalation and a
small amount of glutenite are developed within a large set
of sandstones [20, 21]. A considerable part of Gs formation
is a tight sandstone reservoir. Table 1 shows the basic reser-
voir characteristics in Gs2-Gs4. As can be seen, there are
some differences in sandstone body development, clay min-
eral content, and physical properties.

There is an obvious difference in the electrical properties
of gas reservoirs in Gs2-Gs4 formation, ranging from 7Ω·m
to 70Ω·m. The salinity of formation water is low, and the
equivalent concentration of NaCl salt is approximately
6-10 g/L. As shown in Figure 2(a), No. 3 is a water layer,
and its deep lateral resistivity response ðRDÞ ≈ 7:5Ω·m. The
test results for layer No. 5 have proved it to be a gas layer,
and its RD ≈ 12:5Ω·m. The latter is a typical low-resistivity
gas layer. In Figure 2(b), the upper layer (3561m–3565m)
is mudstone and the average deep array lateral resistivity
response ðRLA5Þ ≈ 10Ω·m, Nos. 38-40 are conventional gas
layers, and the average RLA5 ≈ 50Ω·m; the test results have
indicated that Nos. 36-37 are gas layers and their average
RLA5 ≈ 9Ω·m. Nos. 36-37 are typical low-contrast gas layers.

In the study area, the differences between electric logging
responses in some proven gas layers and the adjacent water
layers are small, being even lower than the resistivity of
water layers and mudstone layers. The appearance of low-
resistivity gas layers introduces difficulties to well logging
interpretation jobs. Therefore, it is necessary to analyze the
main controlling factors from the viewpoint of the internal
and external factors.

3. Analyzing Internal Factors

Combining the core analysis, logging, and testing data of the
subject formations, we analyzed the internal causes of low
resistivity from different aspects including lithology, pore
structure, and mineral composition.

3.1. Fine Lithology. The thin-section analysis and rock
particle size experimental data of the low-resistivity layers
indicated that the lithology is mainly fine sandstone, and
the grain size of the rock is relatively fine (as shown in
Figure 3). The median grain size of the low resistivity-gas
layer is mainly distributed in the range of 0.1-0.3mm, and
for the conventional gas layer is 0.2-0.5mm (as shown in
Figure 4). Fine rock particles, on the one hand, cause the film
adsorbed on the particle surface to retain more water. On the
other hand, the tortuosity of pores increases the proportion
of microcapillary pores, which increases the content of
retained capillary water. These factors lead to an increase
in immobile water saturation. The higher the immobile
water saturation is, the easier it is to form a good ionic con-
ductive network in the reservoir, and it is easier to form a
low-resistivity gas reservoir. Fine lithology is one of the main
factors that lead to low resistivity in the gas reservoirs. This
feature is more significant in Gs2 formation, where the con-
tent of fine sandstone is 90%, and the main distribution
range of micropores is 30%-42%. The resistivity of the gas-
bearing layer is generally low.
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3.2. Additional Conductivity of Clay Minerals. The experi-
mental results for the clay mineral composition analysis
showed that the content of clay minerals in the low-
resistivity gas reservoir of the area is relatively high, with
the main distribution range of 6-16%. However, the content
of clay minerals in the conventional gas layer is relatively
low, with the main distribution range of 3-8%. The clay min-
erals mostly include illite-montmorillonite mixed layer,
chlorite as the second abundant clay, and kaolinite with
the least amount. The average content of the illite-

montmorillonite mixed layer is higher than that of other
minerals in the low-resistivity gas reservoir. The illite-
montmorillonite mixed layer has a higher cation exchange
capacity, and its additional conductivity is the fundamental
reason for the reduction in the formation resistivity [22,
23]. For the distribution form of the clay minerals, it can
be seen from the thin sections that the clay minerals mostly
appear in parallel layers or fill in the pores among the rock
particles in fibrous form or are attached to the surface of
rock particles in thin-film form (as shown in Figure 5).
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Figure 1: Regional position and stratigraphic column of the central inversion structural belt in the Xihu Sag.

Table 1: Statistics of basic reservoir characteristics.

Stratum Sandstone
Lithology Physical property

Rock type
Clay mineral

(%)
Porosity
(%)

Permeability
(mD)

Gs2
Thin sandbody
development

Mainly fine sandstone, single lithology 6-10 8-16 0.1-3

Gs3
Thick sandbody
development

Mainly fine sandstone, complex lithology, little pebbled
sandstone

2-8 8-12 0.3-3

Gs4
Thick sandbody
development

Mainly fine sandstone, complex lithology 2-8 4-12 0.1-3
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Figure 2: Continued.
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These distribution forms effectively improve the electrical
conductivity network, reduce the reservoir resistivity, and
form low-resistivity gas reservoirs. High clay content and
conductive distribution form are the main reasons for many
low-resistivity reservoirs.

3.3. Complex Pore Structure. The studied formation is deeply
buried at more than 3000m. Due to the influence of the sed-
imentary environment, diagenesis, and rock particle sorting,
the pore structure of the reservoir is complex. According to
observation of a scanning electron microscope (SEM), the
proportion of intragranular pores is higher in certain low-
resistivity layers. A comparison of mercury injection curves
showed that the capillary pressure of conventional gas
reservoir is characterized by a coarse skewness and a low
displacement pressure (Pd), while the low-resistivity gas
reservoir is characterized by medium-fine skewness and a

relatively high displacement pressure (as shown in
Figure 6). The complex pore structure increases the capillary
displacement pressure. Herein, the pore throat seepage abil-
ity is poor, and a part of the formation water remains in the
micropores, which increases the immobile water saturation
and forms a low-resistivity gas reservoir [24, 25].

3.4. High Content of Conductive Minerals. Conductive min-
erals (such as pyrite and magnetite) have low resistivity.
When conductive minerals exist in clastic particles or are
filled within the rock skeleton, their presence influences the
rock’s conductivity [26, 27]. It has been proved that there
are low-resistivity gas layers in Gs3 formation in many wells.
And a large amount of pyrite was found in the sidewall core
analysis data. X-ray diffraction analysis showed that the
pyrite content of the heavy minerals is 6-8%, which is evi-
dently higher than that of the adjacent sandstone layer.
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Figure 2: Comprehensive logging map of Gs formation: (a) X-B-1 well and (b) X-A-1 well.
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When a certain amount of conductive minerals exists in the
formation and contact with the other conductive compo-
nents, they easily form a connected conductive path, which
has a substantial impact on reducing rock resistivity
[28–30]. In addition, according to thin section scanning
photos, the heavy minerals exist in the form of layered and
banded enrichment (as shown in Figure 7), indicating that
the distribution forms of high-conductivity minerals also
have a crucial influence on reducing rock resistivity.

4. Analyzing External Factors

This section mainly analyzes the external causes of low resis-
tivity from the viewpoint of well logging tasks and focuses
on the impact of mud invasion on the formation resistivity
at different mud invasion conditions. The study area is an
offshore oilfield. Several wells have confirmed that there is
a serious mud invasion phenomenon in the target forma-
tion. There are considerable differences in mud invasion in

different conditions, which have a notable impact on the
electrical logging response. Based on the actual data of reser-
voir characteristics and fluid properties, the formation
model was constructed and the formations prone to mud
invasion were determined.

A limited-size 3D single well formation model was estab-
lished to simulate the mud invasion process by using reser-
voir numerical simulation technology [31–34]. Figure 8
shows the diagram of the mud invasion occurrence model.
The radial distribution of water saturation and salinity under
different invasion conditions was obtained by simulation,
and then, the dynamic change in the formation resistivity
around the wellbore was obtained by Archie equation [35]
assuming two-phase formation fluids, i.e., gas-water. The
fluid seepage process followed the mass balance equation,
and the mixture of drilling fluid and the original formation
water followed the convection-diffusion equation [34].
According to the actual physical properties, fluid character-
istics, Archie’s equation parameters, and dynamic test data
of the target area, the basic parameters of the numerical sim-
ulation model were selected as shown in Table 2. This part
focuses on the influence of overbalance pressure, formation
permeability, and mud filtrate salinity during the invasion.
The ranges of simulated parameters were determined by
the measured and core analysis data of the target area.

4.1. Influence of Overbalance Pressure. According to test
data, the main range of overbalance pressure is mainly
1MPa-8MPa. The simulation conditions employed in this
study were as follows: K = 1mD, φ = 0:085, Sw = 0:3, Cmf =
60000 ppm, and Cw = 10000 ppm. The invasion occurrence
model was divided into three layers, and △P was set to
2MPa, 3.5 MPa, and 7MPa. (△P: overbalance pressure.)

Figure 9 shows the radial distribution of formation water
salinity, water saturation, and formation resistivity under
different overbalance pressures when the invasion time
t = 2d. The abscissa is the distance from the wellbore. When
the overbalance pressure is larger, the velocity of mud filtrate
is larger, and the volume of mud filtrate entering the
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formation is larger, which leads to deeper mud invasion. Due
to the invasion of high salinity mud filtrate, the water salinity
and water saturation of the invasion zone increase signifi-
cantly, resulting in a substantial decrease in the resistivity
near the wellbore. In this case, the formation resistivity near
the wellbore decreased to 4Ω·m after the invasion, while

the original formation resistivity was 115Ω·m (as shown in
Figure 9(c)). Therefore, a low-resistivity profile would appear
under invasion of a high-salinity mud.

4.2. Influence of Permeability. According to the core analysis
data, the main distribution range of formation permeability
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Figure 5: Thin sections to study the clay minerals’ distribution form: (a) parallel layer enrichment, X-B-3, 3567m; (b) banded enrichment,
X-A-2, 3962.1m; (c) thin-film form, X-A-2, 3640m; (d) fibroid form X-A-1, 3446m.
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is 0.1mD-10mD, and the relationship between porosity and
permeability follows K = 0:0072e58:231φ. The simulation con-
ditions employed in this part were as follows: △P = 3:5MPa,
Sw = 0:3, Cmf = 60000 ppm, and Cw = 10000ppm. The inva-
sion occurrence model was divided into five layers with for-
mation permeability values of 0.1mD, 0.5mD, 1mD, 5mD,
and 10mD. Based on the regression equation, the corre-
sponding formation porosity was 0.045, 0.073, 0.085, 0.111,
and 0.125.

Figure 10 shows the radial distribution of formation
water salinity, water saturation, and formation resistivity
around the wellbore for the different values of the formation
permeability when the invasion time t = 2d. The mud inva-
sion depth increases with increasing formation permeability,
and the amount of increase is larger when K > 1mD. The
simulation results showed that for the nearly tight sandstone
gas reservoir, the better physical properties of the formation

leads to the greater mud invasion depth and a larger resistiv-
ity variation range. Therefore, in gas reservoirs with good
physical property, the mud invasion depth is generally high,
and the electric logging response is often distorted. The inva-
sion of highly saline mud makes it difficult to identify the
electrical characteristics of the original formation by electric
logging response.

4.3. Influence of Mud Filtrate Salinity. According to water
analysis data, the formation water salinity is mainly
5000 ppm-14000 ppm, and the mud filtrate salinity is mainly
35000ppm-50000ppm. The simulation conditions employed
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Figure 7: Thin sections of conductive minerals’ distribution form: (a) enrichment, X-A-1, 3603m; (b) banded enrichment, X-A-1, 3604.5m.
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Figure 8: The schematic model of mud invasion.

Table 2: Basic parameters used in mud filtrate invasion model.

Parameter Value

Fluid properties

Water density (g/cm3) 1.05

Gas density (g/cm3) 0.018

Water viscosity (cp) 0.42

Gas viscosity (cp) 0.024

Water compressibility (psi-1) 5:8 × 10−6

Formation water salinity
(Cw , ppm)

10000

Mud filtrate salinity (Cmf , ppm) 60000

Reservoir
properties

Rock compressibility (psi-1) 4:3 × 10−6

Formation permeability (K , mD) 1

Formation porosity (φ) 0.085

Formation temperature (°C) 122

Formation initial water
saturation (Sw)

0.3

Irreducible water saturation 0.15

Residual gas saturation 0.15

Archie equation

Cementation exponent, m 1.87

Saturation exponent, n 1.71

Lithology factor, a 1
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in this part were as follows: △P = 3:5MPa, K = 1mD, φ =
0:085, Sw = 0:3, and Cw = 10000ppm. The invasion formation
model was divided into five layers, and Cmf /Cw ratios were set
to 0.1, 0.5, 1, 3, and 6.

Figure 11 shows the radial distribution of formation
water salinity, water saturation, and formation resistivity
around wellbore under different mud filtrate salinities when
the invasion time t = 2d. The salinity of mud filtrate has no
obvious influence on the invasion front. With the increasing
salinity of mud filtrate, the invasion depth is nearly constant.
In Figure 11(c), it can be seen that the Cmf /Cw value has a
great influence on the formation resistivity of the invasion
zone. When Cmf /Cw ≥ 1, the formation exhibits an obvious
low invasion profile, and the resistivity of the invasion zone
is obviously lower than that of the original formation. When
Cmf /Cw < 1, an obvious “low-resistivity ring” appears. For
the study area, the Cmf /Cw value is generally higher than 4.
Therefore, with other conditions in a certain case, saline
mud filtrate is an important factor to reduce the formation
resistivity of the invasion zone.

4.4. Array Laterolog Response and Mud Invasion. Array
laterolog can provide five resistivity curves with different
detection depths. Compared with the conventional dual

laterolog, array laterolog has a higher vertical resolution and
provides more radial resistivity information [35–37]. In order
to thoroughly analyze the relationship between mud invasion
and array laterolog response, we carried out the numerical
simulation of mud invasion in actual formations.

Taking X-B-2 well as an example, 42 sublayers were
selected at the depth of 3740-3781m. The basic simulation
parameters were determined according to the core experi-
mental data and the measured data of the formation, and
the gravitational differentiation between layers was consid-
ered in the simulation. The simulated mud invasion time
was 7 d, considering that the time from drilling to logging
is approximately 7 d, and the invasion depth and invasion
zone resistivity were obtained. The finite element forward
model [38, 39] was applied to calculate the array lateralog
responses of the simulation area [40–42]. In Figure 12, the
fifth track is the comparison between the measured and sim-
ulated value of array lateralog responses. The data of calcu-
lated values and the measured values are shown in Table 3.
RLA1, RLA2, RLA3, RLA4, and RLA5 represent the appar-
ent resistivity from shallow to deep, respectively. As can be
seen from the comparison results, the calculated values coin-
cide with the measured values and the relative errors are
very small. The results verified the accuracy of the reservoir
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numerical simulation method. In Figure 12, the sixth track is
the simulated invasion depth. The results show that serious
mud invasion occurred in this section, and the better the for-
mation physical property was, the deeper the mud invasion
was. The invasion zone resistivity decreases greatly due to
highly saline mud invasion. The array laterolog response is
significantly lower than that of the original formation at dee-
per invasion depths. As the depth increases, the array later-
olog curves with different detection depths show different
amounts of decrease. The curve of shallow detection depth
is affected more significantly. The gas layers presented low
resistivity due to the invasion of high salinity mud, which
was not a real electrical reflection but rather an illusion of
the “low resistivity”.

Mud invasion affects the array laterolog response
directly. For reservoir interpretation and evaluation, the
low resistivity caused by high salinity mud invasion should
be considered. The analysis of mud invasion and the
response characteristics of the array has great importance
for identifying effective reservoirs and improving the accu-
racy of interpretation.

5. Case Study Analysis and Discussion

In order to determine the main controlling factors of low resis-
tivity, the typical causes of low resistivity including the internal,
external, and combined causes were selected, respectively.
Detailed physical properties, mineral composition, and mud
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Figure 11: Radial invasion profile for variations in the mud filtrate salinity: (a) salinity distribution profile, ×104ppm; (b) water saturation
distribution profile, f ; (c) formation resistivity distribution profile, Ω·m.
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invasion data implemented during analysis will be provided in
the upcoming sections.

5.1. Internal Cause. Figure 13 represents the log interpreta-
tion results of well X-A-1. At depths of 3591-3608m, the
resistivity is approximately 7-15Ω·m. Pure gas samples were
successfully obtained through the wireline formation test at
3606.5m, and the content of C1 was 84%, confirming the
presence of a gas layer. The resistivity of the upper low-
resistivity gas reservoir is quite different from that of the
lower conventional gas reservoir. X-ray diffraction analysis
showed that a large amount of pyrite can be found in the
cores obtained from 3598 to 3608m, and the pyrite content
was 7-8%, which is noticeably higher than that of the lower

sandstone body. In addition, the clay content of the upper
reservoir was 15.1%, which is higher than that of the lower
conventional gas reservoir (8.0%). The relative content of
the illite-montmorillonite mixed layer in the clay reached
as high as 46%. The thin section and imaging logging data
showed that the clay is mostly layered and banded. There
was no obvious difference in physical properties and pore
radius distribution of the zones. Comprehensive analysis
revealed that there are two main explanations for this low-
resistivity layer. First, the high content of pyrite makes the
rock extremely conductive and reduces reservoir resistivity.
Second, the high content of clay and the conductive distribu-
tion form effectively enhance the rock’s conductivity. The
small-amplitude difference of the array laterolog curve in

Table 3: Calculated and measured values of the array laterolog response for well X-B-2.

Layer
number

Depth
(m)

Calculated results Measured results
RLA1
(Ω·m)

RLA2
(Ω·m)

RLA3
(Ω·m)

RLA4
(Ω·m)

RLA5
(Ω·m)

RLA1
(Ω·m)

RLA2
(Ω·m)

RLA3
(Ω·m)

RLA4
(Ω·m)

RLA5
(Ω·m)

1 3767.2 7.06 8.68 10.35 12.41 16.52 7.27 8.38 9.80 11.18 17.59

2 3767.5 6.28 7.70 10.03 10.93 15.52 7.32 8.34 9.94 11.84 18.19

3 3767.8 7.96 8.65 9.94 11.40 18.68 7.22 8.04 9.72 11.92 18.37

4 3768.1 7.86 9.54 9.85 10.65 17.57 7.76 8.74 10.44 12.94 20.54

5 3768.4 6.92 8.19 9.39 11.35 18.01 6.60 7.45 8.64 10.52 17.19

6 3768.7 7.49 7.80 9.12 10.53 16.77 6.55 7.29 8.40 10.11 16.83

…… …… …… …… …… …… …… …… …… …… …… ……

37 3778.0 5.47 6.15 7.66 10.84 16.61 5.66 6.48 7.99 10.59 15.72

38 3778.3 5.34 5.90 7.23 9.09 15.36 4.92 5.77 7.43 9.73 13.54

39 3778.6 5.51 6.07 7.43 9.32 15.70 5.02 6.17 7.93 9.59 13.34

40 3778.9 4.73 5.35 6.71 8.14 12.91 4.75 5.87 6.90 7.99 11.72

41 3779.2 5.13 6.39 7.44 9.12 13.04 4.94 5.65 6.55 7.68 12.05

42 3779.5 5.57 7.28 7.50 8.27 13.46 5.87 6.67 7.94 9.71 15.98

Average relative error (%) 7.61 7.93 6.08 8.92 8.77
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Figure 13: Log data diagram of Gs3 in X-A-1.
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the low-resistivity gas reservoir indicated that the reservoir
invasion is shallow, and the influence on the electrical prop-
erty is relatively weak. Accordingly, layers No. 36 and No. 37
are low-resistivity gas layers, for which the low resistivity is
caused by internal factors.

5.2. External Cause. Figure 14 shows the log interpretation
results of well X-A-3. A low-resistivity layer with consider-
able thickness appears at 3872-3930m. According to the
analysis results of water samples from three depths of
3882.0m, 3902.3m, and 3913.5m (as in Table 4), the ion
content exhibited no obvious difference in the three samples
and the ratio of Na+/K+ was close to that of the mud filtrate.
Analysis data showed that the three samples were mud fil-
trates. The five array laterolog curves all showed low appar-
ent resistivity values, and obvious amplitude differences
existed. The method mentioned in Section 4.4 was used to
simulate the mud invasion of 30 sublayers. The simulation
results showed that the invasion depths of some layers are
greater than 1.5m, and the inversion array laterolog values
agree well with the measured values. The comprehensive
analysis considers that the invasion depth is deeper than
the detection range of the array laterolog, and the electric

logging responses mainly reflect saline mud filtrate resistiv-
ity. The low resistivity of layers No. 52 and No. 53 is caused
by the serious invasion of high salinity mud, meaning that
the external factors played the leading role. This kind of
low-resistivity phenomenon does not reflect the real electri-
cal characteristics of the formation. In the calculation of pet-
rophysical properties using the resistivity logging results,
invasion correction must be considered to obtain the true
formation characteristics.

5.3. Combined Cause. The resistivity of the Gs2 formation is
relatively low, and the resistivity of some gas reservoirs is
close to that of mudstone, such as layers No. 6 and No. 7
in Figure 15. The test data showed that the gas production
is 0.65 million m3/d with no water, and the test concluded
the layers were low-resistivity gas layers. The porosity of
low-resistivity formation is high (11-15%), but the perme-
ability is relatively low (0.36-2.97mD). The main pore radius
distribution range is 0.63-2.5μm according to the mercury
injection experiment. The proportion of the small-pore
porosity obtained through NMR logging data is higher than
that of the gas layer below (the tenth track in Figure 15). The
results showed that the complex pore structure and the large
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Figure 14: Log data diagram of Gs4 in X-A-3.

Table 4: Field fast water analysis data of X-A-3.

Sample sequence Unit Mud filtrate 3882.0m sample 3902.3m sample 3913.5m sample

Sample depth m — 3882 3902.3 3913.5

Pumping time min — 315 570 735

Total anion mg/L 59964 45957 44977 45163

Total cation mg/L 56760 45471 39571 38576

Total salinity mg/L 116724 91428 84548 83158

Na+/K+ ratio — 1.58 1.57 1.36 1.41
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proportion of medium and small pores lead to the develop-
ment of micropores and cause the increase of the irreducible
fluid saturation. Moreover, the array laterolog curves showed
obvious amplitude differences, indicating mud invasion. In
conclusion, there are two reasons for the two low-resistivity
gas reservoir layers. First, a relatively good conductive network
is formed with the development of reservoir micropores,
which enhances the conductivity of the reservoir and reduces
its resistivity. Second, mud invasion occurs to a certain extent.
The resistivity of the formation around the well decreases due
to saline mud invasion, which causes the low response of elec-
trical logging. Therefore, the low resistivity of these two layers
is the result of the combined cause.

Most studies determine the internal causes of low resistiv-
ity by analyzing measured data such as logging and core data.
It is difficult to obtain explicit evidence from the recorded data
to determine the low resistivity caused by the mud invasion. In
the present study, the controlling factors of low resistivity were
determined by measured data coupled with numerical simula-
tions of mud invasion. Then, the main characteristics that
would lead to the generation of low resistivity were investi-
gated and classified. In summary, the low resistivity in the res-
ervoir may be caused by one or more reasons which can be
divided into primary and secondary reasons. The electrical
properties of the reservoir are affected by both internal factors
and external conditions. Considering that these factors show
different impacts on the resistivity logging results, the mea-
sured electrical response is generally a weighted value influ-
enced by multiple factors simultaneously.

6. Conclusions

In the present study, for the nearly tight sandstone gas reser-
voir of the study area, the main controlling factors of low
resistivity were determined by combining core experimental

data and numerical simulation analysis of mud invasion.
After all, the main conclusions would be drawn as follows:

(1) When there is no mud invasion or a low degree of
mud invasion occurs

High immobile water saturation caused by the fine lithology
and complex pore structure is the main factor driving the gen-
eration of low resistivity in the subject gas reservoir. The high
content of clay minerals and conductive minerals such as pyrite
as well as their distribution forms can considerably reduce the
formation resistivity and form a low-resistivity gas reservoir.

(2) When mud invasion occurs

Invasion of the high salinity mud is the main external
factor that leads to the generation of low resistivity in the
gas reservoirs. For a sandstone gas reservoir, good perme-
ability and high overbalance pressure lead to deep invasion
depth. Therefore, low resistivity would be formed very easily.

(3) Case study analysis of abnormally low resistivity

Analyzing the data from the real wells revealed the main
causes of abnormally low resistivity in the subject gas reser-
voir. It was found that the electrical response of the nearly
tight sandstone gas reservoirs in this area is affected by the
internal and external factors at the same time.

Considering the discussion on the detailed generation
mechanism of low resistivity in gas reservoirs as presented
in the current research, this study lays the foundation for
selecting the optimal resistivity model for similar reservoirs.

Data Availability

The data is already included within the manuscript.
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