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This study aims at investigating the applicability of the commonly usedwater saturation test
methods such as distillation extraction method, nuclear magnetic resonance (NMR)
method, constant weight method, and Coulomb method in the water saturation test of
tight sandstone gas reservoirs. The above methods were studied and optimized to
overcome the difficulties of low water content determination caused by low porosity,
low permeability, small pore throat, high capillary force, and high bound water saturation of
tight sandstone, to obtain relatively accurate water saturation data. The results showed
that the water content data determined by the constant weight method were consistent
with the known water content saturation, and the average error was 3.6%. By shortening
the echo interval, the average error of water content saturation tested by the NMRmethod
for tight sandstone samples was 4.8%. The two methods of the distillation method and
Coulomb method had large errors, and both failed to meet the requirements of water
saturation determination of tight sandstone, of which the average error of the former was
27.9% and the average error of the latter was 50.7%. Therefore, for tight sandstone, the
constant weight method and NMR method were recommended to be used for water
content saturation testing, and the distillation extraction method and Coulomb method
were not recommended. The research results provided a new method for the accurate
determination of water content saturation in tight sandstone gas reservoirs.

Keywords: tight sandstone, water saturation, constant weight method, distillation extraction method, Coulomb
method, nuclear magnetic resonance method

1 INTRODUCTION

The water saturation of tight sandstone gas reservoirs is a key parameter for reservoir evaluation, and
its accuracy is directly related to the reliability of reservoir calculation results. The methods of water
saturation evaluation can be divided into direct determination method and indirect determination
method. The direct methods include distillation extraction method, Coulomb method, dry
distillation method, chromatographic method, nuclear magnetic resonance method, and
microwave method [1–11]. In addition to the commonly used saturation logging interpretation
method [12–14] and rock physical model interpretation method [15], the indirect method also
includes saturation model interpretation method based on digital core technology [16, 17].
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However, tight sandstone reservoirs are characterized by low
porosity, low permeability, narrow pore throat, high capillary force,
and high saturation of bound water [18–22]. The water content in the
rock is low, and high accuracy of water content determination is
required. The currently used methods of water saturation testing
include constant weight method (an optimized method based on dry
distillation), distillation extraction method, Coulomb method, and
NMR method. Different reservoirs have different requirements for
experimental test parameters. Although the commonly used methods
have specific applicability, they have disadvantages. The constant
weight method is prone to clay water precipitation when the test
temperature is too high [2, 23], which results in abnormally large
values of water saturation and leads to great difficulty in reservoir
water saturation determination. The distillation extractionmethod has
relatively low metering accuracy, and the water evaporation rate in
dense cores is low [11]. The Coulomb method is commonly used in
conventional oil and gas reservoirs, and the extraction degree is
relatively low for low-permeability as well as dense reservoirs,
which affects the experimental accuracy. The test results of water
saturation byNMRmethod are influenced by reservoir factors such as
lithology and pore structure, but also by measurement parameters
such as echo interval TE and waiting time TW, the larger the echo
interval TE is, the larger the error of the collected data is. When TW is
not long enough, the movable fluid part with long vertical relaxation
time cannot be fully recovered and the full pore fluid signal is not
obtained, different reservoirs have different requirements for
parameters [24–26]. Therefore, it is necessary to systematically
study the test method of water saturation for tight sandstone and
carry out method optimization and parameter optimization to meet
the demands for water saturation determination, so as to provide a
newmethod for the accurate determination ofwater saturation in tight
sandstone gas reservoirs and accurate data support for tight gas
reservoir evaluation.

2 SAMPLES AND METHODS

2.1 Samples
In this paper, 49 tight sandstone samples from Linxing block in
the eastern edge of Ordos Basin were selected to carry out water
saturation testing by distillation extraction method, Coulomb

method, constant weight method, and nuclear magnetic
resonance method, respectively. The samples were dense, poor
in physical properties, and highly non-homogeneous, and the
connected pores were poorly developed, as shown in Figure 1,
which had reference value for the reliability of the test method. In
Figure 1A, the mineral particles are filled with a large number of
gap fillers, and the pores are mostly independent small pores. In
Figure 1B, the pore scale is mostly micro- and nanoscale, and the
pore morphology is complex. The porosity of the samples ranged
from 2.6% to 16.3%, with an average of 9.5%, and permeability
ranged from 0.0533 to 27.8 mD, with an average of 1.99 mD, as
shown in Supplementary Table S1. Therefore, the rock has low
water content and poor mobility.

2.2 Constant Weight Method
The determination of water saturation by constant weight
method is to dry tight sandstone samples to constant weight
at a certain temperature. According to Recommended Practices
for Core Analysis, for samples with low clay content, the
experimental temperature requirement is 116°C using a
conventional oven and 90°C using a vacuum oven, and the
drying time is generally more than 4 h. Finally, the water
saturation can be calculated using the mass of the sample
before and after drying, the water density of the formation,
and the pore volume of the rock. This experimental study was
carried out using a conventional oven.

2.3 Distillation Extraction Method
The distillation extraction method was applied by use of a Dean
Stark extraction device to heat toluene to boiling temperature,
through which the water in the rock sample will be distilled out,
and the volume of water will be measured. The minimum scale
index value of the water trap is 0.05 ml, and the distillation
extraction time is more than 48 h. The experiment can be
stopped only if there is no change in the volume of water
collected within 24 h, and then the pore volume of the sample
was tested to calculate the water saturation of the rock.

2.4 Coulomb Method
The Coulomb method, also known as Karl Fischer titration
method, is a method of moisture measurement using the

FIGURE 1 | The development and structure of pores of dense sandstone: (A) the development of pores based on microelectron microscopy, and (B) the structure
of pores based on field emission scanning electron microscopy.
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principle of chemical reaction; the equipment used is a Coulomb
titrator. In this experiment, 20 g of core sample was put into a
mortar, 20 ml of ethanol was drawn into the mortar, and the core
was quickly ground to make it mix with ethanol. After the rock
was fully ground, the mortar was slightly tilted for 1 min. After
the mixed liquid was stratified, 3–5 ml of the upper clear liquid
was aspirated using a syringe for sealing and storing. Finally, the
moisture was measured using a Coulomb titrator calibrated.

2.5 Nuclear magnetic resonance method
The determination of water saturation by the NMR method is to
detect the hydrogen signal of water in rock based on the signal
generated by hydrogen nuclear magnetic moment, so as to invert
the water saturation value. Firstly, the samples containing
formation water were tested on the machine to obtain NMR

signal intensity at different T2 relaxation times. Then, the sample
porosity is calculated based on the curve calibrated from the
signal amount and porosity of the specimen, and the NMR
porosity of the sample is obtained. Finally, the water
saturation of the NMR method is obtained by calculating the
ratio of NMR porosity to helium porosity.

3 RESULTS AND DISCUSSION

3.1 Constant Weight Method
The experiment of water saturation determination by constant
weight method is easy to operate, and the drying temperature and
time are the main factors affecting the experimental results. The
experimental results of 22 pieces of fresh tight sandstone showed

FIGURE 2 | The test results of water saturation by different methods: (A) the relationship of drying temperature and water saturation, (B) constant weight method,
(C) distillation extraction method, (D) distillation extraction method vs. constant weight method, (E)Coulombmethod, (F) the water saturation test error of core based on
normal NMR, and (G) the water saturation test error of core based on the optimized nuclear magnetic resonance method.
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that the water saturation of tight sandstone remained stable when
the drying temperature reaches above 105°C–116°C as required
by Recommended Practices for Core Analysis, and the drying
time is 8 h for each temperature point; after that, the moisture in
the rocks remained almost unchanged after the samples were
placed in the desiccator for 48 h. The saturation value fold line
was almost flat for each sample, as shown in Figure 2A. This
indicates that the current drying experimental conditions have
been able to meet the testing accuracy of water saturation in tight
sandstone.

Eleven dense sandstones were selected for quantitative
saturation using simulated formation water, and the
porosity of the samples ranged from 2.6% to 10.8%. The
water saturation determined by the constant weight method
was basically consistent with the known water saturation, and
the relative error ranged from 0.36% to 8.87%, with an average
of 3.58%; the fold line had little undulation, as shown in
Figure 2B. This indicates that the water saturation
measured by the constant weight method is highly accurate
and can be used as a reference value for the determination of
water content in the core.

3.2 Distillation extraction method
Eleven samples were selected for artificial saturation and
distillation extraction experiments, and the porosity of the
samples ranged from 2.6% to 10.8%, with an average of 7.1%,
and the experiments were conducted according to the
experimental conditions recommended by Recommended
Practices for Core Analysis. The experimental results showed
that some of the tight sandstones were distilled and extracted for
more than 60 h before the volume of collected water could be
constant, but the relative errors ranged from 4.2% to 59.0% with
an average of 27.9% when compared with the constant weight
method, and relative error values had significant fluctuations in
the fold, as known in Figure 2C. The relative error of seventy
percent samples was greater than 20%. The distillation extraction
method can only determine the water content of 41.0%–95.8% in
the pores of dense sandstone, with an average value of 72.1%.

Twenty-one fresh samples were selected for the determination
of water saturation by distillation extraction method; the porosity
of fresh samples ranged from 9.1% to 16.3%, with an average of
14.0%, and the permeability ranged from 1.77 to 6.99 mD, with an
average of 3.21 mD. The physical conditions were relatively good,
and the saturation of the distillation extraction method was lower
than that of the constant weight method, with an average error of
12.8%, which was relatively small compared with that of the
reservoir with poor physical conditions, as shown in Figure 2D.
Therefore, for tight sandstone samples, this distillation extraction
method is not recommended because of the large error, and the
worse the physical properties, the larger the error.

3.3 Coulomb Method
As a method of water saturation test, the Coulomb method has a
good application in medium–high-permeability reservoirs [6].
During the experiment, the degree of volatilization of the mixture
is closely related to the grinding time. For tight sandstone, the
grinding is more difficult; the longer the grinding time is, the

more the mixture volatilizes, which may affect the accuracy of the
water saturation test.

Ten tight sandstones (the porosity ranging from 10.7% to
16.3% with an average of 14.2%) were crushed to extract water
from the rocks. The water content of the mixture was measured
by the calibrated Coulomb instrument. The relative error of the
measured water saturation compared to the known water
saturation ranged from 35.8% to 72.3%, with an average error
of 50.7%, and the fold undulation was significant, as shown in
Figure 2E. This indicates that the Coulomb method cannot meet
the requirements of water saturation determination of dense
sandstone. The error of this method mainly originates from
the pretreatment process of rock samples.

3.4 Nuclear Magnetic Resonance Method
When the reservoir geological factors are relatively stable, the
experimental parameters of the NMR method have an important
influence on the water saturation test [24]. In NMR logging, waiting
time TW and echo interval TE are important acquisition parameters.
The echo interval TE ofMRILwhich is themainNMR logger serving
Chinese oil and gas fields is desirable at a minimum of 0.6 ms; while
the TE of CMR series is desirable at a minimum of 0.2 ms, and the
waiting time TW ofMRIL can be 8, 9.5, or 12 s, the minimum can be
20ms [26–28]. Xiao et al. [26] concluded that NMR porosity agrees
well with conventional porosity when the echo interval is less than
0.35ms, suggesting that the echo interval of continental reservoirs in
China should be 0.3 ms.

The parameters set by the conventional NMR test were adopted
to measure the water saturation of tight sandstones, and according
to the characteristics of the tight sandstone reservoir with small
pore development, TE was taken as 0.6 ms and TWwas taken as 8 s.
The known water saturation of the sample is between 76.0% and
88.1%, the water saturation measured by the NMR method is
between 57.2% and 72.9%, the relative error is between 17.2% and
27.4%, and the average is 22.0%, as shown in Figure 2F. This
indicated that the conventional NMR test parameters did not apply
to tight sandstone reservoirs.

Tight sandstone is dominated by small pores, resulting in a
weak signal and poor signal-to-noise ratio of fluid in the pores
collected by NMR, resulting in large experimental errors. Short
waiting time will lead to the loss of signal in large pores, and the
large echo interval will lead to the loss of signal in small pores
[27]. Therefore, it is necessary to optimize the parameters,
shorten the echo interval, and choose a reasonable waiting
time, and thus improve the MRI test accuracy.

The T2 relaxation spectra were tested with sample No. 40 as
the representative, setting the TW value to 8 s and TE to 0.2, 0.4,
0.6, and 0.8 ms, respectively. Compared with the 0.2 ms NMR
signal, the samples lost 29.4%, 51.6%, and 72.8% of the total NMR
signals tested at 0.4, 0.6, and 0.8 ms, respectively, and the signals
of both large and small pores were lost simultaneously; the
smaller the TE value, the more the curve is shifted to the left,
and the less the amount of signal lost in small pores, as shown in
Figure 3A. The T2 relaxation spectra were tested with sample No.
40, setting the TE value to 0.2 ms and the TW value to 2, 3, 5, and
8 s, respectively; the total signal volume fluctuated within 2.9%,
and four curves had high overlap, as shown in Figure 3B.
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The above results show that for tight sandstone samples, the
TE value is the key to affecting the signal volume, and it is
suggested that the TE value is taken to be less than 0.2 ms, and the
TW value has no obvious effect on the signal volume. This is
because micro- and nanopores are developed in tight sandstone,
and the NMR instrument can completely polarize the water in the
pores with a short echo interval and waiting time, and the TW

value can be consistent with the conventional NMR test range.
Eighteen dense sandstone samples (the porosity ranging from

5.8% to 10.7%, with an average of 9.1%) with known water
saturation were selected and tested using the optimized NMR
experimental parameters. Compared with the known water
saturation, the relative errors of the results ranged from 0.2%
to 14.6%, with an average error of 4.8%, as shown in Figure 2G.
This indicates that the optimized NMR parameters can meet the
requirements of the water saturation test.

4 CONCLUSION

The determination of water saturation by the constant weight
method is basically consistent with the known water saturation
with an average error of 3.6%, indicating that the water saturation
measured by the constant weight method can be used as a
reference value for the determination of moisture content in rock.

By shortening the echo interval, the relative error of water
saturation in tight sandstone tested by the NMR method ranged
from 0.2% to 14.6%, with an average error of 4.8%. The TE value is
the key to affecting the signal volume, and it is suggested that the
TE value is taken to be no greater than 0.2 ms, and the TW value
can be consistent with the conventional NMR test range.

For the determination of water saturation in tight sandstone
reservoirs, the constant gravity method and NMR method have
high accuracy and meet the requirements of experimental testing
quality, and the distillation extraction method and Coulomb
method are not recommended.
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