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CO, storage capacity is significantly influenced by the saturation levels of reservoir rocks, with under-
ground fluid saturation typically evaluated using resistivity data. The conductive pathways of fluids in
various states within rock pores differ, alongside variations in conductive mechanisms. To clarify the
conductivity of water in rocks across different states, this study employed a three—pore segment satu-
ration model, which corrected for the additional conductivity of clay by categorizing water into large
—pore segment, medium—pore segment, and small—pore segment types. Addressing the heterogeneity
of tight sandstone reservoirs, we classified distinct pore structures and inverted Archie equation pa-
rameters from NMR logging data using a segmented characterization approach, yielding dynamic Archie
parameters that vary with depth. Ultimately, we established an improved saturation parameter method
based on joint inversion of NMR and resistivity data, which was validated through laboratory experi-
ments and practical downhole applications. The results indicate that this saturation parameter inversion
method has been effectively applied in both settings. Furthermore, we discussed the varying conductive
behaviors of fluids in large and medium pore segment under saturated and drained states. Lastly, we
proposed a workflow for inverting saturation based on downhole data, providing a robust foundation for
CO, storage and predicting underground fluid saturation.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

free water (Wasantha et al.,, 2018; Zhang and Gao, 2015). In practical
engineering applications, the mechanical properties of rocks under

The flow field within porous media, such as rocks, serves as the
space and channels for storing and transporting oil, gas, and water.
Factors influencing the properties of porous media and fluid flow
include pore structure, pore fluid characteristics, and their in-
teractions (Qiu et al., 2020; Xu et al., 2023). Groundwater, a vital
component of these resources, plays a key role in supporting the
Earth's ecosystem (Viaroli et al., 2022; Haggerty et al., 2023). Water
saturation is the most critical parameter for evaluating the flow of
pore fluids within rocks. In oil and gas exploration, the accuracy of
water saturation calculations directly reflects current oil recovery
levels and the extent of oilfield development (Heidary, 2021; Guo
et al, 2022). In hydraulic engineering, geotechnical engineering,
and mining, cracks and pores in rocks provide reservoir space for
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varying water saturation states, along with the conductive mecha-
nisms of water in these rocks, can also be investigated (Ming et al.,
2020; Bai et al,, 2022; Xu et al.,, 2024). Rock porosity is a critical
parameter influencing the physical and mechanical properties of
rocks and the migration behavior of subsurface fluids, making its
study highly significant in fields such as hydraulic engineering,
geotechnical engineering, and mining. For instance, in hydraulic
engineering, rock porosity directly affects groundwater seepage
characteristics and the stability of dam foundations; in geotechnical
engineering, it serves as a key indicator for evaluating foundation
bearing capacity and rock mass stability; and in mining, porosity is
closely related to ore deposit conditions and resource extraction
efficiency (Zhao et al., 2022; Kyeongmo and Hyunki, 2023). However,
current research on the variation patterns and influencing factors of
porosity under complex rock conditions remains insufficient. This
study adopts innovative experimental and modeling approaches to
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focus on the conductivity laws of porous media, further exploring
the relationships between pore distribution, fluid flow behavior
within pore spaces, and electrical conductivity. The findings aim to
provide scientific evidence and theoretical support for addressing
related engineering challenges. Furthermore, water saturation plays
a significant role in CO, geological storage technology. Estimating
the final storage capacity of carbon dioxide in aquifer solutions, as
well as understanding the migration and distribution of injected CO,
in geological structures, relies on evaluating water saturation in
underground rock pore spaces (Bachu and Adams, 2003; Jongwon
and Hu, 2016; Zhang et al., 2018; Abidoye and Das, 2020). Based
on geological conditions, storage prerequisites, storage significance,
and the stability of CO, storage, a target area for CO, geological
storage should be selected to ensure superior reservoir conditions,
appropriate burial depth, proximity to CO, capture facilities, and a
suitable elevation (Wang et al., 2023). Additionally, the heteroge-
neity of the reservoir must be considered when exploring the re-
sidual trapping mechanisms (Luo et al., 2022).

Methods for calculating water saturation can be categorized into
four types. The first type is the classical Archie equation, which is
applicable to clean formations (Archie, 1942). The second type in-
cludes saturation models that account for shale content, such as the
Simandoux equation (Simandoux, 1963), W—S model (Waxman
and Smits, 1968), Indonesia saturation equation (Poupon and
Leveaux, 1971), dual water model (Clavier et al., 1984), and
three—water model (Mo et al., 2001). These models assess satura-
tion based on the relationship between reservoir fluid saturation
and resistivity derived from conventional logging curves. The third
type calculates saturation using NMR logging data or establishes
relationships between parameters based on a combination of
conventional logging curves and NMR logging data (Coates et al.,
1999; Heidary, 2021; Ge et al., 2023). In the fourth type, water
saturation is determined through deep learning methods (Barros
and Andrade, 2013; Zhong et al., 2021; Kim et al., 2022).

The segmented evolution (or segmented analysis) method has
demonstrated powerful analytical capabilities in analyzing the pore
structures of porous media. By subdividing the pore space, it im-
proves the precision of understanding complex pore structures.
Fractal dimension, as an indicator of pore structure complexity, has
been successfully applied to evaluate the permeability and storage
capacity of porous media. However, further exploration is needed
to effectively integrate fractal dimension and segmented analysis
methods into practical engineering applications (Katz and
Thompson, 1985; Duan et al., 2023; Liu et al., 2024; Huang et al.,
2024). NMR logging technology is highly sensitive to fluid proper-
ties and pore structure information, unaffected by electrical and
lithological properties. It provides extensive insights into fluids,
pore structure, and even rock wettability (Jackson, 1984; Korb,
2018; Michael et al., 2022). In wells, conversion models applied to
NMR logging data allow the derivation of rock physical parameters
not accessible through conventional logging instruments (Guo
et al., 2016, 2022; Liu et al., 2016), representing a novel approach.
Regarding saturation modeling, some scholars propose a power
function relationship between T> and the resistivity index (I) within
specific saturation ranges, yet have not explored model parameters
in detail. Multiple linear regression models are employed alongside
formulas like the Archie equation to establish correlations between
T, and I, facilitating saturation calculations (Feng et al., 2020a,
2020Db). Theoretical models are developed to relate NMR T, values
with resistivity indexes, enabling the calculation of water satura-
tion using various saturation indexes (Xiao et al., 2021). While these
methods can calculate water saturation by linking NMR T, spec-
trum and resistivity, their accuracy may diminish in rocks with
pronounced heterogeneity and complex pore structures. This study
utilizes NMR logging data to employ a rock physics parameter
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conversion model and segmented characterization method,
extracting dynamic Archie parameters and assessing saturation
(Pan et al., 2018; Guo et al., 2022). This combined approach con-
siders the pore structure of igneous rocks, yielding depth—variable
saturation parameters through segmented characterization. How-
ever, the saturation calculation model does not incorporate varia-
tions in lithology coefficient a or cementation index m with depth.

In this study, petrophysical experiments were conducted on
rock samples obtained, and the internal pore structure of the rock
was classified. Due to the complex pore structure and strong het-
erogeneity of rocks, fluid distribution within rock pores varies,
leading to different conductivity behaviors. By integrating the
Archie formula with fractal theory, we enhanced the
parameter—solving approach of the three—pore segment satura-
tion model. Combining NMR logging data with fractal theory
allowed us to derive depth—dependent cementation exponent m
and lithology coefficient a. We introduced the equivalent pure rock
resistivity increase index I* to eliminate the additional conductivity
of clay. This index extended the original relationship between NMR
transverse relaxation time and I*. Using a segmented character-
ization method, we inverted coefficients b and saturation index n*
from NMR logging data. Furthermore, we explored the distribution
of fluids in different pore spaces and investigated the relationship
between fractal dimension and electrical properties of pore space.
From the perspectives of conduction mechanisms, pore size dis-
tribution, and fluid allocation, we discussed the correlation be-
tween transverse relaxation time and conductivity in porous
media. The improved saturation parameter method, based on joint
inversion of NMR and resistivity data, established in this study,
provides robust technical support for groundwater saturation
calculation and evaluation of CO; storage capacity.

2. Characterization of pore structure
2.1. Relationship between physical parameters

In the laboratory, permeability and porosity were measured
using an AP608 Automated Permeameter—Porosimeter from
Core—Test Co. The porosity of the 15 sandstone samples ranged
5.21%—11.89%, while permeability ranged 0.13—1.41 mD. The sam-
ples exhibited a strong pore—permeability relationship (Fig. 1(a)),
characteristic of typical tight sandstone with low porosity and
permeability. The overall relationship between rock sample

permeability (K) and quality factor (RQI) RQI = g was good
(Fig. 1(b)). XRD analysis revealed that the reservoir minerals in the

study area were primarily quartz, with an average clay content
exceeding 20%, predominantly consisting of illite (Fig. 1(c) and (d)).

2.2. Characterization of pore structure

Underground rock samples were collected and subjected to
various petrophysical experiments, including assessments of
physical properties, electrical properties, capillary pressure curves,
and NMR T, spectra (Fig. 2). The experimental data were analyzed
to attribute electrical differences among the rock samples to a
combined effect of physical properties and pore structure. The in-
strument used in this experiment was the IME—MRI-D2
high—performance low—field nuclear magnetic resonance micro-
analysis system. The experimental measurement frequency was
2 MHz, the echo interval was 200 ps, the waiting time was 3 s, the
number of echoes was 4096, and the number of scans was 64. The
maximum centrifugal frequency was 8000 rpm. For the measure-
ment of the capillary pressure curve, the mercury intrusion method
was employed using the AutoPore IV 9505 pore structure analyzer.
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Fig. 1. Some petrophysical results of rock samples (a) porosity and permeability; (b) intersection of permeability and RQI; (¢) XRD experimental analysis results; (d) clay mineral

analysis.

Given the complexity and diversity of pore structures in the sam-
ples, three distinct pore types were categorized, and their charac-
teristic parameters were determined separately (Table 1). In the
mercury intrusion capillary pressure (MICP) curve, where SHg is the
saturation of mercury, pore radius of 0.02 um and 1 um can indeed
be regarded as "inflection points" for pore structure and water
saturation. Studies have shown that pores smaller than 0.02 um
contribute almost nothing to permeability, primarily because the
fluid flow resistance in these tiny pores is significant, making it
difficult to form effective seepage paths (Fig. 2(a) and (b)). Mean-
while, at a pore radius of 1 um, the incremental mercury intrusion
reaches its maximum, indicating that the pore throat structure at
this size has the most significant impact on fluid saturation.
Therefore, setting 0.02 um as the boundary between small—pore
segment and medium—pore segment, and 1 pm as the boundary
between medium—pore segment and large—pore segment, is
reasonable and consistent with experimental observations. This
classification method effectively reflects the impact of pore struc-
ture on permeability and fluid distribution, providing a basis for
pore classification and seepage characteristic studies in rocks.
However, high resonance frequencies caused rapid NMR signal
decay, limiting the collection of complete reservoir relaxation in-
formation. Typically, reservoir fluid NMR signals were excited in a
uniform field at a resonance frequency of 2 MHz (Anand and Alj,
2015; Byeungju et al., 2019). Previous studies have recommended
using magnetic field environments as close as possible to downhole
conditions when calibrating NMR logging interpretation parame-
ters through core experiments. In this study, increasing magnetic
field intensity generally shifted the T, spectra of samples toward
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shorter relaxation times, resulting in a decrease in the geometric
mean of T, (Qin et al., 2021; Liu et al., 2023). The NMR experiments
conducted T, spectrum measurements of rock samples at a fre-
quency of 2 MHz, which closely resembles actual downhole con-
ditions but may not fully capture the distribution of small—pore
segment. Therefore, the focus of this study primarily centers on
converting the T, spectral distribution of medium—pore segment
and large—pore segment.

3. Theory and method
3.1. The three—pore segment saturation model

The new three—water model proposes that in formations con-
taining formation water, free pore water, microcapillary pore water,
and clay water, each component conducts electricity in parallel
(Fig. 3), with their conductivities following the Archie equation. The
model's separate treatment of clay water adheres to objective
principles and provides a comprehensive insight into the conduc-
tive mechanisms of rocks (Zhang et al., 2010).

In the study area, the average absolute clay content in rock
samples is approximately 23%, indicating well—developed small-
—pore segment and high bound water saturation. Previous research
and theoretical analyses suggest that clay bound water predomi-
nantly occupies small—pore segment, microcapillary water is found
in mesopores, and free water exists in macropores (Cheng et al.,
2024; Song et al,, 2024). The main problem of the three-water
model is that it fails to fully consider the complexity of the pore
structure and its significant effect on electrical conductivity and



P-J. Zhang, B.-Z. Pan, Y.-H. Guo et al.

(a) 20

Incremental mercury saturation, %
>

0.001
(c) 1000
® Typel
A Typell
& Typelll
w
L 4
A
)
o
A 00
100 T T
0.001 0.01 0.1 1
r, gm
(e) 1000
Type I
Type I
100 A Type III
10
1
1S
=1
[Ny
0.1 1
0.01 4
0.001 A
0.0001
10 100
Su, %

Petroleum Science 22 (2025) 2312—2324

(b) 100

Su, %

0.001

T
0.01 0.1

r, um

(d) 1000

100 4

0.1

0.01 4

0.001

Type [
Type II
Type Il

100

(f) 0.0035

50 0

SHg, %

0.0030 4

0.0025

0.0020

0.0015 ~

Amplitude

0.0010 4

0.0005

0

Type 1
Type II
Type 11

0.00001

0.0001

0.001

T
0.01 0.1 1 10

Ta s

Fig. 2. Classification of pore structure of rock samples (a) throat radius and incremental mercury saturation; (b) pore throat radius and water saturation; (c¢) median pore throat
radius and formation factors; (d) classified mercury intrusion experimental curves; (e) classification saturation versus pore throat radius intersection plot; (f) classified nuclear

magnetic resonance T, spectrum curve.

mobility. Firstly, the three-water model is unable to distinguish the
differences between small, medium and large pore segment in
terms of storage capacity and permeability performance, especially
in the transition region between microcapillary water and free

water, and the model is too simple to describe the changes in
mobility. Secondly, the three-water model ignores the important
role of pore-throat connectivity on the seepage path and conduc-
tive network, which makes it difficult to accurately reflect the
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Table 1
Various characteristic parameters of the rock samples.

Petroleum Science 22 (2025) 2312—2324

Pore structure  Average Average permeability, Maximum mercury

Radius mean, Average pore throat radius, Average median pore throat

type porosity, % mD saturation, % pum um radius, pm

I 10.126 0.762 83.928 0.553 0.700 0.243
1l 8.090 0.394 71.132 0.376 0.656 0.050
il 5210 0.133 60.717 0.132 0.265 0.010

identified a power function relationship between transverse

relaxation time and saturation index at specific wetting phase

Pore water saturations. Following petrophysical experiments, it was deter-

) (Clay water mined that all rock samples in the study area exhibit water—wet

Matrix Clay Moty Hydrocarbon characteristics. The relationship between the T,—I model and

Free water) fractal dimension can be understood through fractal theory and the

Fig. 3. Schematic diagram of the new three—water saturation model.

influence of pore distribution on the conductive properties of the
reservoir. These shortcomings limit the application of the three-
water model in fine reservoir characterisation and model
construction.

In order to quantitatively describe the saturation distribution
characteristics of the fluid within the three-pore segment, a three-
pore segment saturation model is established in this paper.

The rock resistivity response equation becomes the following:

m
@SS
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m
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_ e
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where Cj is the electrical conductivity of the formation when it is
100% water, S/m; Rg is the rock resistivity at 100% water saturation;
o, om and ¢g are the porosity of large—pore segment,
medium—pore segment, small—pore segment, respectively; my, my
and mg are the cementation exponent of large—pore segment,
medium—pore segment, small—pore segment, respectively; a, ay
and as are the lithology coefficient of large—pore segment,
medium—pore segment, small—pore segment, respectively.
Capillary water and clay water in small—pore segment are
generally in a bound state, while microcapillary water can only flow
under specific conditions, such as during drainage (Pan et al., 2018;
Guo et al., 2022). Consequently, when hydrocarbons are present
within the reservoir, the free fluid is replaced by hydrocarbons,
resulting in a two—phase flow process within the large—pore
segment. Using the Archie equation, we can derive the following:
1 Skt

_ 95"
Rt a]_RW
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m
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where (; is the electrical conductivity of the rock, S/m; R; is the
electrical resistivity of the rock, Q-m; Syris the water saturation in
large—pore segment; and ny is the corresponding saturation index.

3.2. Improved T,—I* model

NMR experiments are capable of characterizing pore size dis-
tribution and evaluating pore structure. Previous studies have
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multi—scale properties of the medium. The pore structure of porous
media or rocks is typically complex and exhibits self—similarity,
with fractal theory providing an effective tool to describe such
structures. The fractal dimension, as a quantitative indicator of pore
complexity, significantly influences electrical transport properties
such as conductivity and resistivity. In fractal structures, the scale
and morphology of pores affect the flow paths of electrical current
and the distribution of charge, thereby determining the material's
conductivity. Therefore, changes in the fractal dimension not only
affect the relaxation characteristics of water molecules in the T,
spectrum but also influence the resistivity increase coefficient (I) by
modifying the electrical response of the pores. For porous media,
employing the three—pore segment saturation model, Archie's
formula, and fractal theory, we delve into the conduction mecha-
nism. By integrating pore size distribution in porous media, we
expand on the fractal dimension across different pore spaces. This
approach establishes the relationship between transverse relaxa-
tion time and resistivity index, elucidating the calculation of pa-
rameters a and m (based on petrophysical experimental data,
obtain the porosity of small-pore segment, medium—pore
segment, and large—pore segment, and substitute these values
into Egs. (A.16)—(A.19) in the appendix to calculate the parameters
a and m corresponding to each pore segment. The calculation
method exposes distinct microstructural characteristics within the
porous medium and provides a framework for assessing the con-
ductivity of different pore waters in relation to rock. Detailed der-
ivations are provided in the Appendix. Based on the three—pore
segment saturation model, we can obtain an equivalent pure rock
resistivity index I*:

*:COSC[ _ CO - COcl _ CO - COcl _ b
Ctsd G - thl G - COC] sy

w

I

3)

where Cyq denotes the conductivity due to the additional electrical
conductivity of the clay in the small—pore segment, S/m; Ci de-
notes the conductivity due to the additional electrical conductivity
of the clay in the small-pore segment of the hydrocarbon-bearing
rocks, S/m; Cosq is the conductivity of water-saturated pure sand-
stone, S/m; Cisq is the conductivity of partially water—saturated
pure sandstone, S/m; n* is the equivalent pure rock saturation in-
dex. In practice, Coq and Ciq can be regarded as equal, fully
reflecting the dominant role of small—pore segments in the addi-
tional electrical conductivity of clay.

By substituting the equivalent pure rock resistivity index I*
established in the T,—I model (Guo et al., 2018, 2022), the following
can be obtained:

Typ =be(I") ™ (4)
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where Top = T2/Tomax, T2max iS the To maximum lateral relaxation
time and Typ is the diffusion relaxation time; « is an exponent
related to the pore radius distribution and relaxation time; by is the
conversion coefficient; n; is empirical coefficients; Dy is the fractal
dimension that can be calculated using NMR data. Egs. (4)—(6) is
the improved T>—I* model in this paper.

The parameters b and n that vary with depth can be obtained by
Eq. (4), and the dynamic parameters a and m can be obtained by
combining Archie equation and fractal dimension theory, which
provides a theoretical basis for calculating saturation (Archie, 1942;
Wei et al., 2015).

4. Results

The relationship between the geometric mean of T, (Ty;y,) and
the throat radius (r) as established experimentally, yielding the
correlation shown in Fig. 4(a). Based on these relationships,
medium—pore segment, medium—pore segment, and small—pore
segment were classified, and the parameters a and m in the
three—pore segment saturation model were determined using Eqgs.
(A.16)—(A.19) in the Appendix. and the parameters b and n* were
determined using Eqgs. (3) and (4).

Laboratory comparisons of different saturation models demon-
strated that the water saturation calculated using the three—pore
segment saturation model effectively describes the electrical
characteristics of tight sandstone (Fig. 4(g) and (h)). The calculated
n value aligned well with the measured value (with small—pore
segment parameters obtained through optimization algorithms).
Therefore, water saturation can be computed with the three—pore
segment saturation model using these improved parameters. On
the pore size scale, variations in the « values (as defined in Eq. (4))
were observed across different pore size ranges. Through
segmented conversion, the actual and calculated o. values exhibited
good agreement (Fig. 4(b)), confirming that capillary pressure data
and NMR T, distribution can be inferred from resistivity data.
Notably, the I*—S,, curve fitted from the NMR data conversion
showed strong consistency with the n* (Fig. 4(c)—(e)). Fig. 4(d) and
(f) provide a detailed explanation of the T, spectrum calculated
using the To—I* model based on the I*—S,, curve data. It can be seen
from Fig. 4(d) and (f) that the segmented NMR T, distribution also
conformed well morphologically, and the position and distribution
of the main peak showed obvious high consistency.

In the description of the experimental results, we compared the
relationship between the laboratory measurements and the
calculated values, finding a high degree of consistency in both
trends and numerical results. However, due to the strong hetero-
geneity, complex pore structures, and high clay content of these
rock samples, certain commonly used conductivity models
exhibited some deviations in their calculations. This further dem-
onstrates the accuracy and applicability of the three—pore segment
saturation model and the T>—I* model established in this study for
evaluating the conductivity of complex porous media.

5. Application of the model

The study area, the Ordos Basin, is known for its irregular dis-
tribution of sand bodies and pronounced heterogeneity. The varied

2317

Petroleum Science 22 (2025) 2312—2324

distribution of fluids in rock pores significantly impacts rock con-
ductivity. To enhance the accuracy of water saturation calculations
and further facilitate the application of CO, storage technology in
tight sandstone reservoirs, this study introduces an improved
saturation parameter method based on the joint inversion of NMR
and resistivity data (Fig. 5). This method is structured into the
following six steps.

Step 1: Conduct analysis of experimental data and classify pore
structures. Through analysis of core rock physical experiment
data, pore structures were classified.

Step 2: Analyze and discuss fluid flow characteristics within rock
pores, and establish the theoretical model. Considering the rock
characteristics of low porosity and low permeability reservoirs
with well—-developed small—pore segment in tight sandstone,
the occurrence states and conductive mechanisms of the three
types of water were analyzed and discussed (according to pet-
rophysical experiments such as mercury intrusion and nuclear
magnetic resonance). Subsequently, a three—pore segment
saturation model was formulated to compute water saturation.
Step 3: Establish a method for determining parameters in the
three—pore segment saturation model. By integrating the Archie
equation and fractal theory, we refined the parameter calcula-
tion m and lithology coefficient a (Appendix Eqgs. (A.16)-(A.19))
were derived using NMR logging. In this way, the parameters a
and m that vary with depth can also be obtained in the well,
which can better evaluate the saturation.

Step 4: Expand and establish the T,—I* model to derive dynamic
evaluation parameters. Utilizing the three—pore segment satu-
ration model, we introduced an equivalent pure rock resistivity
index I* was established to eliminate the influence of additional
conductivity of clay. The coefficient b and n* in NMR logging
data were inverted using a segmented characterization method
(Egs. (3)-(6)).

Step 5: Validate with laboratory data and models. Validate the
method established for determining parameters in the
three—pore segment saturation model using experimental data.
Compare the calculated Cy with laboratory measurements to
assess the model's application effectiveness in laboratory set-
tings. Demonstrate the applicability of the extended T,—I*
model through forward and inverse modeling of NMR T, spec-
trum distributions and rock electrical curves. If NMR logging
data is unavailable, optimization algorithms can be employed to
determine parameters and calculate water saturation.

Step 6: Conduct field application and evaluate the effectiveness.
Introduce the dynamic parameters a, b, m, and n* established in
the laboratory into the downhole application (mainly applied in
calculating water saturation using Archie's formula). Then,
compare the water saturation calculated using the dynamic and
static parameters developed in this study with industry airflow
test data to assess the effectiveness of the methods.

Fig. 6 is a comprehensive logging interpretation of the Ordos
Basin, China using the To—I* model. The calculated water saturation
results can be compared with industrial test results to evaluate the
reservoir. The seventh is the water saturation calculated using the
three—pore segment saturation model. The eighth is the calculation
results of water saturation based on joint inversion of NMR and
resistivity data. Due to the inability of downhole NMR logging to
fully display the information of small—pore segment, in this study
an improved Simandoux saturation equation was adopted to
calculate the additional conductivity of the clay (Wang et al., 2016),
while the conductivity of the large and medium pore segment
water was calculated using a three—pore segment saturation model
parameter calculation method. The twelfth is the industrial airflow
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Fig. 4. The transformation results of T, and I or I* for cores. (a) and (c¢) show [*—S,, data calculated by T,—I* model from T, spectrum; (b) and (d) show T, spectrum calculated by
T,—I* model from [*—S,, data; (e) comparison of calculated water saturation with different saturation models; (f) comparison of actual and calculated «; (g) Co comparison; (h)

comparison of different model I-S,, relationships.

test data. The test results show that the daily production of gas in
this layer was 14,724 m>. According to industrial standards, this
layer is considered a gas bearing formation. Based on the compar-
ison of the results of the seventh and eighth calculations, the water
saturation calculated by the dynamic parameters suggests a gas
bearing formation and can better reflect the vertical heterogeneity
of the reservoir, which is more in line with the actual situation.
Therefore, based on the experimental results of this study, it is
believed that the proposed T>—I* model is quite effective in
calculating the water saturation of tight sandstone reservoirs.

6. Discussion and possible implications
The fractal dimension reflects the degree of microscopic het-

erogeneity of the pore structure of the reservoir through the pore
frequency. The fractal dimension of the pore size of the porous
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media is directly related to the conductivity, Dfr/e (The fractal
dimension of large or medium pore segment is obtained from the
mercury intrusion data/e) can be used to characterise the distri-
bution of the pore size under the current porosity of the porous
media. The more the distribution of pore size in the rock, the more
developed the pore structure of large and medium pore segment,
which provides a better conductive path for the fluid, the enhanced
conductivity, and the smaller the saturation index n* value be-
comes (Fig. 7).

Following the drainable experiments, the reduced area of the
microcapillary water pore peak was quite large, indicating strong
connectivity of the microcapillary water pore peak (Fig. 8(a)). For
the same rock sample, as the water saturation decreased, the T,
geometric mean (Ty;m) showed a gradually decreasing trend, and
when reaching the irreducible water saturation, the Ty, reached its
minimum (Fig. 8(b)).
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Step 1:

Conduct experimental
data analysis and pore
structure classification.

Step 6: Step 2:

Analyze and discuss the
fluid flow characteristics within
rock pores, and determine the
theoretical model.

Perform actual downhole
processing and evaluate
the application effect.

Flow chart

Step 3:

Step 5:

Establish a method to determine
the parameters of
the new three-water
conductivity model.

Perform laboratory data
and model validation.

Step 4:

Expand and establish
the T,-/" model to obtain the
dynamic evaluation
parameters.

Fig. 5. Downbhole practical application flow chart.

By comparing the fractal dimensions of large and medium pore
segment at different saturation levels. In the large—pore segment,
as the water saturation increased, the fractal dimension of the pore
space gradually decreased, indicating that the fluid distribution in
the large—pore segment conformed to Darcy's law (Fig. 8(c)). In the
medium—pore segment, as the water saturation increased, the
fractal dimension of the pore space changed irregularly (Fig. 8(d).
The phenomenon of restricted diffusion in medium—pore segment
relative to large—pore segment led to changes in the relaxation
time of medium—pore segment, consequently resulting in irregular
changes in the fractal dimension of medium—pore segment (Guo
et al,, 2016; Xie et al., 2023; Song et al., 2024). From the analysis
of fluid distribution in the pore space, it is found that the tight
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sandstone in the study area has a complex pore structure and
strong heterogeneity. The distribution of fluid in the pores is altered
by drainable force, which together leads to changes in the distri-
bution of fluid in the pores.

Dyr is the use of NMR data to calculate the fractal dimension of
the fluid in the pore space, To;n can be used to characterise the
distribution characteristics of the pore space. Ty, is also affected by
the n*, and the n* is a parameter related to the relaxation time,
indicating that the fluid distribution in the pore space of porous
media is directly related to the conductivity. n* is considered a
qualitative measure of the efficiency of the current that can occur in
partially saturated rocks, with the higher the efficiency, the lower
the saturation index (Han et al., 2021). According to the modeling
scheme proposed by Michelle (Michelle et al., 2010), conductivity
and its efficiency are inversely proportional to the increase in the
path length occupied by the current around the surface of an ideal
insulating particle dielectric. As Toim-m (the geometric mean of
pore space between large— and medium—pore segment water, as
shown in Fig. 9(a)) increases, indicating more pore structures cor-
responding to the large and medium pore segments, the proportion
of fluid in these segments also increases. Consequently, the con-
ductivity contribution Hy v (the ratio of conductivity of large and
medium—pore segment water to the conductivity of fully saturated
water) also increases, enhancing the overall conductivity contri-
bution (Fig. 9(a) and (b)).

When Hy v is close to 1 (only large and medium pore segments
are filled with water), the fluid conductivity in these pore segments
is the strongest, and the efficiency for current flow is the highest.
Consequently, the saturation exponent n*of the corresponding rock
reaches its lowest value (Fig. 9(c)), which is consistent with the
conclusion of Han (Han et al., 2021). It is clear from the above
analysis that the n* varies with the Hy y of large and medium pore
segment water (Fig. 9(c)). The Hy v ranged from 0.36 to 0.76, and
the n* varied from 8.08 to 2.46, with a change of 5.62, which was
large, and the relationship between the H; y and the n* was closer
to the power index. The Hy of large and medium pore segment
water ranged from 0.76 to 1, and the n* changed from 2.55 to 1.51,
with a change of only 1.04, and the change trend was not obvious,
and the relationship between the Hy v and the n* was more linear.
This indicates that at low water saturation, the water in the
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Fig. 6. Comprehensive logging interpretation of well A using the T>—I* model in the Ordos Basin, China.
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small—pore segment conducts electricity and the n* is high, and
with increasing water saturation, the water in the large and me-
dium pore segment plays a decisive role in the conductivity. When
Hy v reaches a certain value, there is a near horizontal part of the
line with reduced slope, and the n* value of this stage is lower than
that of pure sandstone 2.

Furthermore, although the model established by the experiment
was only applied to tight sandstone reservoirs, the modeling pro-
cess took into account the influence of complex pore structures,
heterogeneity, and the additional conductivity of clay, making it
equally applicable to shale and igneous reservoirs. Furthermore, for
shaly sandstone reservoirs with high clay content in other study
areas, the equivalent pure rock resistivity index I* proposed in this
paper, which eliminates the influence of clay conductivity, also
provides a valuable reference for more accurately assessing rock
conductivity.

7. Conclusions

In this study, an enhanced saturation parameter method based
on the joint inversion of NMR and resistivity data was developed,
and the T>,—I* model was successfully applied to tight sandstone
reservoirs, yielding robust outcomes. Furthermore, an effective
workflow for interpreting tight sandstone reservoirs using the
T,—I* model was proposed. This method accurately derives dy-
namic Archie equation parameters while comprehensively
addressing vertical reservoir heterogeneity. Hence, the approach
offers practical utility in calculating groundwater saturation and
assessing CO; sequestration capacity. Moreover, the study observed
varying fractal dimensions of pore spaces in large—pore segment
and medium—pore segment with increasing water saturation. The
restricted diffusion in medium—pore segment and significant het-
erogeneity contributed to irregular changes in the fractal dimen-
sion of medium—pore segment. Fluid distribution patterns in
medium—pore segment were notably distinct from those in
large—pore segment. In future research phases, additional micro-
scopic scales (such as digital rock cores combined with scanning
electron small—pore segment) can be employed to further analyze
fluid distribution inside rock pores and its influence on NMR T,
spectra. This study enhances the accuracy of fluid distribution
calculations in porous media by analyzing the conductive proper-
ties of formation water. The saturation of underground water is a
critical factor influencing the efficiency of CO, injection and its
storage capacity. The findings provide a solid theoretical foundation
for assessing CO, sequestration potential in engineering geology
and predicting water saturation in porous media, while signifi-
cantly improving the precision of quantitative evaluations of
groundwater resources.
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APPENDIX

P. and T, are both related to the pore structure of rocks, thus
there is a certain relationship between them. The methods for
converting T, distribution into capillary pressure curves mainly
include the linear method and power function method. The linear
method assumes that there is a linear relationship between P and
the reciprocal of T»:

20 cosf C
PC - f - Ciz (A.l)
where ¢ is the interfacial tension, N-m~';  is the wetting contact
angle, °; and r is the capillary radius, pm. Cj is a linear conversion
coefficient and can be obtained through core data analysis.

At present, the power function method is widely used. Proposed
the relationship between T, and the corresponding capillary radius
(Guo et al., 2018):
Tz =Mt X r’ (A2)
where m; and n; are empirical coefficients, and can be obtained by
analyzing the core data. According to previous research, rocks with
low permeability and complex pore structure have a power func-
tion relationship between their transverse relaxation time and
capillary radius (Pan et al., 2018). A power function relationship is
adopted in this paper.

The Archie equation provides the relationship between re-
sistivity index (I) and water saturation:

b R

where I is the resistivity index; b is a parameter of the Archie
equation; n is the saturation index; R is the sample resistivity; Ry is
the rock resistivity at 100% water saturation; and S, is the water
saturation. This study is based on the fact that I and S,y curves are of
a single fractal dimension, and the values of b and n are constant
throughout the saturation distribution.

The capillary pressure can be expressed as follows:

20 cos
Pc=Pow — Py = ——

(A4)
where P,y and P, are the pressures of non-wetting phase and
wetting phase fluids, MPa. It is clear that the capillary pressure is
inversely proportional to the capillary radius. The relationship be-
tween capillary pressure and saturation can be established through
mercury intrusion experiments.
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Toledo held that P. is a function of saturation, and the relation
satisfies fractal theory (Toledo et al., 1994):
Swoe (Pe)~GP0) (A5)
where Ds is the fractal dimension of pore size distribution. Li pro-
vided the relationship between capillary pressure and resistivity

index based on the fractal model in porous media (Li and Williams,
2007):

P

e

Pp=1I% = (A6)

where £ is an index related to the thickness of the water film; Pcp is
the dimensionless capillary pressure; and P. is the threshold
pressure, MPa.

The relationship between T, and I is mainly studied based on
fractal theory, and the expression of pore volume distribution in a
given space is as follows:
Voeer3—Dr (A7)
where V is the pore volume with a radius of r in the rock sample,

3
pm>.

We then take the derivative of r in Eq. (7):

—oc e

dr

Dx (A.8)

According to the principle of fractal geometry, the expression for
the cumulative pore volume V; with a pore size smaller than r is
obtained by integrating Eq. (8):

.
V= [ ayr®Prdr=b, <r3*Df - rmm3*Df) (A9)
JTmin

where i, is the minimum pore radius of the reservoir rock, pm; a,
is a proportional constant; and by = 33”,3[-
The total pore volume V of the reservoir:

Vb (el -2

min
where rmax is the maximum pore radius of the reservoir rock, um.
Though Egs. (A.9) and (A.10), the expression for the cumulative
volume fraction S, of pores with a pore size smaller than r can be
obtained:

(A.10)

v, 13D 3D
Sr=—= min (A11)
B
Considering rmin < 'max, EQ. (A.11) can be simplified as follows:
r \3-Dr
Sr= (—) (A12)
T'max

In petrophysics, S; is the wetting phase saturation Syy. According to
the BT model proposed by Brownstein and Tarr (1979), the relax-
ation behavior of fluids in porous media is influenced by free, sur-
face and diffusion relaxation. The nuclear magnetic relaxation
characteristics of hydrogen nuclei in core pore fluids are affected by
slow relaxation in free pore fluids and fast relaxation near pore
surfaces. Based on the cylindrical capillary model, many studies
have held that transverse relaxation time and radius have a linear
relationship. However, when the pore structure is complex, there is
a power function relationship between transverse relaxation time
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and radius, See Eq. (2).
The expression for the geometric mean Ty, is as follows:

_2filsT;
2
where Tj is the corresponding relaxation time; and f; is the porosity

component of the corresponding relaxation time T; distribution.
We then substitute Eq. (2) into Eq. (12):

(*nﬂn)
" =(Twp)

1g Toim (A.13)

(Corr)

ne

T
Sw=5r= <T2 max

where Tomax is the maximum transverse relaxation time, corre-
sponding to rmax; and Typ is the dimensionless transverse relaxa-
tion time, Top=T>/Tomax- The relationship between T, distribution
and wetting phase saturation is thus obtained. The transverse
relaxation time and resistivity index, both functions of wetting
phase saturation, are the basis for establishing the relationship in
this paper.

Next, by substituting Eq. (A.3) into Eq. (A.14), the following
relationship is obtained:

(A.14)

oM
n<3 — Df>
Unlike the original formulation by Archie, the new analytical

electrical conductivity expression has a direct physicogeometrical
basis (Wei et al., 2015). We find

Top=b (I)ﬁ =be()™* (A15)

_ Dir
a_(Dfr+DT—1) (A.16)
m:1+(DT—1)(DE—DfT) (A17)

where a is lithological coefficient; m is Cementation exponent; D is
the dimension in Euclidean space (Dg = 2 or 3 in two—dimensional
or three—dimensional space); and D¢r and Dy are the fractal di-
mensions of porous media pores and pore tortuosity, respectively,
with the latter representing the degree of folding of current or fluid
flow length. When 1 < Dy < 2 or 1 < Dt < 3, this respectively sig-
nifies two—or three—dimensional space. When Dt = 1, it indicates
that the pore is a straight channel. When Dr approaches 3, this
indicates that the pore channel is very tortuous and fills the entire
Euclidean space.

Drr and Dy can be obtained from NMR data using the following
equation:

Dyp = Dg __ Ine (A.18)
In (Amin / ﬁmax)
<DE 7Dﬁ)1n Dﬁ/(Dfr B 1)
DT:(DE—DH—H) + s (A.19)

where Apip and Apax are the minimum and maximum pore sizes,
respectively.
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