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Abstract: Low-contrast oil reservoirs have a complicated origin story that frequently results from
the interaction of several different factors. The low-contrast oil reservoirs in the Daqing Oilfield’s
SaPu intercalation in the Longxi Region are the main subjects of this study. This work investigates
the petrophysical origins of these low-resistivity oil reservoirs through a series of carefully planned
petrophysical experiments. The results showed that the main determinants of the low-contrast oil
reservoirs in the SaPu intercalation were the conductivity of clay minerals and a high irreducible
water saturation. A low clay conductivity had a significant effect, resulting in a significant reduction
in the formation resistivity, even in circumstances with a low porosity and a low formation-water
salinity. Moreover, the results from the NMR tests revealed that the irreducible water saturation in the
core samples primarily ranged from 0.6 to 0.8, suggesting a significant prevalence. This work provides
strong petrophysical indices for evaluating low-resistivity oil reservoirs in the SaPu intercalation and
useful information for the petrophysical evaluation of similar reservoirs.
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1. Introduction

Understanding, locating, and evaluating low-contrast (low-resistivity) oil reserves is a
complex and difficult task. The basic features of these reserves include a lower electrical
resistivity in hydrocarbon-containing formations, particularly small resistivity differences
between water- and oil-bearing formations [1], which makes it more difficult to identify
and evaluate hydrocarbon-containing formations using well logging. Different forms
of formation mechanisms appear in various low-contrast (low-resistivity) oil reservoirs,
depending on the geology and reservoir properties. This adds a great deal of complexity
to the quantitative evaluation and understanding of these reservoirs [2]. Therefore, it is
essential to conduct a thorough petrophysical investigation of low-resistivity oil reservoirs
in order to determine the most suitable reservoir-evaluation techniques.

The results show that a combination of geological, petrophysical, and technical factors
makes it challenging to identify the formation of low-contrast oil reservoirs [3]. Due to the
existence of low-amplitude structures characterized by a vast oil-water transition zone and
a low oil saturation, a low-amplitude structure is an important geological origin. The thin
interlayer of sand and mudstone causes a poor logging resolution and a large difference in
the formation-water salinity. Regarding the petrophysical origin, a high immobile water
saturation caused by fine lithology, a complex pore structure, and additional cationic
conductivity in clay are important factors that make it difficult to identify the oil-water
layer [4]. The intrusion of mud filtrate is an important factor. Numerous influencing
elements frequently intersect with one another, and multi-factor superposition makes it
difficult to identify well logging. However, more often than not, one or several factors
are absolutely dominant. The petrophysical origin is an especially specific manifestation
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of the geological aspect to a certain extent, so in order to evaluate a low-contrast oil
reservoir, it is particularly important to understand the petrophysical characteristics and
their interrelations.

For a long time, due to the thin thickness of the SaPu formation and its location at the
bottom of the Saertu formation’s hydrocarbon layer, it did not attract sufficient attention.
In recent years, after fine research, old well review work has been carried out in the SaPu
interlayer, and an industrial oil flow has been obtained from the exploration and evaluation
of wells in the predicted, controlled, and proven reserve areas in the reorganization of the
Longxi area. It has been proven that the layer has a certain production capacity, and good
results have been achieved in the SaPu interlayer in the Longxi area of Daqing. At present,
the main problems faced by the SaPu sandwich in the Longxi area are a thin reservoir
and an insufficient response of the logging curve to oil and gas. The past plat is far from
able to meet the needs of exploration and production. Many oil test results show that
the resistivity of the oil layer is less than 10 ohm-meters, while some water layers reach
more than 20 ohm-meters, and high-resistance water layers coexist with low-resistance
oil layers. This results in problems of a low contrast between the oil layer and the water
layer and difficulty in identifying the oil and water [5]. Therefore, this study used the
Sapu interbedded low-resistance oil formation in the Longxi area as an example, and
analyzed its main controlling factors and petrophysical characteristics based on a series of
petrophysical experiments.

2. Geological Setting and Reservoir Characteristics
2.1. Geological Introduction

The Upper Cretaceous of the Songliao Basin was deposited by the strata of the Qing-
shankou Formation, Yaojia Formation, and Nenjiang Formation, and the contact relation-
ship between the Yaojia Formation and the Qingshankou Formation is a parallel unconfor-
mity. The Qingshankou Formation and Nenjiang Formation underwent two large-scale
lake invasions when they were deposited, and large and stably distributed oil shales were
developed at the base of the Qingshankou Formation and the Nenjiang Formation, so that
these two formations are good oil-generating rocks and regional capping layers in the basin,
and also form the first-level stratigraphic comparative marker layer of the whole basin. The
lithology of the Qingshankou Formation-Nenjiang Formation is dominated by sandstone—
mudstone interbedding, and the formation shows a gradual thickening trend from west to
east and from north to south. Three sets of oil-bearing combinations have developed in the
Songliao Basin: the upper part is the oil-bearing combination of the Heidimiao Formation;
the middle part is the oil-bearing combination of the Sa, Portugal, and Gao Formations;
and the lower part is the oil-bearing combination of the Fuyang Formation. The oil-bearing
assemblage in the center has three sets of oil layers, namely Sa, Portugal, and Gao, which
were formed in the overall depression of the Songliao Basin during a period of significant
return and filling, i.e., from the late stage of the Qingshankou Formation’s water recession
to the early stage of the Yaojia Formation’s water-entry cyclone. The sedimentary phases of
these three oil formations belong to the large river delta deposits in the northern part of the
Songliao Basin from the middle Early Cretaceous period [6].

This research is focused on the SaPu intercalation, situated in the Longxi region within
the Songliao Basin. The Longxi region is primarily situated on the central slope of the
Longhupo-Da’an step, with the eastern and southern parts adjacent to the Qijia-Gulong
depression and the western part adjacent to the Taikang uplift zone on the western slope.
The SaPu intercalation constitutes a series of strata sandwiched between the Saertu and
Putaohua oil-bearing formations. It presents a thickness ranging from 10 to 30 m and
encompasses three sets of sand bodies, each approximately 10 m thick [7]. The deposi-
tional environment of this layer evolved gradually from north to south, from diversion
plain-inner and outer fronts—front delta, and the western part is a gravity-flow deposi-
tional environment; from north to south, the color of the mudstone gradually becomes
darker, the river channel changes gradually from a large diversion channel to a submerged
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diversion channel and from a mat sand to a black mudstone at the frontal margin, and the
gravity-flow sand body is unstable.

2.2. Reservoir Characteristics

The SaPu interbedded reservoir has similar petrological characteristics to the adjacent
Saertu and Putaohua formations, with a low rock maturity, a high clast and feldspar content,
and alow quartz content, as shown in Figure 1. Most of the parent rock compositions of such
reservoirs are close to volcanic sedimentary areas, so the plasticity of these minerals is high,
while their physical properties are generally poor after transportation and deposition [8].
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Figure 1. Statistical chart of the characteristics of sandstone petrography.

The core analysis data show that the porosity of the Saertu oil formation is generally
between 9.0 and 23.0%, with an average of 17.2%; the air permeability is generally dis-
tributed between 0.1 and 100 mD, with an average of 0.5 mD; and it is a medium-porous
and low-permeability reservoir, as shown in Figure 2.
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Figure 2. Histogram of porosity and permeability distribution.

The SaPu intercalation elicits intricate well-logging responses. In comparison to the
Sartu and Putaohua formations within the Saertu-Putaohua oil-bearing group, it has a
smaller absolute value, but a larger relative value of natural gamma; a lower absolute
value of spontaneous potential (SPmax-SP); a higher relative value; a sonic transit time
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ranging between 75 and 85 us/ft; a compensated density between 2.2 and 2.5 g/cm?3; and a
compensated neutron porosity between 0.15 and 0.25. The deep and shallow lateral ratios
are inferior to those of the adjacent Saertu—Putachua reservoirs, and the oil layer resistivity
is low (less than 10 ohm.m), with certain water layers demonstrating resistivity significantly
surpassing that of the oil layer [9].

As illustrated in Figure 3, using T1702 as an exemplar, the natural gamma, one of
the lithological curves, exhibits a sawtooth distribution, the spontaneous potential closely
aligns with the mudstone baseline, the neutron porosity and density curves indicate a
high clay content, and the resistivity is below 10 (3-m, which indicates clear low-resistivity
characteristics. Sedimentologically, rhythmic bedding is observable, denoting subaqueous
distributary channel deposition. The upper mud content is substantial, and the bound
water saturation is elevated, underscoring distinct sedimentary control. The testing results
for Layers 33 and 34 indicate that they are industrial oil and gas reservoirs with a daily oil
production of 10.1 t and a daily water production of 5.4 m3 [10].
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Figure 3. Log review and preliminary interpretation of Well T1702.

3. Petrophysical Experiments

A total of 31 pieces of SaPu sandwich cores were obtained, and the cores were pro-
cessed into plunger-type core samples measuring 2.5 cm in diameter and 4 cm in length us-
ing a core sampler. For research purposes, the processed cores were divided into two parts.
One group underwent X-ray diffraction and cation exchange capacity (CEC) measurements
to determine the clay mineral types, the content, and the additional conductive capability of
the clays. The other group underwent basic core parameter measurements, a T2 spectrum
of nuclear magnetic resonance (NMR) measurement, and resistivity experiments [11], as
shown in Figure 4.

Utilizing the outcomes of the experimental measurements, Figure 5 displays the
main core parameters. The experimentally measured core gasometric porosity generally
ranged from 9.0% to 23.0%, with an average of 17.2%. The gas permeability was generally
distributed between 0.1 and 100 mD, with an average of 0.5 mD, signifying a reservoir
characterized by a medium-to-low porosity and permeability [12]. X-ray diffraction ex-
periments conducted on the cores revealed predominant minerals, including quartz and
feldspar, accompanied by calcite. The average clay content was determined to be 11.6%,
and a relatively high proportion of mixed-layer illite was observed. The cation exchange
capacity (CEC) values varied from 1 to 6 mmol /100 g, with 52% falling within the range of
4 to 6 mmol/100 g.
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Figure 5. Experiment results: (a) core porosity, (b) core permeability, (c) core clay content, and
(d) overall CEC content of cores.

4. Analysis of the Origin of Low-Resistivity Oil Reservoirs
4.1. Theoretical Model Based on the Experimental Law of Additional Electrical Conductivity of Clay

It is well known that, for pure sandstones, the relationship between the rock resis-
tivity and the porosity or oil saturation can be well described by the Archie formula [13].
However, the presence of clay minerals in the reservoir rock complicates the interpretation
of logs based on physical measurements. On the basis of a large number of laboratory
petrophysical-chemical measurements made by Hill and Milburn and by Waxman and
Smits, Waxman and Thomas established the well-known model for evaluating the satura-
tion of muddy sandstones, the Waxman-Smits model (abbreviated as the W-S model).

Initial establishment of the W-S model:

Through experimental measurements, Hill and Milburn found a nonlinear pattern of
change in the rock conductivity (C,) of argillaceous sandstones with an increasing solution
conductivity (Cy).

As shown in Figure 6, Waxman and Smits suggested that the sharp increase in the rock
conductivity caused by the increase in the solution’s electrolyte concentration in the dilute
solution range (the low Cy, section in Figure 6) was due to an increase in the mobility of the
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exchangeable cations on the surface of the clays in the rock. The conductivity induced by
the exchangeable cations proceeds continuously with the help of the migration of cations in
the electric field. The migration of cations can be either from one fixed exchange position of
a clay particle to another, or from one clay cluster to another exchange position of a cluster
via a free electrolyte [14].

+

Rock conductivity, Co

—Pure sand
Argillaceous sandstone

w

o

Solution conductivity, Cw

Figure 6. Nonlinear pattern of change between rock conductivity and solution conductivity in
argillaceous sandstones.

When the clay content is increased, i.e., the number of cation exchange sites that can
be used, in the presence of little or no free electrolytes, this will result in a decrease in the
energy required for the cations to carry out the conductivity, and therefore cause an increase
in the cation mobility. Subsequently, if the salt concentration in the solution is increased, the
conductivity of the free ions in solution becomes easier and is accompanied by a significant
increase in the mobility of the exchanged cations. After the equilibrium electrolyte solution
reaches a certain higher concentration, a further increase in the concentration should result
in no further change in the mobility of the exchanged cations; in other words, the mobility
of the exchangeable cations should reach a certain constant or extreme value. With further
increases in the electrolyte concentration, the sandstone conductivity will increase linearly
with increasing solution conductivity [15].

On this basis, Waxman and Smits proposed a general equation for the conductivity of
cemented sandstones:

Co = é(BQv + Cw) 1)

4.2. Additional Conductivity of Clay Minerals

Clay minerals inherently bear unsaturated charges, and in accordance with the prin-
ciple of electrical neutrality, an equivalent quantity of cations adheres to the surface of
clay minerals to establish an electrical equilibrium [16]. The conductive impact of cations
adsorbed on clay minerals is predominantly governed by three key factors [17]. Firstly, it is
governed by the cation exchange capacity (CEC) of rocks, contingent upon the type and
abundance of the clay minerals present. Distinct clay types exhibit varying CEC values, as
delineated in Table 1, with montmorillonite registering the highest CEC value, succeeded
by mixed-layer illite, illite, and kaolinite. Secondly, the salinity of the formation water
within rock pores plays a crucial role. A reduced salinity enhances the proportion of cation
adsorption conductivity in the overall rock conductivity network, encompassing free-water
conductivity in the pores and cation-adsorption conductivity. Thirdly, the formation tem-
perature contributes to this interplay; both experimental and theoretical investigations have
affirmed that elevated temperatures diminish the activity of ions in water, consequently
attenuating the influence of adsorbed cations on clay minerals. Simultaneously, the posi-
tive charge on clay minerals diminishes with temperature, resulting in a reduction in the
conductivity effect. In the SaPu intercalation, the low contrast in the oil reservoir resistivity
is intricately linked to the additional conductive impact of clay minerals.
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Table 1. Cation exchange capacity of different clays.
Clay Mineral Montmorillonite Illite Chlorite Kaolinite
Cation exchange capacity (mgeq/100 g sample) 80-150 1040 10 8-15

Following the experience gained from the early assessment of low-resistivity oil
reservoirs in the Bohai Bay and Junggar Basin [18], the SaPu intercalation was found to
exhibit a relatively low mud content and a low CEC value. Disregarding the additional
conductivity impact of mud, the rock electrical experiment results were analyzed based on
the Archie model, as illustrated in Figure 7.

Ro _

F=_“-"=g™m 2
R )
Ry _

I:Rfozswn 3)

Here, F represents the geological factors, dimensionless; I denotes the resistivity
increase coefficient, dimensionless; Ry is the resistivity of the rocks when fully saturated
with water (in ohm.m); Ry, is the resistivity of the formation water (in ohm.m); @ is the
porosity of the formation, dimensionless; Sy, is the water saturation, dimensionless; m is
the cementation exponent, dimensionless; and 7 is the saturation exponent, dimensionless.
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Figure 7. Core resistivity measurement results fitted with the Archie equation: (a) formation factor
versus core porosity, and (b) resistivity index versus water saturation. (In the figure, y denotes the
expression of the fitted curve and R? denotes the correlation coefficient).

The experimental results revealed relatively low values for both m (1.395) and n
(1.092). The correlation between the water saturation and the core resistivity exhibited a
suboptimal fit according to the coefficient. This observation underscores that, even in the
SaPu intercalation, which is characterized by a low mud content and a low porosity, the
influence of its additional conductivity should not be disregarded.

The X-ray diffraction analysis of the core samples from the SaPu intercalation indicated
the prevalence of the illite/smectite mixture as the primary clay mineral. Building upon
the preceding examination of its impact on cation exchange, the cation exchange capacity
(CEC) demonstrated a range between 1 and 6 mmol /100 g. Calculated using Formula (4),
Qo spanned from 0.33 to 2.25 meq/mL, with an average value of 0.92 meq/mL. While this
magnitude might not appear substantial, in low-porosity formations, the associated Q,
assumes significance, exerting a direct influence on the rock conductivity.

Qo = CEC(1—@)p/ (2 x 100) (4)

wherein p is the grain density, g/cm?; & is the porosity, fraction; and Qs is the effective
concentration of clay-exchange cations (equiv/liter or meq/mL), and can be determined
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independently from the ratio of the cation exchange capacity (meq per 100 gm of rock) per
unit pore volume of rock (mL per 100 gm of rock). CEC is the cation exchange capacity,
meq/100 g.

To assess the impact of porosity on Qy [19], simulations were conducted for different
rock densities using the Formula (4) and by setting the CEC to 4 mmol/100 g, showing
the variation in Q, with the porosity. As depicted in Figure 8, with the same CEC value, a
lower porosity corresponded to a higher Q,. At porosities of 20%, 15%, 10%, and 5%, Q»
was 0.392, 0.555, 0.882, and 1.862 meq/mL, respectively. A lower porosity emphasized the
relevance of the cation exchange capacity.

4
35 —8—p=2.35g/cm
y ——p=2.45g/cm 3
—8—p=2.55g/cm 3
s 25
2
. 15
& L
1
0.5
0

0.03 0.3

Porosity/ ( decimal )

Figure 8. The relationship between Q, and the core porosity.

Based on the analysis above, the additional conductivity of mud for rock with low
porosities cannot be overlooked. Consequently, the Waxman-Smits model was employed
to fit the rock electrical experiment data, as shown in Figure 9. After the correction for
the additional conductivity, the fitting was significantly improved, yielding a cementation
exponent mx* of 1.987 and a saturation exponent nx of 1.796.

Ro

Fx = (14 RyBQy) =27 ™" (5)
Ry
* Rt 1 + RZUBQ‘U/SW . —nx
b= Ro( 1+ RyBQ, )~ °® ©

wherein Fx is the formation resistivity factor, dimensionless; I; is the resistivity index,
dimensionless; B is the electrochemical equivalent conductance of the equilibrium cation in
the unit of (mho.cmz) /meq; mx is the cementation exponent, dimensionless; and nx is the
water saturation exponent, dimensionless.

When the additional conductivity of mud in the formation cannot be ignored, the influ-
ence of the formation-water salinity on the formation resistivity must be considered [20]. By
analyzing the SaPu intercalation formation-water data, as shown in Figure 10, the average
total salinity was determined to be 7683.4 mg/L, indicating freshwater conditions. For
formations rich in mud sandstone with freshwater, the increased additional conductivity of
mud becomes the main factor causing a low resistivity due to the limited conductivity of
water. When the mud content is sufficiently high and exhibits a continuous distribution in
depositional settings, it undergoes a transformation into the first category of low-resistivity
hydrocarbon-bearing formations, thereby forming a composite-genesis, low-resistivity
hydrocarbon reservoir. The degree of resistivity reduction in such formations is contingent
upon both the clay content and the cation exchange capacity.
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Figure 9. The core resistivity measurement results fitted with the Waxman—-Smits equation: (a) the
formation factor versus the core porosity and (b) the resistivity index versus the water saturation. (In
the figure, y denotes the expression of the fitted curve and R2 denotes the correlation coefficient).

1000
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Formation resistivity/ohm.m
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Figure 10. The R; — Sy, relationship for reservoir rocks with different Q,.values (e.g., Qy = 0.25); the
impact of clay’s additional electrical conductivity is significant. At 50% water saturation, Q, varied
from 0 to 0.92 meq/mL, resulting in a resistivity decrease from 50.47 ohm.m to 11.9 ohm.m, marking
a substantial 76% alteration. This underscores the significant impact of Q, under conditions of a
low porosity, a low salinity, and elevated bound water saturation. With increasing Q,, the resistivity
index of mud sandstone reservoirs experiences a continuous decline, albeit at a diminishing rate.

Using the Waxman-Smits model under the formation conditions, assuming a forma-
tion temperature of 80 °C and a NaCl solution resistivity of 0.44 ohm.m, with
B=4 (mho.cmz)/meq, nx = 1.796, mx = 1.987, and an average porosity @ = 0.172 [21],
the simulation results showed the R; — Sy, relationship for reservoir rocks with different
values of Q, as shown in Figure 10.

If the formation-water salinity was increased, assuming a formation-water resistivity
value of 0.01 ohm.m and keeping other parameters constant, the results in Figure 11
show that, when S, = 0.5, Qy, changes from 0 to 0.92 meq/mL at 50% water saturation,
and the resistivity decreases from 1.15 ohm.m to 1.06 ohm.m, which is a minor change.
This suggests that, under high-formation-water-salinity conditions, the impact of mud’s
additional conductivity is less pronounced.

Therefore, under the conditions of a relatively low formation-water salinity, the signif-
icant additional conductivity of clay cannot be overlooked. If the reservoir exhibits lateral
variations in lithology, it may lead to complex changes in the resistivity characteristics of
the oil and water layers.
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Figure 11. Simulation results of the resistivity and water saturation for a formation with high-salinity
water using the Waxman—-Smits equation.

4.3. Irreducible Water Saturation

Irreducible water refers to the non-flowable water present in the reservoir pores under
certain production pressure conditions. It is a relative concept and varies as production
conditions and process improvements evolve. Typically, irreducible water consists of two
components: film-stagnant water adhering to the surfaces of rock particles (including
non-clay and clay particles) and capillary-stagnant water within the pores of capillaries.
Once the external conditions change, the irreducible water formed by capillary stagnation
may transform into mobile water, while the irreducible water resulting from film stagnation
remains permanently non-flowable [22].

A reservoir’s immobile water content is controlled by many factors, such as the rock
particle size, the amount of mud in the composition, and the complexity of the pore
structure, and its value is often the result of several factors [23]. Generally, reservoir rocks
with a fine lithology and a rich, argillaceous composition are usually developed towards
microporosity, and the immobile water saturation in the reservoir increases obviously and
coexists with the seepage pores, resulting in a conductive network “extending in all places”.
This results in a significant decrease in the resistivity of the oil and gas reservoir. For a
reservoir with a complex pore structure, the greater the proportion of capillary stagnant
water, the higher the immobile water content will be [24].

According to the NMR T2 spectrum measurements, the core water saturations after
the centrifugation can be calculated, as depicted in Figure 12. It was evident that the post-
centrifugation core saturations were predominantly in the range of 0.6 to 0.8, indicating a
relatively high saturation of irreducible water in the cores.

0.8-0.9

0.6-0.7

0.5-0.6

0.4-0.5

Saturation after centrifugation /decimal

0.3-0.4

0% 10% 20% 30% 40%

Frequency

Figure 12. The core water saturations after the centrifugation.
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As the saturation of irreducible water increases, the reservoir resistivity decreases. As
observed in Figure 13, when the saturation of irreducible water exceeds 60%, the impact
on the reservoir resistivity is relatively small. However, when the saturation of irreducible
water is below 60%, the influence on reservoir resistivity becomes more significant, and an
exponential decrease in the reservoir resistivity with increasing irreducible water saturation
may occur. The experimental results indicated that the change in the resistivity index was
substantial with the transition from a low to high irreducible water saturation, highlighting
it as a crucial factor contributing to the low-contrast characteristics of the oil reservoir.
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Figure 13. The relationship between the resistivity index and the irreducible water saturation.

5. Verification

Based on the outcomes of the rock physics experiments, we employed the
Waxman-Smits (W-S) model to compute the water saturation, incorporating the irreducible
water saturation to assess the immobile fluids. This led to a reevaluation of the wells in the
study area [25].

Due to the existence of a high immobile water saturation, the resistivity difference of
the formation was small, but it had a great influence on the reservoir fluid production and
its fluid evaluation, so carrying out the evaluation model of bound water saturation is of
great significance for recognizing the reservoir and fluid identification.

Bound water is mainly caused by fine lithology and a high mud content, which overall
reflects the magnitude of permeability, so this study used a binary regression model with a
single correlation analysis using the permeability (Figure 14) and quality factor (Figure 15)
subsets, and a computational model.
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Figure 14. Monocorrelation analysis of bound water saturation and permeability.
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Figure 15. Monocorrelation scores between bound water saturation and quality factors.
Using binary regression, the fitted bound water saturation was calculated as follows:
Sw; = —0.8761 x K977 11,5945 x Q0185 7)

where Sw; is the bound water saturation; K is the permeability in md; and Q is the quality
factor, calculated as follows:

Q=5 ®)

where ¢ is the porosity.
There is good agreement between the calculated and measured values of bound water
saturation (Figure 16).
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Figure 16. Analysis of measured values of bound water saturation and relationship with
calculated values.

For the fluid identification of effective reservoirs, several synthetic curves reflecting
the reservoir quality and fluid saturation are first defined here (Table 2).

Considering the influence of four factors, namely the reservoir thickness, reservoir
water saturation, reservoir bound water saturation, and reservoir porosity, on the reservoir’s
oil-production capacity, and using the reservoir fluid production coefficient Py and reservoir
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oil production P, coefficient to draw rendezvous diagrams and compare them with the test
oil data (Table 3), the conformity rate of the interpreted results to the conclusions of the test
oil reached 82.05%. Finally, a method of reservoir oil-water division with the output oil
saturation PS, as the standard was obtained [26].

Table 2. Defining parameters and calculating formulas.

Parameters Formulas
Movable fluid volume fraction, V;;, Vinw = ¢ % (1 — Swgy,)
Movable fluid oil saturation, PS, PS, = 1-5w
1-— Sw,-

Reservoir fluid production factor, Pf
Reservoir oil production factor, P,

Table 3. Reservoir oil-water delineation criteria.

Criteria for Classification

0.88 < PS, < 1
0.68 < PS, < 0.88
04 < PS, < 0.68
0.24 < PS, < 04

0 < PS, <024

Type of Layer

oil layer
watery oil layer
oil-water stratification
oil-bearing layer
pelagic

Using well XXXX03 as an illustration, Figure 17 depicts that the resistivity of reser-
voirs 36 and 37 was approximately 10 ohm.m. The well-testing data revealed a daily oil
production of 3.638 t and a daily water production of 0.85 m? for this well, leading to
the conclusion of a low-water-producing industrial oil layer that exhibited low-resistivity
characteristics. The initial interpretation categorized it as a water reservoir. The application
of the W-S model in the computation produced the results presented in Table 4. In Reservoir
36, the water was predominantly irreducible water, interpreted as an oil layer. For Reservoir
37, movable water constituted 8%, and was interpreted as an oil-water coexisting layer.
The interpretation findings align with the well-testing conclusion.

Water Calculation results | Calculation results |interpretation MS:?E‘:‘:“IM
saturation (¥V-5 equation) {archie equation) | "M | cocions
porosity porosity
0.0 1.0fo.0 1.0
water content volume | water content volume
CAL LLD AC 0.0 1.0[0.0 1.0
o em “z0fo2 oHmm 200[700 UsM 200
bound water volume bound water volume
GR LLS CNL Swi 0.0 10p.0 10
0.0 API 200[0.2 OHMM 200f42 % 18 1.0
SP MSFL DEN Sw 0.0 movable water 1.0/0.0 movable water 1.0
0 MV 100j0.2 OHMM 20012 grem” 3 porosity 2.0 "Olo0  bound water 10[00 bound water 10|
j e =
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¢ 3 2 o
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;\ — =
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Figure 17. Interpretation results of Well XXXXO03.
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Table 4. Formation parameters of Well XXXXO03.

Level Water Bound Water
Number

Thickness/(m) Resistivity/((2-m)  Porosity/(Decimal)  Permeability/(mD) Saturation/(Decimal) Saturation/(Decimal)

36 1.350 8.70 0.19 0.019 0.79 0.76
37 4.350 11.48 0.18 0.019 0.84 0.76

6. Conclusions

The experimental results indicate that the high additional conductivity of clay and
the elevated irreducible water saturation in the SaPu intercalation of the Longxi region are
the two major controlling factors leading to the formation of low-resistivity oil reservoirs
in the studied area. The type and quantity of clay remain the primary controlling factors
for additional cationic conductivity. In rocks with a low porosity and low salinity, the
additional conductivity of clay should be given special attention, as even a small amount of
clay can significantly reduce the reservoir resistivity. The majority of the core’s irreducible
water saturation is distributed between 0.6 and 0.8, indicating a relatively high saturation
of bound water in the reservoir and creating multiple conductive pathways. Coupled
with the influence of clay’s additional conductivity, this contributes to the formation of
low-resistivity oil reservoirs.
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