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El

Archie’s coefficients are among the most fundamental inputs for estimating water saturation in hydrocarbon
reservoirs. However, in many reservoir evaluations, these parameters are assumed to be constant and independent of
the physical characteristics of the pore network. This assumption can introduce significant uncertainty in water
saturation estimation in heterogeneous carbonate reservoirs where pore and throat geometries vary considerably. In
this study, the role of pore-throat diameter in controlling variations of Archie’s coefficients in the Permian-Triassic
carbonate reservoirs of the Persian Gulf is quantitatively assessed using a multiple regression approach. Core-derived
porosity and permeability data, mercury injection capillary pressure (MICP) analyses, and formation resistivity factor
measurements from a gas well in the western Persian Gulf were utilized. Pore-throat diameters at various mercury
saturation levels were calculated and their relationships with porosity, permeability, cementation exponent, and
formation resistivity factor were evaluated. The results indicate that the pore-throat diameter at 10 percent mercury
saturation shows the strongest correlation with porosity and permeability, providing a suitable basis for rock typing.
Archie’s coefficients calculated within the identified rock types demonstrate that these parameters are not constant
and systematically vary with changes in pore-network geometry. Furthermore, multiple linear regression analyses
reveal that rock typing significantly improves coefficients of determination in the correlations between petrophysical
and electrical properties, with the strongest improvements observed for the formation resistivity factor and
cementation exponent. These findings highlight that incorporating pore -throat diameter and rock typing offers a more
robust framework for estimating Archie’s coefficients and reducing uncertainty in water saturation calculations within

heterogeneous carbonate reservoirs.

Introduction

Accurate estimation of water saturation is one of the
fundamental components of quantitative reservoir evaluation
and the calculation of hydrocarbons in place. This parameter
plays a critical role in reservoir characterization, volumetric
estimation, and production forecasting, and it strongly
influences decisions related to reservoir development and
management (Ahmed, 2018; Dake, 1978). In most petrophysical
studies, water saturation is estimated indirectly using the
empirical relationship originally proposed by Archie (Archie,
1942). Despite its widespread application and conceptual
simplicity, this relationship is based on assumptions regarding
the electrical behavior of reservoir rocks that are not always
valid in complex geological settings (Mohsin et al., 2023).

The Archie relationship links the electrical properties of
reservoir rocks to their porosity and fluid saturation through
empirical parameters, commonly referred to as the cementation
exponent and the saturation exponent. In many reservoir
evaluation practices, these parameters are treated as constant
values across an entire reservoir interval. However, such
simplifications can introduce significant uncertainty when

applied to heterogeneous carbonate reservoirs, where pore
structures and fluid pathways vary considerably. In these
systems, variations in pore geometry may lead to substantial
changes in the electrical response of the rock, making the
assumption of constant parameters unrealistic (Tiab and
Donaldson, 2015).

Carbonate reservoirs are well known for their strong
geological and petrophysical heterogeneity. This complexity
results from variations in depositional environments as well as
from multiple diagenetic processes that modify the original rock
fabric after deposi tion (Lucia, 1995). As a result, carbonate pore
systems commonly consist of a mixture of pore types with
different sizes, shapes, and degrees of connectivity. These
variations lead to complex relationships between porosity,
permeability, and electrical properties, and they often prevent
the development of simple or consistent correlations among
these parameters.

One of the most important aspects controlling fluid flow and
electrical behavior in carbonate reservoirs is the geometry of the
pore network, particularly the characteristics of pore throats that
connect individual pores. Pore-throat diameter represents a key
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parameter describing the narrowest parts of the flow pathways
within the rock. Because fluid movement and electrical
conduction occur through interconnected pore spaces, the size
and distribution of pore throats strongly influence permeability,
capillary behavior, and resistivity response. Pore-throat
diameter is commonly derived from mercury injection capillary
pressure experiments and is widely used to evaluate reservoir
quality and pore-system characteristics (Washburn, 1921).

Although the importance of pore-throat geometry in
controlling reservoir quality is well recognized, its influence on
the variability of Archie parameters has received comparatively
less attention. In many practical reservoir evaluations, limited
laboratory data or economic constraints lead to the use of default
values for these parameters (Asquith and Krygowski, 2004).
Such assumptions can result in unrealistic estimates of water
saturation, particularly in heterogeneous carbonate reservoirs
where pore structures vary significantly.

Therefore, developing approaches that link Archie
parameters to measurable physical characteristics of the pore
network can improve the reliability of water saturation
calculations. In this context, the present study investigates the
role of pore-throat diameter as a controlling factor in the
variability of Archie parameters within Permian—Triassic
carbonate reservoirs of the Persian Gulf. By integrating core
analysis data, mercury injection measurements, and electrical
properties, this study aims to provide a more realistic framework
for understanding the relationship between pore structure and
electrical behavior in heterogeneous carbonate reservoirs.

Materials and Methods

This study was conducted using a comprehensive dataset
from a gas well located in the western part of the Persian Gulf,
encompassing the Permian-Triassic carbonate formations of
Dalan and Kangan. The dataset includes core laboratory
measurements, petrophysical properties, mercury injection
capillary pressure (MICP) data, and electrical resistivity data,
all employed to quantitatively analyze the relationships between
pore-network characteristics and Archie’s parameters. In total,
1114 core porosity and permeability measurements, 30 high-
pressure mercury injection samples, and 59 formation resistivity
factors were analyzed.

Core samples selected for MICP testing were chosen to
represent a wide range of porosity, permeability, and reservoir
quality conditions, enabling a comprehensive assessment of the
influence of pore-network geometry on electrical behavior.
Porosity measurements were performed using helium gas based
on Boyle’s law, and permeability was determined under steady
-state air flow conditions following Darcy’s law. All
measurements were conducted on standard cylindrical core
plugs, and the data were quality-checked prior to quantitative
analysis. Porosity and permeability served as fundamental
petrophysical parameters in the multivariate analysis.
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To describe pore-network geometry and quantify pore-
throat diameters, mercury injection tests were performed.
Pressure—saturation curves were obtained for each sample, and
corresponding pore-throat diameters were calculated based on
capillary principles. The pore-throat diameter was considered a
quantitative indicator of the narrowest flow paths in the pore
system and was incorporated into statistical and multivariate
analyses. Examining pore-throat diameters across different
mercury-saturation levels allowed a more precise evaluation of
how throat-size distribution affects electrical behavior and
Archie’s parameters.

Formation resistivity factor (FRF) was calculated as the ratio
of rock resistivity fully saturated with brine to the resistivity of
the formation water. The cementation exponent was derived
from the slope of the logarithmic relationship between FRF and
porosity. Archie’s parameters were computed independently for
all available data, avoiding default values to capture the natural
variability within the studied formations.

Samples were taken from reservoir sections of the Dalan and
Kangan formations, representing diverse carbonate pore types
including intergranular, intragranular, moldic, and vuggy
porosity. Intervals with abundant anhydrite, open fractures,
stylolites, or coarse veins were excluded, ensuring that
measured electrical properties primarily reflected the matrix
pore system. A multiple linear regression approach was then
applied to evaluate the combined and individual effects of pore
-throat diameter, porosity, permeability, and cementation factor
on electrical behavior, with model performance assessed
through correlation coefficients between measured and
predicted parameters.

Results and Discussion

Analysis of reservoir quality indicates significant
petrophysical heterogeneity within the studied Permian—
Triassic carbonate formations of the Persian Gulf (Kaveh-
Ahangar et al., 2023). The distribution of porosity versus
permeability shows scattered data, with most samples exhibiting
low to moderate porosity but a wide range of permeability
values. This dispersion highlights that porosity alone cannot
adequately characterize reservoir quality; pore type, throat size,
and pore connectivity play fundamental roles in controlling
permeability.

Among the carbonate units, K1 demonstrates a broader
spread in porosity and permeability, albeit the correlation
between these parameters is weak. In K2, porosity values are
more limited but permeability is highly scattered, suggesting the
influence of effective flow channels or micro-fractures. K3
presents the weakest relationship between porosity and
permeability, underlining the control of pore geometry and
connectivity. The K4 unit, although displaying a somewhat
better trend, still reflects the impact of textural and diagenetic
heterogeneity. These results indicate that predicting
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permeability based solely on porosity is uncertain, necessitating
a more comprehensive evaluation incorporating the geometric
properties of the pore system, particularly pore-throat diameter
and its distribution.

The relationship between formation resistivity factor and
porosity exhibits a general trend where increasing porosity
results in lower resistivity factors, in line with Archie’s model.
However, data dispersion around the fitting line signals the
influence of additional factors such as pore type, throat size, and
network connectivity. At low porosity levels, higher and more
variable resistivity values suggest more complex and restricted
conductive pathways, whereas high-porosity samples show
lower and more uniform resistivity responses. Thus, while
porosity significantly explains the resistivity factor, network
heterogeneity drives the observed variance.

Mercury injection capillary pressure analyses reveal that
most samples possess predominantly small to medium pore
throats, as evidenced by the high pressures required to reach
high levels of mercury saturation. A minority of samples
achieve higher saturations at lower pressures, indicating coarser
throats and potentially better reservoir quality. The variation in
entry pressures across samples, even at similar saturation levels,
underscores strong heterogeneity in throat size and pore
connectivity throughout the reservoir.

To further investigate reservoir heterogeneity and its impact
on petrophysical and electrical properties, the Winland method
was applied for rock typing, using pore-throat diameter at 10%
mercury saturation as a key discriminator. Eight rock types were
identified, each reflecting distinct pore system characteristics
and reservoir quality. Calculated Archie parameters within these
rock types clearly demonstrate that parameters such as the
cementation exponent and formation factor are not constant and
can vary significantly across different rock types. This finding
emphasizes the risk of employing default Archie parameters for
the entire reservoir, as it could lead to substantial uncertainties
in water saturation calculations.

Multiple linear regression analysis showed varying degrees
of correlation between petrophysical and electrical properties.
Permeability and pore-throat diameter, in general, exhibited
lower coefficients of determination, indicating their strong
dependence on pore network geometry and connectivity rather
than on volumetric average values. In contrast, porosity,
formation resistivity factor, and especially the cementation
exponent displayed better correlations, particularly when
electrical and geometric variables were considered
simultaneously. Segmenting the data by rock type using the
Winland classification considerably improved the correlations,
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especially for the prediction of formation resistivity factor and
the cementation exponent. The best results were observed in
rock type RT3, where the combined influence of porosity,
permeability, pore-throat diameter, and cementation exponent
yielded the highest correlation. Across all rock types, adding
electrical parameters, especially formation resistivity factor and
cementation exponent, generally increased the model’s
predictive performance.

Conclusions

The results suggest that electrical properties provide
valuable insights into the complexity and connectivity of the
pore network, information that cannot be captured by porosity
and permeability alone. Ultimately, this study demonstrates that
integrating quantitative pore-throat information and rock typing
enables a more precise estimation of Archie parameters and,
consequently, more reliable water saturation calculations in
heterogeneous carbonate reservoirs. This approach reduces
uncertainty and supports more accurate assessments of reservoir
quality and productivity.
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Fig. 1. a) Geographical location of the study area in the western part of the Persian Gulf b) Stratigraphic framework of the reservoir, along with the
lithological column of the Dalan and Kangan formations (Kaveh-Ahangar et al., 2023)
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Fig. 2. Porosity versus permeability plot for different reservoir units of the studied field
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Fig. 4. Mercury injection pressure versus saturation percentage plot for the studied samples
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Table 1. Empirical equations have been established through multiple regression analysis. The coefficient of determination between measured and
calculated permeability varies for different pore throat size fractions.

Mercury saturation (%) Equation R?
5 R5=1.519+0.493 * Log (K) - 0.995 * Log (¢) 0.90
10 R10=1.0335+0.493 * Log (K) -0.679 * Log (¢) 0.91
15 R15=0.517+0.453 * Log (K) - 0.306 * Log (¢) 0.89
20 R20=0.442 + 0.428 * Log (K) -0.300 * Log (¢) 0.78
25 R25=0.174 +0.417 * Log (K) - 0.133 * Log () 0.79
30 R30 =-0.0406 + 0.369 * Log (K) + 0.063 * Log (¢) 0.77
35 R35=-0.275+0.36 * Log (K) + 0.220 * Log (¢) 0.76
40 R40 =-0.387 + 0.372 * Log (K) + 0.246* Log () 0.78
45 R45=-0.535+ 0.344 * Log (K) + 0.345* Log () 0.77
50 R50=-0.708 + 0.331 * Log (K) + 0.445 * log(¢) 0.76
55 R55=-0.868 + 0.257 * Log (K) + 0.599* Log () 0.72
60 R60=-1.051 +0.231 * Log (K) + 0.705 * Log () 0.70
65 R65=-1.160 + 0.204 * Log (K) + 0.749 * Log () 0.65
70 R70=-1.349 + 0.196 * Log (K) + 0.809 * Log (¢) 0.63
75 R75=-1.65+0.102 * Log (K) + 1.048 * Log (¢) 0.55
80 R80=-1.707 + 0.122 * Log (K) + 0.925 * Log () 0.49
85 R85 =-1.997+ 0.097 * Log (K) + 0.989 * Log (¢) 0.37
90 R90=-1.675+0.117 * Log (K) + 0.327 * Log (¢) 0.21
95 R95=-1.302 + 0.108 * Log (K) - 0.485 * Log (¢) 0.25
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Fig. 5. Different rock types have been determined based on the equation derived from multiple regression at 10% mercury saturation. The
coefficients of determination between porosity and permeability can be observed for the different identified rock types.
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Fig. 6. Plot of formation resistivity factor versus porosity for one of the rock types. The equation and coefficient of determination between the
formation resistivity factor and porosity are observable
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Table 2. Results of the calculated Archie parameters for each of the identified rock types. The coefficients of determination between the resistivity
index and water saturation, as well as between the formation resistivity factor and porosity, are observable for each group.

Rock type Winland (um) a m R? (FRF-PHI)
WRT3 (0.5-1) 13.19 0.89 0.68
WRT4 (1-2) 23.59 0.65 0.94
WRT5 (2-5) 13.83 0.82 0.8
WRT6 (5-15) 0.51 2.45 0.71

Average 12.78 1.2 0.78
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Table 3. Empirical equations have been established through multivariate regression analysis for the entire studied sequence. The coefficient of
determination varies between different measured values

Number Equation R?
1 K=1.10+8.16%(PHI)-1.14*(LOG R10) 0.15
2 K=0.94+8.88*(PHI)-1.12*(LOG R10)+0.0005*(FRF) 0.16
3 K=1.14+9.82*(PHI)-1.13*(LOG R10)+0.0006*(FRF)-0.14*(m) 0.16
4 PHI =0.15+0.006*(K)-0.013*(LOG R10) 0.09
5 PHI =0.15+0.004*(K)-0.02*(LOG R10)-0.0003*(FRF) 0.41
6 PHI =-0.04+0.002*(K)-0.0005%*(LOG R10)-0.0002*(FRF)+0.078*(m) 0.72
7 LOG R10=0.7-0.08*(K)-1.22*(PHI) 0.13
8 LOG R10=1.05-0.07*(K)-2.9*(PHI)-0.001*(FRF) 0.19
9 LOG R10=1.57-0.07*(K)-0.15*(PHI)-0.001 *(FRF)-0.4*(m) 0.23
10 FRF=265.54+5.12%(K)-1270.97*(PHI) 0.32
1 FRF=299.49+1.28*(K)-1330.11*(PHI)-48.45%(LOG R10) 0.37
12 FRF=166.76+1.43%(K)-1791.56*(PHI)-35.85%(LOG R10)+80.38%(m) 0.4
13 m=1.54+0.01*(K)+5.94*(PHI) 0.57
14 m=1.65-0.001*(K)+5.74*(PHI)-0.16*(LOG R10) 0.6
15 m=1.44-0.002*(K)+6.67*(PHI)-0.12%(LOG R10)+0.0007*(FRF) 0.62

Table 4. Empirical equations have been established through multivariate regression analysis for the determined rock types. The correlation
coefficient varies between the measured values

Number RT Equation R?
1 RT3 K=0.06+1.67*(PHI)-0.08*(LOG R10) 0.49
2 RT3 K=0.52-0.86*(PHI)-0.01*(LOG R10)-0.002*(FRF) 0.62
3 RT3 K=0.61+0.04*(PHI)+.003*(LOG R10)-0.001*(FRF)-0.16*(m) 0.65
4 RT3 PHI =0.04+0.27%(K)+0.30%(LOG R10) 0.48
5 RT3 PHI =0.19-0.038%(K)+0.024*(LOG R10)-0.0008*(FRF) 0.89
6 RT3 PHI =-0.09+0.002*(K)+0.01*(LOG R10)-0.0008*(FRF)+0.04*(m) 0.91
7 RT3 LOG R10=0.35-3.61*(K)+8.68*(PHI) 0.33
8 RT3 LOG R10=-3.27-0.58*(K)-21.34*(PHI)-0.01 *(FRF) 0.55
9 RT3 LOG R10=-3.88+0.13*%(K)+12.9%(PHI)+0.01 *(FRF)+0.91*(m) 0.6
10 RT3 FRF=209.42-176.21*(K)-734.61*(PHI) 0.87
11 RT3 FRF=202.71-106.71%(K)-901.69*(PHI)+19.52%(LOG R10) 0.91
12 RT3 FRF=142.71-71.12*(K)-995.12*(PHI)+12.79*(LOG R10)+31.56*(m) 0.92
13 RT3 m=1.97-1.86*(K)+4.73*(PHI) 0.49
14 RT3 m=1.91-1.13%(K)+2.97*(PHI)+0.21*(LOG R10) 0.65
15 RT3 m=1.08-0.69*(K)+6.58*(PHI)+0.12*(LOG R10)+0.004*(FRF) 0.69
16 RT4 K=-0.03+5.48*(PHI)-0.03*(LOG R10) 0.58
17 RT4 K=-0.4+7.39*(PHI)+0.03*(LOG R10)+0.0008*(FRF) 0.65
18 RT4 K=-0.7+5.3 1%(PHI)+0.05*(LOG R10)+0.0007*(FRF)+0.24*(m) 0.68
19 RT4 PHI =0.06+0.10*(K)-0.003*(LOG R10) 0.58
20 RT4 PHI =0.09+0.08*(K)-0.01*(LOG R10)-0.0002*(FRF) 0.8
21 RT4 PHI =-0.03+0.05%(K)-0.006%(LOG R10)-0.0001*(FRF)+0.04*(m) 0.84
2 RT4 LOG R10=0.86-0.34%(K)-1.28*(PHI) 0.05
23 RT4 LOG R10=2.02+0.27%(K)-10.89%(PHI)-0.003*(FRF) 0.25
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24 RT4 LOG R10=2.78+0.49*(K)-6.3*(PHI)-0.003*(FRF)-0.64*(m) 0.31
25 RT4 FRF=378.75+196.46*(K)-3122.52*(PHI) 0.5

26 RT4 FRF=438.32+173.22%(K)-3211.18*(PHI)-69.50*(LOG R10) 0.6

27 RT4 FRF=412.32+166.32*(K)-3312.44*(PHI)-67.47*LOG R10)+17.91%(m) 0.61
28 RT4 m=1.35+42%(K)+5.79*(PHI) 0.7

29 RT4 m=1.45+0.38*(K)+5.65*(PHI)-0.11*(LOG R10) 0.73
30 RT4 m=1.39+0.36*(K)+6.04*(PHI)-0.11*(LOG R10)+0.0001*(FRF) 0.73
31 RTS K=1.52+12.19%(PHI)-2.11%LOG R 10) 0.48
32 RTS K=2.06+10.25*(PHI)-2.15%(LOG R10)-0.002*(FRF) 0.49
33 RTS K=5.42+23*PHI)-3.21*(LOG R10)+0.0008*(FRF)-2.21*(m) 0.55
34 RTS PHI =0.09+0.02*(K)-0.02*(LOG R10) 0.37
35 RTS PHI =0.15+0.01*(K)-0.03*(LOG R10)-0.0003*(FRF) 0.53
36 RTS PHI =-0.13+0.01*(K)+0.06*(LOG R10)-0.0002*(FRF)+0.11*(m) 0.85
37 RTS LOG R10=0.63-0.08*(K)-0.59*(PHI) 0.32
38 RTS LOG R10=0.72-0.09%(K)-0.91*(PHI)-0.004*(FRF) 0.33
39 RTS LOG R10=1.49-0.09%(K)+3.57*(PHI)-0.0006*(FRF)-0.64*(m) 0.59
40 RTS FRF=206.62-3.85*(K)-699.61*(PHI) 0.37
41 RTS FRF=223.68-6.18*(K)-715.93*(PHI)-27.26*(LOG R10) 0.38
42 RTS FRF=-10.98+1.96%(K)-1371.02*(PHI)+50.55*(LOG R10)+120.37*(m) 0.48
43 RTS m=1.54-0.01%(K)+5.83*(PHI) 0.65
44 RTS m=1.95-0.06*(K)+5.44*(PHI)-0.64*(LOG R10) 0.78
45 RTS m=1.64-0.06*(K)+6.40*(PHI)-0.61*(LOG R10)+0.001*(FRF) 0.81
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Fig. 7. Predicted resistivity factor versus calculated resistivity factor. The coefficient of determination shows a high value.
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Table 4. Statistical indices of the main multivariate regression models for evaluating the formation resistivity factor and cementation exponent.
e R? p-value Ao LOOCV LOOCV
s Jis slo yiie n R o oo oo RMSE | MAE VIF e RMSE
FRF Phi, K 48 | 0.312 0.281 0.00022 95.29 | 59.64 1.20 0.129 107.22
FRF Phi, K, SW 48 | 0.313 0.267 0.00080 95.19 | 59.26 1.36 0.090 109.59
FRF Phi, K, SW, LogR10 48 | 0.340 0.279 0.00110 93.33 | 58.09 1.68 0.094 109.33
FRF Phi, K, SW, LogR10,m | 48 | 0.350 0.273 0.00215 92.59 | 54.70 2.35 0.047 112.15

m Phi, K 48 | 0.491 0.469 <0.001 0.300 | 0.243 1.20 0.288 0.355
m Phi, K, SW 48 | 0.513 0.480 <0.001 0.293 | 0.242 1.36 0.294 0.353
m Phi, K, SW, LogR10 48 | 0.528 0.484 <0.001 0.289 | 0.235 1.68 0.235 0.368
m Phi, K, SF\?/{,FLogRIO, 48 | 0.535 0.480 <0.001 0.287 | 0.230 1.77 0.092 0.401
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Table 6. Effects of diagenetic processes and pore types on pore-network geometry and Archie’s parameters in carbonate reservoirs
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