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Introduction

Well logging provides one of the most powerful tools
for reservoir characterization, offering continuous and
quantitative information on rock and fluid properties.
Moreover, among various logs, sonic logs play a
pivotal role by recording compressional (Vp) and
shear (Vs) wave velocities, which are closely linked
to rock dynamics, lithology, and the pore—permeability
system. In addition, these data are particularly valuable
in carbonate reservoirs, where heterogeneity, complex
pore networks (interparticle, moldic, and fracture
porosity), and variable geomechanical behavior
complicate reservoir evaluation. Furthermore, the
correlation between acoustic velocities and reservoir
properties such as porosity, permeability, and mineral
composition has been widely applied to improve
reservoir modeling and guide exploration and
production strategies.

Compressional and  shear  waves  provide
complementary information: while compressional
waves propagate through solids, liquids, and gases,
shear waves are restricted to solids and are therefore
more sensitive to lithology and pore structure. Also,
previous studies have investigated the empirical
relationships between these waves. Picket [I]
suggested a near-constant ratio between Vp and Vs
across different lithologies, whereas Castagna et al.
[2] developed predictive equations for Vs from Vp in
various rock types, with later work confirming their

Modify Date: December 08, 2025

Accepted: July 09, 2025

applicability to carbonate systems. More recent studies
[3] emphasized the utility of Vp—Vs ratios in assessing
micro-porosity, compaction trends, and flow unit
identification in carbonates.

Despite these advances, few studies have explicitly
examined the individual and combined effects of key
reservoir parameters on both Vp and Vs, particularly
in the carbonate reservoirs of the Persian Gulf. The
present study addresses this gap by investigating the
relationship between porosity, permeability, matrix
density, lithology, and pore type with compressional
and shear wave velocities in the Permian—Triassic
Kangan and Dalan formations. The novelty of this
work lies in the simultaneous comparison of Vp and
Vs responses and the delineation of their distinct roles
in reflecting reservoir quality. The integrated use of
sonic log data and laboratory measurements provides
a robust basis for identifying the dominant controls on
acoustic behavior and enhances the applicability of
sonic data in log interpretation and carbonate reservoir
modeling.

Materials and Methods

This study utilized 418 m of core, 1,388 plug samples,
1,575 thin sections (prepared approximately every 25
cm), and 1,388 porosity—permeability measurements
from a well located in the central Persian Gulf. Plug
samples were cleaned using the Soxhlet method and
subsequently prepared for porosity and permeability
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measurements, determined by Boyle’s law and Darcy’s
law, respectively. Matrix density was estimated from
dry weight calculations and porosity data.

Half of each thin section was stained with Alizarin
Red solution to distinguish between limestone
and dolomite. Moreover, mineral composition and
dominant pore type were identified through visual
estimation and comparison with standard petrographic
charts. In addition, data were recorded either as
estimated percentages (for mineral abundance and
porosity) or on a semi-quantitative scale from 0 to
4 (for the intensity of diagenetic processes such as
dissolution, cementation, and dolomitization). Also,
this approach follows standard methodologies for
petrographic analysis of carbonate rocks and provided
a basis for integrating microscopic observations with
petrophysical results.

Wireline log data comprised 402 m of gamma ray,
sonic, and density logs. Moreover, the acoustic data
were obtained from a Dipole Sonic Imager (DSI) tool
operated by Schlumberger. Furthermore, this device
generates a dipole acoustic source in contact with the
borehole wall, enabling the simultaneous acquisition
of compressional (Vp) and shear (Vs) wave velocities.
Moreover, travel times were recorded by multiple
receivers at different offsets and subsequently
converted to velocity after initial processing. In
addition, a key advantage of the DSI over conventional
sonic logs is its ability to directly measure Vs in
carbonate formations, where strong attenuation often
prevents reliable recording.

To ensure depth consistency, the borehole gamma log
was depth-matched to core gamma measurements
based on correlation of gamma-ray patterns, thereby
correcting depth shifts introduced during drilling and
core retrieval. Following this calibration, all core-
derived petrophysical and petrographic data were
integrated with the log dataset for subsequent analysis.

Results and Discussion

Analysis of the dataset demonstrates that lithology,
porosity, pore type, permeability, and matrix density
exert distinct influences on compressional (Vp) and
shear (Vs) wave velocities. The average velocities
were measured as 5058.11 m/s for Vp and 2802.03 m/s
for Vs. Moreover, dolomitic samples, characterized
by higher matrix density (2.83 g/cm?), exhibit greater
velocities for both waves compared to limestones
(2.72 g/cm?), despite their higher average porosity.
The relationship between wave velocities and
dolomite content indicates that up to ~50% dolomite,
Vp increases moderately, while Vs remains nearly
constant. Furthermore, at higher dolomite proportions,
Vp decreases whereas Vs shows no significant
change. Moreover, increasing dolomite content is
also accompanied by enhanced permeability. Also,
porosity exhibits an inverse relationship with velocity

for both waves, with a stronger reduction observed in
Vs. In addition, pore-type analysis shows maximum
velocities in interparticle porosity and minimum
values in moldic porosity, the latter being dominant in
limestones.

Matrix density displays a direct relationship with
velocity: as density increases, both Vp and Vs increase
proportionally, indicating similar sensitivity of both
waves to this parameter. In contrast, permeability
exerts a nonlinear effect. At values below 5 mD, both
Vp and Vs decrease with increasing permeability,
reflecting the absence of a continuous pore network.
Beyond this threshold, Vs increases with permeability,
while Vp shows a slight rise up to ~100 mD followed
by a decline.

Overall, these results demonstrate that the controlling
parameters affect compressional and shear waves
differently. Moreover, lithology and pore type emerge
as the dominant controls on acoustic velocity in the
Kangan and Dalan carbonate reservoirs, whereas
permeability introduces more complex, nonlinear
effects.

The results indicate that compressional (Vp) and
shear (Vs) wave velocities are systematically higher
in dolomitic samples than in limestones. Furthermore,
this trend is primarily attributed to the higher matrix
density of dolomite (2.83 g/cm®) compared to
limestone (2.72 g/cm?®). Although dolomitic samples
generally show higher average porosity, this does
not reduce their velocity, confirming that the effect
of matrix density and framework stiffness outweighs
porosity. The positive relationship between matrix
density and both Vp and Vs contrasts with the negative
relationship observed with porosity, where increasing
pore volume reduces velocity. The velocity reduction
in limestones is further linked to moldic porosity,
which introduces discontinuities in the rock fabric.
Furthermore, shear waves are more strongly affected
by pore type than compressional waves, as evident
from the greater velocity drop in moldic porosity. In
contrast, samples with interparticle porosity display
the highest velocities due to their lower pore volume,
while vuggy porosity yields slightly higher velocities
than moldic porosity because of its smaller volume
fraction.

The relationship between permeability and acoustic
velocity is nonlinear. At permeabilities below 5 mD,
Vp decreases markedly as pore connections are not
fully developed, causing the wave to traverse the solid
framework. At higher permeabilities, Vs shows an
increasing trend, while Vp rises slightly up to ~100 mD
and then decreases. This complex behavior reflects the
greater abundance of dolomite in high-permeability
intervals, which counteracts the velocity-reducing
effect of porosity. Since shear waves do not propagate
through pore fluids, their response is less sensitive to
pore connectivity, explaining the weaker correlation




with permeability.

These findings are consistent with previous research.
Salih et al. [5] reported higher velocities in dolomites
due to increased matrix density and framework
stiffness. The nonlinear link between permeability
and velocity agrees with the observations of Archilha
et al. [6], who showed that acoustic velocity depends
not only on permeability magnitude but also on pore
network connectivity and dolomite proportion [7, 8].

Conclusions

This study investigated the influence of key reservoir
parameters on compressional (Vp) and shear (Vs)
wave velocities in the carbonate reservoirs of the
Kangan and Dalan formations. In addition, the
results highlight lithology as the dominant control on
acoustic behavior, with moldic porosity in limestones
exerting the strongest velocity-reducing effect due
to reduced density and structural discontinuities,
whereas intercrystalline porosity in dolomites
maintained matrix continuity and resulted in higher
velocities. The relationship between permeability and
velocity followed a nonlinear trend best described
by a logarithmic model. Moreover, dolomite content
enhanced both Vp and Vs up to ~70%, beyond which
the effect approached saturation. Anhydrite contributed
positively to velocity at intermediate concentrations
but reduced it at higher amounts owing to increased
heterogeneity.

The findings underscore the importance of
distinguishing between compressional and shear
wave responses when evaluating carbonate reservoirs.
While Vs is more sensitive to lithological variations
and pore type, Vp primarily reflects porosity and fluid
effects. This interpretive distinction provides new
insight into the complementary roles of Vp and Vs in
assessing reservoir quality. The integrated approach of
combining core measurements, petrographic analysis,
and sonic log data enhances the reliability of well-log
interpretation and reservoir modeling in heterogeneous
carbonate systems.

Future studies should examine the combined influence
of pressure and temperature on acoustic responses, as
well as spatial variability of reservoir parameters at
the field scale. Such investigations would contribute to
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more robust predictive models for carbonate reservoir
behavior and improve strategies for hydrocarbon
exploration and production.
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Styrene (g) | Acrylic acid (g) | Acrylamide (g) | Potassium persulfate (g) Water (cm?®) Sample No.
0 0 6 0.8 300 Sample 1
0 2 4 0.8 300 Sample 2
0.333 2 4 0.8 300 Sample 3
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Fig. 3 FTIR spectra obtained for the three dried samples.
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Table S Viscosity of the samples at 0.5 wt% polymer in
deionized water at 80 °C.

Samples
Viscosity 9.6 20.2 19.7

Sample 1 Sample 2 Sample 3
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Table 6 Viscosity of the samples at 0.5 wt% polymer in
saline water at 80 °C
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Table 3 Viscosity of the samples at 0.5 wt% polymer in
deionized water at room temperature.

Samples
Viscosity 27.1 359 24.6

Sample 1 Sample 2 Sample 3
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Table 4 Viscosity of the samples at 0.5 wt% polymer in
saline water at room temperature.

Samples

Sample 1

Sample 2

Sample 3

Viscosity

3.4

9.4

19.4

Samples

Sample 1

Sample 2

Sample 3

Viscosity

8.1

25.1

23.6
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Table 7 Comparison of the viscosity of the samples at 0.5 wt% polymer under different conditions.

. . . . . o . Viscosity at room temperature
0 0
.Sample No | Viscosity reduction (%) | Viscosity at 80 °C in 4% NaCl solution (cP) in the absence of salinity (cP)
Sample 1 85 34 27.1
Sample 2 75 9.4 35.9
Sample 3 20 19.4 24.6
Sample 1
25 Sample 2
Sample 3
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Fig. 4 Viscosity profiles of the samples at 0.5 wt% polymer in saline water at 80 °C.
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