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Abstract

Carbonate reservoirs are globally known to exhibit commercial
hydrocarbon reserves and probable underground storage for carbon dioxide
and hydrogen; conversely, uncertainty and error analysis are often
overlooked in quantitative log interpretation and the estimation of
petrophysical parameters due to the complexity and heterogeneity of
subsurface formations. Traditional methods often fall short in addressing
such structural intricacy, making it challenging to accurately predict the
properties of carbonate reservoirs and infer their potential, as this study aims
to predict carbonate reservoir properties using existing petrophysical and
reservoir modelling data, which were simulated to generate various cross-
plots for interpretation. The analysed cross-plots (Figures 3, 4, 5, 6, 8, and 9)
indicate the presence of a dolomitized limestone reef carbonate reservoir. In
contrast, the illustrations (Figures 3, 5, 7, and 8) highlight coral and algae,
chalky, mudstone sediments characterised as kerogen-rich hydrocarbon,
dominantly oil-gas prone, filled with brine (Figure 5, 6, 8, 10, 11, 12, 13, and
14). These are dominated by moldic, vuggy, or karstic porosity. The selected
reservoirs of Mala oil field exhibit good characteristics: moldic-vuggy to
karstic porosity and partially weathered, dolomitized limestone lithofacies,
indicative of reef-associated carbonate systems. These properties not only
support their classification as high-quality (Figure 7) reefal carbonate
reservoirs but also suggest their suitability for future carbon dioxide (CO-)
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and hydrogen underground storage due to their adequate pore space and
potential for long-term seal suppression.
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Introduction

Carbonate reservoirs are recognized as major contributors to global
proven hydrocarbon reserves. They are widely distributed across North
America, Northern Africa, the Middle East, and Central Asia (Tiab &
Donaldson, 2012; Howarth & Alves, 2016; Li et al., 2018). In the context of
South Sudan, carbonate reservoirs exhibit limited accumulation patterns,
complex structural features, and variable reservoir conditions, indicating a
gap in studies. In the context of the literature reviewed, main types of
carbonate reservoir include organic reefs and biohermal, shallow-marine,
grain beaches, dolomites, chalks, fractured, tight micritic and weathered
crust carbonates, these reservoirs are typically large in scale and shallow in
burial depth, primarily concentrated in the Jurassic, Cretaceous, and Neogene
periods. Most are characterized as pore-type carbonate reservoirs (Tiab &
Donaldson, 2012), prestack seismic inversion retains the characteristics that
the seismic reflection amplitude varies with the offset or incident angle and
can provide more sensitive and effective data volume set. Under the
constraint of log data, prestack seismic inversion relies on seismic P-wave
and S-wave velocity, density (p), and other elastic parameters are carried out
to obtain high precision elastic parameters that can reflect lateral changes in
reservoirs (Reza et al., 2019).

Previously, reservoir prediction can be modelled from acoustic
impedance (Zp) to carbonate reservoir properties as well as lithotypes, and
fluid content. Moreover, due to parameters limitations, it cannot clearly
distinguish between lithotypes and fluid content. Seemingly, the problem can
be resolved by adaptation of shear impedance (Zs) to delineate more
carbonate reservoir properties. The combination of acoustic impedance,
shear impedance, Vp/Vs, Lambda Rho and Mu Rho can delineate the
reservoir properties promptly (Prayoga & Winardhi, 2022). To estimate
impedance and porosity, at each well location, the well is calibrated to the
seismic and wavelet extraction. The variation between the synthetic
seismograms and seismic traces poses significant reading in response to
sonic and seismic logs (Alvarez & Gebus, 2011).

Prayoga & Winardhi. (2022), who performed simultaneous inversion
coupled with response to extract information from seismic data to compute
geological problems that cannot be solved by acoustic inversion. The
parameter of Vs in simultaneous inversion is able to compute the dualism
between porosity in carbonates and shales, in which Zp has limitations,
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therefore S-wave parameter is crucial to assess between reservoir and non-
reservoir rocks, for conceptual reasoning simultaneous inversion is the
optimal approach to anticipate acoustic impedance, shear impedance, and
rock density simultaneously to characterize reservoir and to minimize error
in the seismic processing (Prayoga & Winardhi, 2022). Rock physics
represents the link between geological reservoir parameters (e.g. porosity,
clay content sorting, lithology, saturation) and seismic properties (e.g.
acoustic impedance, Vp/Vs, density, elastic moduli) are required for
prestack seismic inversion. Usually, the combination of P-and S-wave
velocities is sensitive to reservoir fluid prediction (Asquith et al., 2004).
Rock physics models are used to interpret sonic, and seismic velocities and
to predict fluid and lithology substitution (Asquith et al., 2004).

Abuhagaza et al. (2021) & Mohammed. (2023) highlighted that, Mala
oil field is located within block 5A of Muglad basin of South Sudan and
Sudan covering 120,000km? extending from 80km NW — SE to NNW —
SSEE with maximum width of 200km that has episode of extensional and
strike slip structural histories s shown in Figure 1(Pragst et al., 2017). The
reservoir rocks are predominantly sandstones deposited in fluvial-channel,
lacustrine and deltaic environment settings. High quality reservoirs were
deposited in proximal alluvial-fluvial environments, whereas poor quality
reservoirs are associated with more distal lacustrine deposits.

Background

Uncertainty and error analysis are often overlooked in quantitative
log interpretation and the estimation of petrophysical parameters, which
makes it challenging to accurately predict the properties of carbonate
reservoirs. However, accounting for these uncertainties is essential for
reliable reservoir prediction and inversion analysis (Avseth, 2010). To
estimate petrophysical and rock physics parameters from integrated datasets,
such as post-drilled reservoir rock samples and prestack seismic data;
prestack and simultaneous seismic inversions are commonly used (Prayoga
& Winardhi, 2022; Reza et al., 2019). Despite their usefulness, these
inversion methods rely on certain assumptions and require specific input
parameters, which are often not readily available in geophysical datasets.
These limitations pose significant challenges for geoscientists in effectively
predicting carbonate reservoir properties as postulated by Avseth. (2010).

Abuhagaza et al. (2021), who suggested that petrophysical,
petrography, scanning electron microscopy. X-ray diffraction, both
conventional and special core analysis that characterized the lower
cretaceous Bentiu and Abu Gabra Formations of the Muglad Basin produce
largest hydrocarbon reservoirs in South Kordofan. Subsequently, based on
the integrated study, the Abu Gabra-Bentiu sequence comprises four

WWW.esipreprints.org 76



http://www.eujournal.org/

ESI Preprints July 2026

petrographical microfacies, which consist of two reservoir rock types (quartz
arenites and quartz wackes). The reservoir quality is good to excellent
porosity (average @ = 26.7%), permeability (average k = 1365mD),
Reservoir Quality Index (RQI, average = 1.43um), Flow Zone Indicator
(FZI, average = 3.66um) and Discrete Rock Type (DRT, average= 13). The
relatively low to fair reservoir quality of the Abu Gabra Formation
(average @ = 13.2%, average k = 14.7mD, average RQI= 0.17um, average
FZI= 1.05um, and average DRT= 10) is due to authigenic kaolinite and
siderite content, compaction and cementation by silica and clay patches. This
also correlate with similar study as documented (EI Sawy et al., 2020).
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Figure 1: Map showing the location of Mala oil field (Pragst et al., 2017)
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Materials and Methods

The dataset consists of existing petrophysical and reservoir modelling
data, including Vp, Vs, acoustic impedance (AI), density (p), porosity (@),
permeability (k), Lambda-Rho (1p), Mu-Rho (up), Inzg, Inzp, Inp, density-
neutron porosity, Flow Zone Indicator (FZI), Formation Micro Imager Tool
(FMT) and Reservoir Quality Index (RQI). These data were screened, and
integrated for simulation and interpretation purposes (Figure 2) for data
consistency and to achieve the targets as stipulated and various cross-plots
were derived as shown in the discussion.

Petrophysical Property
Analysis
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Figure 2: A summary of steps taken for reservoir properties prediction
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Discussion and Conclusion
Discussion

The discussion is based on various cross-plots that are generated from
the data including Vp, Vs, acoustic impedance (AI), density (p), porosity,
permeability, Inz, Inzp, velocity, Lambda-Rho (1p), Mu-Rho
(up), density-neutron porosity, FZI, FMT and RQI. The prediction of
carbonate reservoir properties is derived and discussed in accordance with
the literature related to the cited cross-plots.

Predicting carbonate reservoir types based on the following cross-plots:

24

2 Oil and brine filled with
dolomitized carbonate

Vp/Vs
&%
\

§ N 8
Vuggy texture in dolomitized ,,
limestone filled with oil brine _ - =~

~

0.05 0.1 0.15 0.2 0.25

(=]

Porosity
Figure 3: A cross-plot of Vp/Vs vs. Porosity, lines adapted from Asquith et al. (2004) &
Rafavich et al. (1984), predicting dolomitized limestone reservoir characterized by chalky,
moldic or vuggy texture, bearing brine oil with less amount of gas
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Figure 4: Acoustic Impedance (AI) vs. Porosity, a cross-plot adapted after Rafavich et al.
(1984) indicate porous dolomitized carbonate limestone reservoir
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Figure 5: A modified cross-plot of Permeability vs. Porosity (Line drawn from Asquith et
al., 2004; Tiab & Donaldson, 2012), showing reef reservoir bearing oil-brine prone, which
characterized by coral and algae, and chalky mudstone and moldic sediments that are
derived from dolomitized limestone reservoirs
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Figure 6: Density-Neutron Porosity cross-plot adapted from Asquith et al. (2004), which
delineate porous dolomitized limestone reservoir bearing oil-gas zone filled with water
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Figure 7: (above and below). A scattered plots extracted (A. H. Khan et al., 2019) &
amaefule at al. (1993)suggest that reservoir has large vuggy, moldic pore throat, highly

permeable reef carbonate reservoir

Lithotypes are determine from the listed cross-plots:
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Figure 8: A modified cross-plot of Vp/Vs vs. Al (Li et al., 2018), illustrates chalky, vuggy
dolomitized limestone reservoir as oil-gas prone indicating reservoir is hydrocarbon charged
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Figure 9: A cross-plot of Density vs. Velocity, modified after Weger et al. (2009), show
dolomite facies dominated by condensed kerogen rich hydrocarbon (light), dominated by

vuggy or karstic porosity

As stipulated from Figure 5 (Permeability vs. Porosity) above, shows
chalky, mudstone sediment characterized by moldic porosity that are derived
from dolomitized limestone.

Fluid Content is delineated from these cross-plots:
- From figure 5 (Permeability vs. Porosity) above, delineate the
reservoir as bearing oil-brine prone.
- From figure 6 (Density vs. Neutron Porosity) above, it indicates the
reservoir as oil-gas bearing zones filled with water.
- From figure 8 (Vp/Vs vs. Al) above, delineate the reservoir as oil-
gas prone filled with saturated water.
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Figure 10: A scattered plot of InZs vs. Inp (Lines drawn from Prayoga & Winardhi, 2022),
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Figure 11: A scattered plot of Mu-Rho vs. Lamba-Rho ((K. I. et al., 2017), show that the
reservoir is oil prone filled with brine
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Figure 12: A scattered plot of Vp/Vs vs. Lamba-Rho (Adeoti et al., 2018) and (K. I. et al.,
2017), show that the reservoir is oil prone filled with brine
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Figure 13: A simulation Pressure Profile (psia) against True Vertical Depth (m). This
illustration suggest that the reservoir has both water and hydrocarbon (Wang et al., 2025)
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Figure 14: Oil Saturation Distribution Map, Dark blue areas shows very low oil saturation,
light blue to green zones represent moderate oil saturation and yellow to red zone indicate
high oil saturation

Conclusion

The integrated carbonate reservoir prediction model is based on
various cross-plots and analysis illustrated in the discussion above, the
selected reservoirs of Mala Oil Field exhibit good quality, characterized by
moderate porosity and partially weathered dolomitized limestone lithologies,
which consists of mudstone with chalky facies, moldic, vuggy, or karstic
porosity, indicative of diagenetically altered, coral, alginite, and dolomitized
limestone reefal carbonate reservoirs that exhibit condensed kerogen rich
hydrocarbon. The petrophysical parameters suggest water and oil-gas
bearing zones, dominated by moldic, vuggy or Kkarstic porosity and
secondary dissolution features.
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