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Abstract

The Pab Formation of Zamzama block, lying in the Lower Indus Basin of Pakistan, is a
prominent gas-producing sand reservoir. The optimized production is limited because of water
encroachment surrounding the gas-producing wells, thus it is required to distinguish the gas-sand
facies from the remainder of the wet sands and shales for additional drilling zones. An approach
is adopted based on the relation between petrophysical and elastic properties to characterize the
prospect locations. Petro-elastic models (PEMs) for the identified facies were generated to
distinguish lithologies in their elastic ranges. Several elastic properties, including p-impedance
(11,600-12,100 m/s*g/cc), s-impedance (7,000-7,330 m/s*g/cc), and Vp/Vs ratio (1.57-1.62),
were calculated from the simultaneous prestack seismic inversion (SPSI), allowing the
identification of gas sands in the field. The inverted elastic attributes and well-based lithologies
were incorporated into the Bayesian framework to evaluate the probability of gas sands. To
determine the reservoir quality, bulk volumes of PHIE and clay were estimated using elastic
volumes trained on well logs by employing Probabilistic neural networking (PNN), which
effectively handles heterogeneity effects. The results showed that the channelized gas sands
passing through the existing well locations exhibited reduced clay content and maximum
effective porosities of 9%, confirming the reservoir's good quality. Such approaches can be
widely implemented in producing fields to completely assess lithofacies and achieve maximum
production with minimal risks.

Keywords: Bayesian classification; elastic attributes; petro-elastic models (PEMs); probabilistic
neural networking (PNN); simultaneous prestack seismic inversion (SPSI).

1. Introduction

The Zamzama gas field covers the western portion of Kirthar Foredeep (Figure 1a), a part of the
Kirthar Fold and Thrust Belt (Ehsan et al., 2018). It is situated in the Lower Indus Basin among
several major gas fields (Figure 1b). The Zamzama anticlinal structure resulted due to the
collision of the Indian and Eurasian tectonic plates resulting in a significant N-S directed thrust
fault (Figure 1c). The 3D seismic mapping and Gas-Water-Contact (GWC) measurements from
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the initial discovery well at Zamzama-01-ST1 verified a 300m gas column with 3Tscf in the Pab
Formation (Jackson et al., 2004).

The Zamzama gas field produced 1.7Tscf gas; however, lateral ramps connecting the
hanging and footwall caused differential water encroachment and pressure depletions in the gas
producing wells. GWC is still found deeper in the crestal portions, and new wells can be drilled
(Zafar et al., 2018). Accurate mapping of gas-bearing sand facies may be considered risky for
using conventional methods. Consequently, seismic reflection interpretation is linked with wells
to generate petro-elastic relationships that quantitatively discriminate gas and wet sands (Al-
Sulaimi & Al-Ruwaih, 2004). The advanced techniques such as SPSI produce reservoir elastic
properties that effectively highlight hydrocarbons in the active fields, such as Niger delta
Sandfish (Adesanya et al., 2021), Lower Wilcox lowstand sand deposits along the Texas Gulf
Coastal Plain (Zhang et al., 2020), etc.
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Fig. 1. (a) The regional map highlighting Zamzama field location and demarcating main
structural features, (b) The Zamzama region is surrounded by major gas fields, and
(c) The anticline of the Pab Formation is cut by a major thrust fault, and wells penetrate it.

Before the seismic inversion, the elastic values of gas-bearing sand facies are analyzed from
hard constraint well data. The PEMs combine geology and reservoir parameters to determine
elastic responses that differentiate facies and assist in quantitative interpretation (Miraj et al.,
2021). For petrophysical distributions (porosity and clay), PNN was used to better manage shales
inside sands (Durrani et al., 2020). The main aims included de-risking of new drilling points and
improved reserve scheming through integrated geophysical exploration techniques (Li et al.,
2020).
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The basic dataset is a 3D seismic cube with seven wells (Zamzama-02, Zamzama-03, Zamzama-
04, Zamzama-05, Zamzama-06, Zamzama-07, and Zamzama-08-ST02), produced from the Pab
Formation (Figure 2a). Well data included well tops, raw logs, mineralogy, and reservoir in-situ
properties. All wells were used in the SPSI process and PNN approximation, while the gas-sands

probability was assessed without Zamzama-04 and Zamzama-07 to confirm the high probability
in gas-producing locations. Figure 2b delineates a petro-elastic relation in estimating pay

probability and PNN approximation of petrophysical properties for Pab gas-sands
characterization.
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Fig. 2. (a) Base map showing wells and 3D seismic, (b) Workflow with a petro-elastic relation for
discriminating gas sands based on estimated pay-probabilities and petrophysical properties.
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Lithological identifications are made using cut-off values on petrophysical logs (Table 1).
These lithofacies (shale, wet, and gas sands) among reservoir properties were used in PEMs to
model consistent elastic logs.

Table 1. Identified lithofacies based on petrophysical cut-off values.

Litho-facies Cut-off Values
Shale Clay Volume >0.30
Wet Sands Clay volume < 0.30, Sw >0.45
Gas Sands Clay volume < 0.30, Sw < 0.45

The SPSI method includes the interpreted horizons, accurate well-to-seismic tie, strata
models of low frequencies (LFMs), and inversion analysis. The output inverted elastic volumes
can be calibrated for gas-sands appraisal following the value ranges of modeled elastic logs.
Furthermore, the modeled logs relate to the inverted elastic properties in the Bayesian framework
for litho-cubes probability estimate. To predict petrophysical volumes, the seismic and inverted
volumes were integrated and trained on petrophysical logs using PNN.

2.1 Petro-clastic models (PEMs)

The logs encountered a variety of errors, including poor borehole conditions, washouts, and the
invasion of mud filtrates (Zeb & Murrell, 2015). The reliable PEMs, developed using
HampsonRussells software, overcame the errors and hence delineated the facies according to
their elastic ranges.

PEMs signified elastic responses from petrophysical parameters (lithologies, Sw,
porosities), reservoir in-situ conditions (salinity, pressure, temperature), and their association with
seismic data (Singha & Chatterjee, 2017). Individual PEMs for the identified facies were created
by combining the rock matrix bounds of Voigt (1928) with the reservoir-fluid properties of Batzle
& Wang ,1992 substituted by the Gassmann (1951) relation.

The mineral volumes with bulk and shear moduli were selected according to Avseth et al.
(2005). For Kg,y calculation, the concept of pore-space stiffness compressibility worked well to
manage a limited number of reservoir input parameters (Babasafari et al., 2020). The selected
granular model considered porosities between zero and a critical value, i.e., 20% for Pab
Formation (Han et al., 1986), and separated the load-bearing sands from grains and fluid
suspension.

Figure 3 reveals the petrophysical evaluation of Zamzama-03 for key properties, such as
volumetrics, lithologies, porosities, saturations, etc., whereas Table 2 summarizes the parameters
used in PEMs.
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Fig.3. The petrophysical analysis for reservoir Pab Formation (3750-3870m) showing
volumetrics, lithologies, calculated porosities, and saturations in their respective tracks.
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Table 2. Reservoir petrophysical and elastic properties are utilized in PEMs.

Reservoir Avg. Avg. Avg. Pressure Temp  Salinity Gas
Parameters | Porosity =~ Shale = Water (Sw) (PSI) °C (g/D) gravity
Values 10% 25% 45% 3400 130 0.15 0.689
Elastic Bulk Modulus (GPA) Shear Modulus (GPA) Density (g/cm3)
Parameters | Quartz Clay Sw Gas | Quartz Clay Sw Gas | Quartz Clay Sw Gas
Values 37 15 2.38 0.02 44 7 0 0 265 2.6 1.0 0.1

The modeled elastic logs show consistency with measured logs, i.e., Vp, Vs, and density in the
identified lithologies within Pab Formation (Figure 4a). Additional QC was performed in
quantitative QC plots of measured vs modeled logs (Figure 4b). The prediction quality (PQ) is
0.94, 0.86, and 0.84 in the cross plots of Vp, Vs, and density, respectively. The correlation
coefficient (CC) quantified log values ranging from -1 (anticorrelation) to 1 (perfect correlation)
and denoted 0.88, 0.74, and 0.70 in respective cross plots. Similarly, normalized root mean square
error (NRMSE) dealt with the degree of difference, with 0 for identical curves and 2 for the
greatest difference, indicating 0.07, 0.13, and 0.03 respectively. The log value range was
represented by a histogram and the data point size showed its density. This analysis provides

confidence in the selected PEMs because all the QC plot values were within reasonable ranges.
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Fig. 4. (a) Modeled logs are overlaid on measured logs with a good fit of trends, (b) The

coherence of selected PEMs is demonstrated by the in-range values of quantitative
QC plots of real and modeled Vp, Vs, and density.
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2.2 Strata Model

The Strata Model, created using HampsonRussells strata module (version 10.6), is a geologic
model that uses interpreted horizons, stratigraphic pattern interpolation, and well logs. The
seismic data is lacking in low frequencies due to its band-limited nature (Figure 5a). The models
incorporate the missing low frequencies from well logs, calculated using the kriging interpolation
method, to obtain the absolute elastic properties of seismic (Sams & Saussus, 2013). LFMs (8Hz)
acted as background information and were updated with high frequencies in the inversion
algorithm (Sams & Carter, 2017). LFMs showed a reliable correlation with low-pass filtered well
logs (Figure 5b).
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Fig. 5. (a) Seismic spectrum delineating missing low frequencies, (b) LFMs of P and
S-impedances with low-pass filtered well logs provided background trend and
updated with high frequencies in the inversion process.
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2.3 Simultaneous prestack seismic inversion (SPSI)

The LFMs were incorporated into the prior model in SPSI inversion to outline the background
trend in inversion analysis. Inversion analysis is a key process that detects discrepancies between
inverted and measured logs as errors at well locations.

A reliable comparison of LFMs, well logs, and inverted logs are displayed in the Zp, Zs,
and Vp/Vs ratio tracks (Figure 6). The inverted logs were utilized to generate synthetic by
convolving an extracted angle gathers wavelet and for comparison with seismic data. A good
correlation of 0.93 between synthetic and seismic angle gather was achieved with a residual error
of 0.3654.
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Fig. 6. LFMs are used as background trends in wells and inverted logs comparison.
Synthetics (red) and seismic (black) traces provide a correlation of 0.9312
with an error of 0.3654.

The seismic inversion consists of modeling the seismic traces by a 1D convolutional model,
utilizing a recursive equation (Russell & Hampson, 1991). For prestack seismic data with
different incident angles (8), an updated version is used in SPSI defined by Fatti et al. (1994).
The process suggests a constant Vp/Vs ratio with the density estimation using Gardner et al.
(1974) relation. Hampson et al. (2005) incorporated the clastic rocks as background trends
(LFMs) in Fatti’s equation along with establishing a linear relationship between different
logarithms of elastic properties. The linear models fitted to the values of the background trend
used p-impedance (Zp), s-impedance (Zs), and density (p) to calculate the change in the s-
impedance (ALs) and density (ALp) that indicated the hydrocarbon presence (Cataldo & Leite,
2018). Figures 7a & b demonstrate ALs and ALp for Zamzama wells indicating gas presence.
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deviations ALs and ALp from the background trend indicated the presence
of gas anomalies in the field.
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Finally, the seismic angle gathers inverted through matrix inversion technique [Lp ALs
ALp]" = [In (Zpn) 0 0]", in which Zpo represented initial impedance and afterward iterated to get
solution by the conjugate gradient method (Hampson et al., 2005). For QC, the inverted p-
impedance (Zp) and s-impedance (Zs) were compared to the corresponding well logs, indicating a
good correlation within Pab Formation (Figures 8a & b).

(a) Inverted P-impedance (m/s*g/cc) (mls)*(glce)
‘°’ . Zamzama-08-ST/2 Zamzama-04 Zan'fﬁma-oz 24&}11::%%7218’;1%%&2:2%% 330 Zamzama-05 380 "‘Zawmatos 13667
2050 %
= Ll 12736
12012
2200
11071
2250 < I
Time (ms) {he0s
Inverted S-impedance (m/s*g/cc
(b) Well-data: Srflmpedange S (m/s)*(glcc)
3’7. Zamzama-os-sTIZ Zamzama-04 Zamzama-02 2402amzama-07280 Zamzama-06 33°Zamzama-05 .4380 Zamzama-03 9361
2050 wﬁ PN e = . "y %
: ! o s 8515
2150 i
A 7591
2250 #\
! 6514
2350 (0" o v DR T AN A P I
Time (ms) il

Fig. 8. (a) Inverted p-impedance, (b) Inverted s-impedance, depicting decent correlation with
well logs, while the arbitrary line passes through all wells (index map).
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2.4 Bayesian probability estimation

Several forms of information, such as petrophysics, seismic characteristics, and subsurface
geological knowledge, are combined into the Bayesian framework to obtain reliable pay
probability information. Equation (1) is the mathematical expression of the Bayes theorem.
_ [p(X[Ci)+ p(e)]
p(alX) == (1)

The ¢ represents the class (gas sands), X signifies the inverted elastic properties (Zp and
Vp/Vs ratio) (Figure 9a), and p(c) reflects the prior probability of class as identified from wells
(Figure 9b). For multiple distributions, probability density functions (pdfs) are computed on the
Zp and Vp/Vs ratio cross plot using the kernel density estimation approach in the Bayes inference
(Figure 9c). The mathematical measure for overlapping and the degree of separation of pdfs
between the classes is cross-validated through a confidence matrix that provides classifier-success
information. The confidence matrix reveals the probability of obtaining the target facies, i.e., gas
sands (89.5%) from upscaled logs. The upscaled lithofacies logs, which resulted from the pdfs
computation on a 2D cross plot, showed an acceptable correlation with the lithologies of the well
(Figure 9d). In this process, five wells were utilized, while two operational wells Zamzama-04
and Zamzama-07 were tested for gas-bearing sand facies without incorporating them in this
procedure. The output gas-sand probability within the Pab Formation was extracted through all
available wells having GR logs depicting potential zones at the gas-producing well locations
(Figure 9e).
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Fig. 9. (a) Inverted p-impedance and Vp/Vs ratio within Pab Formation, (b) Well-based facies
and logs utilized as training set, (c) PDFs of identified facies, (d) Upscaled lithologies of pdfs and
confusion matrix, and (e¢) Estimated gas-probability passing all the wells.
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3. Probabilistic neural networking (PNN) approximation

The accurate estimation of reservoir properties away from well is one of the critical aspects of
reservoir characterization. The linear and multi-linear regression analyses were adopted for the
relation between petrophysical and elastic properties (Lorenzen, 2018). However, their reliability
can be limited due to variations in the reservoir properties. The advancement in computational
technology suggests non-linear relations for solving complex problems even for shale plays
without any prior information (Durrani et al., 2020). The PNN is a non-linear interpolation
mathematical procedure explained in detail by Sinaga et al. (2019), which trains the input
petrophysical logs with internal (sample-based seismic volume) and external attributes
(impedances and Vp/Vs ratio). The internal attributes are generated by mathematical transforms
on seismic amplitudes, including trace envelope, amplitude weighted cosine phase, amplitude
weighted frequency, and instantaneous phase, while external attributes include inverted elastic
properties or AVO attributes.

The clay volume is trained at well locations within Pab Formation using PNN (Figure 10a). A
good agreement of predicted and actual logs could be observed having a correlation coefficient of
0.9161 with an error of 0.0489. The cross plot confirms the match of trends by setting a
regression line (Figure 10b). The estimated clay volume is passing through all wells, filled with
colored clay logs for the QC of the estimated volume (Figure 10c).
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Fig. 10. (a) At the well sites, clay volume is trained using PNN, (b) Regression line showing
correlation of 0.9161, and (c) Estimated clay volume depicts precise match with clay logs.
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A similar process was adopted for effective porosity (PHIE) prediction, starting at the
well points (Figure 11a). The correlation coefficient of 0.9326 between actual and predicted logs
was observed with an error of 0.0118 (Figures 11b). The cross-section of effective porosity
volume confirmed decent accordance with PHIE logs (Figure 11c).
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Fig. 11. (a) PNN training of PHIE at wells, (b) Regression line showing correlation of 0.9326,
and (c) PHIE volume reveals appropriate match with PHIE logs.

4. Results and discussion

Typically, geologic facies hold a range of elastic values that help in their discrimination (Naeini
& Exley, 2017). Certain factors, such as recording tool limitations for managing reservoir
heterogeneity, may cause these ranges to overlap as seen in the Zamzam-03 well, where shales,
wet, and gas sands are not distinguished (p-impedance versus Vp/Vs ratio) (Figure 12a). In the
modeled elastic logs, the elastic values of identified lithofacies are more consistent. Figure 12b
shows a good match between the modeled (blue) and measured (red) logs while correcting the
outrange density log at 2295m. Figure 12c shows facies separation and the Rock Physics
Template (RPT) delineates an acceptable gas quantity of 8-12% of porosities with an inverse
relationship to p-impedance (Al-Ruwaih, 1998).
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Fig. 12. (a) Mixed lithofacies in measured logs, (b) Modeled logs exhibit trend consistency with
measured logs and corrected outrange values, such as the encircled density log at 2295m, (c) RPT
captured a significant amount of gas at 8-12% PHIE, (d) Polygon bounding the gas-sands, and ()

Projection of gas sands show low GR, Sw, and high PHIE.

The cross plot provides value ranges of p-impedance (9,000-13,000 m/s*g/cc) and Vp/Vs
ratio (1.5-1.62) that aided in the location of gas sands on SPSI inverted volumes. The gas facies
are encircled and projected in the well-bore to investigate elastic and petrophysical relationships
(Figures 12d). The gas intervals matched the perforation history, evident by low GR and Sw with
good effective porosities (Figure 12e).
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The stratigraphic maps are generated by averaging the elastic properties (Zp, Zs, and Vp/Vs
ratio) within the Pab Formation. The P-impedance map, which shows values ranging from 11,600
to 12,100 (m/s)*(g/cc) for all gas-producing well locations, can help to identify prospects in these
ranges (Figure 13a). The S-impedance values range from 7,000 to 7,330 (m/s)*(g/cc), suggesting
gas sands at the well sites (Figure 13b). The Vp/Vs ratio is significant as several field examples
have demonstrated its effectiveness in identifying the fluid types (Hamada, 2004). The Vp/Vs
ratio suggests gas-sand facies with values ranging from 1.57 to 162 and it passes through all the
producing wells, confirming the fairway of the channelized gas-sand body (Figure 13c).

(a) P-impedance (m/s*g/cc) é (b) S-impedance (m/s*g/cc) é (c) Vp/Vs ratio é)
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Fig. 13. (a) P-impedance ranges from 11,600 to 12,100 m/s*g/cc at the productive well locations,
(b) S-impedance range between 7,000 to 7,330 m/s*g/cc indicates gas-filled sands, and (¢) Vp/Vs
ratio is less than 1.62 in producing wells, suggesting channelized sands.

The pay-probability map, developed by extracting maximum values inside the Pab
Formation, verifies the channelized gas sands at well positions (Figure 14a). The polygons
constructed over the high probability zones demarcate channelized gas sands, enclosing zones
(north of the Zamzama-03 well) that can be used to assess additional prospect locations. The
average valued clay map reflects the cleanliness of the Pab Formation, with a minor clay
concentration of about 30% in the major producing crestal section of the anticline structure
(Figure 14b). The effective porosity map depicted 9% effective porosities surrounding the
operational well locations (Figure 14c). Overall, the Pab Formation comprises majorly of
sandstone with low clay volumetrics and fair effective porosities.
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Vol-Clay

Fig. 14. (a) High probability channelized gas-sand facies encircled by polygons passing through
all wells, (b) Clay map confirms good quality of sands having minor clay content, and (c) The 9%
effective porosities are present along the operational wells. (The 3D views illustrate the
corresponding property distribution with wells penetrating the anticline's crestal zone and a large
thrust bisecting the structure).

5. Conclusion

The approach used here included an integrated petro-elastic relation, which resulted in reliable
gas-sands prediction with minimum uncertainties. PEMs were used to quantify the gas-sand
facies, which were traced on inverted elastic volumes and confirmed by high pay probabilities.
The gas-probability map revealed channelized gas sands and highlighted new prospect locations.
The prospect areas indicate reduced clay volumetric with maximum effective porosities of 9%,
supporting a good sand quality. Such information integration efficiently characterizes the
producing facies, allowing the optimal site location for new wells with the lowest risk.
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