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Abstract: Rock physics provides a dynamic tool for quan-
titative analysis by developing the basic relationship
between fluid, lithological, and depositional environment
of the reservoir. The elastic attributes such as impedance,
density, velocity, V,,/V; ratio, Mu-rho, and Lambda-rho are
crucial parameters to characterize reservoir and non-reser-
voir facies. Rock physics modelling assists like a bridge
to link the elastic properties to petrophysical properties
such as porosity, facies distribution, fluid saturation, and
clay/shale volume. A robust petro-elastic relationship obtained
from rock physics models leads to more precise discrimi-
nation of pay and non-pay facies in the sand intervals
of the study area. The Paleocene aged Lower Ranikot
Formation and Pab sandstone of Cretaceous age are
proven reservoirs of the Mehar gas field, Lower Indus
Basin. These sands are widely distributed in the south-
western part of the basin and are enormously heteroge-
neous, which makes it difficult to distinguish facies and
fluid content in the reservoir intervals. So, an attempt is
made in this paper to separate the reservoir facies from
non-reservoir facies by using an integrated approach of
the petro-elastic domain in the targeted sand intervals.
Furthermore, missing logs (S-sonic and P-sonic) were
also synthesized in the wells and missing intervals along
with improving the poor quality of the density log by cap-
tivating the washouts and other side effects. The calibrated
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rock physics model shows good consistency between
measured and modelled logs. Petro-elastic models were
predicted initially using petrophysical properties and
incorporated at true reservoir conditions/parameters.
Lithofacies were defined based on petrophysical cut-offs.
Rock physics modelled elastic properties (Lambda-rho
versus Mu-rho, impedance versus V,/V; ratio) were then
cross-plotted by keeping lithofacies in the Z-axis. The
cross-plots clearly separated and demarcated the litho-
fluid classes (wet sand, gas sand, shale, and limestone)
with specific orientation/patterns which were randomized
in conventional petrophysical analysis.

Keywords: petrophysics, rock physics, cross-plots, Lambda-
tho versus Mu-rho, impedance versus V,/V; ratio

1 Introduction

Exploration is the crucial step in the production planning
of any petroleum industry which is considered to be an
expensive, challenging, and time-consuming job. Estimation
of probable facies along with other elastic rock properties is
sufficiently required to reduce the risk and enhance the reli-
able data acquisition in any petroleum reservoir scenario
[1-3]. Assessment of rock attributes such as lithology, texture,
fluid saturation, porosity, and permeability is more challeng-
ing in clastic rocks due to their heterogeneous character [4,5].
The initial phase is to determine the best suitable parameters
defining the complicated behavior of rocks. The heterogeneity
comes due to primary and secondary minerals, pore texture,
fluid type, porosity, pressure/temperature variations, and dif-
ferent formation processes [6]. These parameters mainly con-
trol the elastic properties which are being interpreted using a
seismic data set. The conventional seismic interpretation pro-
vides a qualitative understanding of the geological structure
and stratigraphic patterns with variations in density which is
primarily controlled by velocity [7].

In the real world, geophysical observations can be
predicted or interpreted in terms of rock properties by
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building a model of the rock that is consistent with the
known data [8,9]. So, there is a need to find a potential
model that links the geological properties and geophysical
observations. For this, rock physics provides a bridge
between well log and seismic to decipher the rock proper-
ties in elastic domain [10].

Rock physics is an interdisciplinary glue that plays a
vital role and holds all the geoscience domains to fill the
gaps present in each discipline and extract the core
amount of rock information to draw a high-resolution
picture of the reservoir [2,11]. This approach utilizes the
concept of elastic properties measured from seismic data
to predict rock attributes yielding the information about
the reservoir rocks [12,13]. It also helps to quantify the
sensitive reservoir properties of not only seismic data (e.g.,
velocity and seismic reflection amplitude), but also well log
data of critical reservoir properties like porosity, lithology,
pore fluid type, saturation, and pore pressure which are
more vital for the quantitative analysis of a reservoir [14,15].

As well logs generally have temporal (vertical) reso-
lution, quality of log data is more consistent and accurate
at in situ so conditions and matters a lot to infer the true
reservoir properties [16]. Petrophysical analysis of the
zone of interest provides an insight to discriminate the
fluid saturated and non-saturated reservoir intervals [17].
However, multiple factors such as missing log data, bad
borehole conditions, mud cake, washouts, temperature,
and salinity usually can affect the quality of log data
leading to inaccurate petrophysical interpretation. More-
over, analysis of individual wells is reliable and consis-
tent with the petrophysical interpretation of a particular
zone, and hence, lacks in providing the interpolation of
results between the wells in petro-elastic domain [18].
Here, the integrated petrophysics and rock physics mod-
elling help to gain confidence in the quality of well log
curves by comparing the difference between original
(measured) and predicted (modelled) curves along with
distinguishing the reservoir facies from the non-reservoir
facies [19,20].

Rock physics modelling provides more accurate and
reliable connection between seismic, petrophysics, and
elastic reservoir properties [21,22]. Various authors have
proposed a large number of rock physics models based
on the particular mineral and reservoir conditions [23].
These models have been classified into different groups
such as contact models, inclusion models, transforma-
tions, bounds, and computational models. The common
log data required for these models are measured P-sonic
(Vp), S-sonic (V), and density acquired during wireline
logging [24,25]. As P-sonic and density are routinely
acquired in wells as compared to S-sonic, main focus is
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given to shear sonic which is of pivotal importance in the
success of these rock physics models. These logs (Vp, Vs
and density) are either acquired from wireline logging or
computed (V) from Greenburg and Castagna’s equation
during rock physics process. All three priorly stated logs
are used to compute the bulk and shear moduli of rock,
which further assists in estimating the fluid proper-
ties [26].

The quality of modelled shear sonic is controlled by
comparing it with the existing models such as ref. [27]
and theoretical ones such as ref. [28], or hybrid models
such as [25,29-31]. Along with the other parameters,
Mu-rho and Lambda-rho provide the additional informa-
tion of the facies and fluid type because these are very
sensitive to fluid prediction and categorization [19,32].
Once consistent rock physics modelled logs are available,
petrophysical and elastic properties (V,,, V5, Lambda-rho,
Mu-rho) can not only be linked in a spurious way, but
their output will also provide a robust way for reservoir
properties estimation determined through seismic inver-
sion [33].

The sands of Pab and Ranikot formations are proven
targets in the Mehar gas field chosen as a study area in
this research paper. These sand intervals are composed of
quartz, clay, feldspar, and a minor amount of calcite [37].
Through well log and core data, it has been deduced that
the mineral composition of these sands is very much het-
erogeneous from one well to another, creating difficulty
in using a single petrophysical model for reservoir char-
acterization [8,9].

This paper seeks to demonstrate the rock physics
application to model the missing shear sonic and density
log to enhance the relationship between petro-elastic
properties and to demarcate the reservoir facies in an
optimized way that will help in the prediction of lithology
and fluid distribution over the entire volume. To accom-
plish this task, an integrated approach of petrophysics
and rock physics modelling is adopted. Petrophysical
analysis has been utilized to identify the reservoir inter-
vals in the targeted formations, while rock physics helped
out in prediction of missing log data and further to seg-
regate the facies as output model based on P-sonic,
S-sonic, Lambda-rho, and Mu-rho.

2 Geological information

Mehar gas field is located in south eastern part of the Kirthar
Fold Belt (KFB) which is 150-200 km wide, north-south
trending, east verging deformation zone [39,40]. It is
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bounded by Kirthar foredeep in the east, Chaman Fault in
the west, Sibi trough in the north, and Indus delta in the
south (see Figure 1). The Kirthar foredeep is considered as a
major kitchen for the generation of hydrocarbons in the KFB
[34]. Lower Indus Basin is rich in hydrocarbon and several
oil and gas fields were explored in the KFB, being host by
Foredeep zone [35]. Late Cretaceous Pab Sandstone and
Early Paleocene Lower Ranikot Formation (see Figure 2)
are the primary target reservoirs in the southern KFB and
hence in the study area [36]. The uplifting of the emergent
Indian continent in the Early Cretaceous age triggered the
deposition of sediments in the passive margin setting [37].
These sands were deposited in these environments which
are acting as main reservoirs. These deposits are mainly of
deltaic and shoreface origin having dominant unconsoli-
dated sandstone, mixture of shale with some stringers of
limestone. Organic rich shales of Mughalkot Formation,
upper Cretaceous age, are the main source rock in the
Mehar area. These shales are thermally matured and consist
of type-IIl kerogen, making them more favorable for gas
generation [38]. Great variations are observed in the deposi-
tional trend of the Pab sandstone and Lower Ranikot For-
mation from south to north. Pab sandstone majorly consists
of thick clean sandstone beds with small striations of clay,
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while Ranikot consists of two parts, i.e., Lower Ranikot and
Upper Ranikot Formation. Upper Ranikot is predominantly
shale, while Lower Ranikot is composed of mixed carbon-
ate-siliciclastic lithofacies, which can further be divided
into three units in the study area. The lower division is
carbonate-dominant towards the north and siliciclastic
towards the south, the middle division is dominated by
offshore muds and shale. At the same time, the upper-
division contains sand units coarsening upward towards
the north-northeast and is offshore mud dominated towards
the south-southwest [39,40].

3 Methodology

3.1 Data used

For this project, data of three wells Mehar-01, Mehar-02,
and Mehar-03 are utilized. All three wells penetrated the
targeted Paleocene and Cretaceous reservoirs. Well data
include complete log suites of gamma ray (GR), sponta-
neous potential (SP), calliper (CALI), sonic logs (DT4P, DT4S),
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Figure 1: Map of the study area (Mehar Block). Blue rectangle in the tectonic map shows the cultural boundary of Mehar E&P lease with three
wells (black dots) Mehar-01 (north), Mehar-02 (middle), and Mehar-03 (south) from north to south.
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Figure 2: Generalized Stratigraphical column of Kirther Fold and Thrust Belt showing the lithostratigraphic overview and petroleum ele-

ments (Hinsch et al., 2018).

neutron porosity (NPHI), resistivity (MSFL, LLS and LLD), and
density (RHOB) logs.

The adopted methodological scheme to carry out the
work of petrophysics and rock physics is given below (see
Figure 3).

3.2 Methodology
3.2.1 Petrophysics

Petrophysical interpretation provides insight for estimating
the physical properties of the reservoir formations [41]. For-
mation evaluation and log facies are main parameters to
link the rock properties with elastic (seismic) properties
at the well locations [42]. In this study, detailed well log
analysis is carried out using GVERSE petrophysics software
to predict the reservoir characteristics utilizing the work-
flows presented by ref. [43] and [44,45]. The basic objec-
tive to perform well log interpretation is to identify the

hydrocarbon-bearing sand intervals along with the poro-
sity and fluid saturation [45]. More explicitly, the boundary
of clean zones, estimation of petrophysical properties, and
net payable thicknesses are calculated based on the criteria/
formulae defined by the authors mentioned above.
Different logs with depth have been shown in the first
four tracks like gamma ray, resistivity, and porosity along
with the computed properties (porosity, lithology, and
saturations) in the last four tracks from left to right.
Correlation, resistivity, porosity, and track 4 have the
input logs used for the petrophysical properties evalua-
tion, while tracks 5, 6, 7, and 8 show the output proper-
ties computed using the equations (1)-(7) given below.
Gamma ray log curve is used to differentiate between
shaly and sandy lithology, while porosities were calcu-
lated using porosity (neutron and density) curves. Fluid
saturation has been calculated by using resistivity curves.
As Lower Ranikot Formation was having more shale con-
tent as compared to Pab Sandstone, water saturation was
computed by applying both Archie’s and Indonesian
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Figure 3: Schematic workflow adopted to perform rock physics modelling. Starting from quality checking the logs and involving the
petrophysics and rock physics model to predict missing logs after removing the artifacts. Facies are well-resolved in the petro-elastic domain.

equations. Archie’s equation includes the bound water
and utilizes the resistivities for finding the water satura-
tion, while the Indonesian equation removes the bound
or irreducible water content which is associated with the
clays and involves the volume of shale for water satura-
tion along with the resistivity information. The petrophy-
sical properties including volume of shale (equation (1)),
average and effective porosities (equations (2)—(4)), satura-
tion of water (equations (5) and (6)), and saturation of
hydrocarbon (equation (7)) have been calculated for the
three wells at the desired targeted depths by using the for-
mulae taken from [46,47].

Volume of shale was calculated by using the formula
given in equation (1)

Vshl = (GRlog - GRmin)/ (GRmax - GRmin); (1)

where, Vg, is volume of shale; GRj,g is gamma ray
reading of formation; GR,, is minimum gamma ray
(clean sand); and GR,,x is maximum gamma ray (shale).

While for density porosity, formula given in equation (2)
was utilized

(PD = (pm - pb)/(pm - pf)’ (2)

where, py, is density of matrix; ps is density of fluid; py, is
log response in the zone of interest

Total porosity was calculated using equation (3)
@7 = (Op + Dy)/2, (3)

where, @y is total porosity; ®@p is density porosity; @y is
neutron porosity

Effective porosity was computed using the formula
given below in equation (4)

D = Dr(1 - Vap), 4)

where, @, is effective porosity; @r is total porosity; Vg is
volume of shale
The formula used for calculating water saturation
using Indonesian equation (5):
e
Ry

b
(v) . [
a-Ry

Rsp
where, S,, is water saturation (Indonesian); R; is deep
resistively; R,, is the resistivity of the formation water;
Vs is volume of shale; Ry, is resistivity of shale; @, is
effective porosity; n is the saturation exponent; and m is
the cementation exponent
Water saturation using Archie’s equation (6) is given by

@/n)

o)

Sw Indonesia =

F x Ry,
R

Sw = , (6)

.

where, R,, is water resistivity; R; is true resistivity; n is
saturation exponent and with value 2; F is formation

factor (;m); a is tortuosity factor with value; ¢ is effective

porosity; m is cementation factor with a constant value 2.
All the factors of Archie’s equation are calculated from
well headerinformation. After calculating water saturation,
saturation of hydrocarbon was computed using formula
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given below because sum of the two saturations is 100%,
so following equation (7) formula gives the hydrocarbon
saturation

Shn=1-S,, (7)

where, S}, is saturation of hydrocarbon; S,, is saturation of
water.

3.2.2 Rock physics

In each well, Pab and Ranikot formations have been tar-
geted and interpreted. In Mehar-01 well, P-sonic and
S-sonic are missing in the lower part of the reservoir, while
a poor-quality density log is present in the whole zone.
Mehar-02 well contains complete coverage of P-sonic and
density log while missing S-sonic. Initially, the Shear sonic
log is generated using [27] relationship and later modelled
to optimize it. The splice zone is also present in the P-wave
in Mehar-02 in the reservoir depth. Mehar-03 well contains
a complete suite of elastic and petrophysics logs restricted

Rock Physics modelling for improved classification of gas sand facies

— 1481

to reservoir zone only. The data quality of the density log is
comparatively poor in all three wells due to washed out
zones. Preliminary data (de-spiking) conditioning and
depth matching have been performed earlier. The source
wavelet utilized was a statistical wavelet extracted from
seismic data with a frequency range from 5 to 30 Hz having
a constant zero phase. Initially, density and p-wave mea-
sured (raw) logs were convolved for synthetic generation.
Later, modelled logs after rock physics application were
utilized for synthetic generation. Finally, the two synthetics
obtained were compared to analyze the best correlation.
Synthetic generated using modelled logs showed a much
better correlation as compared to synthetics generated
using measured (raw) logs. Both the logs have been
shown in the Figure 6a—c with blue (modelled) and
red (measured) colors.

Rock physics analysis has been carried out by using the
RockSI utility of HampsonRussell Software. According to
(48], rock physics analysis requires four main components:
minerals, fluids, the rock frame, and their assemblage (see
Figure 4). In this study, the initial framework for the
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unconsolidated sandstone model, saturated with brine and
gas, is utilized using equation (8), where the Ruess-Voigt
equation [49] is used to compute the elastic moduli, while
density is computed as their volumetric average.

The pressure-dependent effective dry rock bulk and
shear moduli are computed with Hertz-Mindlin contact
theory [31] at the critical porosity. The lower Hashim-
Shtrikman lower bound [28] is applied here for an uncon-
solidated sand reservoir.

i _ Vshale
Kn

+ (1 - Vshale)
Kquartz

Kshale ’ (8)
where, Kn, Kshate, and Kqyart; are bulk moduli of matrix,
shale, and quartz, while Vg is volume of shale

Then dry rock moduli (equation (9)) at effective pressure
and critical porosity were computed using Hertz-Mindlin
theory using the formula given below. Dry rock moduli using
Hashin-Shtrikman bounds were also computed over a
range of porosities [45]. Both upper and lower bounds
were applied to see the compaction and cementation trends.

1 4
+ -, 9
I<dry ( )

1
= K_m X
where, Kqyy is bulk modulus of dry rock frame; Ky, is bulk
modulus of matrix; K, is bulk modulus at given porosity;
and ¢ is porosity.

Afterward, Gassmann’s fluid substitution for satu-
rated rock frame was performed using equations (10)
and (11) and moduli were calculated by assuming that
the pore spaces are fully saturated with the fluids. The
shear moduli of dry and saturated are same.

L _1,9 Ry~ Ky + KnK; (10)
Ksat Km Kq; Km - Kf

Gsat = Gary, (11)

where, Ksat, K, Ky, and K¢ are bulk moduli while G, and
Gary are shear moduli of saturated rock, matrix, porosity
at given temperature, and fluid, respectively.

Elastic parameters of fluids used in the models have
been shown in Table 1.

Batzle & Wang’s [50] equations are used to compute
the density and bulk modulus of the different fluids,
while the effective fluid density and bulk modulus are
derived using volumetric average and Wood’s equation

given in equations (12) and (13), respectively.
Psat = Prmatrix (1 - q)) * Ptuid P> (12)

Pfivid = Pwater Swater + Pgas Sgas » (13)

where, 0., Pranixe @0 Pguiq are densities of saturated
rock, matrix, and fluid, respectively. Finally, velocities
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Table 1: Elastic, and PVT properties at Reservoir Interval (Babasafari
et al., 2020)

Mineral/ Density Bulk Shear
Fluid (g/cc) modulus (GPa) modulus (GPa)
Quartz 2.65 37 45
Clay 2.6 15

Coal 1.8 6 1.5
Water 1 2.46

Qil 0.75 1 0

Gas 0.1 0.02 0

Oil gravity 30API

Gas gravity 0.6

Pressure 2500PSI

of P and S waves at saturated rock conditions are calcu-
lated using the formulae given below in equations (14)
and (15), respectively.

Kt + 4/3G
Vo = | Rt 4/3 Gear (14)
Psat
G
VS_sat = sat s (15)

sat

where, K¢ and Ggy¢ are bulk and shear moduli of satu-
rated rocks, respectively.

Model input reservoir conditions including tempera-
ture, pore and litho-static pressures, brine salinity, gas
water ratio (GWR), and gas gravity are taken from the
core and well log reports (see Table 1), while calculated
petrophysical properties including effective porosity (Phie),
shale volume (Vy,), and water saturation (S,,) have been
used from petrophysical analysis (see Table 2). The model
parameters including coordination number (C), critical
porosity (Phic), friction coefficient (FC), grain angularity
(RR), and matric stiffness index (MSI) along with the
density, bulk, and shear moduli for quartz and clay
have been optimized iteratively to match the model logs
with the measured logs and then P-sonic, S-sonic, and
density have resulted. Afterward, the rock physics tem-
plate was overlaid on the cross-plots generated in the
petro-elastic domain.

4 Results

4.1 Petrophysics

Petrophysical analysis has been performed on selected
zones of Pab sandstone and lower Ranikot formations
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Table 2: Petrophysical properties of the reservoir zones in the wells
Mehar-01, 02, and 03

Well name Shale Effective Water
volume (%) porosity (%)  saturation (%)

Mehar-01

Lower Ranikot 30 17 40

Pab 17 15 35
Mehar-02

Lower Ranikot 18 12 15

Pab 19 15 15
Mehar-03

Lower Ranikot 20 12 30

Pab 18 10 40

in the three wells Mehar-01, 02, and 03. The reservoir
intervals have been chosen after applying zones of interest
criteria (low gamma ray value, Separation between LLD
and MSFL, cross over between Nphi and RhoB) and cut-
off values (volume of clay >30%, water saturation >50%,
and volume of calcite >60%) shown in Table 3. The petro-
physical properties calculated have been shown in the last
four tracks with lithology, porosity, and saturation. Pab
sandstone is cleaner and has less clay content as com-
pared to the lower Ranikot Formation. The porosity behav-
ior is almost same for both formations having an average
value between 12 to 15%, shale volume 17 to 20% on
average, and water saturation 20 to 35% on average. The
petrophysical analysis revealed that the upper part of
the Ranikot Formation is not favorable for hydrocarbon
production in any well as it exhibits a high volume of
shale (Vg,) (33%), low effective porosity (Phi) (6%),
high water saturation (S,) (70%), and false crossover
between density and neutron porosity logs, while the
Pab sandstone has shown more promising character in
the three evaluated wells with the high effective porosities
and saturations. Good effective porosity, less volume of
clay, and high saturations for the lower part of the Lower
Ranikot make it more economically viable especially for
well Mehar-02 (Table 2). Petrophysical interpretation of
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Pab and Lower Ranikot formations of well 03 has been
shown in Figure 5a and b. The quantitative values of reser-
voir properties in both the formations of three wells are
mentioned in Table 2. These calculated rock attributes
have been utilized further in the rock physics analysis as
an input parameter along with the other properties.

4.2 Rock physics modelling

The data quality of the measured and predicted elastic logs
P-sonic, S-sonic, and density in all three wells (Mehar-01,
02 & 03) is quite evident in Figure 6a—c. At the depth from
3,235-3,675m, 3,805-3,965 m, and 3,710-3,868 m in wells
01, 02, and 03, respectively, multiple sand intervals are
acting as a reservoir due to low shale volume, good poros-
ities, and low water saturation. Splice zones observed in
the measured logs are highlighted by blue circles and
ovals in Figure 6a—c. The first three columns having V,,
(1st column), Vg (2nd column), and density (3rd column)
show a good match between the rock physics modelled
logs (red) with the measured/conditioned logs (blue),
while the reservoir zone consists of multiple facies con-
taining gas sand (red), wet sand (blue), shales (green), and
carbonates (sky blue) shown as a litho-log in the last
column (see Figure 6a—c). These facies are classified based
on the ranges defined in estimating petrophysical proper-
ties using equations (1)—(7) (see Table 3).

4.3 Mu-rho and Lambda-rho cross-plot
analysis

The cross-plots of measured and predicted Mu-rho and Lambda-
rho elastic properties are shown below (see Figures 7-9). As
Mu-rho and Lambda-rho are very sensitive towards fluids
and lithology, the Lamé’s parameters, rigidity (u) and
lambda (A1), were utilized for the discrimination of brine

Table 3: Facies classification criteria based on petrophysical properties

Facies name Well log Lower limit Upper limit Facie color

Shale Volume of clay >30% Nil Green

Carbonates Volume of calcite >60% Nil Sky blue

Wet sand Water saturation >50% Nil Blue
Volume of clay Nil <30%

Gas sand Water saturation Nil <50% Red
Volume of clay Nil <30%
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Figure 5: (a) Petrophysical analysis done on the complete reservoir interval of the Cretaceous sand (Pab) in well M-03. Calculated rock
properties are shown along with the logs in multiple tracks from left to right. (b) Petrophysical analysis done on the reservoir interval of the
Paleocene sand (Lower Ranikot) in well M-03. Calculated rock properties are shown along with the logs in multiple tracks from left to right.
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Figure 6: (a) P, S, and density logs quality with rock physics modelled logs (blue) and measured logs (red) in Maher-01 well. Spiking

behavior of curve has been removed after rock physics modelling (circle 1). Bad density log conditions due to rouges hole have been improved
after modelling shown in circle 2 and oval 3. Missing P and S logs in the lower part of well have been successfully modelled (oval 4). (b) P, S,
and density logs quality with rock physics modelled logs (blue) and measured logs (red) in Maher-02 well. Bad density log conditions due to
rouges hole have been improved after modelling (oval 1). (c) P, S, and density logs quality with rock physics modelled logs (blue) and measured

logs (red) in Maher-03 well. Bad density log condition due to rouges hole has been improved after modelling (oval 1 & 2).
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Figure 7: Rock physics modelled cross-plot of Lambda-Rho versus Mu-Rho for reservoir interval, clearly demarcating the gas sand, wet sand, limestone,

and shale in Mehar-01 well in the right cross-plot. Measured logs are plo

sand from hydrocarbon-bearing sand. Lambda (incompres-
sibility) is a P-wave-derived parameter and is more sensi-
tive for lithology prediction. Since fluids show resistance
against compression, their presence and saturation lead to
a significant reduction in the incompressibility measure-
ment. Lamda-rho, thus being a product of lambda with
bulk density, is a good lithology indicator. As hydro-
carbon-bearing sand is denser than water-filled sand, low
values of Lambda-rho show a good gas sand effect [51,52].

Mu (rigidity), on the other hand, is a shear wave-
derived parameter. As sand is more rigid than shale, it

tted in left cross-plot where separation between the facies is obscured.

exerts more resistance to shearing. Mu alone is not
mainly affected by fluid type, so its values in hydrocarbon
and brine sand most likely remain relatively constant.
Mu-rho, thus being the product of Mu with bulk density,
is a good fluid indicator with high values being consistent
with gas sand [53].

In every cross-plot, Lambda-rho is kept on X-axis,
while Mu-rho is plotted on Y-axis with the lithological
facies on Z-axis within the reservoir zone. There is no
pattern/orientation observed for facies in the elastic mea-
sured domain, rather few abnormal patterns are present
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Figure 8: Rock physics modelled cross-plot of Lambda-Rho versus Mu-Rho for reservoir interval, clearly demarcating the gas sand, wet
sand, limestone, and shale in Mehar-02 well in the right cross-plot. Measured logs are plotted in left cross-plot where separation between
the facies is obscured.
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Figure 9: Rock physics modelled cross-plot of Lambda-Rho versus Mu-Rho for reservoir interval, clearly demarcating the gas sand, wet
sand, limestone, and shale in Mehar-03 well in the right cross-plot. Measured logs are plotted in left cross-plot where separation between

the facies is obscured.

in the measured logs. Since well log data are considered
to be affected by many parameters and borehole condi-
tions, it is difficult to discriminate lithology and fluid
content from elastic log data alone. Furthermore, it is
unable to separate particular facies in measured petro-
elastic domain, thereby missing the prior relationship
that is the core step for reservoir characterization. Thus,
the rock physics template needs to be taken into account
along with the modelled elastic properties to reduce risk
for the interpretation. In the predicted logs, input parameters
are well-controlled, making it more reliable and effective to
discriminate different types of facies. The cross-plots with
measured logs parameters (left) and improved modelled
logs (right) are shown in the Figures 7-9 for the wells
Mehar-01, 02, and 03, respectively, and for combined wells
(see Figure 10), depicting proper facies orientation with clear
demarcation between the pay and non-pay facies.

The predicted cross-plots defined four facies present
in the reservoir interval. Zone with medium Mu-rho and
high Lambda-rho corresponds to the limestone facies
(sky blue cluster points), while the zone with low to mod-
erate Mu-rho and moderate Lambda-rho values depicts
shale facies occurrence (green cluster points). Low to
medium Lambda-rho and Mu-rho values are defined as
brine sand (blue cluster points), whereas low to medium
Mu-rtho with very low Lambda-rho values represents
typical of a gas sand (red cluster points). In conclusion,
Lambda-rho on the horizontal axis provided good separa-
tion of the shale, limestone, wet sand, and gas sand

facies, which is a typical lithological indicator. Hence,
rock physics modelled logs with the above said attributes
helped to clearly differentiate the objective facies. Hence,
Lame’s parameters are effectively used to characterize
lithology and fluid for prospect evaluation.

4.4 Impedance versus V,/V; ratio cross-plot
analysis

Rock properties such as acoustic impedance and V,/V;
ratio also play a vital role to separate hydrocarbon satu-
rated facies from the rest of non-pay facies. Cross-plots of
P-imp and V,/V; ratio are generated overlain by rock
physics template with facies displayed on the Z-axis for
the three wells (see Figures 11-13). Four zones/clusters of
facies are clearly separated on these cross-plots. The points
with low acoustic impedance (1,000-14,000 m/s*g/cc),
low V,/Vs (1.52-1.57), high porosity, and high gas satura-
tion depict the gas sand facies highlighted in red poly-
gon [31,54]. However, green polygon with high values
of V,/V; ratio, water saturation (100% saturation), and
impedance represents shale facies without gas saturation.
The area lying between the two separated zones (sand
and shale) is an indicator of water saturation. These wet
sands highlighted by blue polygon are showing relatively
high values of impedance and water saturation compared
to gas sand. The high P-impedance and moderate to high
V,/ Vs ratio exhibit limestone highlighted by sky blue color
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Figure 10: Rock physics modelled cross-plot for combined wells of Lambda-Rho versus Mu-Rho for reservoir interval, clearly demarcating
the gas sand, wet sand, limestone, and shale after rock physics modelling in the right cross-plot. Measured logs are plotted in left cross-

plot where separation between the facies is obscured.

polygon. The facies segregated through different polygons
are clearly demarcating the similar facies present in the
litho-log shown previously (see Figure 6a—c) for the three
wells in the reservoir zone.

Figures 14-16 show the comparison of well to seismic
tie between the measured and modelled logs and an

improvement in seismic-synthetics correlation was observed.
The correlation coefficient calculated using measured logs is
64, 75, and 73% at well Mehar —01, 02, and 03, respectively
(see Figures 14a-16a). This coefficient improved robustly
after using modelled logs reaching up to 82, 80, and 88%
for the above said wells (see Figures 14b-16b).
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Figure 11: Rock physics modelled logs cross-plot of V,,/V; ratio versus impedance for reservoir depicting a clear demarcation between gas
sand, wet sand, limestone, and shale in Mehar-01 well overlain by rock physics template, i.e., showing the behavior of porosity and

saturation trends.
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Figure 12: Rock physics modelled logs plot of V,,/V; ratio versus impedance versus for reservoir depicting a clear demarcation between gas sand, wet
sand, limestone, and shale in Mehar-02 well overlain by rock physics template, i.e., showing the behavior of porosity and saturation trends.

5 Discussion

An integrated approach of petrophysics and rock physics is
utilized in this paper to characterize the reservoir properties
in the elastic domain that can absolutely differentiate the
pay facies from the non in the Mehar Gas Field of the Central
Indus Basin, Pakistan.

The technique applied in this paper can easily be
adopted to segregate the pay and non-pay facies in the

basins having the complex and heterogenous clastic
rocks. Magoba and Opuwari [18] classified facies and
hydrocarbon prospects in shallow marine sandstone, off-
shore south Africa, using petrophysics and fluid substitu-

tion modelling. Likewise, Yasin et al. [55] performed rock
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Figure 13: Rock physics modelled logs plot of V,/V; ratio versus impedance versus V,/V; Ratio for reservoir depicting a clear demarcation
between gas sand, wet sand, limestone, and shale in Mehar-03 well overlain by rock physics template, i.e., showing the behavior of
porosity and saturation trends.
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Figure 14: In Mehar-01 well, synthetic seismogram has been genera
synthetic seismogram has been generated using rock physics model
to seismic correlation coefficient is also improved.

physics analysis to develop a relationship between elastic
and petrophysical properties using inversion technique
to classify extremely heterogeneous clastic reservoirs rocks.
An integrated approach of petrophysics and rock physics
has been applied in the gas field of lower Indus basin by
Azeem et al. [9] by integrating petrophysics and rock phy-
sics to characterize cretaceous sand intervals. Fitch et al.
[56] suggested that rock physics modelling technique is
suitable to bridge the gap between core and seismic data
to enhance the hydrocarbon facies.

ted using measured logs on the left plot (a). In the right plot (b),
led logs where along with the improvement in the quality of logs, well

The adopted methodology assisted in developing a
consistent and reliable rock physics model. In the initial
phase, well log interpretation was carried out to highlight
the targeted reservoir zones in the used wells. The calcu-
lated petrophysical properties were then used as an input
to build the rock physics models. The predicted logs were
in good match and acceptable range with the measured
elastic logs. Moreover, litho-fluid facies were efficiently
differentiated with the modelled cross-plots. The prior
information of core, geology, and well logs helped to
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Figure 15: In Mehar-02 well, synthetic seismogram has been generated using measured logs on the left plot (a). In the right plot (b),

synthetic seismogram has been generated using rock physics mode
to seismic correlation coefficient is also improved.

lled logs where along with the improvement in the quality of logs, well
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Figure 16: In Mehar-03 well, synthetic seismogram has been generated using measured logs on the left plot (a). In the right plot (b),
synthetic seismogram has been generated using rock physics modelled logs where along with the improvement in the quality of logs, well

to seismic correlation coefficient is also improved.

build the rock physics template with the inclusion of fluid
type, pressure, and temperature conditions. The pre-
dicted model proved fruitful not only in accurate estima-
tion of true elastic parameters (V,, Vs, density), but also
helped to model S-sonic log in that well where it is missing
in the targeted zones. Furthermore, washout and spiking
effects were removed from the measured density log. Cross-
plots of Mu-tho, Lambda-rho, Impedance, and V,,/V; ratio
efficiently segregated the fluid-filled facies from the water
saturated and shale facies. Based on cross-plots analysis,
the quantitative values of elastic parameters have been
defined to differentiate between the gas sand, shale, wet
sand, and limestone. As the Mu-rho is sensitive towards
fluids, they provided good separation of gas sands on the
Y-axis, while Lambda-rho on the X-axis effectively segre-
gated the lithological facies. On the other hand, V,,/V; ratio
is more sensitive to gas-bearing sand accompanying the
impedance. Moreover, the modelled logs helped to improve
the well to seismic tie that improved the reservoir character-
izations in a better way. Thus, rock physics modelled logs
provided a robust way to calculate the missed logs as well as
effectively separated the litho-fluid facies in the heteroge-
neous sands of the Mehar gas field.

6 Conclusion

A successful study has been carried out to highlight the
litho-fluid classification and enhanced reservoir depic-
tion in the Mehar gas field using petrophysical analysis

and rock physics modelling. The reservoirs selected for
this work were sandstone of Lower Ranikot and Pab for-
mations. Three wells (Mehar-01, 02, and 03) data have
been used to perform petrophysical interpretation and
rock physics modelling. The integrated and iterative log
data conditioning, seismic petrophysics interpretation,
rock physics template, and seismic well ties workflow
enabled the generation of a rock physics model that has
been successfully used to correct poor-quality data and
synthesize missing elastic logs, especially P-sonic and
S-sonic in the utilized wells. Cross-plot analysis of petro-
elastic attributes fairly discriminated the facies into gas
sand, wet sand, shale, and limestone. The modelled logs
show improved data quality and consistency between the
wells of the Mehar gas field.
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