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ABSTRACT 
 

 

The use of rock physics modeling and petrophysical analysis has become an integral part of
quantitative seismic interpretation. In the present study, the above-mentioned techniques are 
applied to the reservoir interval of Basal Sand of Cretaceous age widely distributed in the Lower 
Indus Basin of Pakistan. The data used for this purpose consists of complete suits of wireline logs
from four well A, B, C and D. The primary goal of this work is to understand the trends of seismic
parameters such as P-wave velocity (VP), S-wave velocity (VS), bulk modulus, bulk density as 
a function of fluid saturation and porosity in this sand interval. Petrophysical analysis based on 
well logs is used to obtain petrophysical properties such as porosity, the volume of shale, fluid
saturation, P-wave velocity (VP), S-wave velocity (VS) and density at reservoir conditions. The
results show that seismic parameters are very sensitive to fluid saturation, fluid types and rock-
forming sediments. Reservoir porosity and fluid saturation control the elastic response of Basal 
Sand due to which seismic velocities decrease with an increase in porosity and fluid saturation. 
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1. INTRODUCTION 

The Indus Basin is the most productive 
hydrocarbons zone in Pakistan (Khalid et al., 2014a; 
Khalid et al., 2016; Azeem et al., 2018). Based on 
tectonic and geological settings this basin has been 
separated into lower, middle and upper parts 
(Wandrey et al., 2004; Yasin et al., 2021). The 
sandstone interval of the Lower Goru Formation of the 
Lower Cretaceous age is a hydrocarbon-containing 
zone that has been explored for the last thirty years 
(Jamil et al., 2012; Hussain et al., 2017a; Hussain et 
al., 2017b; Khalid et al., 2018). Within this formation, 
sandstone occurs in different litho-stratigraphic units 
referred to as the Upper, Middle, Basal, and Massive 
Sands (Wandrey et al., 2004). 

Hussain et al. (2016 a, b) discussed the reservoir 
character of Basal Sand zones of the Lower Goru 
Formation by using wireline logs. However, these 
authors did not study the seismic signatures of these 
sand intervals. The focus of these workers was only to 
investigate the hydrocarbon potential of these sand 
intervals with the help of isoparametric maps. They 
computed the net pay thickness of these intervals in 
this area and computed 5–10 m net pay thickness of 
the Basal Sand interval with a net-to-gross ratio of 
0.2–0.8. Moreover, the rock physics response of these 
intervals, which quantifies the influence of pore fluids 

on the effective properties of the rock-fluid composite 
was also not investigated by previous workers.  

To find out the seismic and elastic behavior of 
hydrocarbon-bearing reservoir rock having the 
hydrocarbon, different kinds of rock physics models 
(Khalid et al., 2014 b) and petrophysical techniques 
are in practice (Khalid et al., 2016), including 
Gassmann’s fluid substitution modeling. The 
petrophysical analysis is used to define the 
hydrocarbon and water-bearing zones in a formation 
by evaluating the wireline log data and to determine 
the quantities of probable hydrocarbon and water 
accumulations in the reservoir zones (Asquith and 
Krygowski, 2004; Asquith and Gibson, 1982; 
Bateman, 1985). A suitable rock physics modeling 
approach is required to compute reservoir parameters 
(Nguyen and Nam, 2011; Saxena et al., 2013; Khalid 
and Ahmed, 2016) The variation of elastic parameters 
and fluid saturation intensively affects the velocities 
and densities (Li, 2009; Mavko et al., 2009). Seismic 
signatures and elastic parameters are the necessary 
properties that are estimated from well log analysis. 
Similarly, the fluid substitution model (Gassmann, 
1951; Khalid et al., 2014b) is also used to anticipate 
the bulk modulus of pore filled with the fluid-rock unit 
and effective density that is further used to compute 
seismic velocities at in-situ conditions (Ahmed et al., 
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2018). The sensitivity behavior of seismic signature 
with the variation of elastic parameters 
comprehensively was studied by various workers 
(Ehsan et al., 2016a, b, c; Khalid and Ahmed, 2016). 
For quantitative seismic interpretation, rock physics 
modeling plays a key role to delineate the 
concentration of pore fluids with respect to elastic 
properties of rock (Nguyen and Nam, 2011). This 
technique is also used to forecast the seismic 
properties and petrophysical measurements with the 
help of wireline logs data (Telford et al., 1990; Khalid 
et al., 2016), which provide us good connectivity 
between physical properties and the observed seismic 
response (Batzle and Wang, 1992). The objective of 
modeling is to understand the seismic behavior of the 
reservoir with respect to petrophysical response. This 
seismic behavior is affected by the fluid type and its 
properties such as density, porosity, bulk modulus, 
shear modulus, and viscosity. The saturation of water 
is calculated with help of Archie’s model (Archie, 
1942) and integrated with the Indonesian model 
(Levaux and Poupon, 1971) to deduce more reliable 
results in reservoir intervals. 

 
2. GEOLOGY OF STUDY AREA 

Based on petroleum prospects and exploration 
history Pakistan is divided into two sedimentary 
basins: Baluchistan and Indus Basins. The Indus Basin 
is extended into NE-SW direction (Kazmi and Jan, 
1997) and is categorized by a large platform region 
with a gentle slope. The collision of the Indian Plate 
with the Eurasian plate caused segregating of Indus 
Basin into two portions named as an upper and lower 
basin (Ahmad et al., 2012; Khan and Liu, 2019). The 
study area is situated in Thar Platform, which is a part 
of the Lower Indus Basin that is surrounded by the 
Indian Shield in the east and marginal zone of 
the Indian plate to the west. It comprises five units: 
Karachi Trough, Thar Platform, Kirthar Fordeep and 

Fold Belt. The study area is identified as an 
extensional basin having horst and graben structures 
in a series (Killing et al., 2002). Thus, the structural 
style of the area is evolved by the three post-rifting 
tectonic activities, which are: uplifting and erosion of 
Late Cretaceous, NNW-SSE oriented wrench faults 
originated from the basement, and the continuous 
uplifting of Jacobabad and Khairpur Highs started 
from Late Tertiary (Ahmad et al., 2012). Figure 1 
shows the base map of the study area. Thar platform is 
moderately sloping which is controlled by the 
basement topography whereas the Nagar Parker High 
is its surface outcrop. The most prominent and primary 
tectonic event occurred under the action Late 
Cretaceous uplifting close to the famous K-T 
boundary (base Tertiary unconformity). The majority 
of the basement-rooted wrench faults were terminated 
against this K-T boundary as mapped on seismic 
sections (Azeem et al., 2018). The next tectono-
structural activity was related to the Late 
Eocene- Oligocene wrench faulting under the action of 
active collision between the Eurasian and Indian Plate 
(Zaigham and Mallick, 2000; Ahmed et al., 2004). The 
last tectono-structural episode is the active uplifting of 
Jacobabad/Khairpur High started from the Late 
Tertiary. The sands of the Lower Goru Formation were 
deposited deep under the action of this uplifting 
whereas non-reservoir intervals were positioned 
up- dip to form geological traps favorable for 
hydrocarbon accumulation (Azeem et al., 2018). In 
this episode, the development of structural and 
stratigraphic traps and secondary hydrocarbon 
migration has been taken place.  

The exploration and production history of the 
study area is spanned more than 60 years with good 
production of oil and gas. Borehole drilling and 
wireline logging along with seismic reflection data 
indicate that a complete petroleum system was 
deposited during the Cretaceous period. The Lowe 

Fig. 1 Location of the study area (Sanghar field). Base map showing the positions of wells used in the current 
study (after Kazmi and Jan, 1997). 
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 Goru Formation of the Lower Cretaceous age has 
variable lithology with alternate layers of shale and 
sand (Hussain et al., 2017a). The sand intervals have 
been acting as reservoirs whereas the shales of the 
Upper Goru Formation are acting as cap rocks. 
However, the underlying shales of the Sember 
Formation are acting as good source rock.  

 
3. METHODOLOGY AND DATA SETS 

The data used for this research work includes 
a complete suite of conventional wireline logs such as 
caliper, resistivity (LLD, LLS), gamma ray (GR), 
sonic transit travel time (DT), neutron porosity 
(NPHI), density (RHOB) and spontaneous potential 
(SP) logs containing formation tops, temperature data 
of four wells A, B, C and D. In first most steps, all 
useable wireline logs were corrected and calibrated. 
The methodology workflow covered two units: the 
first one is the petrophysical analysis and the second 
is rock physics modeling. The petrophysical analysis 
is used to determine the presence of a volume of shale, 
effective and total porosity, types of fluid present in 
the pore spaces and their saturation, the resistivity of 
the reservoir rock. These parameters are used for the 
estimation of the physical properties of the saturated 
rock which are computed in the next step.  

 
3.1. FORMULATION OF PETROPHYSICAL 

PARAMETERS FROM WIRELINE LOG  

The petrophysical analysis is performed to 
differentiate the reservoir facies from non-reservoir 
and to delineate the significant hydrocarbon potential 
bearing zones in the reservoir. The volume of shale 
(Vsh), permeability (k), reservoir porosity (ϕ), water 
saturation (Sw), and seismic velocities are the basic 
parameters to define reservoir character and quality of 
the selected zone of Basal Sand of the Lower Goru 
Formation. Gamma ray index derived to estimate the 
volume of shale with the help of the following relation: 

 

𝐼 ோ ൌ
ீோ೗೚೒ିீோ೘೔೙

ீோ೘ೌೣିீோ೘೔೙
                                                  (1) 

 

where GRlog is gamma ray log reading at any depth of 
interest, GRmax is the maximum value, and GRmin 
minimum value of GR log in the clean sand interval. 
In the present study, Vsh is calculated by using gamma 
ray index and relationships of Larionov (1969), 
Steiber (1970) and Clavier et al. (1984). Larionov 
(1969) suggested separate formulas for younger and 
older rock. The following relationship is used to 
compute the volume of shale  
 
𝑉ௌு

௅ ൌ 0.33 ∗ ሺ2ଶூಸೃ െ 1ሻ             (2) 
 

The next important parameter is porosity, which 
has been calculated from density log (RHOB). 
Mathematical relationship to compute porosity from 
density log is given below: 

 

𝜙஽ ൌ
ఘ೘ିఘ್

ఘ೘ିఘ೑೗ೠ೔೏
               (3) 

 

Where ϕD is porosity, ρm is the density of matrix, 
ρb bulk density and ρfluid is the density of reservoir 
fluid. The average porosity is computed by using 
porosities derived from neutron and density logs by 
using the following relationship:   

 

𝜙 ൌ
థವ൅థ𝑁

2
               (4) 

 

The pore spaces of the reservoir are occupied by 
the fluids. Sw is calculated from Archie’s formula 
(Archie, 1942): 
 

𝑆௪ ൌ ට
௔ൈோೢ

థೌೡ೐ೝೌ೒೐
೘ൈோ೟

೙
              (5) 

 

Here Sw, ϕ, Rt are saturation of water, true 
resistivity, and the average porosity respectively. Rw is 
the resistivity of water, a is the wettability factor with 
constant value 1 and m is the cementation factor having 
constant value 2. We derived the Rt from the resistivity 
log (LLD and LLS) and Rw from the SP log: 

 

𝑅௧ ൌ 1.7 ∗ 𝐿𝐿𝐷 െ 0.7 ∗ 𝐿𝐿𝑆             (6) 
 

𝑅௪ ൌ 10 ^𝐾 ∗ 𝑙𝑜𝑔 ∗ 𝑅௠௙ ൅𝑆𝑃/𝐾
                           

(7) 
 

The input parameters K, Rmf  and Tfm are 
calculated as: 

 

𝑅௠௙ሺ𝑇௙௠ሻ ൌ
ோ೘೑ሺ்ೞೝ೑ሻ∗ሺ்ೞೝ೑ା଺.଺଻ሻ

்೑೘ା଺.଺଻
                           (8a) 

 

𝑇௙௠ ൌ 𝑇𝑜𝑡𝑎𝑙 𝑑𝑒𝑝𝑡ℎ ∗ 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 ൅ 𝑇௦௥௙  (8b) 
 

𝐾 ൌ 61 ൅ 0.133 ∗ 𝑇௦௥௙                                               (8c) 
 

Archie’s relation was used for the clean sand 
while the Indonesian equation (Hussain et al., 2017b) 
was used for shaly sand. There are rare chances for 
a reservoir to have clean sand, so we used the 
Indonesian equation (Levaux and Poupon, 1971) for 
the estimation of water saturation: 

 

𝑆௪ ൌ ൦
భ

ೃ೟
బ.ఱ

ೇೞℎ
భష

ೇೄಹ
మൗ

ೃೞℎ
బ.ఱ ା ക

೘
మൗ

ሺೌ∗ೃೢሻబ.ఱ

൪

ଶ ௡ൗ

             (9)

 

Here Rsh is the resistivity of shale measured in 
ohm meter. 

 
3.2. FORMULATION OF ROCK PHYSICS ANALYSIS 

Rock physics is a key to understand reservoir 
rocks by their physical properties and the relationship 
between seismic and petrophysical properties of fluid-
bearing rocks. Physical properties are density, 
porosity, bulk modulus, shear modulus, and viscosity. 
The bulk modulus of saturated porous sand is 
a complex function of various parameters such as fluid 
saturation, fluid type, rock matrix, rock minerals, fluid 
density and porosity. (Khalid et al., 2018). The bulk 
modulus of a saturated rock is estimated by using 
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Table 1 Input parameters used for rock physics modeling. 

Input Rock  
Physics Parameters 

Well A Well B Well C Well D 

Vclay 0000.13 0000.14 0000.15 0000.14 
VQuartz 0000.87 0000.86 0000.85 0000.86 
KQuartz (GPa) 0037 0037 0037 0037 
Kdry (GPa) 0021.30 0021.60 0020.44 0020.33 
Kclay (GPa) 0021 0021 0021 0021 
ρclay (kg/m3) 2580 2580 2580 2580 
ρQuartz (kg/m3) 2650 2650 2650 2650 
Kmatrix (GPa) 0034.29 0034.09 0033.90 0034.09 
Kbrine (GPa) 0002.49 0002.47 0002.53 0002.51 
ρgas (kg/m3) 0162.62 0149.88 0186.63 0174.71 
Kgas (GPa) 0000.063 0000.055 0000.079 0000.070 
S (Salinity) 0000.003 0000.003 0000.003 0000.003 
Specific Gravity 0000.6 0000.6 0000.6 0000.6 

 
Gassmann’s equation (Gassmann, 1951). The 
equation of Gassmann is,  

 

𝐾௦௔௧ ൌ 𝐾௙௥௔௠௘ ൅
൬
భష಼೑ೝೌ೘೐
಼೘ೌ೟ೝ೔ೣ

൰
మ

ക
಼೑೗

ା
ሺభషകሻ

಼೘ೌ೟ೝ೔ೣ
ା
಼೑ೝೌ೘೐
಼೘ೌ೟ೝ೔ೣ
మ

          (10) 

 

Where Ksat is the bulk modulus of 
incompressibility of fluid saturated or partially 
saturated reservoir rock, which is a function of dry 
rock modulus (Kframe), bulk modulus of pore fluid (Kfl), 
bulk modulus of rock-forming minerals (Kmatrix) and 
ϕ is the porosity of the reservoir rock. Kmatrix was 
calculated from Voigt–Reuss–Hill (VRH) averaging 
technique (Voigt, 1910; Reuss, 1929; Hill 1952). 

 

𝐾௠௔௧௥௜௫ ൌ
ଵ

ଶ
቎
ൣ𝑉௖௟௔௬𝐾௖௟௔௬ ൅ 𝑉௤௧௭𝐾௤௧௭൧

൅ ൤
௏೎೗ೌ೤
௄೎೗ೌ೤

൅
௏೜೟೥
௄ೌ೟೥

൨
ିଵ ቏                 (11a) 

 

Kqrtz is the bulk modulus of quartz mineral. 
Table 1 shows detail of the rock physics parameter we 
have used in our modeling. Wood’s equation (Wood, 
1941) is used to calculate the bulk modulus of 
incompressibility of multi-phase fluids  

 

𝐾௙ ൌ ቂ∑
ௌ೔
௄೔

௡
௜ୀଵ ቃ

ିଵ
           (11b) 

 

Here S and K are saturation of fluid in reservoir 
zone and bulk modulus of liquid (oil, gas and brine) 
respectively. The index i is the number of fluid phases 
while n is the total number of fluid phases of the 
reservoir rock. By using bulk modulus and the bulk 
density of the isotropic material the velocities of P-and 
S waves were estimated by the following equations: 

 

𝑉௣ ൌ ඨ
௄ೞೌ೟ାସ ଷൗ ఓೞೌ೟

ఘ೐೑೑
          (12a) 

and 

𝑉௦ ൌ ට
ఓೞೌ೟
ఘ೐೑೑

           (12b) 

 

Here μsat is the shear modulus of saturated rock 
and ρeff is the effective density of saturated rock 
determine as, 
𝜌௘௙௙ ൌ ሺ1 െ 𝜑ሻ𝜌௠௔௧ ൅ 𝜑𝜌௙                                   (13) 
 

The pore fluids density and density of matrix 
were calculated here: 

 

𝜌௙௟ ൌ 𝑆௪𝜌௪ ൅ 𝑆௚𝜌௚                                              (14a) 
 

𝜌௠௔௧ ൌ 𝑉௖௟௔௬ ∗ 𝜌௖௟௔௬ ൅ 𝑉௤௥௧௭ ∗ 𝑉௤௥௧௭                    (14b) 
 

Here S and ρ denote the saturation and density of 
the fluid phases respectively. 

 
4. RESULTS 

4.1. PETROPHYSICAL EVALUATION OF SAND 
INTERVALS 

The petrophysical evaluation of the wireline logs 
run in the Basal Sand intervals encountered in all wells 
is demonstrated in Figure 2. These intervals 
encountered at depth vary from 2800–2910 m having 
a gross thickness of 15–35 m. It is evident that GR log 
shows less deflection against the sand intervals. The 
water saturation computed from both Archie’s and the 
Indonesian equations shows very close agreement 
with each other. However, in clean sand intervals 
where clay contents are smaller, both curves show 
some deflection whereas in the clay-rich zone 
Archie’s equation overestimates the water saturation. 
The total and effective porosity of sand intervals varies 
from 14 % – 16 % and 9 % – 11 % respectively, which 
indicates that the reservoir is consolidated. It is 
observed that zone of low values of gamma ray log 
contains the higher values of hydrocarbon, which is 
confirmed from the corresponding log such as volume 
of shale have lower values in well C and D. DT log has 
low values in non-hydrocarbon containing zone and 
has higher values in hydrocarbon-bearing zones. The 
porosity log has higher values, where the volume of 
shale is low as shown in Figure 2 well C and D. 
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Fig. 2 a Input log curves and estimated petrophysical parameters such as shale volume, porosity, P-wave velocity 
and water saturation for well A and B.  

4.2. ROCK PHYSICS ANALYSIS 

Rock physics is the key to understand reservoir 
rocks by their physical properties; these physical 
properties show the effect of the seismic wave passing 
through the rocks. It is a basic and useful technique for 
the study of 3D seismic as these models can help in the 
prediction of different properties of porous rocks at the 
production stage (Khalid and Ghazi, 2013). 3D model 
for the effective density as a function of porosity of 
wells A, B, C and D is shown in Figure 3. It is evident 
from the figure that the values of density are the 
inverse function of formation porosity and fluid 
saturation. The 3D model for the bulk modulus of the 
saturated rock (Ksat) as a function of porosity and fluid 
saturation of wells A, B, C and D is shown in Figure 4. 
It is evident from the figure that the values of Ksat in 
all wells are high about 30 GPa but as the saturation is 
increased the value of Ksat decreased to 10 GPa. When 
the porosity values increase from 8 % to 26 % Ksat they 
show decreasing trend as shown in Figure 4. 

The seismic wave velocities (VP and VS) 
computed by using equation (12) are a direct function 
of effective density and saturated bulk moduli. 3D 
cross plots of these velocities as a function of 
formation porosity and pore fluid saturation are 

demonstrated in Figures 5 and 6 for VP and VS 
respectively. It is clear from the figures that VP is 
a decreasing function of porosity and fluid saturation 
whereas VS increases with an increase in porosity. 
However, it is less dependent on fluid saturation as the 
shear modulus is independent of fluid saturation. This 
behavior of VS is due to a decrease in effective density 
with an increase in porosity and fluid saturation. 
Initially, the value of VP is high when porosity is about 
8 % as a function of water saturation in well A, B, C 
and D. Since water has higher density as compared to 
hydrocarbon, therefore, P-wave velocity has an 
increasing trend by an increase in water saturation in 
all well A, B, C and D. On the other hand, the 
maximum decrease in VS with 0 to 100 % fluid 
saturation is merely 200 m/s, which is not easily 
noticeable on multicomponent seismic reflection data. 

 
5. CONCLUSIONS 

The petrophysical analysis done based on 
wireline logs of four wells shows that the sand 
intervals of the Lower Goru Formation in the Lower 
Indus Basin have very good reservoir potential as 
confirmed by previous studies. These intervals are 
hydrocarbon saturated with average porosity of 
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Fig. 2 b Input log curves and estimated petrophysical parameters such as shale volume, porosity, P-wave velocity 
and water saturation for well C and D.  

Fig. 3 Impact of fluid saturation and porosity on the effective density of sand intervals in well A, B, C and D. 
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Fig. 4 Effect of fluid and porosity-related heterogeneities on bulk modulus of saturated sand intervals 
encountered in well A, B, C and D. 

Fig. 5 Effect of fluid and porosity-related heterogeneities on the P-wave velocity of saturated sand intervals 
encountered in well A, B, C and D. 

14.5 %, the volume of shale 28 %, and water saturation 
50 %. Rock physics modeling indicates the influence 
of pore fluid concertation at various seismic 
parameters. The results depict that the seismic 
velocities are affected by fluid’s type and saturation in 
the Basal Sand intervals of the Lower Goru Formation. 

The fluid substitution modeling indicates the 
decreasing trend of density and the seismic velocities 
due to the presence of hydrocarbon saturation. This 
change is more visible at maximum saturation. S-wave 
velocity is independent of fluid saturation in 
a reservoir. 
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Fig. 6 Effect of fluid and porosity-related heterogeneities on the S-wave velocity of saturated sand intervals 
encountered in well A, B, C and D. 
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