
Chapter 18
Petrophysical Characterization
of Sandstone Reservoir from Well Log
Data: A Case Study from South Tapti
Formation, India

N. P. Singh, S. P. Maurya and Kumar Hemant Singh

Abstract The present study is aimed at evaluating the reservoir potentials of South
Tapti Basin of India with limitation to the available data. A number of petrophysical
parameters, i.e., effective porosity (�), water saturation (Sw), formation water resis-
tivity (Rw), hydrocarbon saturation (So), and true resistivity (Rt), are evaluated using
the well log data, and the reservoir characterization is performed. The analysis shows
a hydrocarbon-bearing zone in between 1866 and 1874 m, which contains gamma
ray (GR) value of 34.4 API, resistivity of 117.3 �m, and average porosity of 35.7%.
To know the fluid type in the reservoir zone, neutron porosity and density porosity
are plotted together and a crossover has been noticed at 1866–1874 m depth which
indicates that the reservoir is filled with gas. The analysis of petrophysical parame-
ters and cross-plots shows that the reservoir is filled with sandstone with some clay
content separated by shale markers, which act as seal rock for the reservoir.

Keywords Petrophysical characterization · South Tapti Basin · Sandstone
reservoir · Cross-plots · Hydrocarbon saturation

1 Introduction

Well logs have been successfully used in exploration and development wells and
are routinely used to quantify depth and thickness of productive zones (Adeoti et al.
2009; Maurya and Singh 2015). Schlumberger brothers in Alsace, France, first intro-
duced geophysical well logging technique in 1927. Logging is carried out by physical
measurements (sonde) made by instruments lowered into the hole (geophysical logs)
and supported by laboratory experiments on core samples (Ofwona 2014). Imme-
diately after the well is drilled, the formations are exposed to well-bore and this is
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the best time to determine the properties of rocks in the vicinity of borehole using
open-hole logging tools. In wells with complex trajectories, logging tools are used
as part of drilling tool assembly. This approach is termed as logging while drilling
(LWD) (Economides and Nolte 1989). Important logs include temperature, pressure,
gamma, neutron, caliper log, and resistivity. Themain objective of petrophysical well
log analysis is to transform well log measurements into reservoir properties like per-
meability, porosity, oil saturation, water saturation, mineralogy, etc. The proposed
study aims at interpretation of well log data and quantitative evaluation of petrophys-
ical properties such as water saturation in parts of South Tapti Basin.

The South Tapti field covers an approximately area of 570 square miles and lies
approximately 100 miles north-northwest of Mumbai City, India. In this paper, well
log analysis is performed on the logs obtained from wells comprising the clastic
sediments of late Oligocene Daman formation in South Tapti Field (Wandrey 2004;
Saha et al. 2009). The quality of reservoir in terms of parameters like shale volume,
effective porosity, water and hydrocarbon saturation, and permeability are evaluated,
and the results are discussed.

2 Methodology

The well log data from the South Tapti Field is made available for research and
development by BG, India. An essential step in formation evaluation process is the
determination of amount of shale present in the formation (Opuwari 2010; Adaeze
et al. 2012). This helps to calculate the correct formation porosity and fluid content
within the pay zone. Volume of shale is calculated following the integrated approach
by utilizing the gamma ray log, SP log, neutron–density log, and resistivity log data
(Adeoti et al. 2009). Porosity is also calculated from density log. From the qualitative
observation of log plots, the crossover in neutron–density log, low intensity value of
natural gamma ray log, separation in shallow and deep resistivity log values, suppres-
sion in SP log and higher value in sonic log suggested the presence of hydrocarbons
between 1866 and 1874 m depth in the study area.

The analysis is performed in the depth range of 1830–1930 m as the reservoir
zone is expected within this interval. Water saturation is calculated using Archie’s
equation. The other important petrophysical parameters, i.e., permeability, are cal-
culated using the Timur equation in which irreducible water saturation is calculated
from the bulk volume water (BVW). The bulk volume water is calculated at several
depths within the reservoir zones. A constant or near constant values indicate a single
rock-type bearing zone at irreducible water saturation. When a zone is at irreducible
water saturation, water in the uninvaded zone (Sw) does not move as it is held on
grains by capillary pressure.
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3 Petrophysical Evaluation

The log data from South Tapti Formation is evaluated, and the derived petrophys-
ical parameters along with other logs are shown in Fig. 1. The figure shows the
natural gamma ray (GR), resistivity (Rt/Rxo), porosity (PhiD/Nphi), shale volume
(VshND/VshGR), and effective porosity (PhiE) log calculated from the well log
data. The analyses of log data show interesting features between depth interval
1866–1874 m. The natural gamma ray values are very low, the flushed zone and
the invaded zone resistivity is very high, and there is marked crossover when the
density and the neutron porosity logs are plotted together. Within the same inter-
val, the shale volume calculated from gamma ray log and neutron log shows a low
value, while the estimated effective porosity is very high. This analysis suggests that
this could be a prospective hydrocarbon-bearing zone which needs further detailed
analysis for its characterization.

Cross-plots are charts based on the slope and intercept of two porosity log
responses (depending on matrix lithology, and pore fluid). The cross-plots of bulk
density against P-impedance and lambda-rho against Poisson’s ratio are generated
for the depth interval 1830–1930m (Fig. 2a). The cross-plot in Fig. 2a shows concen-
tration of low bulk density and P-impedance values indicating prospective reservoir
zone between 1866 and 1874m.This lowvalue indicates the presence of hydrocarbon

Fig. 1 Gamma ray, resistivity log, porosity log, shale volume, and effective porosity log calculated
from well log data
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Fig. 2 Cross-plot between a the bulk density and the P-impedance and Poisson’s ratio and b the
Lambda-rho cross-plot. The color bar indicates depth

in this zone. The cross-plot between Lambda-rho and Poisson’s ratio shows a similar
concentration of low values within the zone between 1866 and 1874 m (Fig. 2b). The
cross-plots in Fig. 2a, b suggest that this zone is possibly hydrocarbon bearing and
reiterates the qualitative analysis of gamma ray, neutron and density porosity, and
resistivity logs.

4 Lithology Identification

An interpretation of lithology is performed through a systematic approach. The
gross lithology is collaborated and compared at the same depth, horizontally, to
the gamma ray log. Cross-plots are prepared for classification of sandstone, lime-
stone, and dolomite lithologies. When data points from lithology are plotted, they
fall on the charts lithology lines.

When combinations of those lithologies are present, the pointsmostly fall between
the lines. The porosity is determined by joining the data points and constructing a
porosity scale between major lithologies (Rider 2000).

4.1 Neutron–Density Cross-Plot

One of the methods available for porosity log analysis involves the density–neutron
cross-plot. A cross-plot method, called the shaly sand model, is widely used. How-
ever, this model is considered to be a poor model for any sandstone that contains
other minerals in addition to quartz. The complex lithology model works well in
quartz sands and is a preferred model for analysis (Adaeze et al. 2012).

Neutron–density cross-plot shows scattered data distributed on the entire line
(dolomite, limestone, and sandstone) suggesting the presence of these three minerals
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Fig. 3 Bulk-density versus neutron–density cross-plot a for depth 1830–1930 m, b for reservoir
zone (1866–1974 m)

between 1830 and 1930 m (Fig. 3a). The neutron and density porosity cross-plot
for reservoir zone (depth 1866–1874 m) is shown in Fig. 3b. The figure shows that
almost all plots lie on or below the sandstone line shows the rock type dominated by
sandstone in the reservoir zone with some level of limestone.

4.2 Sonic–Neutron Cross-Plot

The sonic–neutron cross-plot method involves the simultaneous solution of the sonic
and neutron response equations for porosity. Complex lithology is best suited to this
method. Since both logs respond to shale, the formulae do not work in shaly sands
with same accuracy (Crain 2002).

The sonic–neutron cross-plot shows the scatter of points spreading across all three
rock types (sandstone, limestone, and dolomite) but mostly lies between sandstone
and limestone (Fig. 4a). The figure suggests that a mixture of sandstone, limestone,
and dolomite in small quantity is present between depth intervals 1830 and 1930 m.
Figure 4b shows the cross-plot in the depth range of reservoir (1866–1877 m) which
shows data lying along the sandstone line or above it. This figure indicates that the
reservoir zone is dominated by sandstone rock types.

4.3 Sonic–Density Cross-Plot

The sonic–density cross-plot method involves a simultaneous solution of the sonic
and density response equations for porosity. The sonic–density cross-plot works
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Fig. 4 Sonic time versus neutron porosity cross-plot a for depth 1830–1930 m, b for reservoir zone
(1866–1877 m)

ideally in shaly sands with no gas. The resolution is poor in carbonates, and the
presence of gas makes the result too high (Rider 2000).

The sonic–density cross-plot in Fig. 5a shows the scatter of plotted points inclined
toward dolomite line indicating the presence of dolomite in the formation. The son-
ic–density cross-plot for reservoir depth also shows a similar response suggesting the
dominance of dolomite in the reservoir zone (Fig. 5b). The cross-plot does not appear
to be accurately predicting the lithology compared to other cross-plots (Figs. 3 and
4) because the distance between the sandstone, limestone, and dolomite line is too
small to reliably predict the lithology. Thus, the cross-plot in Fig. 5 is not reliable
and not considered for our analysis.

Fig. 5 Sonic time versus density porosity cross-plot a for depth 1830–1930 m, b for reservoir zone
(1866–1877 m)
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Fig. 6 Bulk-volume-water
cross-plot (Swa vs. PhiND)
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4.4 Bulk Volume Water

The product of a formation’s water saturation (Sw) and its porosity is the bulk volume
water (BVW) , BVW = Sw ∗∅. If values for bulk volume water calculated at several
depths in a formation are constant or very close to constant, they indicate that the
zone is of a single rock type with irreducible water saturation (Swirr). When a zone
has irreducible water saturation, water in the uninvaded zone (Sw) does not move
because it is held on grains by capillary pressure. Therefore, hydrocarbon production
from a zone at irreducible water saturation should be water-free (Morris and Biggs
1967).

The Buckles plot (Asquith et al. 2004) is a graph of porosity (ϕ) versus Sw.
Points of equal BVW form hyperbolic curves across this plot. If BVW is plotted
using data from a formation at irreducible water saturation, the points fall along a
single hyperbolic curve. If the data come from reservoirs with higher percentages of
produced water, the points are more scattered. For the reservoir zone (1865–1875m),
the Buckles plot shows saturation value of 0.045. So, it is irreducible water. Figure 6
shows the plot of bulk volume water.

4.5 Residual Oil Saturation (ROS)

ROS is the saturation value of the oil that remains after a displacing process of
crude oil system by water or gas injection. Residual oil saturation is oil saturation
that cannot be produced from an oil reservoir from gas or water displacement. It
is usually considered the immobile oil saturation after conventional (gas or water
displacement) (Crain 2002).

ROS is given by:
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ROS = 1 − Sxo (1)

where Sxo is water saturation in flushed zone.

4.5.1 Movable Oil Saturation (MOS)

It is important to recognize that only a fraction of oil in place is ultimately produced in
most reservoirs. This poses a challenge to attain better recovery, requiring a thorough
understanding of reservoir behavior (Waldschmidt et al. 1956). This necessitates the
estimation of movable oil saturation, which represents the maximum volume of oil
that can be moved or produced. Hence, the movable oil saturation is defined as:

Movable oil saturation = initial oil saturation − residual oil saturation

MOS = Sxo − Sw (2)

where Sw is water saturation and Sxo is saturation in flushed zone (Asquith et al.
2004).

4.6 Movable Hydrocarbon Index (MHI)

The movable hydrocarbon index is given by

MHI = Sw
Sxo

(3)

Water saturation of the flushed zone (Sxo) can be used as an indicator of hydro-
carbon moveability. If the value of Sxo is much larger than Sw, then hydrocarbons in
the flushed zone have probably been moved or flushed out of the zone nearest the
borehole by the invading drilling fluids (Rmf). If the ratio Sw/Sxo is equal to or greater
than 1.0, then hydrocarbons were not moved during invasion. This is true regardless
of whether or not a formation contains hydrocarbons. Whenever the ratio Sw/Sxo is
less than 0.7 for sandstones or less than 0.6 for carbonates, moveable hydrocarbons
are indicated (Schlumberger 1991).

The computed bulk volume water, residual oil saturation, moveable oil saturation,
and moveable hydrocarbon index are given in Table 1 along with the depth, porosity
estimated from neutron (NPHI) and density (PHID) log and water saturation for
reservoir zone only. Table 2 contains the estimated lithology from cross-plots with
PEF-derived lithology, volume of shale, and porosity estimated from density log
(PhiD) for a depth range of 1854–1874 m.
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Table 1 Reservoir properties estimated for depth from 1866 to 1874 m (reservoir zone)

DEPTH NPHI PHID SW BVW ROS MOS MHI

1866.0 0.24 0.25 0.24 0.06 −0.14 0.89 0.21

1866.5 0.23 0.28 0.18 0.05 0.06 0.77 0.19

1867.0 0.22 0.27 0.20 0.05 0.09 0.71 0.22

1867.5 0.20 0.24 0.21 0.05 0.12 0.67 0.24

1868.0 0.12 0.20 0.12 0.02 0.23 0.65 0.15

1868.5 0.09 0.35 0.05 0.02 0.62 0.33 0.14

1869.0 0.06 0.44 0.05 0.02 0.64 0.30 0.15

1869.5 0.06 0.46 0.07 0.03 0.60 0.33 0.17

1870.0 0.06 0.48 0.04 0.02 0.71 0.25 0.13

1870.5 0.07 0.46 0.03 0.02 0.81 0.15 0.17

1871.0 0.12 0.39 0.05 0.02 0.51 0.43 0.11

1871.5 0.11 0.36 0.07 0.02 0.48 0.45 0.13

1872.0 0.07 0.39 0.05 0.02 0.57 0.37 0.13

1872.5 0.08 0.39 0.07 0.03 0.57 0.35 0.17

1873.0 0.12 0.38 0.12 0.05 0.50 0.38 0.25

1873.5 0.16 0.37 0.10 0.04 0.54 0.36 0.21

1874.0 0.35 0.28 0.17 0.05 0.37 0.46 0.28

5 Determination of Cutoff and Net Pay

The final aim of any petrophysical analysis is to find net pay thickness with proper
petrophysical cutoffs. Net pay determination usually involves defining threshold val-
ues (or cutoffs) of the characteristics of interest. These limiting values are designed to
define those rock volumes that are not likely to contribute significantly to the hydro-
carbon production. The starting point in determining cutoff is to identify reference
parameter that allows us to distinguish between intervals that have reservoir potential
and intervals that do not. There is no single applicable approach to the identification
of cutoff (Worthington and Cosentino 2005).

There are several techniques or criteria to define cutoffs; clean rocks with low
volume of shales Vsh usually have few problems and have capability to store hydro-
carbons (Hamada 1996). As a rock becomes shalier, it becomes a poor reservoir rock.
There is a point of Vsh beyond which there are no more significant contribution to
store hydrocarbons. That point could be taken as Vsh cutoff for pay rocks. The same
concept applies for total porosity φt.
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5.1 Determination of Petrophysical Cutoff

Net pay is defined as the thickness of rock that contributes to economically viable
production with today’s technology, today’s prices, and today’s costs. Net pay is
obviously a moving target since technology, prices, and costs vary almost daily.

Tight reservoirs or shaly zones that were bypassed in the past are now prospec-
tive pay zones due to new technology and continued demand for hydrocarbons. We
determine net pay by applying appropriate cutoffs to reservoir properties so that
unproductive or uneconomic layers are not counted. This can be done with both log
and core data (if available).

Cumulative reservoir properties, after appropriate cutoffs are applied, provide
information about the pore volume (PV), hydrocarbon pore volume (HPV), and flow
capacity (KH) of a potential pay zone. These values are used to calculate hydrocarbon
in place, recoverable reserves, and productivity of wells. The following algorithm is
a highly simplified one-pass approach, which would need considerable adjustment
to run on a real computer. However, it is suitable for discussion purposes (Guo 2004).

It is normal to apply cutoffs to each calculated result to eliminate poor quality
or unproductive zones. Cutoffs are usually applied to shale volume, porosity, water
saturation, and permeability. The layer is not counted as “pay” if it fails any one of
the four cutoffs. Typical cutoffs are:

IF(VSHmax ≤ SHmax) ∗ (PHIe ≥ PHImin) ∗ (Sw ≤ SWmax) = 1 (5)

THEN PAYFLAG = 1

ELSE PAYFLAG = 0

Hnet = SUM(PAYFLAG ∗ INCR) (6)

where:

Hnet = net pay
INCR = digitizing increment
PHImin = porosity cutoff (fractional)
PHIe = effective porosity (fractional)
Sw = water saturation (fractional)
SWmax = saturation cutoff (fractional)
VSH = volume of shale (fractional)
VSHmax = shale volume cutoff (fractional).

Typically:

VSHmax = 0.25–0.45
PHImin = 0.03–0.16
SWmax = 0.30–0.70.
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These values must be appropriate for the rock sequence. Values in unconventional
reservoirs may be more extreme. In reservoir simulation work, the net reservoir is
also needed. In this case, set SWmax = 1.00 (Guo 2004). The effective porosity,
water saturation, reservoir, and net pay zone are shown in Fig. 7. Table 3 describes
the numerical values of the net pay estimation. The pay thickness is estimated to be
10.8 m, whereas residual and non-residual thicknesses are estimated to be 12 m and
1 m, respectively.

Fig. 7 Porosity, water saturation, reservoir, and net pay zone (left to right) of the area

Table 3 Net pay estimation of the South Tapti basin

Top (m) Bottom (m) Interval (m) Pay (m) Res Non-res Total thickness
(m)

1864 1877 13 10.8 12 1 13
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6 Conclusions

1. The volume of shale is calculated using gamma ray and neutron–density log
which shows a trend without much variation till 1865m before it shows a marked
decrease in volume until a depth of 1876 m. The volume of shale decreases again
between 1914 and 1930 m depth.

2. The depth interval between 1866 and 1874 m witnesses the neutron and the
density porosity crossover indicating the presence of a gas zone. The gamma ray
count is also low in this zone. The average porosity however is high (30–45)%.
This suggests along with the cross-plot results that the reservoir is sandstone with
high porosity between 1866 and 1874 m.

3. The water saturation is very low in the reservoir zone, and resistivity curve in
deep region (Rt) is high concurring with our inference for the presence of a gas
zone.

4. The lithology is predicted using different cross-plots like neutron–density, son-
ic–neutron, and sonic–density which also indicates the presence of sandstone
reservoir at (1866–1874)m and limestone at (1841–1845)m and (1900–1915)m.

5. The flushed zone water saturation is found using resistivity of mud filtrate and
resistivity of flushed zone. Residual oil saturation(ROS) , movable oil saturation
(MOS), and movable hydrocarbon index (MHI) are found, and it is observed that
hydrocarbons are movable as MHI < 0.7.

6. Reservoir and pay zone analysis is performed, and it is found that the reservoir
is 12 m thick and pay zone is 10.8 m thick which makes it a good reservoir.
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