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Abstract

The fluid substitution method is used for predicting elastic properties of reservoir rocks and their dependence on pore fluid
and porosity. This method makes it possible to predict changes in elastic response of a rock saturation with different fluids.
This study focused on the Upper Shallow Marine sandstone reservoirs of five selected wells (MM1, MM2, MM3, MM4, and
MMS5) in the Bredasdorp Basin, offshore South Africa. The integration of petrophysics and rock physics (Gassmann fluid
substitution) was applied to the upper shallow marine sandstone reservoirs for reservoir characterisation. The objective of
the study was to calculate the volume of clay, porosity, water saturation, permeability, and hydrocarbon saturation, and the
application of the Gassmann fluid substitution modelling to determine the effect of different pore fluids (brine, oil, and gas)
on acoustic properties (compressional velocity, shear velocity, and density) using rock frame properties. The results showed
average effective porosity ranging from 8.7% to 16.6%, indicating a fair to good reservoir quality. The average volume of clay,
water saturation, and permeability values ranged from 8.6% to 22.3%, 18.9% to 41.6%, and 0.096-151.8 mD, respectively.
The distribution of the petrophysical properties across the field was clearly defined with MM2 and MM3 revealing good
porosity and MM1, MM4, and MMS revealing fair porosity. Well MM4 revealed poor permeability, while MM3 revealed
good permeability. The fluid substitution affected rock property significantly. The primary velocity, Vp, slightly decreased
when brine was substituted with gas in wells MM 1, MM2, MM3, and MM4. The shear velocity, Vs, remained unaffected
in all the wells. This study demonstrated how integration of petrophysics and fluid substitution can help to understand the
behaviour of rock properties in response to fluid saturation changes in the Bredasdorp Basin. The integration of these two
disciplines increases the obtained results’ quality and reliability.
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Introduction

The integration of petrophysics and rock physics studies is
significant in the evaluation of well and field development
and to generate subsurface models based on rock properties
(Khan and Rehman 2018). The fluid substitution method
is an important method for predicting elastic properties
of reservoir rocks and their dependence on pore fluid and
porosity. This method makes it possible to predict changes
in elastic response of a rock saturation with different fluids
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(Gommesen et al. 2002). The Gassmann fluid substitu-
tion method is probably the most well-known rock physics
model, and it is used to predict how P and S waves change as
saturation changes (Purnamasari et al. 2014). Modelling the
changes in the elastic properties is possible mainly because
of the huge sensitivity of the bulk modulus to saturation
changes (Bodunde and Enikanselu 2018). In this study,
Gassmann fluid substitution model was applied in well log
and rock physics model. The study’s overall objective was to
calculate the volume of clay (Vcl), porosity, water saturation,
permeability, and hydrocarbon saturation, and the applica-
tion of the Gassmann fluid substitution modelling to deter-
mine the effect of different pore fluids (brine, oil, and gas) on
acoustic properties (compressional velocity, shear velocity,
and density). Additionally, the effect of water saturation on
acoustic properties was also investigated. The field of rock
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physics represents the link between qualitative geological
parameters and quantitative geophysical measurements.
Increasingly over the last decade, rock physics stands out as
a key technology in petroleum geophysics, as it has become
an integral part of quantitative seismic interpretation (Jensen
et al. 2016). Petrophysics is the study of rock principles
and their interactions with fluids (oil, gas, or water) (Rider
2002). Petrophysical interpretation transforms a well’s log

measurements into reservoir properties (e.g. porosity, per-
meability, saturation, mineral component volume, and Vcl)
(Bisht et al. 2013). Petrophysics uses different types of logs
and core plugs and integrates all pertinent information. It
uses wellbore measurements to contribute to reservoir char-
acterisation (Dewar 2001). The reservoir is characterised in
terms of reservoir elements such as structural model, well
data and fluid properties (Dakhelpour-Ghoveifel et al. 2018).
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Fig. 1 Location map of the studied wells in the Bredasdorp Basin (modified after Petroleum Agency of South Africa brochure, 2004/2005)
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Fig.2 No text of specified style in document. Simplified chron-
ostratigraphy of the Bredasdorp Basin (Mudaly et al. 2009)

To produce hydrocarbon in optimum capacity, it is vital to
have comprehensive knowledge about rocks and fluids in
reservoir conditions. The integration of these two disciplines
increases the obtained results’ quality and reliability. The
novelty of this study is to demonstrate how integration of
petrophysics and fluid substitution can help to understand
the behaviour of rock properties in response to fluid satura-
tion changes in the Bredasdorp Basin. No similar studies
have been published in the literature from the study area,
and hence there is the motivation to apply this methodology
in the study area.

This paper focuses on the study carried out on the upper
shallow marine (USM) sandstone reservoirs of five selected
wells (MM1, MM2, MM3, MM4, and MM)5) in the Bredas-
dorp Basin, offshore South Africa. With so much attention
focused on hydrocarbon exploration effort in the Bredasdorp
Basin, the emphasis is increasingly laid on the quality of
the potential sandstone reservoirs. The passive continental
margins of South Africa are practically unexplored, although
some potential is predicted and even proven by the F-O gas
field offshore South Africa. The F-O gas field is classified
as part of USM just below the 1AT1 unconformity. There-
fore, this study investigates the potential of USM reservoirs
across the formation. The integration of petrophysics and
rock physics (Gassmann fluid substitution) was applied on
the USM sandstone reservoirs for reservoir characterisation.

Location and geology of the study area

The study area (Fig. 1) is located within the Bredasdorp
Basin, which covers roughly 18,000 km? underneath the
Indian Ocean along the south coast of South Africa, south-
west of Mosselbay. The Basin is basically filled with upper
Jurassic, lower Cretaceous, marine strata, post-Cretaceous,
and Cenozoic unique rocks (Mudaly et al. 2009). The sand-
stone reservoirs of the Bredasdorp Basin are characterised
by a range of stacked and amalgamated channels. The upper
glauconitic sandstone developed above an unconformity
after a second major marine transgression into the Bred-
asdorp Basin. This was trailed by an overall regressive
phase that was dominated by recurrent progradation. Fig-
ure 2 shows a simplified chronostratigraphy of the Bredas-
dorp Basin zooming into the Upper Shallow Marine (area
within the red rectangle). A detailed chronostratigraphy can
be found in Mudaly et al. (2009). The western and eastern
areas of the gas field region were subjected to essentially
diverse subsidence rates and depositional styles during this
period (Turner et al. 2000). The uniformly thick upper shal-
low marine unit in the east gives way to interbedded marine
and non-marine intervals in the west. The discontinuous
reactivation of faulting leads to exceptionally thick, stacked
cycles and synsedimentary tectonic settings that were preva-
lently vertical in the east and predominantly tilted in the west
(McMilian et al. 1997). It is understood that the reactiva-
tion of the basin margin’s normal faulting at the time may
have been responsible for the second marine transgression.
The upper glauconitic sandstones in the eastern area of the
gas field achieved a thickness of up to 237 m. The glauco-
nitic sandstone sequence is generally composed of blocked
or recurrent, upward coarsening and cleaning units that are
commonly cross-bedded. These sandstones are generally
rich in quartz grains, poor in lithic, and variably glauconitic
(McMilian et al. 1997).

The western gas fields consist of marine components,
which are characterised by a huge abundance of coarse-
grained sandstone and conglomerates, and carboniferous
detritus corresponding with the disappearance of merge
shell debris, compared to eastern sandstones (McMilian
et al. 1997). The upper shallow marines are the best reser-
voirs in the gas field area and possess significant porosities
and permeability.

Dataset and methodology
Data collection and analysis
This study’s data were collected by Schlumberger Service

Company and were provided by the Petroleum Agency of
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Fig.3 Porosimeter instrument used to measure the porosity of the
core plugs

South Africa (PASA). The data provided were as follows:
geophysical wireline logs (LAS format), core plugs, con-
ventional core analysis reports, and geological well comple-
tion reports. Geophysical wireline log data were carefully
arranged, sorted, and prepared for easy access, and were
quality controlled (QC) before being loaded into Interactive
Petrophysics (IP) 4.2 software for display as log curves. The

IP software was used extensively throughout this study for
interpretation and modelling. The wireline log interpretation
included identifying sandstone reservoirs via gamma ray and
density/neutron logs and calculating clay volume, porosity,
water saturation, and permeability.

Clay volume estimation

The Vcl quantity is defined as the volume of the wetted shale
per unit volume of the reservoir rock. The Vel is determined
from the gamma-ray log in a porous reservoir, because clay
is usually more radioactive than sand or carbonate (Jensen
et al. 2013).

The Vcl can be expressed as a decimal fraction or percent-
age. The first step required in determining the Vcl is to calcu-
late the gamma-ray index (IGR). The following linear equation
was used to determine the IGR:

GRlog — GRmin

IGR = -
GRmax — GRmin

ey

where IGR gamma-ray index and GRlog gamma-ray reading
for each zone.

GRmin and GRmax are the minimum (Clean sand) and
maximum gamma-ray values (shale).

Fig.4 Porosity versus perme-
ability multi-well cross-plot

CORE POROSITY vs CORE PERMEABILITY

Core Perrmeability (mi)
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Table 1 Petrophysical parameters (gross thickness, average porosity, average water saturation, average volume of clay, and mean permeability)

for the USM sands using log data from five wells

Well name Zone name Depth (m) Depth (m) Gross (m) AvPhi (%) AvSw (%) AvVcl (%) K (mD)
Top Bottom

MM1 1AT1 3615.5 3685.1 108.7 9.1 18.9 19.8 0.096

MM4 1AT1 4081 4246.7 165.7 8.7 25.5 8.6 0.093

MM5 1AT1 31494 3164.6 9.2 33.9 13.8 1.129

MM2 1AT1 2712.2 2949.6 237.4 15.8 41.6 22.3 1.048

MM3 1AT1 2610.3 2720.4 110.1 16.6 304 17.4 151.8

The value of Vcl obtained was corrected by valid for-
mulae in order to obtain the optimum value usable for an
interpretation. Various nonlinear (correction) equations and
models used to calculate the volume of shale are presented
below.

Larionov (1969) for tertiary rocks

Vsh = 0.083(2*719R — 1) )

. IGR
Steiber (1970) Vsh = ————
eiber (1970) Vs -5 2 IGR 3)

Clavier (1971) Vsh = 1.7 — [3.38 — (IGR + 0.7)]'2  (4)

Determining porosity from wireline logs

Porosity is a rock’s ability to store fluid within its pore
spaces. Porosity was calculated from all three porosity logs
(density, neutron, and sonic). The following formulae were
used to calculate porosity:

Density log porosity
¢=Pma_Pb/Pma_Pf (6)
where P, =fluid density of the mud filtrate (g/cc);

P, =matrix density (g/cc); and P;=fluid density (g/cc);
salt mud =1; and fresh water=1.

Larinov for older rocks Vsh = 0.33 » (22'9% — 1) 5) .
Neutron log porosity
PhiN = Phie x Sxo X PhiNw )
MML {
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Fig.5 Calculated reservoir results of well MM1 showing gamma ray, porosity, water saturation, permeability, and volume of clay in tracks 3, 4,

5, 6, and 7, respectively
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where PhiN =log reading; Phie = effective porosity;
Sxo=water saturation in invaded zone; and PhiNw =log
reading in 100% water.

Sonic log porosity

The porosity from the sonic slowness is different from that of
the density or neutron tool. It reacts to primary porosity only
(it does not react to fractures or vugs). The basic equation for
sonic porosity is the Wyllie Time Average.

@ = Atl,, — Aty /Al — Aty (8)

where At;=time taken to travel through the pore space; and
At,,-time taken to travel through the matrix.

The interval transit time of a formation is increased in
the presence of hydrocarbons. This effect is known as the
hydrocarbon effect. If this effect is not corrected, the poros-
ity calculated from the sonic will be too high. Hilchie (1978)
suggested the following empirical formulae to correct hydro-

carbon effect:

The gas empirical correction was used for this study.

Using laboratory measurements to determine
porosity

The laboratory measurements for porosity were conducted on
177 core plugs. The core porosity determined from tests on the
177 plugs was measured using a helium porosimeter (Fig. 3)
from the state of the art Petrophysics and Basin Analysis Labo-
ratory (PETROLAB) at the School of Marine Geosciences at
the University of Haifa in Israel. Helium porosity determines
the core plug’s grain volume (solid volume). The principle is
based on Boyle—Mariotte’s law. An Excel report template was
provided to calculate the grain volume and the pore volume
based on the input of the sample diameter, weight, and pres-
sure reading on the nanometre. Nitrogen was used as the gas
supply for these measurements. The core porosity measure-
ments were calculated using the following equation:

Pore Volume

P jty = ————8—
orosity Bulk Volume ©)
@ =P . X0.7(Gas); and
® =, X09 Ol Pore Volume =Bulk Volume — Grain volume
MM4
2 z 3 | 4 - T— | B
DEPTH| |, _GR (aP1) vx0. | o.5_PHIIDEC) predicted K (mD) VGR (Dec) N
M FORMATION | ~— |77 core Porosity 000 e Permeabiity © "
L ] ® k] L ] L ] £
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Fig.6 Calculated reservoir results for well MM4 showing porosity, water saturation, permeability, and volume of clay in tracks 4, 5, 6, and 7,

respectively
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Bulk Volume — Grain Volume
Bulk volume

Porosity = (10)
where bulk volume = geometric volume calculated from
diameter and length; grain volume = volume of solid sam-
ple; pore volume = volume of connected pores that can be
invaded by gas; and porosity =the ratio of pore volume to
sample bulk volume.

Boyle—Mariotte’s law is used to calculate grain volume
and pore volume from two measures of the known mass of
nitrogen. The gas is initially held in a reference pressure
container and then expanded into a matrix cup (core holder).

Pref x Vref — Pexp * Vexp
Tref -

Texp an
where Pref =reference pressure (initial pressure);
Vref =reference volume; Tref—reference temperature;
Pexp =expanded pressure (final pressure); Vexp-expanded
volume; and Texp =expanded absolute temperature.

During the experiment, it is assumed that the tempera-
ture will remain constant during a series of measurements.
The measurements were run twice on each core sample to
increase the accuracy of the results, and the average values
were taken as the final measurements.

Water saturation determination

Water saturation is the ratio of water volume to pore vol-
ume (Crain 2014) Determining water saturation from log
curves can be established via two models, namely clean sand
(shale-free) and shaly sand models. The formation of the
area of interest in this study is the shaly sand formation, and
therefore the shaly sand water saturation model was used to
determine the water saturation reading. The water saturation
models used were the Simandoux, and the Indonesia models,
since these models use effective porosity as the input poros-
ity in water saturation models.
Simandoux (1963) proposed the following relationship:

Sw = aRw/2®m — Vsh/Rsh + 1/(Vsh/Rsh)2 + 4 /F « Rw * Rt
(12)
where Sw = water saturation; a =equation coefficient;
Rw =resistivity of water; Rsh =resistivity of shale;
Vsh=volume of shale; F=formation resistivity factor;
Rt=true formation resistivity from corrected deep resistiv-
ity log; @ =effective porosity in fraction; and m =cementa-
tion exponent
The Indonesian formula was proposed in Poupon and
Leveaux (1971). The relationship can be written as follows:

1/\/5 = V@em/a « Rw + Vel V2 /4/Rel Swn/2(13)

MM5
il 2 ‘ 7 j + [ - @ s
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Fig. 7 Calculated reservoir results of MMS5 showing porosity, water saturation, permeability, and volume of clay in track 4, 5, 6, and 7, respec-

tively
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Fig. 8 Calculated reservoir results of MM?2 showing porosity, water saturation, permeability, and volume of clay in tracks 4, 5, 6, and 7, respec-

tively

where Rt=resistivity curve from deep log reading;
Rcl =resistivity of wet clay; ®e =porosity; Sw = water satu-
ration in fraction; Vcl=volume of clay in fraction; Rw =for-
mation water resistivity; m =cementation exponent; a =tor-
tuosity factor and n = saturation exponent.

Permeability determination

Permeability was predicted from the core porosity versus
core permeability cross-plot (Fig. 4), using the regression
equation obtained from the strength of the relationship
between the two parameters. The main goal of the regres-
sion method is to obtain a regression value that is closer to
1 to make the perfect prediction. The regression value of
0.89 was obtained from the cross-plot, and that is to say that
there is a 0.11 error which must be taken into account when
interpreting the calculated permeability log. The following
equation was used:

K=1 O(—4.73744+41 .0922:«Coreporosity) ( 1 4)
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Results and discussion
Quantitative interpretation

A quantitative approach was chosen to interpret the results of
the delineated reservoirs in each well. The summary results
of the computed petrophysical parameters of reservoirs are
presented in Table 1.

MM1 quantitative results

The MMI1 reservoir interval ranged between 3615.5 and
3685.4 m with a gross thickness of 69.9 m. The average Vcl
value of 23.3% indicated that the reservoir is a shaly sand
reservoir. The average water saturation value was calculated
to be 12.2%. The core porosity measurements ranged from
7.42 to 12.29%, with an average porosity of 10.8%. Core
porosity and log porosity were calibrated (Fig. 5) and indi-
cated a good calibration between the two, except for a few
anomalies near the bottom of the reservoir.
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Fig.9 Calculated reservoir results of MM3 showing porosity, water saturation, permeability, and volume of clay in tracks 4, 5, 6, and 7, respec-

tively

MM4 quantitative results

The MM4 reservoir interval ranged between 4081 and
4246.7 m, with a gross thickness of 167.7 m. The average
Vcl value of 8.6% indicated that the reservoir is more of
a clean sandstone reservoir. The average water saturation
value was calculated to be 25.5%. Core porosity measure-
ments ranged between 2.19 and 12.68%, with an average
fair porosity of 8.7%. Core porosity and log porosity were
calibrated (Fig. 6) and showed a good agreement.

MMS5 quantitative results

The MMS reservoir interval ranged between 3149.4 and
3164.6 m, with a gross thickness of 15.2 m. The aver-
age Vcl value of 13.8% indicated that the reservoir is a
shaly sand reservoir. Core porosity measurements ranged
from 3.6 to 12.7%, with an average log porosity of 8.7%.
Core water saturation ranged from 36.6 to 67%, with an
average log water saturation of 33.9%. The discrepancies
between the log water saturation average value and the
core water saturation reading may be because only eight
core plugs were used for core water saturation, whereas
log water saturation covered a large interval, with a

reading recorded at every 15 cm. The core measurements
of porosity and water saturation were calibrated (Fig. 7).
Porosity and permeability showed a fairly poor agree-
ment at some depths, and water saturation showed good
calibration.

MM2 quantitative results

The MM2 reservoir intervals ranged between 2721.2 and
2949.6 m, with a gross thickness of 237.4 m. The aver-
age Vcl value of 22.3% indicated that the reservoir is
a shaly sand reservoir. The core porosity measurements
ranged from 19.43 to 27.65%, with an average log poros-
ity of 15.8%. Core water saturation ranged between 30
and 71%, with an average log water saturation of 41.6%.
Core porosity, core water saturation, and core perme-
ability were calibrated with log measurements (Fig. 8).
Porosity and permeability results showed good calibra-
tion, whereas water saturation showed a fairly poor cali-
bration at the top of the reservoir.
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Fig. 10 Example of shear veloc-
ity quality control (QC) cross- MM3 Shear Ve|0CIty Qc
plot showing the relationship - oy
between Vp and Vs calculated pivs
using the Greenberg and Cast-
agna (1992) relationship model 5000
in the MM3 well
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MM3 quantitative results

The MM3 reservoir interval ranged from 2610.3 to
2720.4 m, with a gross thickness of 110.1 m. The average
Vcl value of 17.4% indicated that the reservoir is a shaky
sand reservoir. The average water saturation value was cal-
culated to be 30.4%. Core porosity measurements ranged
from 11.71 to 22.91%, with an average porosity of 16.6%.
Core porosity and core permeability were calibrated with
the log results and showed a very good agreement between
the two (Fig. 9).

Gassmann fluid substitution modelling

Fluid substitution is an important part of seismic rock phys-
ics because it provides a valuable tool for modelling various
pore fluid scenarios, which might explain the changes in
amplitude variation with offset (AVO) (Smith et al. 2003).
The most common method used in performing fluid sub-
stitution is based on Gassmann’s (1951) work. His method
relates the saturated bulk modulus of the rock to its poros-
ity, the bulk modulus of the porous rock frame, the bulk
modulus of the mineral matrix, and the bulk modulus of the
pore-filling fluids (Gassmann 1951). This method depends
on changing the type of pore fluids in the reservoir intervals
to study the AVO response caused by the new fluid type

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

(El-Bahiry et al. 2017). Gassmann’s relation methods reflect
variations in compressional velocity (Vp) and shear velocity
(Vs) velocities with changes in fluid saturations that have
simple input parameters. The primary inputs are Vp, Vs, and
bulk density, while the matrix bulk modulus (Ko), frame or
dry rock modulus (K*), porosity, and the rock shear modulus
remain constant during the substitution modelling (Smith
et al. 2003; Khan and Rehman 2018).

The Gassmann equation assumes that the rock is homo-
geneous and isotropic and that the pore system must be
connected and fluid must be moveable (Smith et al. 2003).
Reliable results are often obtained for clean sand with high
effective porosity. Unreliable results often occur in low-
porosity or shaley-sands or to carbonate rock. The appli-
cation of Gassmann equation for the USM reservoirs was
relevant because the reservoirs showed a fairly low volume
of shale between 8.6 and 22.3%, and this low volume of clay
qualifies the reservoirs to be considered as possibly cleaner
sandstone. The petrophysical analysis indicated that the res-
ervoirs have good pore interconnectivity (average effective
porosity = 16.6% and average permeability = 151mD). The
Gassmann fluid substitution was performed on the shal-
low marine sandstone reservoirs in the five studied wells
to model the seismic velocity and density at different water
saturation levels (Figs. 11, 12, 13, 14, 15, 16). Before per-
forming the fluid substitution modelling using the Gassmann
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Table 2 Gassmann fluid substitution results of MM1

MM1

Brine

Oil

Gas

Fluid properties

Flushed zone
Density (gm/cc)
Bulk modulus (Gpa)
Velocity (m/s)

Reservoir zone
Density (gm/cc)
Bulk modulus (Gpa)
Velocity (m/s)

Matrix properties

Mineral name
Density (gm/cc)
Modulus (Gpa)
Velocity (m/s)

0.9527
2.3063
1555.9

0.9527
2.3063
1555.9

Quartz
2.65

37
6050

0.6454
0.3249
709.5

0.6454
0.3249
709.5

Wet clay
2.6

21
3140

0.1605
0.0571
596.2

0.1605
0.0571
596.2

Average Gassmann results

Log inputs

Data from interval: 3615.5-3685.4

Log value

Value used

Vp (m/s)

Vs (m/s)

Vp/Vs ratio
Poison ratio
Density (gm/cc)
Quartz (dec)
Wet clay (dec)
Porosity (dec)
Sw (dec)

Sxo (dec)

Flushed zone fluid mixture is gas/brine
Fluid mixing law is 3

Fluid properties
Fluid density (gm/cc)
Fluid modulus (Gpa)
Fluid velocity (m/s)

Dry rock properties
Bulk modulus (Gpa)
Shear modulus (Gpa)
Poison ratio
Modulus ratio (K/u)

4127

2487
1.659
0.215
2.501
1
0
0.076
0.169
0.556

0.601
0..4435
859

20.866
15.468
0.203
1.349

4127
2487
1.659
0.215
2.501
1

0
0.073
0.169
0.556

@ Springer
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Table 3 Gassmann fluid substitution results of well MM35

MMS5 Brine

Oil Gas

Fluid properties

Flushed zone
Density (gm/cc)
Bulk modulus (Gpa)
Velocity (m/s)

Reservoir zone
Density (gm/cc)
Bulk modulus (Gpa)
Velocity (m/s)

Matrix properties

0.9734
2.5625
1622.5

0.9734
2.5625
1622.5

Mineral name Quartz
Density (gm/cc) 2.65
Modulus (Gpa) 37
Velocity (m/s) 6050

0.5961
0.4534
8722

0.2448
0.1152
686.1

0.5961
0.4534
8722

0.2448
0.1152
686.1

Wet clay
2.6
21
3140

Average Gassmann results

Log inputs

Data from interval: 3149.4-3164.6

Log value Value used

Vp (m/s)
Vs (m/s)
Vp/Vs ratio
Poison ratio
Density (gm/cc)
Quartz (dec)
Wet clay (dec)
Porosity (dec)
Sw (dec)
Sxo (dec)
Flushed zone fluid mixture is oil/brine
Fluid mixing law is 3
Fluid properties
Fluid density (gm/cc)
Fluid modulus (Gpa)
Fluid velocity (m/s)
Dry rock properties
Bulk modulus (Gpa)
Shear modulus (Gpa)
Poison ratio
Modulus ratio (K/u)

4433

2709
1.636
0.202 0.202
2.566 2.566
1 1
0 0
0.11 0.044
0.494 0.494
0.364 0.364

4433
2709
1.636

0.733
0.5551
870

23.875

18.53
0.188
1.268

equation, the following input parameters were determined:
(1) the porosity of the rock; (2) the bulk modulus of the pore
fluids; (3) the Ko; and (4) the bulk modulus of the porous
rock frame devoid of any fluids (K*). All these parameters
were determined from the wireline log data analysis, while
porosity was determined from both the wireline log data,
and routinely from the core data. The Gassmann equation
is presented as:
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(-5)

b, (U-¢) K’
Ky t% K2

X

Ky =K'+ (15)

c

The Gassmann equation uses rock frame properties to cal-
culate the effects of fluid substitution on seismic properties.
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Table 4 Gassmann fluid substitution results of well MM4

MM4

Brine

Oil

Gas

Fluid properties
Flushed zone
Density (gm/cc)
Bulk modulus (Gpa)
Velocity (m/s)
Reservoir zone
Density (gm/cc)
Bulk modulus (Gpa)
Velocity (m/s)
Matrix properties
Mineral name
Density (gm/cc)
Modulus (Gpa)
Velocity (m/s)

0.9496
2.2513
1539.7

0.9546
2.3465
1567.9

Quartz
2.65
37
6050

0.6276
0.2708
656.9

0.5976
0.3352
748.9

Wet clay
2.6
21
3140

0.1514
0.055
602.5

0.2017
0.0856
651.5

Average Gassmann results

Log inputs

Data from interval: 4081-4256.7

Log value

Value used

Vp (m/s)
Vs (m/s)
Vp/Vs ratio
Poison ratio
Density (gm/cc)
Quartz (dec)
Wet clay (dec)
Porosity (dec)
Sw (dec)
Sxo (dec)
Flushed zone fluid mixture is gas/brine
Fluid mixing law is 3
Fluid properties
Fluid density (gm/cc)
Fluid modulus (Gpa)
Fluid velocity (m/s)
Dry rock properties
Bulk modulus (Gpa)
Shear modulus (Gpa)
Poison ratio
Modulus ratio (K/u)

4598
2842
1.618
0.191
2.581
1
0
0.05
0.2723
0.729

0.733
0.9044
1111

23.339
20.849
0.167
1.167

4598
2842
1.618
0.191
2.581
1

0
0.036
0.273
0.729
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Table 5 Gassmann fluid substitution results of well MM3

MM3 Brine Oil Gas
Fluid properties
Flushed zone
Density (gm/cc) 0.9903 0.6206 0.223
Bulk modulus (Gpa) 2.6441 0.4071 0.0848
Velocity (m/s) 1634 809.9 616.6
Reservoir zone
Density (gm/cc) 0.9924 0.6202 0.2253
Bulk modulus (Gpa) 2.6581 0.4103 0.0856
Velocity (m/s) 1636.6 813.4 616.4
Matrix properties
Mineral name Quartz Wet clay
Density (gm/cc) 2.65 2.6
Modulus (Gpa) 37 21
Velocity (m/s) 6050 3140
Average Gassmann results
Log inputs
Data from interval: 2610.3-2720.1
Log value Value used
Vp (m/s) 4034 4034
Vs (m/s) 2388 2388
Vp/Vs ratio 1.689 1.689
Poison ratio 0.23 0.23
Density (gm/cc) 2.426 2.426
Quartz (dec) 1 1
Wet clay (dec) 0 0
Porosity (dec) 0.142 0.104
Sw (dec) 0.122 0.122
Sxo (dec) 0.362 0.362
Flushed zone fluid mixture is gas/brine
Fluid mixing law is 3
Fluid properties
Fluid density (gm/cc) 0.501
Fluid modulus (Gpa) 0.2065
Fluid velocity (m/s) 642
Dry rock properties
Bulk modulus (Gpa) 20.655
Shear modulus (Gpa) 13.838
Poison ratio 0.226
Modulus ratio (K/u) 1.493
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Table 6 Gassmann fluid substitution results of well MM2

MM2

Brine

Oil

Gas

Fluid properties
Flushed zone
Density (gm/cc)
Bulk modulus (Gpa)
Velocity (m/s)
Reservoir zone
Density (gm/cc)
Bulk modulus (Gpa)
Velocity (m/s)
Matrix properties
Mineral name
Density (gm/cc)
Modulus (Gpa)
Velocity (m/s)

0.9828
2.5546
1612

0.9828
2.5546
1612

Quartz
2.65
37
6050

0.6446
0.3953
783.1

0.6446
0.3953
783.1

Wet clay
2.6
21
3140

0.1851
0.0613
572.4

0.1851
0.0613
572.4

Average Gassmann results

Log inputs

Data from interval: 2712.2-2949.8

Log value

Value used

Vp (m/s)
Vs (m/s)
Vp/Vs ratio
Poison ratio
Density (gm/cc)
Quartz (dec)
Wet clay (dec)
Porosity (dec)
Sw (dec)
Sxo (dec)
Flushed zone fluid mixture is gas/brine
Fluid mixing law is 3
Fluid properties
Fluid density (gm/cc)
Fluid modulus (Gpa)
Fluid velocity (m/s)
Dry rock properties
Bulk modulus (Gpa)
Shear modulus (Gpa)
Poison ratio
Modulus ratio (K/u)

4335

2630
1.648
0.209
2.455
1
0
0.104
0.512
0.593

0.658
0.582
940

22.64

16.989
0.2
1.333

4335
2630
1.648
0.209
2.455
1

0
0.098
0.512
0.593

@ Springer



798 Journal of Petroleum Exploration and Production Technology (2020) 10:783-803

MM1
1| 2 ' 3 [ s ' 7 ' 8 [ 9
i | RHOB|g/cc 2 AR ) 3 ‘ is 10( ’
e E =
Rho_100 (g/cc) . P il IS Al_res (g/cc.Km/s) Pois_res
Rho_res (g/cc) Vp_res{m/sec) Vs_res{m/sec)
3600 |
3620
R
e
s
3640 =
r
v
3650 o
i
r
3680

Fig. 11 Elastic impedance logs for MM1 well showing the calculated parameters (Vp, Vs, Al, and poison ratio) at different saturation levels
(100% water saturation and gas) in the reservoir intervals
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Fig. 12 Elastic impedance logs for MM3 well showing the calculated parameters (Vp, Vs, Al, and poison ratio) at different saturation levels
(100% water saturation and gas) in the reservoir intervals
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Fig. 13 Elastic impedance logs for MM5 well showing the calculated parameters (Vp, Vs, Al, and poison ratio) at different saturation levels

(100% water saturation and gas and oil) in the reservoir intervals

This procedure requires that the effect of the initial fluid
be removed before modelling the new fluid. The input data
(density, water saturation, invaded zone water saturation,
and Vclay) were obtained from the reservoirs’ petrophysi-
cal analyses, whereas Vp and Vs were obtained from the
Greenberg and Castagna (1992) method. The shear veloc-
ity versus compressional velocity quality control cross-plot
is presented in Fig. 10. The Greenberg-Castagna sandstone
trendline was used for lithology identification within the
reservoir. From Fig. 10, it could be observed that a clus-
ter of points aligned with the sandstone trendline and this
indicates that a large portion of the reservoir is a sandstone.
Three fluid substitution models (brine, oil, and gas) were
determined for pure sandstone and were used to measure
the behaviour of the different sandstone saturations. The
results of the saturation models are presented in Tables 2,
3,4, 5, and 6. The fluid substitution cross-plots (Fig. 16a—e)
give a clear indication of the relationship between veloci-
ties (Vp and Vs), densities, and water saturation. The Vp in
MMS5 (Fig. 16a) showed a drastic increase in velocity, with
water saturation displaying a steep slope from 0% to 100%
water saturation. Well MM3 showed a gradual decrease in
Vp below 70% water saturation before increasing drastically
from 80% water saturation onwards (Fig. 16e). Well MM 1

(Fig. 16b) showed a similar trend to MM3, but with a less
gradual decrease in Vp below 70% water saturation. Well
MM4 (Fig. 16d) showed a lower Vp below 70% water satu-
ration and an increase from 75% to 100% water saturation.
The Vp in MM2 (Fig. 10c) showed a drastic decrease in Vp
below 80% water saturation, before drastically increasing
from 81% onwards showing a very steep.

A significant decrease was observed in the Vp when the
initial water saturation was substituted with hydrocarbon (oil
or gas) in all the wells. The value of density decreased quite
visibly in all the wells when the brine (100% water satura-
tion) was substituted with gas or oil.

The fluid substitution affected the rock properties signifi-
cantly. The rock physical properties (Vp, Vs, and density)
changed, depending on the level and type of pore fluid satu-
rations. The average Gassmann results are listed in Tables 2,
3,4, 5, and 6. The poison ratio ranged from 0.167 to 0.226,
as indicated in Figs. 11, 12, 13, 14, 15, and 16 and Tables 2,
3,4, 5, and 6. The dry rock properties (bulk modulus, shear
modulus, poison ratio, and modulus) for the five wells
showed different values, indicating the differences in the
compaction level of clastic rocks in the study area.

The Vp slightly decreased when brine was substituted with
water in wells MM1, MM2, MM3, and MM4. Well MM5
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Fig. 14 Elastic impedance logs for MM4 well showing the calculated parameters (Vp, Vs, Al, and poison ratio) at different saturation levels

(100% water saturation and gas) in the reservoir intervals

contained both oil and gas and therefore showed a notable
decrease from brine to oil and from oil to gas, respectively.
The Vs remained unaffected in all the wells. The acoustic
impedance (AI) logs showed a significant decrease from 100%
water saturation to gas saturation in MM3, and slight decrease
in MM1, MM2, and MM4. A slight decrease in acoustic
impedance was also observed from 100% water saturation
to oil and from oil saturation to gas saturation in well MMS5.
The change in the acoustic impedance contrast was caused
by the change in density and Vp (Al being the product of Vp
and density).

Summary and conclusions

The characterisation of the USM sandstone reservoir units
encountered in five wells was made possible by integrating
rock physics and petrophysics through a detailed analysis
and interpretation of well logs and core data within the qual-
ity limits and the amount of available data.
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The gamma-ray log was used to delineate five potential
reservoirs—one reservoir per well. The results showed
the delineated reservoir intervals having average effective
porosity ranging from 8.7% to 16.6%, indicating a fair to
a good quality reservoir. The average Vcl, water satura-
tion, and permeability values ranged from 8.6%—22.3%,
18.9%—41.6%, and 0.096mD-151.8mD, respectively.
The distribution of the petrophysical properties across
the field was clearly defined with MM2 and MM3 show-
ing good porosity, and MM 1, MM4, and MMS5 showing
fair porosity. Well MM4 showed poor permeability, and
MM3 showed good permeability.

The Gassmann equation, using rock frame properties,
was used to calculate the effects of fluid substitution on
seismic properties.

Three fluid substitution models (brine, oil, and gas) were
determined for pure sandstone and were used to measure
the behaviour of the different sandstone saturations. A
significant decrease was observed in Vp when the initial
water saturation was substituted with the hydrocarbon
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(oil or gas) in all the wells. The density values decreased
quite visibly in all the wells when the brine (100% water
saturation) was substituted with gas or oil.

Fluid substitution significantly affected rock property.
The Vp decreased slightly when brine was substituted
with gas in wells MM 1, MM2, MM3, and MM4. Well
MMS contained both oil and gas and therefore showed

Fig. 15 Elastic impedance logs for MM2 well showing the calculated parameters (Vp, Vs, Al, and poison ratio) at different saturation levels
(100% water saturation and gas) in the reservoir intervals

a notable decrease from brine to oil and from oil to
gas respectively. The Vs remained unaffected in all the
wells. The acoustic impedance logs showed a significant
decrease from 100% water saturation to gas saturation
in MM3, and a slight decrease in MM1, MM2, and
MM4.
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Fig. 16 Fluid substitution cross-plots of a MM5, b MM1, ¢ MM2, d MM4, and e MM3 showing changes in VP for the reservoir intervals in five
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