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Abstract 
The time lapse gravity method is a widely used technique to monitor the subsurface density 
changes in time and space. In hydrocarbon reservoirs, the density variations are due to different 
factors, such as: substitution of fluids with high density contrast, water influx, gas injection, and 
the variation in reservoir geomechanical behavior. Considering the monitoring of saturation 
changes in the reservoir that cannot be inferred directly by seismic survey, a forward modelling 
followed by a sensitivity study is performed to examine that in what conditions the saturation 
changes are detectable by means of 4D gravity method in the understudy reservoir. Then static and 
dynamic models of a giant multi-phase gas reservoir are constructed. Then, synthetic gravity data 
are generated after variation of production time intervals and the number of production and 
injection wells. In addition to detecting the gravity signal for shallower reservoirs with similar 
characteristics to our reservoir, a sensitivity analysis was conducted for variation in depth of the 
reservoir. As either the depth of the reservoir decreases or the number of the production wells and 
production time periods increases, the produced gravity signal is more prone to be detectable by 
means of modern offshore gravimeters. The gravity signal could be detected with the maximum 
magnitude range of 9 -	40	μGal in different scenarios as a consequence of gas-water substitution, 
which is consistent with water drive support from surrounding aquifers. Therefore, this method is 
applicable for providing complementary and even independent source of information about the 
saturation front changes in the under-study reservoir. 
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1. Introduction 
The main objective of time-lapse (4D) 
gravimetry is to determine the spatio-
temporal changes of the Earth’s gravity field 
by implementation of repeated gravity 
measurements (Glegola et al., 2009). 
Nowadays, with advancements in data 
acquisition and data processing procedures, a 
μGal-level measurement precision is 
achievable (Glegola et al., 2009). 
On a local scale, variations in the gravity 
field can be caused by subsurface mass 
redistributions resulting from hydrocarbon 
reservoir production, reservoir and 
overburden deformation, water table changes, 
and substitution of fluids with each other due 
to factors such as natural causes, production 
and/or injections (Eiken et al., 2008; 
Stenvold et al., 2008; Tempone et al., 2012). 
Therefore, improved precision of 4D 
gravimetric observations have made it a 
potential technique to provide useful 
information about these phenomena changes 

in the reservoir. 
Recent feasibility studies on synthetic and 
real case studies have shown that time-lapse 
gravimetry is a potent monitoring technique 
to reveal valuable information on reservoirs, 
which contains fluids with high density 
contrast, such as: gas-water or steam-oil 
(Hare et al., 2008; Gelderen et al., 1999). For 
instance, Gelderen et al. (1999) showed 
gravimetric observations during 18 years of 
production (1978-1996) of the large 
Groningen gas field in the Netherlands. The 
gravity effect of mass extraction of produced 
gas could be detected. Ferguson et al. (2007) 
described the application of 4D gravity 
methodology for monitoring water injection 
in an arctic environment at the Prudhoe Bay 
reservoir located in Alaska. They came to the 
point that with the current technology the 
repeated surface gravity measurements can 
be applicable for water influx monitoring 
even for moderate-size gas reservoirs (∼ 23 
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2. Theory and methodology 
The total gravity change,	∆g  at an 
observation point	P (x , y , z ), can be 
expressed as the sum of four terms (Tempone 
et al., 2012): ∆g (P )=	∆g + ∆g  + ∆g  + ∆g          (1) 

where ∆g  is the change in gravity due to 
the fluid mass replacement in the reservoir 
formation, ∆g  is the change in gravity due 
to the change in ground elevation, ∆g  is 
the change in gravity due to the subsurface 
deformation, and ∆g  is the change in 
gravity due to the change in height of the 
groundwater-table.  
In the present study, we put the spotlight on 
determination of gravity changes due to the 
fluid substitutions (the first term in the right 
hand-side of Equation (1)). 
 
2-1. Sensitivity assessment 
It is required firstly to have a rough 
perspective on the sensitivity of gravity 
monitoring for the reservoir under study. 
Depth, horizontal extension, and the density 
contrast between reservoir fluids play an 
important role in this context. By considering 
a cylindrical geometry for the reservoir, the 
gravity signal is calculated by (Stenvold et 
al., 2008): ∆g = 2π∆ρG 1 − h			               (2) 

where ∆g is the change in gravity on the axis 
of the cylinder at a height z above the center 
of the cylinder, ∆ρ is the change in density of 
the cylinder, h is the cylinder height, r is 
horizontal extension radius, and G	is 
Newton’s gravitational constant. According 
to Taherniya et al. (2013), the minimum 
magnitude of radius to depth ratio ( ) for our 

reservoir is about 9 and the fluid density 

contrast is 884.327	 , hence using 

Equation (2) we can detect a gravity signal of 0.3	 	
 magnitude. Such magnitude can be 

easily detected by common gravimeters; 
therefore, the gravity technique could be used 
for monitoring fluid contact movements.   
 
2-2. Time lapse micro-gravity signal 
The z component of total time lapse gravity 

effect for a three-dimensional object in any 
(x,y,z) coordinate on the surface is calculated 
by (Sarkowi et al., 2005): 
 ∆g (x, y, z, ∆t) =    ∆ ( , , ,∆ )( )( ) ( ) ( ) dαdβdγ   

  (3) 
 

where	∆g (x, y, z, ∆t), ρ = (α, β, γ) are time 
lapse microgravity at (x, y, z) and density 
mass distribution at any point of (	α, β, γ) in 
the target location, respectively.  
When the reservoir is discretized into finite 
blocks, the time lapse gravity anomaly which 
is denoted by ∆g ,  at station j caused by a 
density change ∆ρ  in ith cell of the reservoir 
at the time k is expressed as (Stenvold et al., 
2008): ∆g , = ∆ ,( ) G                                    (4) 

where z  is the vertical distance (depth), r  is 
the horizontal distance, V  is the cell volume, 
and G is the Newtonian gravitational 
constant. 
The bulk density changes of ith grid cell can 
be calculated as: ∆ρ , = ρ , − ρ ,                                      (5) 

where  ρ = ∅ ρ + 1 − ∅ ρ 				                        (6) 

where φ denotes the porosity, ρ  is the fluid 
density, and ρ  denotes the rock matrix 
density. 
For a three-phase system, the fluid density is 
determined from: ρ = ρ S + ρ S + ρ S                          (7) 

where S denotes saturation and subscripts o, 
g, and w represents oil, gas, and water, 
respectively. According to Equation (4), it is 
clear that the time-lapse gravity variation is 
proportional to bulk density changes. 
Therefore, with the higher porosity and 
higher difference in phase densities and 
saturation changes, a larger gravity variations 
would be expected. As a consequence, 
reservoir processes involving fluids with high 
density contrast (e.g., gas versus water) are 
potential targets for gravimetric monitoring. 



56             

3. Case 
The are
located 
dynamic
construc
around 
horizont
propertie
gravimet
reservoir
 

Table 1. 

Horiz

 

3-1. Stat
Construc
one of 
reservoir
producti
depends 
petrophy
availabil
an essen
reservoir
model c
main st
Stratigra
modellin
modellin
 
3-2. Dyn
In dyna
 

Figure 2. 
p

                       J

study  
a under stu
in south o

c models o
cted. The de3500 mete
tal extensio
es make it 
tric monito
r parameters 

General prope
study. 

Attribute 

Thickness 

Depth 

zontal extensi

Rock type 

tic modellin
ction of the 
the most im

r studies. 
on capacity

on its ge
ysical charac
lity of a repr
ntial input of
r modelling 
onstruction 
tages as: 

aphic mo
ng, and 
ng (Emami N

namic mode
amic mode

The scheme of 
production (200

Journal of the 

udy is a gia
of Iran. The
of the res
epth of the 
ers, and it
on, and p

a potentia
oring. Some

are listed in 

erties of the r

Qu

3

3

ion 15

car

ng  
static reserv
mportant ph
It is prove

y of a rese
eometrical/str
cteristics. Th
resentative st
f the subsequ

process. Sta
commonly i
 Structural
odelling, 
Petrophysica

Niri and Lum

elling 
elling, the 

f relationship be
00-2030) with p

Earth and Sp

ant gas field
e static and
ervoir were
reservoir i

ts thickness
etro-physica

al target fo
e of these
Table 1. 

reservoir unde

uantity 

338m 

3500m 

*21 km 

rbonate 

voir model i
hases of the
en that the

ervoir highly
ructural and
herefore, the
tatic model i
uent dynamic
atic reservoi
includes fou
 modelling

Lithofacie
al property

mley, 2016). 

prerequisite

etween water sa
porosity (∅) thr

ace Physics, V

d 
d 
e 
s 

s, 
al 
r 
e 

er 

s 
e 
e 
y 
d 
e 
s 
c 
r 

ur 
g, 
s 
y 

e 

info
of 
mo
two
and
are
 

- D
- PV
- C
- R
fun
- W
 

In t
wat
infl
surr
in t
The
cha
afte
wit
acc
Fig
den
dire
resu
yea
The
are 
 

T

R

aturation change
roughout the re

Vol. 44, No. 4, W

ormation r
reservoir w
del. The f

o-phase flow
d required d
: 

ensity at sur
VT relations 
onstant gas r

Relative per
nctions of wa
Water – gas ca

the case stud
ter-drive gas
lux mecha
rounded aqu
the simulatio
e relationsh
anges (∆S )
er 30 years
th porosity 
cording to Eq
gure 2. As it
nsity contrast
ect relations
ultant water
ars of produc
e fluid prop
mentioned i

Table 2. Reserv

Reservoir pr
Reservoir temp

Gas density

Water densi

es (∆ ) and d
servoir. 

Winter 2019 

related to 
ere extracte
focus was 
w with wat
data for desc

face conditio
(volume fac

resolution fac
rmeability’s
ater saturation
apillary pres

dy, we deal w
s field, in w

anism is 
uifers and sh
on.  
ip between ) and dens

s of produc(∅) through
quations (5) 
t is demonstr
t throughout
ship with p
r saturation 
ction.  
perties at res
in Table 2. 

oir conditions a

ressure (Pa) 
perature ( )
y (Kg m ) 

ty (Kg m ) 

ensity changes	

the stru
d from the 
on the cas
ter and dry
cribing the 

ons 
ctors, viscosi
ctor 
krw and k

n 
sure 

with a multi-
which the w
occurring 

hould be inc

water satu
sity changes
ction (2000-
hout the res
to (7) is sho
rated in Figu
t the reservo
porosity and
variations 

servoir cond

and fluid proper

36404
 102.

282

1166.

(∆ ) after 30 y

 

ucture  
static 

se of  
y gas  
fluids 

ity) 

krg as 

-phase 
water-

from 
cluded 

uration 
s	(∆ρ) 
-2030) 
ervoir 

own in 
ure 2, 

oir has 
d the 
in 30 

ditions 

rties. 

4544 
.22 

2 

.327 

 
years of 



Sensitivity analysis of time lapse gravity for monitoring fluid saturation changes in …                    57 

 

 
 

3.3. Dataset calculations 
During gas production intervals, the reservoir 
pressure declines and the water influx  
from surrounding aquifer happens. As a 
result, after pressure decline the water- drive 
energy inclines to compensate the pressure 
drop. Therefore, the water saturation 
increases and as a consequence of high 
density contrast between gas and water, it 
would be expected to have positive gravity 
signal on the surface. The synthetic gravity 
data were calculated on a grid with 41*37 
cells wherein the data spacing was 696 m in 
the x direction and 649 m in the y direction. 
The reservoir was subdivided into 46376 
block cells (31*44*34 in x, y, and z 
directions). On each grid point on the 
surface, the gravity effect of each cell was 
calculated. Subsequently the accumulative 
gravity signal of all reservoir blocks was 
calculated by adding the effects of each cell. 
The base time for monitoring was set to year 
2000 with which the density variations and 
their corresponding gravity anomalies were 
compared.  
 
4. Results  
Three scenarios were contrived to investigate 
the changes in achieved gravity signals. The 
number of production wells, depth, and 
production time intervals vary amongst 
different scenarios.  
 
4-1. First scenario 
This scenario deals with 10 production  
wells and considers the depth of reservoir  
to be 3500 m. The time intervals of  
three gravity survey and the periods  
of production from the reservoir are 8,  
15, and 30 years started from 2000. Even 
though there is a large distance between  
the target and gravity acquisition data points, 
which is considered as a bottleneck  
in potential techniques, the maximum  
of acquired gravity signal for 15 and 30 years  
 

of production are 7 and 9 microgal 
respectively. These signals can be detected 
by state of the art offshore gravimeters. 
However, for eight years of production, the 
maximum of gravity signal is 4 microgal 
which is close to the noise threshold. In this 
scenario for 10 production wells (A, 
B,……..J), the gravity anomaly has been 
observed in N-E and South of the reservoir 
(Figure 3). 
Although the investigation was implemented 
on a specific reservoir, we have decreased the 
depth of reservoir to see the strength of 
gravity technique for the same shallower 
reservoirs. Moreover, three of production 
wells (A, H, and G) are deactivated for the 
second scenario.  
 
4-2. Second scenario 
This scenario deals with seven production 
wells and considers the depth of reservoir to 
be 2000 m. The maximum gravity signals for 
8, 15 and 30 years of production from the 
base time ( = 2000) are 11, 16, 20 
microgal. In spite of decreasing the distance 
between reservoir and surface, in comparison 
with previous scenario, the reduction of 
production wells caused the gravity signal to 
be opaque on the south of reservoir (Figure 
4).  
 
4-3. Third scenario  
In this scenario, the number of production 
well was not manipulated. However, the 
depth of reservoir was decreased to 1500 m. 
As demonstrated in Figure 5, the maximum 
of gravity anomalies for 8, 15, and 30 years 
varies between 30 to 40 microgal. 
Additionally, the resolution of signals has 
improved, and maximum gravity anomalies 
of 10 and 15 microgal were detected in East 
and South of reservoir respectively. Besides, 
the aforementioned gravity anomaly in the 
North of reservoir differentiated into two 
parts. 
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4.4 Discussions 
Time lapse microgravity modelling was 
tested over the giant gas field through 
different scenarios. As the production time 
and the number of the production wells 
increase, and the reservoir depth decreases, 
the gravity signal could be more detectable. 
Although we have done the sensitivity study 
on a specific reservoir, we consider the depth 
variable to see the gravity signal for similar 
shallower reservoir. For all scenarios, the 
achieved gravity signal seems likely to be 
detected by state-of-the-art seafloor 
gravimeters. By increasing the production 
wells, it is logically expected to gain a much 
more significant signal. That’s why the 
strength of fluid substitution is intensified. 
The detection of fluid movements provides 
valuable information on aquifer support 
which is strong on the north-east of reservoir, 
lateral compartmentalization and 
permeability. The effect of water substitution 
on gravity signal in Southern and Eastern 
part of reservoir at real depth is not 
detectable. However, these signals could be 
detected in other scenarios. 
It should be taken into account that we deal 
with an infinitesimal density changes due to 
fluid saturation variations which cannot be 
directly inferred from seismic investigations. 
Therefore, for this gas filed, it is highly 
recommended to integrate time lapse gravity 
and time lapse seismic for having a holistic 
interpretation about the subsurface events at 
reservoir life. The reservoir is a highly 
potential target for performing some skillful 
manoeuver like investigating its 
geomechanical behavior based on gravity 
monitoring, which is in to-do list of the 
authors for the near future.  
It should be noted that for the depths greater 
than 3500 m, special circumstances (such as: 
increasing the production rate and production 
wells, and stronger water drive support from 
surrounding aquifer) should be provided for 
applicability of gravity technique. 
 
5. Conclusion 
Gravity monitoring for hydrocarbon 
reservoirs is under the influence of target 
characteristics such as: depth, thickness, 
horizontal extension, cementation, 
permeability, porosity, temperature and 
pressure of the reservoir. In the present 

sensitivity study of monitoring the saturation 
changes in a giant gas field, in spite of 
enormous distance between the target and 
grid points on the surface, reservoir 
characteristics were suitable enough to result 
in detectable signals in all scenarios. By 
increasing the number of production wells 
from 7 to 10 and also decreasing the depth of 
reservoir, the magnitude of time-lapse gravity 
signals would increase. The maximum of 
gravity signal is acquired on the location of 
reservoir where the fluids have high mobility. 
The positive achieved gravity signal 
corresponds to the rising gas-water contact. 
The results indicate that in the north-east of 
the reservoir, there are strong aquifer support 
as a consequence of pressure depletion. 
Moreover, the detection of fluid movements 
provides valuable information on lateral 
compartmentalization and permeability in 
this reservoir. 
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