RESEARCH COMMUNICATIONS

Gravity inversion of 2.5D faulted beds
using depth-dependent density
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A gravity inversion using Marquardt algorithm to
simultaneously estimate four parameters of a 2.5D
faulted bed in addition to regional gravity background
is presented. The density contrast along the structure
varied continuously with depth based on a parabolic
function. Analysis of gravity anomalies over a syn-
thetic fault structure using the present inversion
unravelled the fact that the estimated parameters of a
fault structure were independent of its strike length,
as long as the profile bisected the fault plane. In case
the profile failed to bisect the strike length, then the
offset of the profile from the origin of the fault plane
must be considered for reliable interpretation. A simu-
lated parabolic density function of the Chintalpudi sub-
basin in India, was used to interpret the gravity
anomalies of the Aswaraopet master fault. The esti-
mated structure yielded a geologically plausible model
that is consistent with borehole information.

Keywords: [ault structure, inversion, parabolic density
function, strike length.

GRAVITY anomalies with a step-like appearance are often
attributed to fault structures'. Interpretation of gravity
anomalies due to such structures is then tantamount to
solving four parameters, namely the depths to the top and
bottom of the fault structure, angle of the fault plane and
also locating its origin. Even though forward modelling
schemes to compute gravity anomalies due to 2D objects
with constant density are available?, the practical utility of
such schemes is limited because (1) the density of sedi-
mentary rocks varies with depth®'® and (2) the para-
meters of a source body are not known in advance.

Because the strike lengths of many fault structures are
often finite (2.5D) in nature® and also due to the fact that
the density contrast varies with depth, 2.5D inversion
schemes that use variable density models to simultane-
ously estimate both the parameters of the anomalous mass
as well as regional background are often preferable than
2D strategies'"'? to analyse the observed gravity ano-
malies.

In this communication, two mathematical strategies
have been developed, namely a forward modelling to
compute the gravity anomalies of a fault structure having
finite strike length using the parabolic density function
(PDF)!'*"?| followed by an inversion to simultaneously
estimate its parameters as well as regional gravity back-
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ground. The efficacy of the inversion has been demon-
strated with both theoretical and field gravity anomalies.
Let the z-axis be positive downward, with the x-axis
transverse to the strike of a 2.5D faulted bed (Figure 1).
Let z7 and zp be the depths to the top and bottom of the
faulted bed, with i being the angle of the fault plane. Fur-
ther, let the profile AB runs through the origin O(0, 0),
along the x-axis and bisects the strike length 2V of the
fault structure along the y-axis. The gravity anomaly gs(x,,)
at any point, P(x,, 0) on the profile can be expressed as,

g (%,,,0)=2G [ ApO)T; +T5}dv, (1

T
LY

where 7, =tan"' —, and
1%

T = tan”! Y(x,, +(v—2zp)coti)

v\/(xm +(v—zT)coti)2 +v? 47?2

Here (5 1s the universal gravitational constant and Ap(v)
1s the density contrast at any depth z = v, as represented
by the parabolic density function'*"?

Ap(v)=— 0 @)
(Apy —av)”

Here Ap, is the density contrast extrapolated to the
ground surface and « is a constant which can be obtained
by fitting eq. (2) to the known subsurface geological
information'""?.

It is to be noted that eq. (1) is strictly valid for the pro-
file AB, which runs across and bisects the strike length 21
of the fault plane (Figure 1). In case the profile runs at an
offset s from the origin of the fault plane along the y-axis
(shown as A'B" in Figure 1), then the anomalous field
along the profile can be calculated by substituting ¥ +s
and ¥ —s for ¥ in eq. (1), and taking the average. The

Figure 1.

Geometry of a 2.5D faulted bed.
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effect of offset s is illustrated with two gravity profiles
EE'" and FF' that are generated at s = 0 km and s = 40 km
over a 2.5D faulted bed (Figure 2). It can be seen from
Figure 2 that the magnitude of the gravity anomaly over a
fault structure is dependent on the offset of the profile,
and the fact that the present inversion is also dependent
on the magnitude of the anomalous field necessitates con-
sidering the offset as a significant parameter in the inter-
pretation for reliable results.

In case of a concealed fault, the origin of the fault
plane O(0, 0), also becomes an unknown parameter. If D
is the distance of the origin O(0, 0) from an arbitrary re-
ference point R on the profile (Figure 1) and X, is the
distance of the point of observation P(x,,, 0) from R, then
by substituting %, (where x,, =X, —D) for x,, in eq. (1)
1s tantamount to calculating the gravity anomaly with
respect to R. Here, the measurement interval of observa-
tion 1s considered with respect to a reference point R on
the profile.

Further, the gravity anomaly of a faulted bed can seldom
be isolated perfectly from the interference of neighbour-
ing sources and sometimes such interference can be de-
scribed with a second order polynomial'!. In the presence
of regional gravity background, eq. (1) takes the form

B
g (%,.0)=2GAp] | .

2
an
{1 +71, ydv+ Zanx
z (APO —av) n=0

m?

3)

where a,, n =0, 1, 2 are coefficients of the polynomial.

Inversion of gravity anomalies is an optimization pro-
cedure to estimate four shape parameters, namely zr, zp,
D and i of a 2.5D faulted bed in addition to three coeffi-
cients of the polynomial, by fitting eq. (3) to the observed
gravity anomalies in least squares approach using Mar-
quardt algorithm'’. The application of Marquardt algorithm
was described by Murthy' and Chakravarthi'®. In this
case the system of normal equations is given by

Nay 7, 0g (%,) g (%,)
3 L (146, A)da,
m=1 j=1 aa.f’ o 7
Nogps . n ag] ('%m ) N
= Z[gobs(xm)_g/-(xm)]i’ j=L..7 @
m=1 l aaj’

where da;, j=1, 2,...,7 are improvements to the four
parameters of the fault structure and three coefficients of
the regional anomaly respectively. Here A is the damping
factor. The partial derivatives in eq. (4) are calculated by
a numerical approach. The seven improvements solved
using eq. (4) are added to or subtracted from the existing
parameters until (i) the specified number of iterations
is completed, or (ii) the misfit'* falls below a predefined
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Figure 2. Gravity anomalies along two profiles, one passing through

the origin (EE') and the other running at an offset s = 40 km, (FF'') of a
theoretical fault model.
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Figure 3. Interpretation of gravity profile EE' both with and without

regional background.
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Table 1.  Analysis of gravity profile £E ' both with and without regional background for different initial models. Interpreted parameters of field
gravity data are also shown
Initial parameter Interpreted parameter Misfit function
Model Structure zy(km)  z(km) D (km) i(degree) z; (km) z; (km) D (km) i (degree) Initial Final
I* 22D 1.0 4.5 19.0 40 2.0 6.0 21.0 60 341.0 0.0
2D 1.0 4.5 19.0 40 2.0 6.0 21.0 60 373.0 0.0
11 22D 0.2 3.0 15.0 30 2.0 6.0 21.0 60 2902.0 0.0
2D 0.2 3.0 15.0 30 2.0 6.0 21.0 60 2982.0 0.0
With regional background
I* 22D 1.0 45 19.0 40 2.0(-2.0) 6.0 (4E-4) 21.0 (1E-6) 60 117.0 0.0
2D 1.0 4.5 19.0 40 2.0(-1.9) 6.0 (17E-4) 21.0 (1E-6) 60 124.7 0.0
I 2'"D 0.2 3.0 15.0 30 2.0 (-2.0) 6.0 (4E-4) 21.0 (1E-6) 60 1889.0 0.0
2D 0.2 3.0 15.0 30 2.0 (-1.9) 6.0 (17E-4) 21.0 (1E-6) 60 1947.0 0.0
Field example
I 2D 0.05 1.5 20.0 70 0.23(0.36) 3.0 (-0.09) 19.8 (2E-3) 148 250.2 0.9
2D 0.05 1.5 20.0 70 0.22(0.71) 2.8 (-0.08) 19.8 (2E-3) 150 204.5 0.8
11 2D 0.2 2.2 19.5 90 0.24 (0.36) 3.0 (-0.09) 19.8 (2E-3) 148 154 0.9
2D 0.2 2.2 19.5 90 0.21(0.71) 2.8 (-0.08) 19.7 (2E-3) 150 118 0.7

*Shown graphically in Figure 3. "Shown graphically in Figure 5.
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Figure 4. Interpretation of gravity profile FF'' both with and without
regional background.

allowable error, or (ii1) the damping factor attains an un-
usually large value.

Figure 3 shows the interpretation of the gravity profile
EE'. To invert the anomaly (Figure 3 a), Apy and « are
derived based on the known density—depth information,
while the half strike length ¥ of the fault structure is ob-
tained from Figure 2. The initial model with assumed para-
meters (model 1 of Table 1) is shown in Figure 3 5. The
inversion performed 24 iterations before it got termi-
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nated. The misfit reduced drastically from 341.3 to 2.14
at the end of the third iteration and then gradually
reached zero at the end of the 24th iteration. The esti-
mated parameters subsequent to inversion are given in
Table 1 and graphically shown in Figure 3 5.

Further, to study the effect of strike length on the inter-
pretation, the same gravity profile FE' was also inverted
using the 2D algorithm of Chakravarthi and Sundarara-
jan''. The estimated parameters subsequent to inversion
are also given in Table 1. It is interesting to note from
Table 1 that the estimated parameters based on 2D inver-
sion coincide exactly with those estimated from 2.5D in-
version, implying that the strike length does not affect the
inversion as long as the profile bisects the strike length.
The anomaly shown in Figure 3 a was also interpreted
using a different initial model (model II of Table 1) with
both 2.5D and 2D algorithms. It was found that the esti-
mated parameters remained the same.

Figure 4 a shows the interpretation of the gravity pro-
file FI'', which runs across the strike of the fault plane at
an offset s = 40 km from the origin O(0, 0). The offset s
of the profile is obtained from Figure 2. In this case, the
initial model parameters are similar to those of model I of
Table 1. The inversion took 25 iterations and the esti-
mated parameters are given in Table 2 and shown in Fig-
ure 4 b. The effect of offset s was studied by letting s =0
in the inversion (estimated parameters are given in Table
2). It was found that the parameters zp, zg and i sub-
sequent to inversion were underestimated. Interpretation
of the same profile using a different initial model (model
IT of Table 2) also substantiates the same.

In this context, to study the effect of regional back-
ground on the inversion, a polynomial, a¢ + ax + an’,
with coefficients ao=-2.0, a; =4E-04 and a,= 1E-06
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Table 2. Analysis of gravity profile FF'' both with and without regional background for different initial models

Initial parameter

Interpreted parameter

Misfit function

Model  Offset s (km) z; (km) z,(km) D (km) i (degree) z; (km) z, (km) D (km) i (degree) Initial Final
Without regional background
I* 40.0 1.0 4.5 19.0 40 2.0 6.0 21.0 60 334.7 0.0
0.0 1.0 4.5 19.0 40 1.9 5.4 21.0 54 407.5 0.0
11 40.0 0.2 3.0 15.0 30 2.0 6.0 21.0 60 2897.4 0.0
0.0 0.2 3.0 15.0 30 1.9 5.4 21.0 54 3085.6 0.0
With regional background
I* 40.0 1.0 4.5 19.0 40 2.0 (-2.0) 6.0 (4E-4) 21.0 (1E-6) 60 115.0 0.0
0.0 1.0 4.5 19.0 40 1.9 (-1.97) 5.4 (4E-3) 21.0 (-4E-6) 54 143.0 0.0
II 40.0 0.2 3.0 15.0 30 2.0 (-2.0) 6.0 (4E-4) 21.0 (1E-6) 60 1886.4 0.0
0.0 0.2 3.0 15.0 30 1.9 (-1.97) 5.4 (4E-3) 21.0 (-4E-6) 54 2031.4 0.0
*Shown graphically in Figure 4.
to its effect. The inversion performed with different ini-
tial models also yielded similar results (Tables 1 and 2).
07 ¢ o 66 0 o 0 6 0 o 0 0o o e s-02"" * The Chintalpudi sub-basin represents the southeasterly
. . . .
r continuation of the Kothagudem sub-basin of the Pran-
N hita—Godavari valley. The Archaean gneisses form the
H basement for the Gondwana sequence within the sub-
104 / basin. On the eastern side, the basin is bounded by the
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Figure 5.
India.

Analysis of gravity anomalies of Aswaraopet master fault,

was added to both the anomaly profiles shown in Figures
3a and 4 a, and then inverted using the procedure out-
lined. The estimated parameters along with the coeffi-
cients of regional background subsequent to inversion are
given in Tables 1 and 2. The interpreted structures are
shown in Figures 3 b and 4 b respectively. The estimated
regional in either case (Figures 3a and 4a) closely
mimics the actual one. Further, the estimated parameters
remain the same even in the presence of the regional
background, implying that the inversion was insensitive
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well-known Aswaraopet master fault, which is exposed to
the surface and strikes NNW—-SSE over a length of 20 km.
The Oil and Natural Gas Corporation Ltd (ONGC), India
drilled a borehole in the basin'® and encountered the
basement at a depth of 2.935 km. Values of Apy and o of
the PDF (eq. 2) were —0.5 g/em® and 0.1811 g/em?*/km
respectively'”. For the present study, a gravity profile of
40 km length (Figure 5 a) bisecting the strike of the fault
was considered for both 2D and 2.5D inversion. The ini-
tial model with parameters zr = 0.05 km, zg = 1.5 km and
i =70° is shown in Figure 5 5. The estimated parameters
are given in Table 1 and graphically shown in Figure 5 b.
The computed regional background followed by inversion
is also shown in Figure 5 a. The interpretation carried out
using a different initial model (model II of Table 1) in
either case yielded more or less the same results. The fact
that the vertical throw of the fault (i.e. zg—z1 = 2.765 km)
estimated from the present inversion more or less coin-
cides with the total thickness of the Gondwana sediments
(2.935 km) in the basin, demonstrates the validity and
applicability of the algorithm.

A gravity inversion using Marquardt algorithm to
simultaneously estimate four parameters of a 2.5D faulted
bed as well as regional gravity background is presented.
The significance of strike length of the structure as well
as the offset of the profile was studied in detail. It has
been concluded that the strike length has an insignificant
role to play in the inversion as long as the profile bisects
the fault plane. Inversion of gravity anomalies of the As-
waraopet master fault of the Chintalpudi sub-basin in
India using the simulated parabolic density function
yielded a geologically plausible model that is consistent
with the borehole information.
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