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An automatic 3D spatial domain inversion technique is developed to estimate basement depths of
sedimentary basins from observed gravity anomalies using a prescribed exponential mass density contrast. A collage of vertical polygonal cross-sections, each one with unit thickness, in which the density
contrast differs exponentially with depth describes the model space. The proposed technique estimates
the optimum depth ordinates of the vertices of polygonal cross-sections from a given set of gravity
anomalies following predeBned convergence criteria. Initial depths to basement interface at plurality of
observations are calculated presuming that the density contrast within the Bouguer slab at each observation is also varying exponentially with depth. A previously reported algorithm that make use of both
analytic and numeric approaches to compute the gravity response of such 3D model space with exponential mass density contrast is adopted for forward modelling. The proposed inversion is eDcient even
when the gravity anomalies are available at non-uniform spatial grid intervals. Recovery of basement
depths with modest error from a set of gravity anomalies attributable to a synthetic model in the presence
of pseudorandom noise and also the fact that the estimated depth structure of the Almaz
an Basin in NE
Spain correlates reasonably well with the information derived from seismic data demonstrates the
applicability of the proposed inversion method. The snags associated with other existing density models in
the analysis of gravity anomalies are demonstrated on both synthetic and real Beld anomalies.
Keywords. Gravity anomalies; sedimentary basins; automatic 3D inversion; polygonal cross-sections;
exponential mass density contrast.

1. Introduction
One of the prime applications of the gravity
method is to decipher the structural conBgurations
of concealed density interfaces. Distribution of
sediments within a basin is largely controlled by
the nature of basement topography during the
process of sedimentation and also during postdepositional tectonic adjustments. Therefore, basement geometry/structure beneath thick-sectioned

sediments will have significant impact on the generation, migration and accumulation of hydrocarbons. Hence, quantifying basement conBgurations
from surface geophysical measurements always
pave the way to build eDcient strategies for
exploration of hydrocarbons.
Usually, negative gravity anomalies are associated with sedimentary basins having a large thickness. Prior to quantiBcation, the measured Bouguer
gravity anomalies are primarily decomposed into
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regional and residual components; and it is the
residual component that is analyzed for estimating
basement depths. Although 2D and 2.5D techniques
are available to estimate basement depths, these
schemes primarily yield information on subsurface
only along the selected proBles. Although 3D
strategies are computationally expensive (compared
to 2D and 2.5D), these schemes would yield
important information on the spatial distribution of
subsurface mass density contrasts for better understanding the concealed geology.
Nevertheless, the measured anomalies are interpreted either by discretizing the model space into
several elemental grids of known size and then to
estimate the density of each cell or describing the
model space by appropriate geometries with prescribed density contrast to obtain the size parameters
of the source. Because of the fact that the number of
parameters to be estimated as well as the model
uncertainty greatly reduces when interpretation is
aimed to solve the size parameters of prescribed
geometry, the later approach become more popular to
quantify the anomalies (Cai et al. 2018; Mallesh et al.
2019).
Cordell and Henderson (1968) had developed a
3D method to analyze the gravity anomalies,
wherein, the subsurface anomalous mass was
described by several vertical elemental prisms; each
one having cross-sectional area of one grid square
and vertical position of each prism was scaled with
reference to a horizontal plane at depth. To speed up
convergence of solution, they had used the anomaly
expression of a vertical cylinder to calculate
approximate gravity eAect of a prism on the top of
prism axis, whereas line-source formula was used to
calculate the gravity eAects at remaining grid nodes.
Gerard and Debeglia (1975), Murthy et al. (1990)
and Rao et al. (1999) also followed a similar
approach to analyze the gravity anomalies observed
over them. However, methods proposed by Murthy
et al. (1990) and Rao et al. (1999) appear to be relatively time-consuming because these methods
involve repetitive use of lengthy anomaly expression
to compute the gravity eAects of several prismatic
bodies at each grid node on the plane of observation.
On the other hand, the eDcacy of the other method
(Gerard and Debeglia 1975) is largely dependent on
the spectral content. It is well-known that in spectral methods, calculation of gravity anomalies is
realized by means of a moving window, whose size is
determined by source depth (Ch
avez et al. 1999).
However, in reality, depth to the causative source is
not known in advance.
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On the other hand, source depths estimated by
conventional Euler deconvolution method (Thompson
1982; Hansen and Suciu 2002; Toushmalani and
Hemati 2013) are prone to large errors particularly
when the anomalies are noisy (Luo et al. 2018) or the
input parameter related to the structure index is not
compatible with the causative structure (LaFehr
and Nabighian 2012). Kilty (1983) and Murthy et al.
(2000) have demonstrated that basement depths
obtained from potential Beld anomalies using the
Werner deconvolution technique (Werner 1953;
Hartmann et al. 1971) results in large amount of
vertical scatter, consequently, making the interpretation more complicated. Presuming that seismic
impedance contrast correlates equivalently well
with the bulk density contrast, Panzner et al. (2011)
proposed a 3D technique that involves the use of
prior subsurface information obtained from seismic
stereotomography to analyze the gravity anomalies.
However, rocks that produce impedance contrasts
need not necessarily associate with the changes in
bulk density (Avseth et al. 2001; Han and Batzle
2002). On the other hand, representing gravity Beld
of a 3D source and its gradients by 3D Cauchy-type
integral, Zhdanov and Cai (2013) developed a 3D
inversion technique to model the gravity anomalies
produced by density contrast surfaces. Nevertheless, all the enlisted strategies presume that sedimentary rocks possess uniform density throughout
the volume of the basin, which is rarity in reality.
Although the subsurface density distribution of
sedimentary rocks is quite complex to explain (Li
2001), in most of the geological settings, the density of
sedimentary rocks is found to vary predominantly
with depth (Cordell 1973; Tenzer and Gladkikh 2014;
Gu et al. 2014). Keeping this in view, Pohanka (1988)
and Hansen (1999) presented formulae using linear
density function to realize anomaly computations of
gravity Belds of polyhedral bodies. Holstein (2003)
had presented gravimagnetic anomaly formulas for
polyhedra of spatially linear media, and Hamayun
and Tenzer (2009) derived expression for gravity
potential of polyhedral bodies using a linear density
function. On the other hand, Rao et al. (1990),
Abdeslem (2005), Wu and Chen (2016), Jiang et al.
(2017a, b), Zhang and Jiang (2017), Fukushima
(2018) and Liu et al. (2019) have derived expressions
for gravity anomalies of prismatic bodies considering
polynomial functions to simulate density-depth
dependence of source rocks. D’Urso and Trotta
(2017) and Ren et al. (2017) also have used polynomial functions to derive analytical gravity expressions of polyhedral bodies, whereas, Jiang et al.
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(2017a, b) used polynomial density functions to
derive expressions for gravity gradient tensor of 3D
prisms. Chen et al. (2018) used polynomial density
functions for obtaining gravity anomaly of a polyhedral prism. In recent past, Chakravarthi et al. (2017)
and Mallesh et al. (2019) have presented schemes
using exponential density function to realize forward
modelling of parallelepipeds and 3D polygonal source
bodies in the spatial domain.
Based on the study of gamma–gamma logs from
Western Canada basin, Maxant (1980) had reported
that the density variation of shale samples could be
explained better by an exponential function. Using the
drill hole density samples collected from the North
German–Polish basin, Sch€
on (1996) had shown that
the younger sedimentary rocks portray rapid increase
in density at shallower depths when compared to older
sedimentary rocks. Mooney and Kaban (2010), based
on the drill hole log data, from the Michigan and Illinois basins showed that the density variation of sedimentary rocks with depth is much less on the
continental regions when compared to oAshore basins.
The measured densities from several drill sites connected to the Deep Sea Drilling Project (Tenzer and
Gladkikh 2014) also had revealed unambiguously that
the density of sedimentary rocks increases nonlinearly
with increasing depths.
1.1 Status of existing density models
The eDcacy of existing density functions (polynomial and exponential) to describe the density variation of sedimentary rocks with depth is
demonstrated with a synthetic model of a typical
intracratonic sedimentary basin, whose geometry is
shown in Bgure 1(b). The Coor of the interface is
manifested by several inward dipping dip slip faults
towards the depocentre. We presume that density
data of sedimentary rocks is available within the
basin up to a maximum logging depth of 2.0 km
(step line in Bgure 1a) against the total depth of
4.0 km. Further, we assume that the basin is having
a strike length of 40 km and that the density of
sedimentary rocks varies with depth. We Bt the
enlisted density functions namely, polynomial (linear, quadratic and cubic) and exponential, to the
prescribed density contrast-depth data of the basin
over the logging depth of 2 km (Bgure 1c). For
having clarity, we present the simulated density
models in two depth windows, i.e., from 0 to 2.0 km
(Bgure 1c) and 2.0 to 4.0 km (Bgure 1d). The linear,
quadratic and cubic density models are deBned as:

8
<n ¼ 1
bf z f ; n ¼ 2
Dqðz Þ ¼
:
f¼0
n¼3
n
X

for linear
for quadratic
for cubic;

ð1Þ

where bf , represents a set of coefBcients. The
exponential mass density contrast, Dqðz Þ, at any
depth, z is given by (Cordell 1973; Chakravarthi
et al. 2013; Mallesh et al. 2019):
Dqðz Þ ¼ Dq0 ekz ;

ð2Þ

where Dq0 is the density contrast at the surface and
k is a decay constant expressed in inverse length
units.
The coefBcients of Btted density models under
consideration are given in table 1. One can clearly
notice from Bgure 1(c) that the exponential
(EDM), quadratic (QDM) and cubic (CDM) density models are more eAective in simulating the
prescribed density contrast-depth data up to the
logging depth of 2 km when compared to the linear
density model (LDM). However, beyond 2 km
depth, all the density functions except the exponential portray undue deviations with increasing
depth (Bgure 1d). For example, the linear and
cubic density polynomials have shown density
reversals (positive density contrasts) at large
depths, whereas the quadratic density model portrays substantial density deviations not only in
magnitude but also in direction (Bgure 1d).
Figure 1(a) shows the gravity anomalies of the
sedimentary basin (Bgure 1b) realized with the
simulated density models under consideration. In
each case, the anomalies are calculated on a principal proBle in the interval xj [ [0, 30 km] by equating
the oAset parameter, r, to zero in the forward
modelling equation of Chakravarthi et al. (2017)
Dg2:5D ð0; r; 0Þ ¼

N
X

Dgj ð0; r; 0Þ;

ð3Þ

j¼1

where,
Dgj ð0; r; 0Þ
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I
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Figure 1. (a) Nature of gravity anomalies produced by a strike limited sedimentary basin with prescribed exponential density
model (EDM), linear density model (LDM), quadratic density model (QDM), and cubic density model (CDM), (b) assumed
depth structure in which the colour gradation from yellow to red indicates increase in sediment density, (c) assumed (step line)
vs. simulated density models (solid lines in colour) within the logging depth interval of 0–2 km, (d) extrapolated density models
(dashed lines in colour) beyond the logging depth of 2 km and maximum up to the depth of 4 km.

Here, zj and zjþ1 are depth ordinates of the
consecutive vertices of a bounding side of a
speciBc polygon covered in clockwise direction,
and xj , xjþ1 are the x-coordinates of corresponding
vertices. Also, i is the angle made by the speciBc
side of the polygon with the x-axis, and a is a
constant deBned by
a ¼ xj  zj cot i:

ð5Þ

One can notice from Bgure 1(a) that the
anomalous Beld realized with EDM, and QDM
(table 1, Bgure 1a and b) shows increase in
magnitude (absolute) from the margins of the
basin towards the depocentre, whereas the
anomalous Beld obtained with CDM and LDM
shows unusual humps in the anomaly over the
basin, where the thickness of sediments attains its
maximum. Also, the anomalous Beld obtained with

QDM shows larger magnitude (absolute) than the
corresponding anomalous Beld realized with EDM,
whereas the LDM and CDM result in lesser
magnitudes. Sediments beyond 2 km depth in
case of QDM exhibits an unusual increase
(Bgure 1b) in the density contrast (absolute), which
has resulted in generating a maximum anomaly
(absolute) of 44 mGal over the depocentre as
against 23.8 mGal observed in case of EDM. On
the other hand, in case of LDM, the positive gravity
anomaly produced by sediments beyond 1.5 km
depth (because of positive density contrast)
partly counteracts the negative anomalous Beld
produced by sediments up to 1.5 km depth,
thereby the overall gravity eAect of the basin
has got reduced to a magnitude lesser than the
anomalous Beld realized with EDM (Bgure 1a).
Similarly, the positive density contrast of
sediments beyond 2 km depth, in case of CDM
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Table 1. Derived coefBcients for LDM, QDM, CDM, and EDM.
CoefBcients

Density
model

b0

b1

b2

b3

LDM
QDM
CDM

–0.6611735
–0.8084931
–0.8476584
Dq0

0.3698231
0.8625286
1.1180584
k

–0.2568058
–0.5854998

0.10962532

EDM

–0.916764

1.5262346

LDM: Linear Density Model, QDM: Quadratic Density Model, CDM: Cubic
Density Model,
EDM: Exponential Density Model.

(Bgure 1d), is again responsible for producing
unusual gravity hump over the depocentre of the
basin (Bgure 1a). In short, the use of LDM, QDM
and CDM in the interpretation of gravity
anomalies would lead to intricacies particularly
when the subsurface density–depth information is
available only to shallow depths.
Though EDM is more eDcient to simulate the
density variation of sedimentary rocks both at the
shallower and larger depths, the real difBculty
coupled with this density model is that closed form
analytical gravity expressions cannot be derivable
in the spatial domain to realize forward modelling.
In frequency domain, closed from expressions for
gravity anomalies can be derivable with EDM
(Granser 1987; Pham et al. 2018), however, these
methods introduce truncation errors when transformation of anomalies take place from the frequency to the spatial domain (Chakravarthi and
Sundararajan 2004; Chakravarthi 2011).
In this paper, we develop an automatic 3D technique based on the principles of inversion (Chakravarthi 2003; Chakravarthi et al. 2013) to estimate
basement depths of sedimentary basins from
observed gravity anomalies. The basin is approximated by an ensemble of representative vertical
polygonal cross-sections, each one with unit thickness (Mallesh et al. 2019). Forward modelling is
performed in the spatial domain using a predeBned
EDM by a technique that combines both analytic
and numeric approaches (Mallesh et al. 2019). The
applicability of the inversion is exempliBed with

Dgð0; y; 0Þ ¼ GDq0

N
X
k¼1

Z
zk

synthetic gravity anomalies produced by a model
having known geometry in the presence of pseudorandom noise. We then apply this technique to
analyze the gravity anomalies of the Almaz
an basin
in NE Spain using a derived EDM. We compare our
inversion result of the Almaz
an basin with the
reported information derived from seismic data.
2. Forward modelling
The gravity anomaly, Dg ð0; 0; 0Þ, at the point,
P(0, 0, 0), outside the source region of a sedimentary basin, whose geometry is described by an
ensemble of multiple vertical laminas of having
unit thickness each can be expressed as (Mallesh
et al. 2019):
#
Z Y 2 "Z
Dqðz Þzds
dy; ð6Þ
Dg ð0; 0; 0Þ ¼ G
3=2
Y1
s ðx 2 þ y 2 þ z 2 Þ
where ðx; y; zÞ are the source coordinates of an
elementary volume dv within the model space, Y 1
and Y 2 are the limits of the model space as
measured from the point of calculation. Dqðz Þ
represents EDM given by equation (2). Describing
each vertical lamina in the model space with a
multifaceted polygon and upon simpliBcation,
equation (6) takes the form (Mallesh et al. 2019)
Z Y2
Dg ð0; y; 0Þdy;
ð7Þ
DgM ð0; 0; 0Þ ¼
Y1

where,

zkþ1

ðxk sin h þ z  zk cos hÞzekz

12 dz:
ðy2 þ z 2 Þ xk2 þ y 2 þ z 2 sin2 h þ z  zk 2 cos2 h þ xk z  zk sin2h

ð8Þ
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Here, N is the number of faces bounded by a
polygon in the xz-plane. Also,
sin h ¼ h

cos h ¼ h

zkþ1  zk
ðzkþ1  zk Þ2 þðxkþ1  xk Þ2
xkþ1  xk
2

2

ðzkþ1  zk Þ þðxkþ1  xk Þ

i1=2 ;

i1=2 :

ð9Þ

ð10Þ

Equation (8) needs to be solved numerically
(using the trapezoidal rule) as no closed form
analytic solution could be derivable or available in
the spatial domain. For an outcropping crosssection at y = 0, the anomalous Beld can be
calculated (Mallesh et al. 2019) as:
Dgk ¼ 2GDq0 

N Z
X
k¼1

zkþ1

zk

cos h
ekz tan1 
 z 2 1=2 dz:
2 0:25sin2 h þ DY

ð11Þ
3. Inversion of gravity anomalies
The aim of gravity inversion is to estimate optimum
depth parameters of a density interface (i.e., depth
ordinates of vertices of multiple polygons) at plurality
of observations on the plane of observation. This
could be achieved by Btting the observed gravity
anomalies to the anomaly expression given in equation (7) by means of one or other forms of optimization, following some predeBned convergence criteria,
so that the modelled gravity anomalies closely
resemble the observed ones. Finally, the estimated
model space should be geologically acceptable. We
presume that the observed gravity anomalies are
available over and beyond the boundary of a sedimentary basin, so that the relief of the basin at all the
observations along its periphery can be treated as
zero. This criteria enables one to estimate ðNx  2Þ 
ðNy  2Þ unknown parameters (depth ordinates)
from Nx  Ny anomaly values, where Nx and Ny
represent the number of observations along x and y
axes of the observed grid, respectively. To start with,
approximate depths to a density interface are calculated (excluding the ones along the periphery) based
on the assumption that slabs having inBnite horizontal extensions below the observation points
among which the density contrast differs according to
equation (2) are responsible for generating the corresponding gravity anomalies (Cordell 1973; Chakravarthi et al. 2016). Such approximation ensures one
to obtain the initial model parameters in the

proximity of the true parameters.

 Accordingly, initial
depths to the interface, z xi ; yj , i ¼ 2; . . .; ðNx  1Þ,


j ¼ 2; . . .; Ny  1 are calculated by substituting


Dg xi ; yj for gB in the equation (Cordell 1973; Mallesh et al. 2019)



 1
kgB
log 1 
z xi ; yj ¼
;
ð12Þ
k
2pGDq0
where gB ¼ Dgðxi ; yj Þ is the observed gravity anomaly
at any observation, ðxi ; yj Þ. Using the initial depths as
obtained from equation (12), equation (7) calculates
the gravity response of the initial structure,
DgM ðxi0 ; yj 0 Þ, i 0 ¼ 1; 2; . . .; Nx and j 0 ¼ 1; 2; . . .; Ny .
The difference between the observed anomalies,
and
the
modelled
anomalies,
Dgðxi0 ; yj 0 Þ,
DgM ðxi0 ; yj 0 Þ; at any observation, (xi0 ; yj 0 Þ, can be
expressed as the cumulative of the products of the
vertical gradient of the anomaly and corresponding
depth improvements as (Rao et al. 1999; Chakravarthi
2003)


y 1
x 1 N
X



 NX


DgM xi ; yj
dz xi ; yj :
Dg xi0 ; yj 0  DgM xi0 ; yj 0 ¼
oz
i¼2 j¼2

ð13Þ
Linear equation akin
(13) is set up
 to equation

for each observation, xi0 ; yj 0 , i 0 ¼ 1; 2; . . .; Nx and
j 0 ¼ 1; 2; . . .; Ny . Normal equations, ðNx  2Þ


Ny  2 , in number are then framed from the set
of linear equations and subsequently solved
for

 the
improvements in depth ordinates, dz xi ; yj , i ¼


2; . . .; ðNx  1Þ, j ¼ 2; . . .; Ny  1 using the Ridge
regression algorithm (Marquardt 1970) by
minimizing data misBt deBned by (Mallesh et al.
2019)
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ




u Nx Ny
uX X Dg xi0 ; yj 0  DgM xi0 ; yj 0 2
t
: ð14Þ
J¼
Nx  Ny
i 0 ¼1 j 0 ¼1
The system of normal equations to be solved can
be expressed as:




ÞðNy 2Þ
Ny X
Nx ðNx 2X
X
DgM xi0 ; yj 0 DgM xi0 ; yj 0
ð1 þ d#Þdam
oan
oam
m¼1
j 0 ¼1 i 0 ¼1


Ny X
Nx
X


DgM xi0 ; yj 0
¼
Dg xi0 ; yj 0  DgM ðxi0 ; yj 0 ;
oan
j 0 ¼1 i0 ¼1


n ¼ 1; 2; ; . . .::; ðNx  2Þ  Ny  2 :

ð15Þ
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Here, dam represents the improvements in the
depth ordinates of the vertices of multiple
polygons. # is assigned a value of 1 for i0 ¼ j 0 ,
otherwise to zero. d is the damping factor, whose
magnitude is controlled by the algorithm
depending upon whether the existing data misBt
is more than or less than its preceding value
(Chakravarthi 2003). The details of the application
of Ridge regression algorithm (Marquardt 1970)
was described in detail by Chakravarthi (2003),
and Chakravarthi and Sundararajan (2006).
The existing depth ordinates of multiple polygons are updated, iteratively, by adding/subtracting the depth improvements ðdam Þ estimated from
equation (15) and the process repeats until the
speciBed number of iterations completed, or the
data misBt deBned in equation (14) attains a value
less than a predeBned threshold, or the damping
factor in equation (15) attains an unusually large
value (Chakravarthi and Sundararajan 2006).
4. Examples
Two residual gravity anomaly maps, one attributed to a synthetic model of sedimentary basin and
the other one related to the Almaz
an basin in NE
Spain, are analyzed by the proposed inversion
technique to demonstrate its applicability. In
either case, the density contrast of sedimentary
rocks varies as a function of depth. During the
iterative process of inversion, constants of the
prescribed EDM are kept unchanged and allowed
the depth parameters of the model space to
improve until one of the termination criteria is
achieved. In the case of synthetic example, the
technique is applied on the anomalies both with
and without pseudorandom noise.
4.1 Synthetic example
We consider a synthetic model of north–south
striking sedimentary basin, whose geometry is
shown in Bgure 2(a). The basin is 27 km long and
having an average width of 18 km across the strike.
The structure of the basin is described with
depth contours that are scaled along the z-axis
(perpendicular to the plane of the paper and
directed inwards) (Bgure 2a). The model space
depicts steeply dipping fault systems all along the
margins of the basin towards the depocentre up to
2.8 km depth, beyond which the dips are rather
moderate. A well-deBned basement depression
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(depocentre) is present in the north-central part of
the basin (Bgure 2a), where the thickness of sediment attains its maximum (3.42 km).
Presuming that the sediments within the basin
obey exponential decrease in density contrast (deBned with constants Dq0 = –0.45 g/cm3 and
k = 0.42 g/cm3/km), the structure anomaly is
calculated using equation (7) and shown in
Bgure 2(b). The magnitude of gravity anomaly
varies from –1 to –28 mGal within the structure. It
is clearly evident from Bgure 2(b) that the observed
gravity low of –27 mGal is not conBned to the
depocentre alone, but is extending over a larger
part of the basin along its strike (Bgure 2b), where
the thickness of sediments is of significance. One
can notice from Bgure 2(b) that all boundary faults
of the structure up to 2 km are well reCected on
the anomaly map, however, beyond 2 km depth
the structures are not prominently reCected
(Bgure 2b). The density contrast of the section of
sediments from 3.2 km depth and beyond shows
more or less similar magnitudes, hence, independent gravity lows corresponding to the depocentre
were not reCected significantly on the anomaly
map.
Assuming that the theoretical anomaly shown in
Bgure 2(b) as the observed one, we applied our
technique to examine whether or not it could
recover the basement structure. Also, in the present case, we presume that the density–depth data
of sediments is available only up to a maximum
depth of 1.5 km (step line in Bgure 2c).
In this case, the algorithm had performed Bve
iterations, beyond which the misBt had attained a
value less than the predeBned threshold. The
damping factor, d, as well as the misBt, J , have
decayed consistently with the iteration number,
more sharply during the initial three iterations and
thence gradually before the algorithm got terminated at the end of the 5th iteration. The model
gravity response as well as the estimated structure
obtained at the end of the 5th iteration exactly
replicate the observed gravity anomaly and
the assumed structure (this case is not shown
graphically for brevity).
In the second phase, we have investigated the
eDcacy of our technique to analyze the anomalies
in the presence of pseudorandom noise. For this, we
have added pseudorandom noise to the structure
anomaly (Bgure 2b) before the inversion was
attempted. In this case, the standard deviation of
pseudorandom noise is 0.87 mGal. This magnitude
is justiBable because standard deviation of
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Figure 2. (a) Plan view of a typical intracratonic sedimentary basin model. Note that the depth structure is represented by
contours drawn at 0.2 km interval, (b) theoretical gravity anomalies of the structure drawn at 1 mGal interval, and (c) Btted
density models to the assumed log data up to 1.5 km depth and beyond.

0.5 mGal is usually considered as significant in
gravity inversion problems (Barbosa et al. 1997;
Chakravarthi and Sundararajan 2007).
When the inversion was performed on the noisy
data (Bgure 3a), the algorithm took 11 iterations,
after which the resulting damping factor had
attained an unusually large value thereby forced
the algorithm for its termination. The initial misBt,
J (equation 14), for the starting model was
2.994 mGal, which was reduced to 0.1248 mGal
drastically at the end of the 10th iteration. After
that J had attained 0.169016 mGal thereby
resulting in the formation of a ridge in the misBt

decay (shown as solid line in Bgure 3c). At this
juncture, the existing damping factor, d, was doubled (0.00097) and the system of equation (15) was
solved again for depth improvements. Using the
updated depth parameters, theoretical anomalies
of the model space were recalculated for which a
new misBt of 0.169036 mGal was obtained. Yet
again, the magnitude of new misBt was found more
than the misBt at the end of the 10th iteration,
hence, the procedure of doubling the damping
factor, solving system of normal equations, updating depth estimates was repeated as many as 13
times, beyond which the resulting misBt had
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Figure 3. (a) Gravity anomalies of the structure drawn at 1 mGal interval in the presence of pseudorandom noise,
(b) recalculated gravity anomaly at 1 mGal contour interval at the end of concluding iteration, (c) variation of misBt (solid line)
and damping factor (dashed line) within the inner loop of 11th iteration, (d) overall changes in the misBt (solid line) and
damping factor (dashed line) with iteration number, (e) recovered depth structure of the basin after the 10th iteration. Note that
the depth contours are drawn at 0.2 km interval.

attained a value of 0.1112 mGal (less than the
misBt realized at the end of the 10th iteration).
Figure 3(c) shows graphically how the misBt and
corresponding damping factor have changed within
the inner loop of the 11th iteration. The overall
changes in the damping factor (dashed line) and
misBt (solid line) against the iteration number are
shown in Bgure 3(d).
The recalculated gravity response of the structure at the end of the concluding iteration (10th)
was shown in Bgure 3(b) and the corresponding

estimated structure in Bgure 3(e). On the whole,
the nature of Bt between the noisy anomaly (considered as observed anomaly) and that of the
recalculated anomaly after the inversion was found
satisfactory, despite few exceptions. For example,
the gravity lows represented by –24 to –28 mGal
contours in the modelled anomaly (Bgure 3a) have
relatively smaller spatial dimensions in comparison
to the ones in observed anomaly (Bgure 3b). The
estimated structure shown in Bgure 3(e) compares
fairly well with the assumed structure (Bgure 2a),
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albeit a couple of deviations are inevitable
(Bgure 3e). All the characteristics of boundary
faults are well resolved and restored in the estimated structure up to a depth of 2.8 km, but the
moat-like depression present in the assumed
structure (represented with 3.2 km depth contour)
(Bgure 2a) was not recovered fairly well (Bgure 3e).
The maximum depth to the basement estimated
from the present inversion (3.44 km) is in line with
the assumed depth (3.42 km); however, the spatial
Table 2. CoefBcients of LDM, QDM, and CDM, synthetic
example.
Density
model
LDM
QDM
CDM

Derived coefBcients
b0

b1

b2

b3

–0.4430
–0.4490
–0.4500

0.1400
0.1838
0.1887

–0.0290
–0.0380

0.0041

LDM: Linear Density Model, QDM: Quadratic Density Model,
CDM: Cubic Density Model.

dimensions of the estimated depocentre were
moderately underrated (Bgure 3e). These insignificant deviations between the assumed and estimated structures are fairly tolerable in view of
the fact that the anomalies used in the inversion
contain significant noise.
In the third phase, we have studied the eAects of
the use of other density models (LDM, QDM and
CDM) on the interpretation. For this, we have
derived the coefBcients of density functions under
consideration by Btting each one to the presumed
density–depth data in the least square approach.
The coefBcients thus derived are given in table 2
and shown in Bgure 2(c). In the case of LDM and
QDM, the inversion had performed only one iteration and in case of CDM two iterations, respectively. No further iterations were performed
because the resulting damping factor in each case
had attained an unusually large value leading to
the termination of inversion. Figure 4 shows the
modelled gravity anomalies and corresponding

Figure 4. Modelled gravity anomalies realized with (a) LDM, (b) QDM, and (c) CDM. Anomalies are drawn at 2 mGal
interval. Estimated depth structures from inversion using (d) LDM, (e) QDM, and (f) CDM. Depth contours are drawn at
0.1 km interval in the case of LDM and QDM, and 0.4 km in the case of CDM.
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Figure 5. (a) Location map of the Almaz
an Basin, NE Spain and its surroundings (modiBed after Bond 1996), (b) gravity anomalies
draped over digital elevation model at 90 m resolution (CGIAR-CSI geoportal at http://srtm.csi.cgiar.org/), Almaz
an Basin.

estimated structures derived from inversion. It is
quite evident from Bgures 3(b) and 4(a–c) that left
out residues between the observed and modelled
anomalies in all the three cases are significantly
high. Besides, the inferred structures are grossly
underestimated to the tune of 27% in case of LDM
and QDM (Bgure 4d and e) and overestimated by
40% in case of CDM, which are unacceptable.

 Basin, NE Spain
4.2 Field example – Almazan
The Almaz
an Basin, located about 200 km
northeast of Madrid, was formed between two wellknown mountain ranges, namely, the Iberian Range
towards the east and the Central System towards
the southwest in Northeast Spain (Bgure 4a). The

Figure 6. Fitted density models (PDM, EDM, LDM, QDM and
CDM) to the measured log data from El Gredal-1 well, Almaz
an
Basin. PDM was derived by G
omez-Ortiz et al. (2005).
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Figure 7. (a) Gravity anomalies of the Almaz
an Basin (G
omez-Ortiz et al. 2005) drawn at 2 mGal interval, (b) Modelled
gravity anomaly with EDM drawn at 2 mGal interval, (c) changes in misBt (solid line) and damping factor (dashed line) against
iteration, (d) residuals between the observed and modelled gravity anomalies, (e) estimated depth structure using EDM at the
end of the 11th iteration. PP0 is a proBle along which seismic data interpretation has been reported (Bond 1996).

evolution of this basin was attributed to reactivation
of basement faults (northeast–southwest and
northwest–southeast oriented) triggered by northeast–southwest and north–south compression
within the intracontinental structural regimes
(Bond 1996). The basin is more or less crescent
shaped with a distinct northwest–southeasterly
trend covering *4200 km2 area. Along the northeastern margin of the basin, Eo-Oligocene sediments
are exposed, and in the central and southern parts,
Miocene sediments present. The striking feature of

the basin is the absence of Late Jurassic and Early
Cretaceous deposits in central and western zones of
the basin. A complete description on the basin’s
evolution and related tectonics was described by
Bond (1996).
G
omez-Ortiz et al. (2005) have modelled regional gravity anomalies of Central Spain to decipher
deep-crustal density structures below the Duero
Basin, Almaz
an Basin, Tajo Basin and Spanish
Central System. In order to distinguish gravity
signatures between the shallower and deeper
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Figure 8. Cross-section of the Almaz
an Basin along the
seismic proBle, PP0 obtained from present gravity inversion.
Note that seismic section is plotted as a function of two-way
travel time.
Table 3. Derived coefBcients of LDM, QDM, and CDM, El
 Basin.
Gredal-1 well, Almazan
Density
function
LDM
QDM
CDM

Derived coefBcients
b0

b1

b2

b3

–0.59187
–0.59950
–0.59998

0.2338
0.2997
0.3089

–0.0823
–0.1132

0.02574

anomalous sources having overlapped wavelengths,
the gravity anomalies attributed to the Cenezoic
sedimentary Bll was computed and subsequently
removed from the observed gravity anomalies.
Because the Almaz
an Basin is known for its complex three-dimensional structure (Bond 1996), we
have inclined to analyze the gravity anomalies of
the basin to infer its basement structure using our
inversion technique followed by examining our
interpretation model with the reported information
derived from seismic data. The gravity anomaly
attributed to the Almaz
an Basin (G
omez-Ortiz
et al. 2005) arrayed over the digital elevation model
at 90 m resolution (CGIAR-CSI GeoPortal at
http://srtm.csi.cgiar.org/) is shown in Bgure 5(b).
One can clearly notice from Bgure 5(b) that the
gravity anomalies correlate extremely well with the
main structural features of the basin. The Btted
parabolic density function to the measured density
log data up to 800 m depth of the El Gredal-1 well
located in the Almaz
an Basin (ITGE 1990; SHELL
1983; G
omez-Ortiz et al. 2005) was used to build
the exponential density model (Bgure 6). The
derived EDM with Dq0 = –0.573651 g/cm3 and
k = 0.367852 km1 was used in the inversion of
gravity anomalies pertaining to the basin.
A total of 450 gravity observations, 25 towards
the east and 18 towards north (Bgure 7a) were used

in the inversion keeping a tolerable misBt between
the observed and modelled anomalies at 0.05 m
Gal. In this case, the algorithm took 11 iterations.
As damping factor had attained a value of more
than 16 after the 11th iteration, the algorithm got
terminated. The initial misBt for the starting
model was 0.681 mGal, which had Bnally reduced
to 0.098 mGal at the end of the 11th iteration. The
modelled gravity anomaly obtained after the concluding iteration (Bgure 7b) comply remarkably
well with the observed anomaly (Bgure 7a). By and
large, the maximum left out residuals between the
observed and recalculated anomalies after the
concluding iteration are within ± 0.35 mGal over a
large part of the basin (Bgure 7c). The estimated
depth structure of the basin after the 11th iteration
is shown in Bgure 7(d). Our inversion result has
yielded a Bgure of 2.3 km for the maximum thickness of the basin (Bgure 7d). Interpretation of
seismic data along a NE–SW proBle across the
basin (shown as PP0 in Bgure 7d) has revealed a
Bgure of 2.5 km for the maximum thickness of
sediments within the basin (Bond 1996). Figure 8
compares the cross-sections of the basin obtained
from present inversion and that of seismic interpretation. The fact that the present interpretation
correlates reasonably well with the derived information from seismic data has proved the practical
applicability of the algorithm.
The inversion was also performed on the
observed anomalies of the basin, independently, by
using each derived density model, viz., LDM, QDM
and CDM. The coefBcients of Btted density models
are given in table 3 and shown graphically in
Bgure 6 along with EDM. In all cases, the technique
had performed three iterations and then terminated as the damping factor subsequent to the 3rd
iteration, had attained a value of more than 12.
The magnitudes of initial data misBts are 2.938,
2.929, and 2.95 mGal for LDM, QDM and CDM,
respectively. The theoretical anomalies and estimated basement structures realized after the concluding iteration in each case are shown in Bgure 9.
Clearly, the nature of Bt between the observed and
modelled gravity anomalies realized with LDM,
QDM and CDM (Bgure 9a–c) is not as satisfactory
as the one observed in the case of EDM (Bgure 7b).
Furthermore, use of LDM in the inversion has
yielded a Bgure of 4.1 km for the maximum thickness of the basin, whereas QDM resulted in 1.8 km
and CDM 3.1 km, respectively. These estimated
depths do not comply well with the information
derived from seismic data, hence, the use of LDM,
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Figure 9. Modelled gravity anomalies and estimated depth structures from inversion using LDM (a and b), QDM (c and d), and
CDM (e and f), Almaz
an Basin, NE Spain. Anomalies are drawn at 2 mGal interval and depth contours at 0.2 km interval.

QDM and CDM are not appropriate in such
modelling applications.

5. Conclusion
Based on the principles of inversion (Chakravarthi
2003; Chakravarthi et al. 2017), an automatic 3D
technique is developed in the spatial domain using the
Ridge regression algorithm (Marquardt 1970) to estimate the basement depths of density interfaces from a
set spatially distributed gravity data set. The model
space is described with a stack of vertical polygonal
cross-sections, each one having unit thickness. A previously reported forward modelling technique by the
same authors has been used in the present inversion to
calculate the gravity response of the structure.

Further, keeping in view the fact that the exponential
density model is more appropriate to explain the vertical variation of sediment density with depth (as
evidenced from many Beld studies), the present technique uses this density function not only in estimating
the initial depths of the interface but also in calculating
depth improvements of the model space.
The proposed inversion technique is applied to
analyze the gravity anomalies produced by a model
of typical intracratonic sedimentary basin both
with and without pseudorandom noise. To show
the practical applicability, the technique is used to
interpret the real Beld gravity anomaly pertaining
to the Almaz
an Basin in Northeast Spain. In both
examples, the density contrast is assumed to vary
exponentially with depth within the structure in a
prescribed manner. In the case of synthetic
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anomalies without pseudorandom noise, the
inversion technique has recovered the structure
that exactly mimicked the assumed structure. In
the presence of pseudorandom noise in the anomaly, insignificant deviations are noticed in the
estimated structure. In the case of real Beld
example, the estimated basement structure of the
Almaz
an Basin from the gravity anomalies using
the present technique is well correlated with previously reported information derived from seismic
data. The successful demonstration of the applicability of the technique both on synthetic noisy
data and real world gravity anomalies proves its
validity.
Further, the datasets used in the manuscript
were also analyzed using other existing density
models namely linear, quadratic and cubic. It
was found that the depth structures yielded by
inversion using these density models are either
underestimated or overestimated.
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