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Indian Ocean geoid low, situated at the south of the Indian peninsula, is an intriguing feature. Hitherto, several
interpretations have been put forth to explain the genesis and causative depths of the anomaly. In this work, we
investigate the scaling spectral inversion approach utilizing gravity data to estimate the causative depth and
nature of the source from this region. In practice, crustal or sub-surface heterogeneities follow scaling or fractal
characteristics, and comparative studies across various regions suggest that the scaling power spectrum method
provides better insights into the sub-surface source distribution. An optimum fitting and comparison between the
modeled and observed power spectrum have been attained by utilizing two norm penalties e.g. L; and Ly norms
for various combinations of depth and scaling exponents. Equally important, the L; norm misfit function yields
better results when compared to the Ly norm function. We propose that estimated source depths ¢80 km and 120
km, respectively) are perfect examples of a half-space model with a source following scaling or fractal charac-
teristics (scaling exponent value of~1.78) along the upper mantle boundary. However, the scaling spectrum
windowing analysis of the studied region reveals a variable depth to long wavelength sources as 1014 km, 431
km, and 94 km, which conform well with the recently published depth range. Further, the weight of low and high
wavenumbers indicates that the causative source depths might be due to the above-stated depth range rather
than a single model fit. The study has demonstrated a good case for wider use of L; norm-based power spectrum
inversion for source depth estimation from potential field data. We further suggest that the causative source for
the Indian Ocean geoid low may extend deeper than upper mantle discontinuities.

1. Introduction it provides a power spectrum that involves a lot of power from the grid

tapering outside of the data spectrum to satisfy edge matching. A sig-

Spectral analysis of potential field data to infer depths of geologic
features in sedimentary basins has been used widely for the past few
decades. This method is based on modeling the source distributions of a
statistical block ensemble of simple bodies, such as prisms buried at a
specific depth (Bhattacharyya, 1964; Spector and Grant, 1970; Connard
et al., 1983; Negi et al., 1987 and several others) and other source ge-
ometries including needle-shaped bodies with random and uncorrelated
constant magnetization (Naidu, 1972; Garci'a-Abdeslem and Ness, 1994;
Ross et al., 2006), or randomly distributed equivalent-source density
layer (Dampney, 1969; Pawlowski, 1994; Oliveira Jr. et al., 2013). The
depth to the source consistently governs the basis of the radially aver-
aged power spectrum (RAPS) of the potential field data (Spector and
Grant, 1970; Reid et al., 1990). In this case, ‘radially averaged’ refers to
an average of the powers over the specific wavenumbers of a spectral
window. It is to be realized that this approach is inherently biased since
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nificant quantity of power may leak into the neighborhood of low fre-
quency, much of which can be sidestepped by eliminating the slowly
varying components by means of subtracting a least-squares polynomial
or by low pass filtering. In a 2D plane of observation, the RAPS of the
potential field exhibit a declining trend with an increase in depth to a
source in an exponential manner i.e. exp.(—2df), d and f being the depth
and wavenumber, respectively. In such a means, the depth to the source
might be obtained from the slope of the log of the radially averaged
power spectrum.

Despite its wide applications in the interpretation and processing of
potential field data, the spectral analysis tool offers limitations due to
the inherent assumption of stationary and uncorrelated, purely random
distribution of source geometries (Maus and Dimri, 1995, 1996; Quarta
et al., 2000; Bansal and Dimri, 2001). In practice, such an assumption
works for mathematical simplicity and may not replicate the natural
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behavior of a source. A more realistic approach was introduced by
Mandelbrot (1982) to estimate the power spectral density of various
physical properties in nature. Later, Pilkington and Todoeschuck (1990)
demonstrated the efficacy and validity of this approach to understand
the power spectra of various geophysical parameters (e.g. acoustic,
density, resistivity, gamma-ray, etc.) and confirmed that these variables
remarkably follow a scaling law. In such a strategy, to estimate the depth
to source, scaling behavior of source distribution, an attribute of fractals,
whose power spectral density is proportional to f P (f = wave number
and p = scaling exponent), is considered. Essentially, the scaling expo-
nent, f, characterize the proportion of long and short wavelength vari-
ations of an anomaly. In the case of potential field studies, Gregotski
et al. (1991) were the first to apply a scaling approach to aeromagnetic
data of the North American continent to delineate lithologies. Subse-
quently, several workers have utilized the scaling spectral method (SSM)
for potential field data processing and interpretations (Turcotte, 1992;
Pilkington and Todoeschuck, 1993; Maus and Dimri, 1994, 1995, 1996;
Fedi et al., 1997; Lovejoy et al., 2001; Ganguli and Dimri, 2013; Chen
et al., 2015, 2016; Fedi, 2016; Dimri and Ganguli, 2019).

The geoid i.e. the gravitational equipotential surface is directly
linked to the density distribution and rheology of the earth's interior.
Several hypotheses on the genesis of geoid anomaly have been put for-
ward by numerous researchers based on various geophysical observa-
tions. Quite many workers proposed that variations in viscosity due to
phase change or chemical heterogeneity are one of the major causes of
long wavelength geoid anomalies (Hager, 1984; Ricard et al., 1984;
Hager and Richards, 1989; Steinberger, 2000; Cadek and Fleitout, 2006;
Steinberger and Calderwood, 2006; Shahraki et al., 2015). While, others
have suggested the occurrence of low geoid anomaly is due to the
palaeo-subduction and low-density mantle upwellings (Chase and
Sprowl, 1983; Hager and Richards, 1989; Richards and Engebretson,
1992; Spasojevic et al., 2010; Rudolph et al., 2015). However, a decisive
elucidation about the genesis of the extreme negative geoid anomaly of
the enigmatic Indian Ocean geoid low (IOGL) is still a scientific puzzle.
The undulation at the core-mantle interface has also been put forth as a
causative mechanism for the IOGL (Negi et al., 1987). Further, to
elucidate the strong negative geoid anomaly, numerous workers have
propounded other theories such as the presence of low dense subducted
rocks of the Tethyan lithosphere within the mid-to-upper mantle (Mis-
hra, 2014; Mishra and Ravi Kumar, 2012), unindemnified depression in
the upper mantle (Ilhnen and Whitcomb, 1983), the existence of slab
dehydration at the mid-to-upper mantle depths (Rao and Kumar, 2014;
Rao et al., 2020), and due to a long-lasting back-arc basin south of
Eurasia's paleomargin (Nerlich et al., 2016). Based on SS and PP pre-
cursors, Reiss et al. (2017) postulated that joint consequence of hot
mantle material in the midmantle beneath the IOGL and cold dense
rocks below 660 km beyond the south gave rise to such striking geoid
low. Additionally, Ghosh et al. (2017) concluded that the IOGL is due to
the density-driven mantle convection possibly originating from the edge
of the African Large Low Shear Velocity Province (LLSVP). Most
recently, Steinberger et al. (2021) demonstrated that IOGL can be
explained by the overlay of two approximately orthogonal geoid
troughs, one trough due to cold slabs in the lower mantle and the other
due to hot material in the upper mantle.

The gravity inverse problem is inherently non-unique and obtaining
a stable, geologically meaningful solution becomes feasible with the
minimization of the objective or cost function, namely a function that
quantifies how far the predicted values are from the observed values.
There are several choices for the solution norm penalty (stabilizer) to
minimize the objective function (Dimri, 1992). Ly norm is the most
widely used norm penalty to stabilize the solution and recover the
desired model. Nevertheless, it imposes smoothness on the estimated
model, which leads to blurred models (Utsugi, 2019). In recent years,
with the dawn of compressive sensing, the use of the L; norm in
parameter estimation has been gaining popularity since it is not sensitive
to outliers and yields focused sparse models. Yet, the application of the
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L; norm function to estimate depth using scaling power spectrum
analysis has not been tested widely, except by Maus and Dimri (1996).
Moreover, source depth estimation in the Indian Ocean geoid low area
using gravity data has not been extensively studied. Mishra and Ravi
Kumar (2012) reported such depth analysis and that too based on power
spectral analysis without taking into consideration of scaling approach,
which is subjected to estimation error of about 10-15%. Consequently,
we believe that there is ample scope to testify and compare the perfor-
mance of both L; and Ly norm penalties while inverting the scaling
power spectrum to estimate the depth to the causative source beneath
this spectacular geoid low region. In the following, we examined the
application of L; and Ly norm-based scaling spectral method for depth
estimation problems to the gravity data collected from the Indian Ocean
geoid low region, south of the Indian peninsula and Sri Lanka, and
feasible inferences were drawn in terms of mantle deep-seated bodies.

2. Concept of L; and Ly norm-based scaling spectral method

The 3D spectral density of a source distribution following fractal or
scaling behavior and comprising isotropic scaling exponent = f can be
represented in the form of (Maus and Dimri, 1996)

F(u, v, w) = C[Var +v2 w2 W

where Cs is a constant term representing the strength of the causative
source variations and u, v and w define the %, y, and z-component of the
wavevector, respectively. The power spectral density of a gravity field in
a horizontal plane of observation can be obtained by solving the
following equation (for details, please refer to Maus and Dimri, 1994):

— 2 2 2 2 2\ B — —(p+1)
F,(u,v) 7CPC5/W/|K‘4(Vu +v +w> dw = C,S 2)

where K is the wavevector, S = vu? +v2 and G, C, are constant. Note
that C; comprises the model parameters of the gravity source
distribution.

It is important to note that the derived spectral density, as repre-
sented by Eq. (1), becomes infinite for any value of the isotropic scaling
exponent, leading to one of the limitations of its application. However,
this can be avoided by treating the spectral densities satisfying Eq. (1)
but within a limited (finite) band of wavenumbers (Maus and Dimri,
1996).

A more generalized model of power spectra of the gravity field (Pg)
can be obtained by the upward continuation of the gravity field from the
surface of half-space to the plane of observation, in the following form

Py(S) = Cee ™SV 3)

which can also be represented as

InPy(S) = InC, — 2dS — yInS (€]

where y = p + 1 is the isotropic 2D scaling exponent of the gravity field,
B is that of the 3D density (source) distribution, d is the depth to the
causative source and S defines the absolute magnitude of the 2D
wavevector. This relationship indicates that the gravity field in the
observation plane due to the isotropic scaling source also obeys scaling
law and may not be exact always. It is important to note that the power
spectrum density in Spector and Grant's approach is constant at the
source level, which is a special case of Eq. (3) when y = 0. In such a case,
the radially averaged power is assessed before taking the logarithm,
depicting asymmetric power distribution. On the contrary, the scaling
approach considers the logarithm of the power for a constant length of
the wavevector, which is symmetric and provides meaningful informa-
tion. Fig. 1 illustrates the benefits of using the average of the logarithms
instead of just taking the logarithm of the average. Eq. (4) suggests that
the power spectrum is in a linear relationship with the model parameters
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Fig. 1. Power spectrum density representation of a synthetic gravity field
together with the theoretical scaling power spectrum having scaling exponent
value of p=3 (dashed line). The observation plane is considered at a height of 1
km above a scaling density distribution with $=3 (after Maus and Dimri, 1995).

hence, we will be dealing with a linear inverse problem.

To finalize the model (to be determined), the misfit function will be
realized by the difference between the model power spectrum and the
power spectrum calculated from the observed (real) data. A typical form
of the global objective function (0%(m)) can be expressed as (Menke,
2012)

0%(m) = @y(m) + aR(m) ©)

where, m, p4(m), R(m), a represents the model parameters, data misfit,
regularization term and regularization parameter, respectively. In gen-
eral, the data misfit term deals with how well the estimated data imitate
the observed (measured) one concerning a norm penalty. Further Eq. (5)
can also be expressed as

0%(m) = |rl|, + R (m)

N M 1/p
T S, ma_iv] ®
im1 ] =1

Here, D; is the measured data corresponding to N data points; m; and
ma; are model vector w.r.t. M points and initial model; g;j (g € RNM) js
the sensitivity matrix resulting from the discretization of a forward
modeling operator and p is the norm. The two misfit functions i.e. L; and
L, norm penalties of the solution, as used in this study, can be repre-
sented in the following form:

1/p
+o

w
L (v,d,InC,) norm = > " [InPy(8)™**™** — (InC, — 2dS — ynS) | %)

S=0

W 2
Ly (v,d,InC,) norm = {lnPd(S)““‘““’“‘ — (InC, — 2dS — yInS) ] ®)
S=0

These two norms provide information to have a better understanding
of the optimization that can quantify how reliable are the model pa-
rameters concerning the observed power spectrum of the gravity field.
The optimum model parameter triplet (y, d, InCg) will be obtained by
inverting the power spectrum that satisfies the global minimum values
of the triplet.

3. Application to the Indian Ocean geoid and gravity low area

The study area, IOGL, is situated in the south of the peninsular of
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India and Sri Lanka (Fig. 2), which reflects surprisingly low gravity and
geoid values. The region encompasses several complex structural fea-
tures, seamounts, and magmatic processes within active and passive
margins. The geoid anomaly, as deduced by removing mean dynamic
topography, appears to be as low as about —106 m with its center at 3°N,
78°E (Fig. 2a). The Bouguer gravity data were derived from the latest
global combined gravity field model i.e. EIGEN-6C4 including satellite
GOCE data, as illustrated in Fig. 2b together with the lithospheric age.
The Bouguer gravity data reveals long-and short-wavelength anomalies
that vary between about —250 mGal and 410 mGal. The present geo-
potential model is based on the spherical harmonic calculation (based on
the WGS 1984 reference system) of the Earth's gravitational field up to
degree and order 2190. Note that this gravity field is highly preferred
since it is inferred from the amalgamation of various satellites e.g.
LAGEOS (Laser Geodynamics Satellites), GRACE (Gravity Recovery and
Climate Experiment), GOCE (Gravity Field and Steady-State Ocean
Circulation Explorer), and DTU10 terrestrial data (a combination of the
EGM2008 global model over the continents and altimetry data over the
oceans), and performs better compared to the global EGM2008 model
(Forste et al., 2014).

The origin of the spectacular geoid low is believed to be due to long
wavelength deep-seated sources (Negi et al., 1987; Ghosh et al., 2017),
which is very difficult to realize from the complete Bouguer data, as
indicated by Fig. 2b. Most importantly, deep features are masked as
compared to shallow oceanic and continental tectonic features, which
are more prominent. Hence, for the present study, we decided to utilize
the high-resolution (1° x 1°) regional gravity anomaly from this area,
which ranges between —10 mGal and — 42 mGal (Fig. 3). The regional
field was obtained by separating (gentle cut) the 8 ° to 10 ® harmonic
from the complete spherical harmonics of degree and order 2190. To
obtain the best values of the model triplet (y, d, InCg) using L; and L;
norm penalties for source depth estimation, we opted for the over-
lapping windowing strategy involving a window size (w in Fig. 3) of 32 °
x 32 °€3552 x 3552 km), moving along both east-west and north-south
with a 4 © ¢ 444 x 444 km) step, and a 3300 km long east-west profile
(indicated by a white line in Fig. 3) within the regional gravity field. The
selection of window size is critical to acquiring geologically relevant
results from the radially averaged spectrum analysis of potential field
data (Pilkington and Todoeschuck, 1993; Fedi et al., 1997; Quarta et al.,
2000). Although there exist several choices, a recent sensitivity study on
the window size indicates that a window size having three to five times
the expected source depth is sufficient to provide geologically mean-
ingful information about a region (Kelemework et al., 2021). In the
present study, the 2D radial scaling spectra in the Fourier domain for
each subregion with overlapping window were utilized to obtain the
average depth of the gravity sources in the studied region. To under-
stand the source distribution and depth estimation, a suitable range of
wavenumbers was identified through visual inspection of the segments
and the least square linear fitting to the nearly linear features was per-
formed to obtain the slopes for depth values. Further, based on the
various combinations of the model triplet (y, d, InGg), model power
spectra are estimated to compare those with the measured power
spectrum from the regional gravity data using L; and Ly norm penalties.
The model with minimum misfit is considered to be the final model that
can reasonably explain the observed power spectrum. The data from the
IOGL region, used here, provides an opportunity to check the efficacy
and understand the performance of L; and Ly norm functions in scaling
power spectral inversion and find out the optimum model parameters to
explain the causative sources.

4. Results and discussion

From the 2D radially averaged spectrum of the gravity anomaly, the
log/log plot of the power spectra yielded the isotropic scaling exponent
of the gravity field (y) to be 2.78, from which the scaling exponent of the
3D scaling density (source) distribution is derived as 1.78, as shown in
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Fig. 2. (a) Map showing the geoid height anomaly (Pavlis et al., 2012) in the IOGL region, south of peninsular India. The striking geoid low (—106 m) is represented
by purple colour at the adjoining area of the center i.e. 3°N, 78°E. (b) Illustration of the satellite-derived Bouguer gravity anomaly (Forste et al., 2014) together with
contours of the age of the oceanic lithosphere (Ma) and the surface manifestation of the tectonic elements, and (c) bathymetry map (Smith and Sandwell, 1997) in the
IOGL and adjoining areas. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. It is worth mentioning that the scaling spectral behavior of the
studied gravity field exhibits the power-law scaling decay (having
power-law dependencies over wide ranges of both vertical and hori-
zontal scale) with a logarithm of wavenumber (see Fig. 4).

To obtain the optimum values of the scaling exponent together with
the depth to the source, we compared the measured power spectrum of
the gravity profile with the modeled one, as defined by Eq. (4). Both L;
and Ly norm misfit functions were realized for comparing these two
power spectra. The solutions obtained from these two norm misfits for
various combinations of depth and y values are illustrated as a 2D cross-
section in Fig. 5. Accordingly, for each combination, the constant

parameter, InCg has been optimized (see Table 1). Comparatively, the L;
norm misfit function performed better than the Ly norm criteria, which
is given in Table 1. It is, however, striking that although the scaling
power spectral inverted depth values (about 80 km and 120 km) are
close to (within the range) but not directly corroborated with the depth
values reported by Ghosh et al. (2017) signifying the low-density
anomalies, namely in the depth range of 300 km to 900 km. Relating
the geology of this region, which comprises mainly igneous and meta-
morphic rocks, indicates this study as a classic case of a half-space source
characteristics with heterogenous and complex statistical properties of
density distribution in the area. A similar case example was reported by
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Fig. 3. Regional gravity anomaly (derived from the EIGEN-6C4 model (Foerste et al., 2014)), showing the long wavelength features of spherical harmonics of the
Earth's gravitational field from the IOGL region. The black dashed area and the white line represent the square window (w, which comprises 3552 km side and 444

km shift) and a 3300 km long gravity profile used for the present study.

Maus and Dimri (1996), where consideration of a source-free top layer
was suggested to obtain depth values other than that represented by the
half-space layer. Most conceivably, in the present study, the optimum
depth estimated using the scaling power spectral inversion reflects the
depth to the surface of a half-space limited to the lithosphere-
asthenosphere boundary (widely referred to as LAB). This thin litho-
spheric characteristic ¢ 80 km) of the IOGL, which thickens progressively
and attains the value of 120-132 km adjacent to the Bay of Bengal re-
gion, is in good agreement with similar findings reported recently by
Gokul et al. (2022). This combined with the fact of obtaining y magni-
tude of about 2.78 suggests the depth to the source could be due to
mantle plumes or rising hot rocks in the upper to the mid mantle with
considerable lateral extents. In general, the average y for subsurface
density distribution of igneous and sedimentary rocks falls within the
range of 2.0 to 2.2 (Pilkington and Todoeschuck, 1993; Dimri and
Bansal, 2021). The scaling exponent for 3D density distribution, as ob-
tained in this study, is 1.78, indicating a heterogeneous nature of the
source controlled by various rock types and mantle plumes. The lower
and higher ranges of scaling exponents of sources indicate tectonically
stable and unstable areas, respectively (Dimri and Bansal, 2021). The
tectonic framework of the studied region is thought to be associated with
a significant reworking of crustal blocks since the Late Pliocene
including several aseismic ridges (Schlich, 1982; Suo et al., 2021), which
supports our interpretation strongly. Consequently, it would be inter-
esting to analyze the observed power spectrum divided into different
segments with this a priori information.

A proper scaling exponent is critical to infer source characteristics
and depth estimation, and the assumption of an isotropic exponent may

lead to conspicuous ambiguity in selecting the correct one. Although
several non-linear inversion methods have been utilized to simulta-
neously estimate the depth and scaling exponent, as is the case in the
present study, however, it becomes often challenging to accurately es-
timate both the parameters since these are largely interconnected to
each other (Bouligand et al., 2009; Kelemework et al., 2021). Moreover,
the exponent value is heavily dependent on the method implemented to
derive the power spectra (e.g. maximum entropy, Fourier, etc.) or on the
window functions (Quarta et al., 2000). The estimated depth and B
values can be judged based on how adequately these values explain the
gravity field and the associated density distribution from the studied
region. For example, error from the radial averaging process may
propagate into the model leading to ambiguous results (Maus and Dimri,
1995). This can be severe even for small grid spacing. Furthermore, the
derived model will assume a constant scaling exponent for the entire
source distribution, which is nothing but an approximation of the sta-
tistical properties of the density distribution. Note that the scaling
exponent of the subarea or segment may differ from the entire survey
area. It is worth mentioning that, despite using only a model triplet
comprising v, d, and InCg, the modeled power spectrum seems to be very
well fitted to the measured spectrum of the gravity field, except for a few
points, as indicated in Fig. 6. This is one of the significant advantages of
this method for a meaningful understanding of the source distribution.
The best fit model referred to here signifies a model with optimum pa-
rameters that explain the non-linear field meticulously.

As mentioned earlier, we divided the gravity map into overlapping
windows and estimated the radially averaged power spectra following
scaling relations to infer meaningful information about the depth of the
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this article.)

causative sources in the IOGL region. Further, through visual examina-
tion, a range of wavenumbers namely 0.002< S <0.008 rad/km is
decided to obtain a linear slope for deeper depth information and 0.010
< S <0.042 rad/km for estimating intermediate to comparatively shal-
lower depths (see Fig. 7a). Besides, the range of wavenumbers for the
profile data is chosen as 0.003< S <0.008 rad/km for the inference of
deep-seated sources and 0.008 < S <0.028 rad/km for other depth of
sources (Fig. 7b). Weightage of low and high wavenumbers together
explains the spectrum extremely well for all possible depths to the
causative source rather than a single model fit, where the latter is mainly
due to the density stratification in the upper lithospheric level. From the
2D radially averaged scaling power spectra, the inferred depth values
range between 1014 km, 431 km, and 94 km, while the profile data
reveals these source depths as 924 km, 392 km and 102 km with the
average estimation error varies between +4.5 km for shallow sources, +
20 km for intermediate depths and + 48 km for the relatively deep
origin of sources, respectively (Figs. 7a & 7b). These inferred depth
values, however, resemble closely the depth range as also reported by
Ghosh et al. (2017). The depth corresponding to the range of 94-102 km
indicates the causative source along the lithosphere-asthenosphere
boundary and coincides with the half-space model as obtained from
the scaling power spectral inversion. The S-receiver functions study also
shows the average thickness of the lithosphere in the Indian Ocean isin a
similar range (Kumar et al., 2007). Further, to identify if there is any
thermal variation in lithospheric thickness that might influence our
calculation, we plotted the thickness of the oceanic lithosphere with its
age, as illustrated in Fig. 8. The isotherms are computed using the GDH
model given by Stein and Stein (1992). The thermal model is con-
structed considering the temperature at the base of the plate to be
1350 °C potential temperature. The figure shows that the age of the first
0-40 Ma appears more pronounced compared to the rest where it tends
to remain nearly constant. Interestingly, the lithospheric age in and
around the IOGL is in the range of 65-90 Ma (Fig. 2b). This implies that
there is no significant thermal variation in lithospheric thickness which
might have affected our calculation.

The inferred depth range of 392 + 19 km to 431 + 21 km suggests
the depth for the upper mantle discontinuity (i.e. 410 km discontinuity
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Table 1

Estimated depth, v, and the constant InCgvalues for the studied gravity data for a
window size of 32° x 32° with a 4° step size including the wavenumber range of
0.002 < S < 0.042 rad/km, as obtained from L; and L, norm misfit functions.

Misfit Depth to source Scaling exponent of the Constant
functions (km) field (y) InCy

L; norm 80 2.45 -19

L, norm 120 2.5 -19.3

(D410) as inferred from the IASP91 earth model). We found that the
D410 topography is slightly depressed, which is in accord with the re-
ported observations of differential travel times of PP and SS waves (Reiss
et al., 2017) and high-quality P to S wave radial receiver functions data
acquired from the sizeable array of Ocean Bottom Seismometers (Negi
et al., 2022). Such a depressed D410 topography relies heavily on the
surrounding mantle temperature conditions and is attributed to a hot
midmantle anomaly accompanying a thin mantle transition zone (MTZ)
representing an exothermic phase transition of olivine (Ol) to the wad-
sleyite (Wd) (Jenkins et al., 2016; Chanyshev et al., 2022). In essence,
the unusual negative Clapeyron slope at D410 conclusively indicates
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Fig. 6. Illustration of the best fit model obtained from scaling power spectral
inversion of the studied gravity data.

that the MTZ is highly perturbed in the IOGL region when compared to
the global mean due to the presence of hot midmantle anomalies (Negi
et al., 2022). Intriguingly, these hot anomalies correspond well with the
low-density (about 0.2% of the size and shape of IOGL) and low-velocity
anomalies in the depth range of 300 km to 900 km beneath the IOGL
(Ghosh et al., 2017; Steinberger et al., 2021). It is, however, striking that
the origin of such a thermal (hot) anomaly remains elusive since there is
no direct evidence of a mantle plume immediately beneath the IOGL
area. A plethora of thermal anomalies has been believed to be originated
in the upper mantle beneath East Africa, which further channeled from
north of Madagascar towards the present location of the IOGL (Ghosh
et al.,, 2017). Current global tomography models such as GyPSuM
(Simmons et al., 2010), S40RTS (Ritsema et al., 2011), SAVANI (Auer
et al., 2014), SGLOBE-rani (Chang et al., 2015) and others also reveal
that low S-velocity anomalies are persistent and ascribed to hot mantle
material arising from the Kenya plume and flowing towards the south of
India as a part of the large scale conveyor belt (Steinberger et al., 2021)
involving upwelling from the African LLSVP in the direction of the
dehydrated ancient subducted slabs of the Tethyan collisional zone.
Fig. 9 illustrates the vote map as derived from many seismic tomography
models (Hosseini et al., 2018), which reveals the low S-velocity anom-
alies (orange/red colors) that coincide well with the low-density
anomalies extending from the east of East Africa towards the west
coast, mid-oceanic ridges and southern part of India (Ghosh et al.,
2017). The fast movement of the Indian plate could have accelerated the
mantle flow from East Africa to mid-oceanic ridges and the southern part
of India (Kumar et al., 2007; Steinberger et al., 2021). More interest-
ingly, the low-velocity anomalies are prominent at all mantle depths,
except for depths beyond 900 km, where the high-velocities vote map is
dominant, as illustrated in Fig. 9. This supports our findings that the
source of the IOGL anomaly is mainly arising from variable depths in the
range of 100 km to 1000 km, exhibiting the scaling behavior of the rocks
(gradational density) both at the upper mantle and top part of the lower
mantle. There is another argument for geoid low, which states that the
coupled mechanism of high-density anomalies in the lower mantle due
to ancient slab graveyards with the low-density and low-velocity ma-
terials in the upper mantle can strongly reproduce such anomalous
structure (Spasojevic et al., 2010). This is also supported by the receiver
function results from a few stations in and around the IOGL together
with PP and SS precursor studies (Rao et al., 2020; Reiss et al., 2017).
Nevertheless, the direct evidence of gravity low due to heteroge-
neous density distribution remains unexplained, except for the scaling
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Fig. 7. Estimation of depth to the sources in the regional gravity anomaly map
of the IOGL region using a window size of (a) 3552 x 3552 km and (b) profile
data, as shown in Fig. 3. The slope represents the various depth values as ob-
tained during the spectrum fitting. The error bars define the 95% confidence
intervals for the radially averaged scaling power spectrum.
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Fig. 8. Plate thicknesses of oceanic lithospheres are plotted against their age.
Isotherms lines are plotted with an interval of 200 °C.
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Fig. 9. Representation of vote map of all S-velocity models at various depths namely 200 km, 410 km, 900 km, and 1000 km as provided by Hosseini et al. (2018).

characteristic of the source. Our analysis clearly suggests that the source
of the IOGL lies at variable depths covering mostly the upper mantle and
some parts even deeper than the upper mantle transition zone, which is
mineralogically interpreted as phase transitions from a-olivine to
B-spinel, and from y-spinel to perovskite+magnesiowiistite, respec-
tively. We speculate that one of the possible origins of such extreme
geoid (and gravity) anomaly is due to the gradational change (due to
scaling characteristics) between low mid-to-upper mantle hot, low-
density rocks subjected to high-grade metamorphism, and cold dense
rocks at the upper part of the lower mantle. Our gravity results are in
accord with the model of the deep genesis of the IOGL as suggested by
Ghosh et al. (2017) and Steinberger et al. (2021), who advocate the
cause of the anomaly is the material rising from the African LLSVP and
moving towards the northeast. The density reduction can be explained
in several ways, therefore at present, it is difficult to ascertain the exact
cause of the anomaly. However, based on the accurate depth informa-
tion from this study, we could ascertain that the genesis of the anomaly

may not be due to a single factor but related to several components such
as LLSVP (e.g. Masters et al., 2000; Grand, 2002, and many others) and
the locale of a slab graveyard (Spasojevic et al., 2010; Rao et al., 2020).
The genesis and source depths of the IOGL anomaly are enigmatic and
integrated modeling involving petrological, seismic, heat flow, and
other observations might be useful to explain such a complex nature.

5. Conclusions

Here, we analyzed the power spectrum of the gravity field obtained
from a widely known and unique geoidal low region on the Earth (i.e.
Indian Ocean geoid low), and invert it to get meaningful information
about the depth of a feasible source distribution. The assumption of a
scaling source distribution following scaling geology is considered here.
It is evident from the power spectrum analysis that the gravity field from
the studied region decays by approximately £278, Note that the scaling
exponent may potentially vary with regions following different geology.
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The advantage of the adopted scaling power spectral inversion method is
that it does not require any impractical assumptions such as white noise
or random source distribution. An optimum fit to the power spectrum
was obtained by realizing two popular misfit functions i.e. L; and Lj-
norm solutions for different combinations of depth and scaling exponent
values. Comparatively, the L; norm solution explains the model fit more
accurately than Ly -norm misfit function. The depth values such as 80 km
and 120 km obtained from these two approaches were attributed to a
half-space model following the 3D scaling source distribution, which
signifies the LAB depth and falls within the reported depth range
(300-900 km) by Ghosh et al. (2017) within the upper mantle but could
not explain the data alone. So, we focused our attention to analyze the
gravity map into overlapping windows and dividing the observed power
spectra into segments corresponding to source heterogeneities attrib-
uted from various depth levels that follow scaling geology. We found a
variable feasible depth to the source from the studied region, which falls
within the range of 924-1014 km, 392-431 km, and 94-102 km with the
average estimation error varying between 4.5 km for shallow sources,
20 km for intermediate depths and 48 km for the relatively deep origin
of sources, respectively. Our source depth findings are in accord with the
low S-velocity anomalies as observed within the vote map and the
published depth range, as evident from Ghosh et al. (2017). The derived
results were found to be strongly dependent on the chosen window size
for scaling power spectrum inversion. The model developed here, elu-
cidates the shape and characteristics of the observed power spectrum
reasonably well. It is also interesting to note that a best-fit model can
only be anticipated if the scaling exponent correlates well with the
surface or sub-surface geology. We propose that the origin of such an
extreme geoid anomaly is attributed to the gradational density change
between lower mid-to-upper mantle hot, less dense rocks subjected to
high-grade metamorphism and cold dense rocks residing in the top part
of the lower mantle.
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