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We present and compare four types of the isostatic gravity disturbances compiled at sea level over the
world oceans and marginal seas. These isostatic gravity disturbances are computed by applying the Airy—
Heiskanen (AH), Pratt—Hayford (PH) and Vening Meinesz—Moritz (VMM) isostatic models. In addition,
we compute the complete crust-stripped (CCS) isostatic gravity disturbances which are defined based
on a principle of minimizing their spatial correlation with the Moho geometry. We demonstrate that
each applied compensation scheme yields a distinctive spatial pattern in the resulting isostatic marine
gravity field. The AH isostatic gravity disturbances provide the smoothest gravity field (by means of their
standard deviation). The AH and VMM isostatic gravity disturbances have very similar spatial patterns
due to the fact that the same isostatic principle is applied in both these definitions expect for assuming
a local (in the former) instead of a global (in the latter) compensation mechanism. The PH isostatic
gravity disturbances are highly spatially correlated with the ocean-floor relief. The CCS isostatic gravity
disturbances reveal a signature of the ocean-floor spreading characterized by an increasing density of the
oceanic lithosphere with age.

1. Introduction

According to classical isostatic models, it is
assumed that the topographic mass surplus and
the oceanic mass deficiency are compensated by
either a variable depth or density of compensa-
tion. The Pratt—Hayford (PH) isostatic model is
based on adopting a constant depth of compen-
sation while considering a variable compensation
density (Pratt 1855; Hayford 1909; Hayford and
Bowie 1912). In the Airy-Heiskanen (AH) iso-
static model, a constant compensation density is
assumed, while a depth of compensation is variable
(Airy 1855; Heiskanen and Vening Meinesz 1958).
Whereas the AH model can reproduce relatively

realistically, the isostasy especially under signifi-
cant orogens (where the isostatic mass balance is
mainly controlled by a varying depth of compen-
sation), the PH model approximates more realis-
tically the compensation mechanism under oceans
(where the isostatic mass balance is mainly gov-
erned by a varying density of compensation). For
this reason, some authors recommended using the
PH model over oceans and the AH model on land
(e.g., Wild and Heck 2004; Makhloof 2007). More-
over, both these isostatic schemes assume only a
local compensation. Vening Meinesz (1931) mod-
ified the AH theory by introducing a regional
isostatic compensation based on a thin plate litho-
spheric flexure model (Watts 2001). Moritz (1990)
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further generalized the Vening Meinesz’s inverse
problem by assuming a global compensation mech-
anism, called herein the Vening Meinesz—Moritz
(VMM) problem of isostasy, and adopted a spheri-
cal reference surface (see also Abd-Elmotaal 1991,
1993, 2000, 2004; Sjoberg 2009, 2013; Bagherbandi
et al. 2013). Tenzer et al. (2009a, 2012b, d) defined
the complete crust-stripped (CCS) isostatic model
of which definition was given based on a princi-
ple of minimizing the spatial correlation between
the isostatic gravity disturbances and the Moho
geometry. They demonstrated that these isostatic
gravity disturbances are obtained from the Earth’s
gravity disturbances after removing gravitational
signals of crustal density heterogeneities and Moho
geometry.

All these four isostatic models were formulated
based on assuming that the isostatic mass balance
is attained within the Earth’s crust. The isostatic
mass balance, however, depends on several differ-
ent factors including loading and effective elas-
tic thickness, rigidity, rheology of the lithosphere
and viscosity of the asthenosphere (e.g., Watts
2001). Moreover, the glacial isostatic adjustment,
present-day glacial melting, plate tectonics, mantle
convection and other geodynamic processes con-
tribute to the overall isostatic balance. Kaban et al.
(1999), for instance, demonstrated that the iso-
static mass balance takes place not only within
the crust but eventually within the whole litho-
sphere. The isostatic gravity disturbances also con-
tain a long-wavelength signal of the mantle density
heterogeneities including the core-mantle bound-
ary zone (cf. Sjoberg 2009). Braitenberg et al.
(2006) demonstrated that the misfit of the iso-
static assumption of the Moho interface to a long-
wavelength part of the gravity field is explained
by large marine sedimentary basins and rigidity
variations of the crustal plate. Within the oceanic
lithosphere, the isostatic Bass balance is also con-
trolled by thermal cooling caused by the ocean-
floor spreading. According to the theory of thermal
cooling, the thickness of the (thermal) oceanic
lithosphere model is increasing with age. At the
same time, the density increase due to a thermal
volumetric contraction of the oceanic lithosphere is
isostatically compensated by the increasing ocean-
floor depth (see e.g., Parsons and Sclater 1977).
This model assumes that the isostatic equilibrium
within the whole oceanic lithosphere is attained
by a changing density while a depth of compensa-
tion is constant (e.g., Turcotte and Schubert 2002,
Chapter 5).

In this study, we compared the AH, PH, VMM
and CCS isostatic gravity disturbances computed
over the world oceans and marginal seas. The appli-
cation of more complex isostatic models, which
account for the mantle density heterogeneities and
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other geodynamic factors (i.e., crustal loading due
to marine sediments, thermal cooling of the oceanic
lithosphere), is out of the scope of this study.
We further investigated a spatial smoothness of
these isostatic gravity disturbances and compared
their spatial correlations with the ocean-floor relief
(and age). Our analysis was restricted to a long-
wavelength part of the isostatic gravity spectra
complete to degree 250 of spherical harmonics. The
isostatic gravity disturbances are briefly reviewed
in section 2. The results are presented in section 3
and discussed in section 4. The conclusions are
given in section 5.

2. Isostatic gravity disturbances

With reference to Tenzer and Bagherbandi (2012),
we define the isostatic gravity disturbance dg' as
follows:

dg' = 69" + ¢°, (1)

where 6g'™® denotes the refined Bouguer gravity
disturbance, and ¢¢ is the isostatic reduction (e.g.,
Moritz 1990, Chapter 8). The refined Bouguer
gravity disturbance 5g™® is obtained from the grav-
ity disturbance d¢g after applying the topographic
and bathymetric gravity corrections. Hence

69" =69 —g" +g°, (2)

where ¢gT and ¢® are the gravitational attrac-
tions of topography and seawater density contrast,
respectively.

It is worth mentioning that in classical defini-
tion of the simple planar Bouguer gravity anomaly
(e.g., Heiskanen and Moritz 1967), the topogra-
phy is approximated by an infinite Bouguer plate.
Under this planar approximation of topography,
the Bouguer gravity reduction at sea level equals
zero, because this reduction is defined as a func-
tion of the topographic height of a computation
point. If a definition of the Bouguer gravity reduc-
tion also includes the planar terrain correction,
the computed effect of topography at sea level is
non-negative, because the values of the planar ter-
rain correction are also non-negative. Moreover,
the planar terrain correction could not be neglected
over marine areas, especially along marginal seas
in vicinity of large mountain ranges where its val-
ues could reach several dozens of mGal. Similarly,
in spherical approximation, the topographic grav-
ity correction has to be taken into consideration
in computing the marine Bouguer gravity data.
This was demonstrated, for instance, by Tenzer
et al. (2015a). They estimated that the topographic
gravity correction computed at sea level over the
world oceans and marginal seas varies within —16
to 205 mGal.
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In classical definitions of the AH, PH and VMM
isostatic gravity field (e.g., Heiskanen and Moritz
1967; Moritz 1990), the gravity corrections due
to glacial ice, sediments and consolidated crust
are typically disregarded. In contrast, the appli-
cation of these gravity corrections (accounting
for crustal density heterogeneities) is incorporated
explicitly in definition of the consolidated crust-
stripped gravity disturbances (cf. Tenzer et al.
2009a, 2015b) in order to attain a maximum spa-
tial correlation of these refined gravity data with
the Moho geometry (cf. Tenzer et al. 2009b). For
this reason, we applied these additional gravity
corrections only in computing the consolidated
crust-stripped gravity disturbances. The AH, PH
and VMM isostatic gravity disturbances were then
obtained from the refined Bouguer gravity dis-
turbances after applying the respective isostatic
reductions (equation 1). The consolidated crust-
stripped gravity disturbances were used to com-
pute the CCS isostatic gravity disturbances. The
CCS isostatic reduction was defined so that it min-
imizes a spatial correlation between the isostatic
gravity disturbances and the Moho geometry (cf.
Tenzer et al. 2012d).

In this study, the gravity corrections and respec-
tive corrected gravity disturbances were computed
using the expressions given in Tenzer et al. (2012a).
The computation of the AH and PH isostatic
reductions was realized according to the expres-
sions derived by Sjoberg (1998a, b). For theoretical
details of these isostatic models we refer readers
also to studies of Lambeck (1988), Rummel et al.
(1988) and Tsoulis (2001). The VMM isostatic
reduction was evaluated according to the expres-
sions given in Sjoberg (2009). The CCS isostatic
gravity disturbances were defined in Tenzer et al.
(2012b, d).

3. Results

We computed the isostatic gravity disturbances
over the world oceans and marginal seas on a
1 x 1 arc-deg spherical grid at sea level using
the GOCOO03S gravity model (Mayer-Guerr et al.
2012), the DTM2006.0 solid topography and ice
thickness data (Pavlis et al. 2007) and the CRUST2.0
global seismic crustal model (Bassin et al. 2000).
The gravity disturbances and the gravity correc-
tions due to topography, bathymetry and ice were
computed with a spectral resolution complete to a
spherical harmonic degree of 250. The gravity cor-
rections due to sediments and consolidated crust
were evaluated up to degree 90 of spherical har-
monics, compatible with a 2 x 2 arc-deg spatial res-
olution of the CRUST2.0 model. The AH, PH and
VMM isostatic reductions were computed complete
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to degree 250 of spherical harmonics and the spec-
tral resolution up degree 90 was used to evaluate
the CCS isostatic reduction using the CRUST2.0
Moho depths. Since the Moho geometry beneath
the oceanic crust is typically smooth, the omission
errors due to disregarding the spherical harmonics
between degrees 91 and 250 should not have any
significant impact on a spectral resolution of the
resulting CCS isostatic gravity disturbances. The
AH, PH, VMM and CCS isostatic gravity distur-
bances, therefore, comprise spectral information up
to a similar degree of spherical harmonics.

The gravity disturbances were computed from
the GOCOO03S coeflicients after subtracting the
GRS80 coefficients of normal gravity field (Moritz
2000). The DTM2006.0 coefficients were used to
compute the topographic and bathymetric grav-
ity corrections. The average density of the upper
continental crust of 2670 kg/m? (cf. Hinze 2003)
was adopted for a definition of the topographic
density. The seawater density distribution was
approximated by a depth-density seawater equa-
tion (see Gladkikh and Tenzer 2011; Tenzer et al.
2011, 2012c¢). The topographic and bathymetric
corrections were applied to the GOCOO03S grav-
ity disturbances. The resulting refined Bouguer
gravity disturbances are shown in figure 1. These
gravity disturbances are mostly positive (over the
world oceans and marginal seas) and vary between
—54 and 1042 mGal (with a mean of 399 mGal
and a standard deviation of 143 mGal). The
largest values of these gravity disturbances were
detected along oceanic trenches characterized by
the largest bathymetric depths. The gravity val-
ues decrease over abyssal planes and reach min-
ima along marginal seas. This gravity pattern thus
closely resembles the ocean-floor relief. This is
shown in figure 2, where we plotted the relation
between the refined Bouguer gravity disturbances
and the bathymetric depths.

The computation of the consolidated crust-
stripped gravity disturbances was realized by
applying additional (stripping) gravity corrections
to the refined Bouguer gravity disturbances. Here
we considered the gravity corrections due to den-
sity contrasts of the continental ice sheets, sed-
iments and within remaining consolidated crust
(down to the Moho interface). The DTM2006.0
topographic and ice-thickness data were used to
compute the ice gravity correction according to the
procedure described in Tenzer et al. (2010). The
CRUST2.0 discrete data of the (soft and hard) sed-
iment thickness, depth and density were used to
generate the coefficients of the sediment density
contrast layers. We then applied the spherical har-
monic analysis to compute the sediment gravity
correction from these coefficients. The same proce-
dure was applied to compute the consolidated crust
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Figure 2. Scatter plot of the refined Bouguer gravity disturbances with respect to the bathymetric depths.

gravity correction from the CRUST2.0 discrete
data of the (upper, middle and lower) consolidated
crust thickness, depth and density.

The ice gravity correction is shown in figure 3.
The gravitational contribution of the continental
ice sheets is significant in proximity of Greenland
and Antarctica, where it reaches maxima up to
63 mGal (with a mean of 2 mGal and a standard
deviation of 4 mGal). The sediment gravity correc-
tion is shown in figure 4. This correction is positive
everywhere and varies between 12 and 134 mGal
(with a mean of 38 mGal and a standard devia-
tion of 23 mGal). The largest values of this cor-
rection, with maxima locally exceeding 100 mGal,
are seen along continental slopes, especially over
large accumulations of marine sediments due to
a river discharge of Mississippi, Ganga and Nile.
Moreover, the signatures of the Bengal, Indus, and
other deep-sea fans (i.e., large marine sedimentary

accumulations deposited on the slope and adja-
cent sea floor originated during ice-age climatic
episodes) are also pronounced in the gravity map of
sediment correction. Large values of this correction
are also seen throughout large parts of the Arctic
Ocean. The consolidated crust gravity correction is
shown in figure 5. This gravitational contribution
of the anomalous crustal density structures varies
from —576 to 461 mGal (with a mean of 179 mGal
and a standard deviation of 197 mGal). These three
stripping gravity corrections were applied to the
refined Bouguer gravity disturbances. The result is
shown in figure 6. The consolidated crust-stripped
gravity disturbances are mainly positive and vary
between —718 and 486 mGal (with a mean of 179
mGal and a standard deviation of 198 mGal). Both
gravity data, the refined Bouguer and consolidated
crust-stripped gravity disturbances, are highly spa-
tially correlated with the ocean-floor relief (cf.
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Figure 4. Sediment gravity correction (values are in mGal).

figures 1 and 6). The consolidated crust-stripped
gravity disturbances, however, comprise the
additional Moho signature. This is particularly evi-
dent in a more pronounced contrast between the
oceanic and continental lithosphere along marginal
seas in the spatial pattern of the consolidated
crust-stripped gravity disturbances attributed to
a thin oceanic crust compared to a much thicker
continental crustal structures.

We further computed four types of the isostatic
reductions. The resulting isostatic gravity distur-
bances are shown in figure 7 and their statistical
summary is given in table 1.

4. Discussion

The investigated isostatic gravity disturbances
have different spatial distributions (see figure 7)
and statistical properties (see table 1), specified by
their mean value, range (i.e., minimum and max-
imum values) and spatial smoothness (i.e., their
standard deviation). The AH, PH and VMM iso-
static gravity disturbances have similar mean val-
ues (between —264 and —218 mGal). Moreover,
their values are mostly negative. In contrast, the
CCS isostatic gravity disturbances are everywhere
positive and their mean value is 758 mGal. As seen
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Figure 6. Consolidated crust-stripped gravity disturbances (values are in mGal).

in table 1, the AH and PH isostatic gravity distur-
bances have a similar range of values of 675 and
705 mGal, respectively. The VMM isostatic grav-
ity disturbances are distributed within the largest
interval of 983 mGal. The CCS isostatic gravity
disturbances have, on the other hand, the small-
est range of values of only 551 mGal. Further-
more, the standard deviations in table 1 indicate
that the application of the AH model provided
the smoothest marine gravity field and the stan-
dard deviation of the AH isostatic gravity distur-
bances is only 46 mGal. Similarly, the VMM and
CCS isostatic gravity disturbances are relatively
smooth with the standard deviations of 53 and 63
mGal, respectively. In contrast, the PH isostatic

gravity disturbances have a much larger standard
deviation of 125 mGal.

To better understand a spatial behaviour of
these isostatic gravity disturbances, we further
investigated their correlation with respect to the
ocean-floor relief. Scatter plots are shown in
figure 8. As seen in figure 8(b), the PH isostatic
gravity disturbances systematically decrease with
the increasing bathymetric depth at a rate of hori-
zontal spatial change of about —80 mGal per 1 km
of depth. In contrast, the AH, VMM and CCS iso-
static gravity disturbances have an opposite trend
and their horizontal spatial changes relative to
the bathymetric depth are much smaller. These
three isostatic gravity disturbances increase at a
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Figure 7. Isostatic marine gravity data: (a) Airy—Heiskanen, (b) Pratt—Hayford, (c) Vening Meinesz—Moritz, and (d)
complete crust-stripped isostatic gravity disturbances (values are in mGal).

similar rate of about 30 mGal per 1 km of depth
(cf. figure 8a, ¢, d). This analysis also explained
why the PH isostatic gravity disturbances have the
largest standard deviation. As seen in figure 8(b),
most of these gravity values are systematically dis-
tributed at a large interval from about —450 to
50 mGal. Despite AH and PH isostatic gravity
disturbances having a similar range of values, most
of the AH isostatic gravity disturbances are sys-
tematically distributed only within the interval
from about —350 to —150 mGal (see figure 8a). A
similar pattern of systematically distributed values
within a relatively small interval is seen also in the
VMM and CCS isostatic gravity disturbances (cf.
figure 8¢, d).

Comparison of the gravity maps in figure 7(a and
c) revealed some similarities in spatial patterns of
the AH and VMM isostatic gravity disturbances.

This is also evident from the scatter plots in
figure 8(a and c) and the statistics in table 1. Both
these isostatic gravity disturbances have similar
mean values, smoothens and horizontal spatial dis-
tributions. We explain these similarities by the fact
that the AH and VMM isostatic models assume
the same compensation principle (based on a
variable depth of compensation). Since the AH
scheme assumes a local compensation and a global
compensation mechanism is adopted in the VMM
isostatic model, the AH isostatic gravity distur-
bances resemble slightly more a detailed pattern
of the ocean-floor relief (see figure 7a), while the
VMM isostatic gravity disturbances follow more
closely major bathymetric features (see figure 7c).

As stated above, the PH isostatic gravity dis-
turbances are spatially highly correlated with the
bathymetric depth (figure 8b). This trend is also
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Table 1. Statistics of the isostatic marine gravity distur-
bances.

Isostatic gravity Min Max Mean STD
disturbances (mGal) (mGal) (mGal) (mGal)
AH —496 179 —218 46
PH —513 192 —247 125
VMM —665 318 —264 53
CCS 471 1022 758 63

evident from the gravity map in figure 7(b) which
revealed the signature of the ocean-floor relief.
The PH isostatic gravity disturbances are typically
positive along marginal seas, while negative val-
ues prevail over open oceans with extreme grav-
ity minima over oceanic trenches. Compared to

the PH isostatic gravity disturbances, the spa-
tial pattern of the CCS isostatic gravity distur-
bances is somehow different. Comparison of the
gravity maps in figure 7(b and d) indicates that
the contrast between shallow marginal seas and
deep oceanic areas is more pronounced in the PH
isostatic gravity disturbances. This was explained
by a high spatial correlation of the PH iso-
static gravity disturbances with the bathymetric
depth. Furthermore, another significant difference
between these two isostatic gravity disturbances
(and also the most intriguing) is the fact that
minima of the CCS isostatic gravity disturbances
were found along mid-oceanic ridges, while max-
ima agree with locations of oceanic subduction
zones (i.e., along oceanic trenches). In contrast,
the PH isostatic gravity disturbances have oppo-
site trend. To explain these differences, we plotted
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Figure 9. Scatter plot of the complete crust-stripped gravity
disturbances with respect to the age of oceanic lithosphere.

(in figure 9) the correlation of the CCS isostatic
gravity disturbances (taken only over areas of the
oceanic lithosphere) with respect to the ocean-floor
age (Miller et al. 2008). We can see that min-
ima of these isostatic gravity disturbances corre-
spond with the youngest oceanic lithosphere along
mid-oceanic ridges (cf. figure 7d). The gravity val-
ues further increase with age especially within

first 80 Myr. Much smaller spatial variations are
then seen over the remaining period approximately
up to 150 Myr. Maxima of the CCS isostatic
gravity disturbances are distributed mainly over
oceanic subduction zones characterized by the oldest
oceanic lithosphere. The signature of the ocean-
floor spreading in the CCS isostatic gravity dis-
turbances was explained by Tenzer et al. (2012e).
According to them, the increasing gravity with age
corresponds to an increasing density caused by a
thermal cooling of the oceanic lithosphere (with the
density minima along mid-oceanic ridges and the
density maxima along oceanic subduction zones).
A horizontal spatial distribution of these isostatic
gravity disturbances thus exhibited a thermal state
of the oceanic lithosphere. At the same time, an
apparent correlation of the CCS isostatic gravity
disturbances with the ocean-floor relief is explained
by the fact that thermal cooling also causes a con-
traction of the oceanic lithosphere manifested by
an oceanic depending due to an isostatic rebalance
of the oceanic lithosphere (e.g., Parsons and Sclater
1977).

5. Summary and concluding remarks

We computed and compared four types of the
isostatic marine gravity disturbances. The results
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revealed that each applied isostatic scheme pro-
vided unique spatial pattern of the marine isostatic
gravity disturbances.

The PH isostatic gravity disturbances are spa-
tially highly correlated with the ocean-floor relief.
Since large part of marine areas have not yet
been covered by sounding reflection surveys (i.e.,
the multi-beam echo sounders), the altimetry-
derived marine gravity data are primarily used
to determine bathymetric depths. This is pos-
sible because spatial variations of the marine
gravity are highly correlated with the ocean-
floor relief (in the wavelength band from 15 to
200 km). The principles of predicting the ocean-
floor topography from satellite-altimetry measure-
ments can be found in studies by Wessel and
Watts (1988), Baudry and Calmant (1991), Jung
and Vogt (1992), Smith (1993), Sandwell and
Smith (1997), and others. The PH isostatic gravity
data might thus be suitable for an indepen-
dent validation of the bathymetric depths pre-
dicted using the altimetry-derived gravity data.
We note here that this aspect needs to be further
verified.

The application of the AH isostatic model pro-
vided the smoothest marine gravity field among
the investigated isostatic gravity disturbances. In
terms of a standard deviation, the AH isostatic
gravity disturbances are more than two times
smoother than the PH isostatic gravity distur-
bances. These isostatic gravity data are thus
suitable especially for an interpolation of marine
gravity data.

The VMM and AH isostatic models provide
gravity fields which have a similar smoothness
and spatial distribution. These similarities were
explained by applying the same compensation
principle in both models (based on a variable
depth of compensation). Relatively small differ-
ences between these two types of the isostatic grav-
ity disturbances are then caused by assuming a
global (for the VMM model) instead of a local (for
the AH model) compensation mechanism.

The CCS isostatic gravity disturbances exhib-
ited the signature of the ocean-floor spreading
controlled mainly by an increasing density due to
thermal cooling of the oceanic lithosphere. As con-
sequences, these isostatic gravity disturbances are
to be preferably used in studies of the structure
and evolution of the oceanic lithosphere.
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