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ABSTRACT

We investigate the gravity gradient components corrected for major known anomalous density structures within the
Earth’s crust. Heterogeneous mantle density structures are disregarded. The gravimetric forward modeling technique is uti-
lized to compute the gravity gradients based on methods for a spherical harmonic analysis and synthesis of a gravity field.
The Earth’s gravity gradient components are generated using the global geopotential model GOCO-03s. The topographic and
stripping gravity corrections due to the density contrasts of the ocean and ice are computed from the global topographic/ba-
thymetric model DTM2006.0 (which also includes the ice-thickness dataset). The discrete data of sediments and crust layers
taken from the CRUST2.0 global crustal model are then used to apply the additional stripping corrections for sediments and
remaining anomalous crustal density structures. All computations are realized globally on a one arc-deg geographical grid at
a mean satellite elevation of 255 km. The global map of the consolidated crust-stripped gravity gradients reveals distinctive
features which are attributed to global tectonics, lithospheric plate configuration, lithosphere structure and mantle dynamics
(e.g., glacial isostatic adjustment, mantle convection). The Moho signature, which is the most pronounced signal in these
refined gravity gradients, is superimposed over a weaker gravity signal of the lithospheric mantle. An interpretational quality
of the computed (refined) gravity gradient components is mainly limited by a low accuracy and resolution of the CRUST2.0

sediment and crustal layer data and unmodeled mantle structures.
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1. INTRODUCTION

When studying the Moho density interface based on
gravity field analysis and inversion, the topographic, ba-
thymetric and additional corrections which account for
anomalous mass density structures within the Earth’s crust
are applied to observed gravity data (see e.g., Sjoberg and
Bagherbandi 2011; Sampietro et al. 2013). In geophysics,
this step is known as gravity stripping (e.g., Hammer 1963).
In addition to modeling of crustal density structures, the
gravity signal of heterogeneous density structures within
the lithospheric mantle as well as deeper mantle (including
core-mantle geometry) should be modeled and subsequently
removed from these refined gravity data. In this study, we
take into consideration only major density structures within
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the Earth’s crust; heterogeneous mantle density structures
are disregarded. The 3-D global model of the mantle density
distribution was compiled, for instance, by Simmons et al.
(2010). There are several different geophysical phenomena
(such as glacial isostatic adjustment, plate flexure, crustal
rigidity, plate motion, mantle convection/thermal compen-
sation) which can also be interpreted by means of gravity
field analysis. For more information we refer readers to
studies by Kaban et al. (1999, 2003, 2004), Watts (2001, p.
114), Braitenberg et al. (2006), Wienecke et al. (2007), Ten-
zer et al. (2009a, 2012b), Bagherbandi and Sjoberg (2012),
Negretti et al. (2012), and others.

In association with the precise modeling of the Earth’s
gravity field, three dedicated satellite missions provide in-
formation which considerably increased the accuracy of ex-
isting global geopotential models (GGMs) and significantly
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improved their application in various scientific fields: the
CHAllenging Mini-satellite Payload (CHAMP) launched in
2000, the GRavity field and Climate Experiment (GRACE)
launched in 2002, and the Gravity field and steady-state
Ocean Circulation Explorer (GOCE) launched in 2009.
These missions are somewhat complementary. The GOCE
gravity gradiometry significantly improved the gravity field
at medium wavelengths from about 100 to 250 of spherical
harmonics (and provides a spatial resolution to about 70 km
at the equator), but it is relatively inaccurate at long wave-
lengths (above 700 - 1000 km). The CHAMP and GRACE
missions provide precise information on a long-wavelength
gravity spectrum up to degree of 160 (which correspond to
a spatial resolution of about 200 km at the equator). An as-
sessment of the accuracy of recent combined satellite models
can be found, for instance in Pail et al. (2007) and Forste et
al. (2008). The combined CHAMP/GRACE/GOCE gravity
field solutions have the ability to extend current knowledge
concerning the Earth’s inner density structures especially
beneath oceanic and continental areas where seismic data
are not yet available or their accuracy and spatial coverage
is inadequate.

In this study we use the recently released model GO-
CO-03s (Mayer-Giirr et al. 2012) to compute the gravity
gradient components globally. This model was compiled
based upon GOCE, GRACE, CHAMP and SLR (Satellite
Laser Ranging) observations, and is effective to a maximum
degree of 250 of spherical harmonics. The computations
are conducted for the diagonal components of the Marussi
gravity gradient tensor defined in the geocentric system
of spherical coordinates. We then apply topographic and
crustal components stripping corrections to the GOCO-03s
gravity gradients in order to present and interpret the signa-
ture of the Moho geometry and other mainly lithospheric
structural compositions in the (refined) gravity gradient
field. We expect to achieve a more detailed interpretational
quality (for instance, contrast between the oceanic and con-
tinental crustal structures) when using the gravity gradient
field instead of gravity or potential fields.

2. METHODOLOGY

The expressions for the gravimetric forward modeling
reviewed in Appendices A and B were utilized to compute
topographic and stripping gravity gradient corrections due
to density contrasts of the ocean, ice, sediments and within
consolidated (crystalline) crust. These corrections were then
applied to gravity gradient components. All computations
were incorporated globally on a one arc-deg spherical co-
ordinate grid at a mean satellite elevation of 255 km. The
gravity gradient components were generated using the GO-
CO-03s coefficients with a spectral resolution complete to
degree of 180 of spherical harmonics (which corresponds
to a half-wavelength of one arc-deg or about 100 km at the

equator). The spherical harmonic terms of the normal gravity
field were computed according to the parameters of GRS-80
(Moritz 2000).

The topographic and bathymetric stripping (ocean den-
sity contrast) gravity gradient corrections were calculated
with a spherical resolution complete to degree of 180 of
spherical harmonics. Both corrections were computed using
the DTM2006.0 coefficients (Pavlis et al. 2012). The global
topographic/bathymetric model DTM2006.0 was released
together with EGM2008 (Pavlis et al. 2012) by the US Na-
tional Geospatial-Intelligence Agency EGM development
team. An average density of the upper continental crust of
2670 kg m? (Hinze 2003) was adopted for defining topo-
graphic and reference crustal densities. The bathymetric
stripping gravity gradient correction was computed utiliz-
ing a depth-dependent seawater density model (Tenzer et
al. 2012c). This empirical ocean density model was devel-
oped by Gladkikh and Tenzer (2012) based on an analy-
sis of oceanographic data of the World Ocean Atlas 2009
(WOAO09) and the World Ocean Circulation Experiment
2004 (WOCEO04). WOAOQ9 oceanographic products are
made available by NOAA’s National Oceanographic Data
Center (Johnson et al. 2009). The WOCEO04 datasets are pro-
vided by the German Federal Maritime and Hydrographic
Agency (Gouretski and Koltermann 2004). Tenzer et al.
(2011) showed, based on a comparison of experimental and
theoretical seawater density values, that this empirical model
approximates the actual seawater density distribution with a
maximum relative error of 0.6%; the corresponding average
error is about 0.1%. For the adopted values of the reference
crustal density (2670 kg m?) and surface seawater density
(1028 kg m?) (Gladkikh and Tenzer 2012), the nominal
ocean density contrast (at zero depth) equals 1642 kg m?.
The parameters of the depth-dependent ocean density term
in Eq. (A8) are: f = 0.00637 kg m?, a, = 0.7595 m’!, and
a, =-4.3984 x 10°° m? (Tenzer et al. 2012c).

The 5 x 5 arc-minutes grid of continental ice-thickness
values from the DTM2006.0 dataset was used to gener-
ate the coefficients of a global ice-thickness model. These
grid data were derived from the Kort and Matrikelstyrelsen
(KMS) ice-thickness data for Greenland (Ekholm 1996) and
from updated ice-thickness data for Antarctica assembled
by the BEDMAP project (Lythe and Vaughan 2001). The
ice-thickness coefficients combined with the DTM2006.0
topographic coefficients were then used to compute the ice
stripping gravity gradient correction with a spectral resolu-
tion complete to degree of 180. For the adopted values of
the reference crustal density (2670 kg m) and the density of
glacial ice (917 kg m*) (Cutnell and Kenneth 1995), the ice
density contrast is 1753 kg m (Tenzer et al. 2010).

The 2 x 2 arc-deg global data of the soft and hard sedi-
ment depth, thickness and density from CRUST2.0 (Bas-
sin et al. 2000) were used to generate the coefficients of
the global sediment model. This model was compiled and
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administered by the US Geological Survey and the Institute
for Geophysics and Planetary Physics at the University of
California. The sediment stripping gravity gradient correc-
tion was computed with a spectral resolution complete to de-
gree of 90. This spatial resolution is compatible witha 2 x 2
arc-deg spatial resolution of CRUST2.0. The CRUST2.0
soft sediments vary in density from 1700 to 2300 kg m?
and reach a maximum thickness of about 2 km, while the
CRUST2.0 hard sediments vary in density between 2300
and 2600 kg m and reach the maximum thickness of 18 km.
The sediment density contrast was taken relative to the ref-
erence crustal density of 2670 kg m™.

The 2 x 2 arc-deg global thickness, depth and density
data of the upper, middle and lower consolidated crust from
CRUST?2.0 were used to generate the coefficients which de-
scribe the geometry and density distributions within these
three (consolidated) crustal layers. The respective crust-
stripping gravity gradient correction was then computed
with a spectral resolution complete to degree of 90. The
crustal density contrast was again taken relative to the ref-
erence crustal density of 2670 kg m™. The range of lateral
densities within the three crustal layers of CRUST2.0 is be-
tween 2600 and 3100 kg m™.

3. RESULTS

The global maps of the gravity gradient components
[y, T'¢p and I'ax computed on a one arc-deg grid at a mean
satellite elevation of 255 km are shown in Fig. 1. The cor-
responding stepwise corrected gravity gradient components
are shown in Figs. 2 - 6. The statistics of the results are sum-
marized in Table 1.

4. ERROR ANALYSIS

The accuracy of the consolidated crust-stripped gravity
gradient components depends on the errors of models used
and the approximations in applied numerical schemes. The
GOCO-03s gravity field quantities can be computed with
relatively high accuracy. This is due to the fact that GOCE
gravity gradient observations considerably increased the
accuracy of current global gravity models at the medium-
wavelength part of the gravity spectrum (to approximately
between 100 to 250 degrees of spherical harmonics; e.g.,
Goiginger et al. 2001). Similarly, currently available glob-
al bathymetric, topographic and ice-thickness models are
provided with relatively high accuracy and resolution. The
largest errors in computed values of the topographic grav-
ity correction are due to the absence of reliable data about
the actual topographic density distribution. These density
uncertainties can cause large errors especially over moun-
tainous regions with variable geological structures. The ap-
proximation of the actual topographic density distribution
by its mean value can yield local errors of 10% or more

in computed values of the topographic stripping correction,
provided that the density errors propagate proportionally to
the gravity gradient uncertainties. This relative error corre-
sponds to uncertainties of about 0.5 E in computed values of
the vertical gravity gradients. The computation of the bathy-
metric stripping gravity gradient correction requires an ac-
curate model of seawater density. When the actual seawater
density is approximated by its mean value, relative inaccura-
cies up to about 2% were estimated in the computed values
of the bathymetric stripping gravity correction (Tenzer et al.
2011). The errors in the bathymetric stripping gravity gradi-
ent correction can then reach as much as 0.1 E. Therefore,
in this study we used a depth-dependent seawater density
model in which average accuracy is better than 0.1%. The
application of the additional stripping gravity correction,
which accounts for major known anomalous crustal den-
sity structures, is also essential. The application of an ice
stripping correction, for instance, significantly improved the
interpretational quality of the gravity gradient field along
the continental margins of Greenland and Antarctica. We
anticipate large errors in computed gravity gradients due to
inaccuracies within the CRUST2.0 sediments and consoli-
dated crust layers. A realistic assessment of these errors is
not simple. The CRUST2.0 sediment data consist of soft and
hard sediment model components using a laterally varying
density structure, but without taking fully into consideration
the density increase with depth due to sediment compaction.
An improvement in accuracy can then be expected when
utilizing a depth-dependent sediment density model (e.g.,
Artemjev et al. 1994). An application of the final stripping
correction due to anomalous density structures within the
CRUST?2.0 consolidated crust layers significantly changed
the gravity gradient field (Table 1). Moreover, large parts
of the globe are not yet sufficiently covered by seismic data
(especially over oceans, Africa, Latin America and Antarcti-
ca). We thus expect that the largest errors are due to applying
the consolidated crust-stripped gravity gradient correction.

5. DISCUSSION

The computed values of the Earth’s radial gravity gra-
dient component I'y+ vary globally mostly within £1.5 E
(Fig. 1a). The corresponding horizontal gravity gradient
components ['¢¢ and I'ax have a range of values typically
within 1.0 E (Fig. 1b) and +1.5 E (Fig. 1c), respectively.
This range of gravity gradient values agrees with the fact that
global spatial variations of the gravity disturbances are also
within a relatively small interval of £300 mGal (Tenzer et al.
2012b) and indicates that the Earth’s lithosphere is almost
completely in isostatic balance particularly at the long-wave-
length segment of the gravity spectrum. The existing long-
wavelength gravity signal is related mainly to deep mantle
heterogeneities. Extreme values of gravity and corresponding
spatial gravity changes apply mainly to mountainous regions
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Fig. 1. The gravity gradient components: I'/-(a), I'¢¢ (b) and I"a1(c) computed globally on a one arc-deg grid at a mean satellite elevation of 255 km
using the GOCO-03s coefficients. Values are in E (= 10 s2).
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Table 1. Statistics of the step-wise corrected gravity gradient components computed globally on a one arc-deg grid at a mean

elevation of 255 km.

Gravity gradient quantity Min [E] Max [E] Mean [E] RMS [E]
g -1.40 1.62 0.00 0.24
GOCO-03s Tps -1.09 1.09 0.00 0.12
T -1.65 143 0.00 0.17
Iy -6.09 1.16 024 0.88
Topography-corrected Fé,q; -1.89 3.94 -0.02 0.44
T 2.52 3.55 0.00 043
r’ -6.14 4.65 0.63 1.85
g;f:;‘f; zfrl;ifgg:;ed and s, 303 427 0.02 0.89
s 351 543 0.00 0.86
r -6.14 465 0.72 1.62
;I;(;f);fir;ﬁ:g/-corrected and bathymetry- and r gg 273 427 0.00 078
ry 2.79 543 0.00 0.77
rs -6.11 458 0.61 1.64
Topographyjcorrected and bathymetry-, ice- and r %«S 285 304 0.00 078
sediment-stripped
L 305 551 0.00 078
Iy 272 4.63 1.57 0.94
Consolidated crust-stripped Tép -1.66 222 001 0.48
Tii 217 3.00 0.00 0.45

with large positive values of gravity disturbances and gravity
gradients which have a predominantly high-frequency char-
acter; this gravity signal is highly correlated with the topogra-
phy (Tenzer et al. 2009b). Corresponding negative values are
detected along the oceanic subduction zones and continental
basins. Long-wavelength anomalous features in the gravity
gradient field are attributed to glacial isostatic adjustment as
seen in Fennoscandia and Hudson Bay area. In contrast, the
long-wavelength features attributed to heterogeneous mantle
structures seen on the global map of the gravity disturbances
(Tenzer et al. 2012b) are much less pronounced of the global
gravity gradient field map (see Fig. 1a). The extreme values
of the gravity gradient components I's+, I'¢p and I'21 obvi-
ously reflect the largest spatial gravity variations. The max-
ima of I’y are found in the Himalayas and Andes and other
mountainous regions. The extreme minima of '/ are located
along the continental basins. Geographically the largest area
of negative gravity gradient values is located throughout the
Hudson Bay. Over oceans, the areas of large negative values
of I'yr correspond with the oceanic subduction zones. There
we often see a coupling effect of these large negative values
on the side of the subducted lithosphere with positive values
on the other side of uplifted lithosphere. Moreover, the col-
lision forces (along convergent tectonic zones) also result in

positive values over areas behind the subducted lithosphere.
We explain the presence of positive values at these locations
by the plate flexure. The extreme values of the horizontal
gravity gradient components I'¢¢ and I'z1 correspond with
the largest spatial gravity changes in the meridional (for I'¢¢)
and prime-vertical (for I"11) directions.

The topography-corrected gravity gradient components
[+, Ty and [ix have a considerably larger range of values
compared to uncorrected components (see Fig. 2). The ap-
plication of the topographic correction to observed gravity
yields large negative values of the topography-corrected
gravity disturbances in mountainous regions. As conse-
quence, the largest negative values of I’/ are seen in moun-
tainous regions of the Tibet Plateau, Himalayas and Andes.
Large negative values of I'/, are also found in Antarctica
and Greenland. Whereas continental areas have positive as
well as negative values of I, oceanic areas are character-
ized primarily by their small positive values. The most pro-
nounced features over oceanic areas, as seen in the global
map of I/, (see Fig. 2a), are related to oceanic subduction
zones. The pattern of the horizontal gravity gradient com-
ponents gy and T, is again related to the largest spatial
changes of the topography-corrected gravity field in their
respective coordinate directions. The global map of I'js
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Fig. 2. The topography-corrected gravity gradient components: I'(a), ['p(b) and T'ia(c) computed globally on a one arc-deg grid at a mean
satellite elevation of 255 using the GOCO-03s and DTM2006 coefficients. Values are in E (= 10 s?2).
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revealed the signature of gravity changes along mountain
chains with a prevailing parallel direction, and the map of
["11 enhanced the pattern of spatial gravity variations across
mountains and oceanic subduction zones with a prevailing
meridional direction.

The application of the bathymetric stripping correc-
tion significantly changed the gravity field over oceans;
the corresponding changes over continents have mostly a
long-wavelength character (see Fig. 3). The largest positive
values of I'? are detected along oceanic subduction zones.
The absolute oceanic minima of '/ are situated along oce-
anic divergent tectonic plate boundaries (i.e., mid-oceanic
ridges). These values increase slightly (in an absolute sense)
towards the oceanic abyssal planes. The pattern of [} over
oceanic areas is thus significantly correlated with the ge-
ometry of the ocean bottom relief. The most pronounced
feature in the map of I'/? is the contrast between the oceanic
and continental lithosphere along the continental margins.
The meridional spatial variations of 1“;,’;, are again domi-
nated by the contrast between the oceanic and continental
lithosphere in a meridional direction, while the map of " 5
also shows the parallel gravity gradient variations over oce-
anic subduction zones. The horizontal gravity gradient com-
ponents FJ,Z and T} are typically positive over continents
while negative over oceans.

The application of the ice-stripping correction signifi-
cantly changed the gravity gradient field in the polar areas
of Antarctica and Greenland, especially along the margins
of the continental ice sheets (Fig. 4a). The unrealistically
large spatial variations of the gravity field in the polar ar-
eas are seen after applying the topographic correction com-
puted for the topographic density of 2670 kg m~ (Fig. 2a)
and become considerably smaller. This is due to removing
the gravitational signal of the continental ice sheet instead
of subtracting an unrealistically large gravitational contribu-
tion of topography wherein the density is almost three times
larger. The large negative values of I" 4 (to about -6 E) in the
polar areas of Antarctica and Greenland (Fig. 3a) decreased
(in an absolute sense) to less than -3 E for the values of T i
(Fig. 4a). Similarly, the values of the corresponding hori-
zontal components ngf and T3’ now show a much less pro-
nounced contrast along margins of the polar ice sheets (Figs.
4b and c) compared to the spatial variations of Fﬁ and T},
(Figs. 3b and c) in their respective coordinate directions.

The application of the sediment-stripping correction
does not significantly change the gravity gradient field (com-
pare Figs. 4 and 5). These results agree with those of Tenzer
et al. (2012b), who observed a similar effect when applying
a sediment-stripping correction to gravity disturbances. The
application of this correction only partially changed both
gravity field quantities, especially over oceanic sedimentary
basins and continental sediment deposits with the largest
density contrasts. As a result, the contrast between oceanic
and continental lithospheric structures was to some extent en-

hanced. A more detailed analysis also revealed that the most
significant contribution to the gravity gradient field is due to
CRUST?2.0 soft sediments. This is explained by a larger den-
sity contrast and shallower locations of soft CRUST2.0 sed-
iments. The statistics of sediment corrected and uncorrected
gravity gradient components are very similar (Table 1).
The stripping correction due to the remaining anoma-
lous density structures within the crustal layers signifi-
cantly changed the gravity gradient field over certain areas
of different crustal structures. As seen on the global map
of the radial consolidated crust-stripped gravity gradient
component I';} (Fig. 6a), the contrast between the conti-
nental and oceanic lithosphere was further enhanced. The
most significant changes are observed in the Hudson Bay
and Fennoscandia areas. There we see large positive values
of I'}7 in Fennoscandia exceeding 4 E, while these values
are typically below 2 E over the Hudson Bay. At both loca-
tions, the values of I’} increased substantially (up to about
2 E). We attribute these features to glacial isostatic adjust-
ment. The application of the crust-stripping correction also
changed the gravity gradient field considerably over North
America revealing more detailed features of the North
American Craton and the surrounding geological settings
with sequences of platforms, shields, orogens and basins.
The continental as well as oceanic lithospheric struc-
tures are characterized by large spatial variations of the
gravity gradient field with both positive and negative values
(Fig. 6). The most pronounced features in the global map
of T’/ are related to the largest changes in the Moho ge-
ometry, especially under significant orogens and along the
continental margins. Moreover, the signature of the diver-
gent tectonic plate boundaries is clearly recognized along
the mid-oceanic ridges as well as the continental rift zones
(e.g., East African Rift, Red Sea, and West Antarctic Rift).
These features are marked by negative values of I'; . Large
negative values of I';; are detected over significant orogens
(e.g., Tibet Plateau and Rocky Mountains) with the extreme
minima in the surrounding continental basins (e.g., Tarim
and Sichuan Basins). The contrast between the continental
and oceanic lithospheric structures is typically marked by
large positive values along oceanic subduction zones (e.g.,
Andes). In North America, the contrast between the North
American Craton and oceanic lithosphere of the northern
Atlantic Ocean is clearly marked by large negative values.
The extreme maxima in are found in Fennoscandia. As dis-
cussed before, maxima I'); are related to glacial isostatic
adjustment. The maps of the horizontal components ', and
I'i; are complementary to the map of I’ showing in more
detail the structures in particular coordinate directions.

6. SUMMARY AND CONCLUDING REMARKS

We have computed topographic and stripping gravity
gradient corrections accounting for density contrasts of the
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Fig. 3. The topography-corrected and bathymetry-stripped gravity gradient components: r? (a), l",;,ll} (b) and 4 (c) computed globally on a one
arc-deg grid at a mean satellite elevation of 255 km using the GOCO-03s and DTM2006 coefficients. Values are in E (= 107 s%).
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Fig. 4. The topography-corrected and bathymetry- and ice-stripped gravity gradient components: i (a), r;’;f (b) and i (c) computed globally on

a one arc-deg grid at a mean satellite elevation of 255 km using the GOCO-03s, DTM2006 and ice-thickness coefficients including ice thickness
data. Values are in E (= 10 s2).
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Fig. 5. The topography-corrected and bathymetry-, ice- and sediment-stripped gravity gradient components: e (a), F%S (b) and e (c) computed

globally on a one arc-deg surface grid at a mean satellite elevation of 255 km using the GOCO-03s, DTM2006 and ice-thickness coefficients and
the CRUST2.0 sediment coefficients. Values are in E (= 107 s?2).
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Fig. 6. The consolidated crust-stripped gravity gradient components: I, (a), gy (b) and 73 (c) computed globally on a one arc-deg surface grid at
the mean satellite elevation of 255 km using the GOCO-03s, DTM2006 and ice-thickness coefficients and the CRUST?2.0 sediment and consolidated
crust coefficients. Values are in E (= 10 s2).
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ocean, ice, sediments and between crustal layers. These cor-
rections were then applied to diagonal components of the
Marussi gravity gradient tensor. The topographic density of
2670 kg m™ was used to compute topographic correction.
The same value of the reference crustal density was adopted
to define the density contrasts within the remaining crust be-
low sea level down to the Moho. The gravity gradient com-
ponents and respective corrections were computed based on
methods for a spherical harmonic analysis and synthesis of
the gravity field. The numerical results of the stepwise cor-
rected gravity gradients were presented globally on a one
arc-deg grid at a mean satellite elevation of 255 km.

The application of topographic and stripping correc-
tions due to density contrasts of the ocean, ice, sediments
and between crustal layers substantially changed the gravity
gradient field (Figs. 1 - 6). Compared to a relatively smooth
pattern of the Earth’s gravity gradient field (Fig. 1), the con-
solidated crust-stripped gravity gradient field is character-
ized by large spatial variations (Fig. 6). The maximum spatial
variations in the (refined) gravity gradient field correspond
with the largest lateral changes of the Moho geometry and
lithospheric structures, especially at more shallow depths.
The most significant features observed in the refined gravity
gradient field over oceans are attributed to heterogeneous
structures of the oceanic lithosphere caused by mantle con-
vection. In particular, the oceanic, divergent tectonic plate
boundaries (along the mid-oceanic rift zones) and oceanic
subduction zones are well pronounced. The signature of the
divergent tectonic plate boundaries is further extended along
continental rift zones. Elsewhere over continents, the most
pronounced features in the gravity gradient field are related
to continental lithospheric thickness and glacial isostatic re-
bound. The global tectonic configuration is distinctly marked
along the continental margins revealing the contrast between
different crustal thicknesses and lithospheric composition of
the oceanic and continental lithosphere.

The application of topographic and stripping gravity
corrections, due to all known anomalous crustal density
structures to a gravity field revealed the signature of the
Moho geometry. Consequently, the application of these
corrections to the gravity gradient field revealed spatial
variations of the Moho geometry. Moreover, the refined
gravity and gravity gradient field also comprise the sig-
nals of the mantle lithosphere and sub-lithospheric mantle
down to the core-mantle boundary. The signature of these
deeper sources is, however, much less pronounced in the
gravity gradient field. Large uncertainties in both gravity
data types are mainly due to low accuracy and poor reso-
lution of the CRUST2.0 sediment and crustal layer data.
The computation of the topographic and stripping correc-
tions of the ocean and ice density contrasts is more accurate.
The improved accuracy of computed gravity gradients was
achieved using GOCO-03s.

Gravity data are the most commonly used in gravimet-

ric studies investigating lithospheric structure. Conversely,
the application of gravity gradients in these studies has pre-
viously been relatively rare. In this study we compiled a
global gravity gradient dataset which can be used to study
the Moho density contrast. The geophysical interpretation of
the gravity gradient field should also improve the resolution
of other lithospheric structures, especially localized infor-
mation. Our results revealed that the signature of shallower
density structures within the Earth’s crust is well recognized
in the (refined) gravity gradient field. The application of the
gravity gradient field is thus very promising especially for a
gravimetric interpretation of shallow lithospheric structures,
because the signal from deeper sources quickly attenuates
compared to gravity or potential fields. The gravity gradi-
ents can thus provide additional constraining information
to enhance more commonly used geophysical exploration
methods such as seismic tomography.
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APPENDIX A: GRAVIMETRIC FORWARD MOD-
ELING

Tenzer et al. (2012a) developed and applied a uniform
mathematical formalism of computing the gravity correc-
tions. It utilizes the expression for the gravitational poten-
tial V generated by an arbitrary volumetric mass layer with
a variable depth and thickness while having laterally dis-
tributed vertical mass density variations. For a computation
point (r, Q),

n

z(%)l Vo Yon (Q) (A1)

M*\

V(r, Q)—TM

n=0

where GM = 3986005 x 10® m? s is the geocentric gravita-
tional constant, R = 6371 x 10° m is the Earth’s mean radius,
Y, .. is the surface spherical harmonic functions of degree
n and order m and V,,,, are potential coefficients. n is the
maximum degree of spherical harmonics. The 3-D position
is defined in the system of geocentric spherical coordinates
(r,Q); where, r is the geocentric radius, and Q = (¢, 1) de-
notes the geocentric direction with the spherical latitude ¢
and longitude A. The potential coefficients V,, ,, in Eq. (A1)
are defined as

_ 3 1 ; @) @)
Vi = 2+l 5o Z: (F1, - Fuy,) (A2)

where p®™ =5500 kg m? is the adopted value of the Earth’s
mean mass density (cf. Novak 2010). The numerical coef-
ficients {F1?, , Ful’,:i=0,1, ..., [} are given by

n+2 _1 k L(nk:an)
and
n+2 k (k+1+1i)
0 — n+2 (‘l) Ul
Fulu=2 ("% to1e R (A4)

The terms Z L..Y..and Z U,.. Y, . define the spheri-
cal lower and upper- “bounds of laterally distributed radial
density variation functions L, and U, of degree n. These
numerical coefficients combine information on the geom-
etry and mass density (or mass density contrast) distribu-
tion within the volumetric layer. The computation of these
coefficients reveals a certain degree of spherical harmonics
using discrete data of the spatial mass density distribution
(typically provided by density, depth and thickness data)
of a particular structural component of the Earth’s interior.
The spherical functions L,, U, and their higher-order terms
{L&+0 gk =0,1,..;i=1,2,..,1} are computed
using the following expressions

2n 1 ffP(Du, Q) Di*'(Q) P, (cos y) dQ'

= Y LYY (Q), i=0

(k+1+:)(Q) _
2n+1ff/3(9) a,(Q) Di*'(Q)
P, (cosy)dQ = > LYY, (Q),
i=1,2,..,1 (A5)
and
2n+1ffp(DU,Q)D‘“(Q)P,, (cosy) dQ’
= > USYY,.(Q), i=0
Ugll<+l+i)(Q) =

2n+1ffﬁ Q) a,(Q) Dy (Q)

n(COS l//) dQ = z UL’:;:]-H) Yu.m (Q)’
i=1,2,...1 (A6)

Where P, are the Legendre polynomials of degree n,and v is
the spherical distance between two points (r, Q) and (¥, Q).


http://dx.doi.org/10.2478/v10126-010-0009-1
http://dx.doi.org/10.1007/s11200-010-0074-y
http://dx.doi.org/10.1007/s10596-011-9264-0
http://dx.doi.org/10.1007/s10712-012-9173-3
http://dx.doi.org/10.1080/01490419.2012.670592
http://dx.doi.org/10.1111/j.1365-246X.2007.03396.x

Effect of Crustal Density Structures on GOCE Gravity Gradients 807

The depths Dy and D; of the upper-bound and lower-bound
of the volumetric mass density layer are defined with re-
spect to a sphere of radius R. The infinitesimal surface ele-
ment on the unit sphere is denoted as dQ’ = cos¢’ d¢p’ dA’,
and ©={Q' =(¢" A):¢'c[-n/2,n/2]A A" €[0,27)} is
the full spatial angle. For a specific volumetric layer, the
mass density 0 is either constant p, laterally-varying p(Q’)
or, in the most general case, approximated by the laterally
distributed radial density variation model using the follow-
ing polynomial function (for each lateral column)

p(r, Q)= p(Dy, Q)+ ﬁ(Q')éai(Q')(R -7,
for R-Dy(Q)>r >R-D,(Q)

(A7)

The nominal value of the lateral density p(Dy, Q) is de-
fined at depth Dy,. This density distribution model describes
the radial density variation (by means of the coefficients
{a:i=1,2,...,1} and B) within the volumetric mass layer
at a location Q. Alternatively, when modeling the gravi-
tational field of anomalous density structures, the density
contrast Ap of the volumetric mass layer relative to the ref-
erence density p° is defined as

Ap(r. Q)= p*- p(r. Q)
= 2p(Du, @) - B(@) Za(@)R 1),
for R-Dy(Q)>r >R-D.(Q)

(A8)

where Ap(Dy, Q') is the nominal value of the lateral density

contrast at depth D,. Here the reference density p° of a ho-
mogenous crust is used.

APPENDIX B: DIAGONAL GRAVITY GRADIENT
COMPONENTS

The spectral representation of V in Eq. (A1) in terms
of the potential coefficients V,, ,, [Eq. (A2)] is utilized here
to compute the corrections to the diagonal components I,
I'¢p and I'22 of the Marussi gravitational gradient (second-
order) tensor (e.g., Ditmar and Klees 2002):
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The second-order partial derivatives of V with respect
to the spherical coordinates (r, ¢, A) in Eq. (B1) are given
by Ditmar and Klees (2002):
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