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and mantle, classically modelled as a discontinuity surface called 
Mohorovičić discontinuity or Moho (Fowler, 1990), can take advan-

 
 
 
 
 
 
 
 
 
 
 
 

For the first time with the ESA Earth explorer GOCE mission
Drinkwater et al., 2003), thanks to its innovative on-board gra-
iometer and its extremely low orbit, a high resolution image of the
arth steady state gravitational field has been globally observed with
igh accuracy (Pail et al., 2011). Among other applications, like

mproving climate models by providing new information on ocean
irculation and sea level (Knudsen et al., 2011) or underpinning a
lobal geodetic height datum (Rummel, 2012; Gatti et al., 2013), also
he study of the boundary between the Earth crust
∗ Corresponding author. Tel.: +39 0313327522.
E-mail address: daniele.sampietro@g-red.eu (D. Sampietro).
tage of the newly available observations. In order to have a glimpse
on how accurate this dataset is, one can think for example to the
fact that the Moho depth can be theoretically recovered from
GOCE gravity gradients (considering the observation noise only
and neglecting the error due to the use of non-exact geophysical
models for the data reduction) at a level of 0.1 km uncertainty with
a resolution better than 1◦×1◦ almost worldwide (Braitenberg et
al., 2011; Reguzzoni and Sampietro, 2012). This improvement in
accuracy and resolution in the description of the gravity field
should be followed by a parallel enhancement in the modeling and
in the assumptions required for the recovery of the Moho depth
from gravity observations. Moho models derived from gravity, such
those presented in Sünkel (1985), Moritz (1990), Sjöberg (2009)
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ig. 1. Gravitational effect in terms of second radial derivatives of the gravitational
ensity variation inside the mantle (right). Mean values have been removed.

nd Reguzzoni et al. (2013), are usually based on very simplifying
ypotheses, e.g. crustal densities not dependent on depth or even
onstant. In addition, the problem of introducing seismic informa-
ion into Moho models computed from gravimetric observations
ee for instance Sjöberg and Bagherbandi (2011) and more
ecently Reguzzoni et al. (2013) at a global scale or Sampietro et al
2014) at a regional one, is a challenging task since the hypotheses
nderlying the seismic and gravimetric methods are in general
ifferent and complementary. For example the combination
roposed in Sjöberg and Bagherbandi (2011) and Reguzzoni et al
2013), where a global Moho model derived from gravity
bservations is a-posteriori com-bined with a seismic derived one
ill lead to a solution in which the consistency with the

ravitational field and even with the crustal model used to reduce
ravity data is not guaranteed. Moreover the combination between
ravity and seismic is made more compli-cated by the fact that a
omplete description of the error of the different information
ources is generally not available. In this work a new global crustal
odel, developed in the framework of the ESASTSE GEMMA

roject (GOCE Exploitation for Moho Modeling and Applications)
nd called GEMMA1.0, is presented. It is based on GOCE data, on an
ccurate description of the crustal structure and on some prior
eismic information. In Section 2, after recall-ing for the sake of
ompleteness the main concepts and definitions, the proposed
nversion algorithm is presented: in details in Section 2.1 a first
mprovement with respect to what presented in Reguzzoni et al
2013) regarding the mean Moho depth estimation is described
hile in Section 2.2 the inversion algorithm is further enhanced in

rder to allow the use of a crustal density model with radial
ariations in the data reduction, thus overcoming another
imitation of the inversion presented in Reguzzoni et al. (2013)
his is a crucial issue since, as it is well known in literature, the
ariation of crustal density with respect to depth can reach values
arger than 300 kg/m3. After that the possibility to combine the
ravitational observations with seismic derived data (not only for
he mean Moho estimation) is described in Section 2.3: differently
rom the combination presented in Reguzzoni et al. (2013), the
olu-tion discussed here is not a weighted average between a
OCE-only Moho and the CRUST2.0 one (Bassin et al., 2000), but it

s a solution practically independent from CRUST2.0 that is used

ust to estimate few parameters, such as scale factors of the crustal 
ensity model. Note that the proposed solution guarantees the 
onsistency of the resulting crustal model with the gravitational 
eld. In Section 2.4 the possibility to iterate the inversion 
lgorithm is depicted. Again this represents a major improvement 
ith respect to Reguzzoni
tial at GOCE mean altitude due to the CRUST2.0 upper crust (left) and to the lateral

et al. (2013) since it gives the possibility to compute a Moho undu-
lation not only with respect to a constant Moho depth, but also
with respect to a surface closer to the expected solution. Finally in
Section 3 the above inversion algorithm is applied to GOCE data,
while in Section 4 comparisons with other existing global models
are shown and some conclusions are drawn too.

2. The inversion algorithm

The proposed inversion algorithm is essentially based on five
different steps. In the first one a global grid of a functional of the
Earth gravitational potential, to fix the idea we can think to a grid
of second radial derivatives of the gravitational potential from
GOCE at mean satellite altitude, is reduced to the gravitational
effect of the Moho undulation only ıTrr, i.e. to the gravitational
effect of the masses between the actual and a constant reference
Moho. In the second step a spherical harmonic analysis operator is
applied to the reduced grid in order to estimate a set of spherical
harmonic coefficients ıTnm; in particular they are computed as in
Colombo (1981) or Reguzzoni (Italy). In the third step an inversion
opera-tor is applied to these coefficients. This is based on a
linearized expression (Strang van Hees, 2000; Reguzzoni et al.,
2013) that relates ıTnm to the coefficients ıωnm of a functional
ıω(ϕ, �) defined as the product between the Moho undulation
ıD(ϕ, �) and its den-sity contrast ��(ϕ, �):

ıω(ϕ, �) = ıD(ϕ, �)��(ϕ, �) (1)

where ϕ is the latitude and � is the longitude. The Moho undulation
is referred to a constant reference Moho of radius RE − D̄ (where RE
is the mean Earth radius and D̄ is the depth of the reference Moho,
i.e. the linearization point used). Mathematically speaking it turns
out that:

ıωnm = �E(RE − D̄)ˇn ıTnm (2)

ˇn = − (2n + 1)

(1 − (D̄/RE))
n+3

(3)

�E being the mean Earth mass density. Note that the estimated
coefficients of Eq. (2) are (a posteriori) regularized in order to bound

the signal power of the resulting Moho at the highest degrees (above 
degree 160). For details on the regularization the reader can refer to 
Reguzzoni et al. (2013). A spherical harmonic synthe-sis is then 
applied (fourth step) to get a geographical grid of ıω(ϕ,
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), from which the Moho undulation can be estimated by simply
ividing by the assumed density contrast (fifth step):

D(ϕ, �) = ıω(ϕ, �)
��(ϕ, �)

. (4)

he Moho depth D(ϕ, �) can be finally estimates as:

(ϕ, �) = ıD(ϕ, �) + D̄. (5)

he whole procedure (actually from the second to the fifth step) can
e seen as an inversion operator I0( · ), that is linearized around a
eference Moho depth D̄ and that, given a properly reduced signal
TD̄

rr(ϕ, �) with respect to the same reference Moho and a density
ontrast ��(ϕ, �), returns the corresponding Moho depth:

(ϕ, �) = I0

(
ıTD̄

rr(ϕ, �), ��(ϕ, �)
)

. (6)

s stated above, before inverting gravity data it is necessary to
emove the gravitational signal of all the masses from the obser-
ations, apart from those between the reference Moho and the
ctual one. In this framework the original observations can be first
educed to anomalous quantities by subtracting the contribution
f the normal potential. This can be interpreted as the subtraction
f the contribution of the global Earth mass assuming that it is
omo-geneously distributed over layers with ellipsoidal
oundaries. The residual signal of this initial step can be therefore
onsidered as the effect of density anomalies inside each layer and
he effect of non-ellipsoidal boundaries between contiguous
ayers. It should be noted that once the data are reduced to the
nomalous field it is no more possible to estimate the mean depth
f the Moho, as discussed in Reguzzoni et al. (2013) and recalled in
ection 2.1. After that, the gravitational contribution of any mass
nomaly from the top of the topography (including ice sheets) to
he crystalline basement are assumed to be known without any
ncertainties and are removed from the data:

RES
rr = TOBS

rr − T ICE
rr − TOCE

rr − TSED
rr (7)

here TOBS
rr is the observed grid of second radial derivatives of the

nomalous potential, T ICE
rr is the effect of ice sheets assuming to

now their density and geometrical shape, TOCE
rr is the effect of

ceanic masses assuming a known water density and bathymetry
nd TSED

rr is the effect of sediments. The dependence of these gravity
ata on ϕ and � is omitted for the sake of simplicity. The gravita-
ional attraction of each layer � is computed by applying a forward
perator F( · ), e.g. based on point masses numerical integration, to
ach density model ��(ϕ, �, r) knowing the boundary of each layer,
.e. the depth of its bottom D�

B(ϕ, �) and top D�
T (ϕ, �):

�
rr = F(��(ϕ, �, r), D�

B, D�
T ), (8)

here r is the radial coordinate. Like for the gravity data, the
ependence of the layer boundaries on ϕ and � in the forward
perator is omitted for the sake of simplicity.

In order to reduce the TRES
rr to the effect of the Moho undulation

nly, the signal due to the density anomalies in the crystalline crust
CRUST
rr and in the upper mantle TMANTLE

rr should be also removed:

TD̄
rr = TRES

rr − TMANTLE
rr − TCRUST

rr . (9)

here both TCRUST
rr and TMANTLE

rr should be computed using a refer-
nce Moho at a constant depth D̄.

It should be stressed that the choice of �CRUST(ϕ, �, r) and
MANTLE(ϕ, �, r) is a critical factor in the inversion procedure: they
re required in order to reduce gravity observations (like all the

ther density models), but they also implicitly define the density 
ontrast at the Moho to be used in Eq. (4). As for �CRUST(ϕ, �, r) we 
uppose here to divide the whole Earth in M geologically homoge-
eous patches, each of them classified as one of the main crustal
types (i.e. shield, platform, etc.). A specific crustal density is thus
assumed for each type of province. The computation of the grav-
itational effect of the upper mantle requires to define the mantle
density and its lower boundary. The latter should be a reference
surface at a constant depth, lower than the minimum Moho depth.
Although less known, the impact of the upper mantle density vari-
ation is significantly smaller than the one of the crystalline crust
(see e.g. Fig. 1 where the effect of the upper crust is compared with
the one of the lateral density variation in the mantle at a depth
between 70 km and 100 km): this is due in part to the fact that the
mantle is a deeper layer and in part to its greater homogeneity. For
these reasons, from now on, we will assume that the upper mantle
density is �MANTLE (ϕ, �), disregarding any radial variation down to
its lower boundary.

Once data have been reduced, I0 can be applied and the Moho
depth is recovered. For details on the hypotheses required by the
inversion algorithm and the corresponding errors the reader can
refer to Reguzzoni et al. (2013), we just remind here that there are
four main drawbacks in this procedure:

1. The fact that the mean Moho depth cannot be estimated without
making a hypothesis on the mass density distribution of all the
Earth, from the core to the topography;

2. The fact that the actual crustal density depends on the radial
direction but the density contrast �� used in the operator I0
must be a function of latitude and longitude only;

3. The fact that the density model of each layer, but in particular
the one of the crystalline crust, is considered perfectly known;

4. The fact that the operator I0 is linearized with respect to a refer-
ence Moho at a constant depth D̄, which could be very far from
the actual one.

In the following subsections I0 will be improved in order to 
overcome these limitations.

2.1. Mean Moho depth estimation

The estimation of the mean Moho depth from gravity data is a 
difficult (and practically impossible) task. In fact, once the normal 
potential has been removed, in principle one can only estimate a 
zero mean undulation of the Moho with respect to an a priori con-
stant Moho depth. In essence, this is due to the fact that given the 
total Earth mass and chosen the reference ellipsoid (e.g. WGS84),
there exists one and only one normal potential (Heiskanen and
Moritz, 1999) but infinite mass distributions inside the ellipsoid
generating the same normal potential. For any possible crustal and 
upper mantle mass distribution of the normal potential one gets

different density anomalies of T ICE
rr , TOCE

rr , TSED
rr , TCRUST

rr and TMANTLE
rr ,

¯

¯

and therefore different ıTrr
D residuals from Eq. (9); however these

residuals differ from one another for the mean value only. In other
words, without making hypotheses on the mass distribution of the
whole Earth, e.g. using PREM (Dziewonski and Anderson, 1981),
the mean value of ıTrr

D is unknown and, consequently from Eqs. (2)
and (4), the mean values of ıω (ϕ, �) and ıD(ϕ, �) are unknown too.

In order to solve this problem a constant parameter �ω is added
to Eq. (5) obtaining:

D(ϕ, �) = ıω(ϕ, �) + �ω

��(ϕ, �)
+ D̄. (10)

The simplest solution to estimate �ω is to use external observations 
(e.g. from seismic data): if we suppose to know or observe the depth

of the Moho at least in one point we can rearrange Eq. (10) in the 
following form:

�ω = [DOBS
n (ϕn, �n) − D̄]��(ϕn, �n) − ıω(ϕn, �n) (11)
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here Dn
OBS is the observed Moho depth at the point of coordinates

ϕn, �n). If the Moho is known from seismic in more than one point
he system of Eq. (11) can be solved by means of a least squares
rinciple.

In this way a new inversion operator, depending on the �ω 
arameter too, is defined:

(ϕ, �) = I1

(
ıTD̄

rr(ϕ, �), ��(ϕ, �), �ω

)
. (12)

.2. Crustal density variation in the radial direction

The second approximation implied by I0, i.e. the fact that �� is
upposed to be a function of latitude and longitude only, is now
onsidered. It is important to stress here that the crustal density
ariation with depth is a fundamental parameter in the Moho
stimation: the density variation between upper and lower crust can
each, e.g. in orogenic crust, values larger than 300 kg/m3

Christensen and Mooney, 1995) thus considerably modifying the
ata reduction but, even more important, halving the density con-
rast between crust and mantle. In order to compute a solution with
adial variations of crustal densities, Eq. (10) is simply modified in:

(ϕ, �) = ıω(ϕ, �) + �ω

�MANTLE(ϕ, �) − �̄CRUST(ϕ, �)
+ D̄ (13)

here �̄CRUST(ϕ, �) is computed as the mean density in the Moho
ndulation, i.e. the mean density between the constant refer-
nce Moho used as linearization point D̄ and the actual Moho
(ϕ, �):

¯ CRUST(ϕ, �) = 1

D(ϕ, �) − D̄

∫ D(ϕ,�)

D̄

�CRUST (ϕ, �, r) dr. (14)

ractically the algorithm substitutes �CRUST(ϕ, �, r) with
¯ CRUST(ϕ, �) between D̄ and D+(ϕ, �) in the data reduction,

hich means that:

CRUST
rr = F(�CRUST(ϕ, �, r), D̄, DCRUST

T ) + F(�̄CRUST(ϕ, �)

− �CRUST(ϕ, �, r), D̄, D+). (15)

here D+(ϕ, �) is the depth of the Moho above the reference surface,
.e.

+(ϕ, �) =
{

D(ϕ, �) if D(ϕ, �) > D̄

D̄ if D(ϕ, �) ≤ D̄
. (16)

n other words, since the inversion operator is anyhow linearized
round a constant reference Moho and the preliminary data reduc-
ion has to be consistent with this reference Moho, the correction
o TCRUST

rr can be only computed for the upper part of the Moho.
his pushes us to choose the reference Moho as low as possible and
o disregard radial variations of the crustal densities below it (see
ection 3).

It should be observed that both �̄CRUST(ϕ, �) and TCRUST
rr

re defined only once a Moho depth D(ϕ, �) is known. In
rder to compute a solution, an iterative algorithm is therefore
etup, i.e.

(t+1)(ϕ, �) = I2

(
ıTD̄

rr(ϕ, �), ��(ϕ, �), D(t)(ϕ, �), �ω

)
. (17)

he algorithm is initialized by setting D(t=0) = D̄ and a prior mean
rustal density �̄CRUST(ϕ, �). Knowing D(t=0) it is possible to compute

CRUST
rr from Eq. (15), reduce and invert the gravitational observa-
ions to obtain ıω, estimate �ω using the external information and
nally compute D(t=1)(ϕ, �) using Eq. (13). After that D(t=0) is sub-
tituted by D(t=1)(ϕ, �), new �̄CRUST(ϕ, �) and TCRUST

rr are computed
and the algorithm is iterated until convergence (the procedure is 
summarized in Fig. 2).

2.3. Uncertain crustal density

A further improvement to the inversion algorithm can be imple-
mented by considering that one of the most important quantities 
required to compute the solution, i.e. �CRUST (ϕ, �, r), is not per-
fectly known. In order to overcome this problem we decide to 
rescale the density function of each geological province by a con-
stant unknown scale factor hi. In this way different geological 
provinces of the same type can have slightly different density func-
tions. The gravitational effect of the crystalline crust, also recalling
the correction of Eq. (15), is thus given by:

TCRUST
rr =

M∑
i=1

[F(hi�
CRUST(ϕ, �, r)	i(ϕ, �), D̄, DCRUST

T )

+F(hi(�̄
CRUST(ϕ, �) − �CRUST(ϕ, �, r))	i(ϕ, �), D̄, D+)]

(18)

with 	i = 	i(ϕ, �) the characteristic function of the ith geologi-
cal province. In the derivation of the new inversion operator, the
dependence of the different functions on the spherical coordinates
is omitted for the sake of readability. Being the forward operator F
linear with respect to density, the final reduced signal is given by:

ıTD̄
rr = TRES

rr − TMANTLE
rr −

M∑
i=1

hi[F(�CRUST	i, D̄, DCRUST
T ) − F((�̄CRUST

− �CRUST)	i, D̄, D+)] (19)

and therefore due to the linearity of Eq. (2):

ıω = ωRES − ωMANTLE −
M∑

i=1

hi

(
ωCRUST

i + ıωCRUST
i

)
(20)

where ωCRUST
i

is the (global) contribution of the ith geological
province and ıωCRUST

i
is the corresponding correction to account

for radial density variations. Substituting Eq. (20) in Eq. (13), we 
obtain:

D(ϕ, �) = ωRES − ωMANTLE −
∑M

i=1hi(ωCRUST
i

+ ıωCRUST
i

) + �ω

�MANTLE −
∑M

i=1hi�̄CRUST	i

+ D̄.

(21)

Note that in Eq. (21) M further unknowns are introduced. Again the
solution can be found if we suppose to know the depth of the Moho
from external information at least in M + 1 points (one point for each
geological province plus one point for the mean Moho estimation).
In particular it is possible to write a set of observation equations
with the following form:

YOBS
n =

M∑
i=1

[(DOBS
n − D̄)�̄CRUST

n 	i,n − ωCRUST
i,n − ıωi,n

CRUST
]hi + �ω

(22)

where

OBS OBS ¯ MANTLE RES MANTLE
Yn = (Dn − D)�n − ωn + ωn (23)

and DOBS
n is the nth Moho depth observation. The subscript n indi-

cates that the function is evaluated at the point of coordinates (ϕn,
�n). If the number N of these observations is greater than M, a least
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ig. 2. Schematic representation of the iterative procedure required in order to rec

quares adjustment is performed. Actually a Tykhonov regulariza-
ion is introduced into the least squares minimization principle, i.e.

in
ω,h

⎡
⎢⎣ N∑

n=1

(
YOBS

n − Ŷn (�ω, h)
)2


2
n

+ ˛0(�ω − �̃ω)2 +
M∑

i=1

˛i(hi − 1)2

⎤
⎥⎦

(24)

here h = {h1, h2, . . ., hM}, 
n
2 is the error variance of the nth Moho

epth observation, ˛i are the regularization parameters (for i = 0, 1,
 . ., M) and �̃ω is a first estimate of the ıω mean value, e.g. using
he procedure described in Section 2.1.

Practically the algorithm allows to change the crustal density

unctions in such a way that the mean depth of each geological 
rovince is close to the mean depth obtained by seismic obser-
ations. In this respect it is possible to state that the developed 
lgorithm weakly combines gravity and seismic data; we use the
he Moho depth with non-constant crustal density model in the radial direction.

word “weakly” because only few parameters (M + 1) are estimated 
from seismic data for the whole global Moho model.

The least squares estimate of the set of scale factors h should
be embedded into the iterative solution presented in Section 2.2,
leading to the following inversion operator:

D(t+1)(ϕ, �) = I3(ıTD̄
rr(ϕ, �), ��(ϕ, �), D(t)(ϕ, �), �ω, h). (25)

The system is initialized by considering D(t=0) = D̄ and a prior mean
crustal density �̄CRUST(ϕ, �). Knowing D(t=0) it is possible to compute
TCRUST

rr from Eq. (15), reduce and invert the gravitational observa-
tions to obtain ıω, estimate �ω and h using the external information 
and finally compute D(t=1) using Eq. (21). Once D(t=1) is available, 
¯ CRUST(ϕ, �) can be updated and the whole procedure is iterated 

until convergence. In other words, the procedure is the same of 
that summarized in Fig. 2, but now the output of the seismic com-
bination is not only the estimate of �ω but also the ones of hi, for 
i = 1, 2, . . ., M.
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.4. Reference Moho improvement

All the improvements to the inversion operator introduced up
o now do not face the problem that the computed undulation is
lways referred to a constant Moho depth, even during iterations.
his choice, combined to the fact that the inversion operator is lin-
arized around D̄, could lead to a solution whose forward model
oes not fit very well the original gravity observations.

In order to solve this problem an iterative scheme acting on
he Moho depth only and keeping all the other parameters fixed
s setup. In particular the values �̂ω and ĥi, for i = 1, 2, . . ., M, have
een previously estimated and therefore the crustal density is now
xed at:

CRUST

ĥ
(ϕ, �, r) =

M∑
i=1

ĥi�
CRUST (ϕ, �, r) 	i(ϕ, �) (26)

nd

¯ CRUST

ĥ
(ϕ, �) =

M∑
i=1

ĥi�̄
CRUST(ϕ, �)	i(ϕ, �). (27)

aking the additional hypothesis that the crustal density below the
eference Moho does not depend on the radial direction, recalling
hat this is already stated for the upper mantle both below and
bove the reference Moho, i.e.

�CRUST(ϕ, �, r) = �̄CRUST(ϕ, �) for D > D̄

�MANTLE(ϕ, �, r) = �MANTLE(ϕ, �) ∀D
, (28)

nd omitting the dependence of the crustal and upper mantle den-
ity functions on the spherical coordinates, Eq. (19) can be rewritten
s:

TD̄
rr = TRES

rr − TMANTLE
rr − F(�CRUST

ĥ
, D̄, DCRUST

T ) − F(�̄CRUST

ĥ
− �CRUST

ĥ
,

D̄, D+) − F(�CRUST

ĥ
− �̄CRUST

ĥ
, D−, D̄) + F(�MANTLE − �MANTLE,

D̄, D+) + F(�MANTLE − �MANTLE, D−, D̄) (29)

here the surface D−(ϕ, �) is defined as:

−(ϕ, �) =
{

D(ϕ, �) if D(ϕ, �) < D̄

D̄ if D(ϕ, �) ≥ D̄
. (30)

bviously the last three terms in Eq. (29) are equal to zero and
herefore it can be rearranged as follows:

TD̄
rr = TRES

rr − TMANTLE
rr − F(�CRUST

ĥ
, D̄, DCRUST

T ) − F(�MANTLE − �CRUST

ĥ
,

D̄, D+) − F(�CRUST

ĥ
− �MANTLE, D−, D̄) + F(�MANTLE − �̄CRUST

ĥ
,

D̄, D+) + F(�̄CRUST

ĥ
− �MANTLE, D−, D̄) = TRES

rr − F(�CRUST

ĥ
,

D, DCRUST
T ) − F(�MANTLE

ĥ
, DMANTLE

B , D) + F(�MANTLE − �̄CRUST

ĥ
, D̄,

D+) + F(�̄CRUST

ĥ
− �MANTLE, D−, D̄) = ıTD

rr + TıD
rr , (31)
here

TD
rr = TRES

rr − F(�CRUST

ĥ
, D, DCRUST

T ) − F(�MANTLE

ĥ
, DMANTLE

B , D) (32)

s the observation residual with respect to the actual Moho, which
s not necessarily at a constant depth, using the radially dependent
rustal density, and

 
 

TıD
rr = F(�MANTLE − �̄CRUST

ĥ
, D̄, D+) + F(�̄CRUST

ĥ
− �MANTLE, D−, D̄)

ĥ

(33)

is the signal due to the Moho undulation only, using a mean non-
radially dependent crustal density.

By finally applying the iterative inversion operator of Eq. (21) 
with ��(ϕ, �) = �MANTLE − �̄CRUST, one gets:

ıD(t+1)(ϕ, �) = I3

(
ıTD̄

rr (ϕ, �), ��(ϕ, �), D(t)(ϕ, �), �̂ω, ĥ
)

− D̄

= I3

(
ıTD(t)

rr (ϕ, �), ��(ϕ, �), D(t)(ϕ, �), �̂ω, ĥ
)

+ ıD(t)(ϕ, �).
(34)

This means that the Moho undulation (with respect to a reference
Moho at a constant depth D̄) is updated at each step by inverting the
residual signal between the observations and the forward model
computed from the last iteration Moho.

Note that in the procedures of Sections 2.1, 2.2 and 2.3 the
Moho undulation is not updated with smaller and smaller
corrections till the forward model is judged satisfactory, but it is
iteratively re-estimated from the beginning, just changing some
parameters of the inversion operator, such as ��(ϕ, �), �ω or h.

The procedure of Eq. (34) is initialized by using the Moho undu-
lation and the �ω and h parameters obtained at the end of the
iterations described in Section 2.3. Once the convergence of Eq.
(34) is reached and the final Moho undulation is estimated, one
could in principle repeat the procedure of Section 2.3 starting from
this final Moho and iteratively improving the estimates of �ω and
h. This “ping-pong” between parameter estimation (Section 2.3)
and Moho refinement (Eq. (34)) can continue till convergence;
however, it is not implemented for the GEMMA1.0 model since its
impact is negligible.

3. GEMMA Moho estimation

B

The gravimetric inversion algorithm with all the improvements 
described in Section 2 is now applied to GOCE data. In particular 
a grid of second radial derivatives of the gravitational potential 
at mean altitude of the GOCE satellite is used as input data. This 
grid was computed by applying the so-called space-wise approach
to the satellite tracking and gradiometric observations (Reguzzoni
and Tselfes, 2009; Migliaccio et al., 2011): it has a resolution of 0.5◦

× 0.5◦ and it is supplied with the corresponding set of Monte Carlo
samples of the error grids to be used for covariance modeling (Fig.
3). Note that the grid of second radial derivatives is actually
estimated by using all the observed gravity gradients along the orbit 
within a multi-step collocation scheme.

In the data stripping the following models have been consid-
ered. The boundaries of ice sheets, bathymetry and topography (the 
latter to be used as top of sediments or crystalline crust, depend-
ing on the considered region) are taken from ETOPO1 (Amante and
Eakins, 2009), while the densities of ice and water are fixed to �ICE

= 980 kg/m3 and �OCE = 1020 kg/m3, respectively. Sediments
boundaries and densities are taken from the 1◦ × 1◦ model by Laske
and Masters (1997). The upper mantle boundaries are defined by
two reference surfaces, the former is the reference Moho (i.e. the 
linearization point) at a constant depth D̄, here assumed equal to 
50 km, and the latter is DMANTLE, here equal to 123 km (i.e. 100 km
below the mean Moho). The upper mantle density �MANTLE(ϕ, �) is
taken from Simmons et al. (2010). The effects of lateral den-sity
variations in the middle and lower mantle and inside the core are
disregarded because they are orders of magnitude smaller than
those due to crustal masses and in any case they are mainly con-

centrated at very long wavelengths (Hager et al., 1985). Finally 
�CRUST (ϕ, �, r) is modelled in the following way: the Earth crust 
has been divided into geological provinces according to the USGS 
map (Exxon, 1995) shown in Fig. 4 (mid-oceanic ridges from Coffin



Fig. 3. GOCE grid of second radial derivatives of the anomalous gravitational potential (left) and its error standard deviation (right) from the second release of the space-wise 
solution (Migliaccio et al., 2011). The error in the GOCE orbit polar gaps is of the order of 20 mE.
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possible to apply the inversion schemes presented in Section 2. In 
order to estimate �ω and h the CRUST2.0 Moho grid values and 
their errors, computed as in Reguzzoni et al. (2013), are used as
Fig. 4. USGS map of geological prov

t al. (1998) have been added to the provinces). In this way a set of
39 geologically homogeneous patches has been created, each of
hem classified as one of the eight main crustal types (i.e. shield
latform, orogeny, basin, large igneous province, extended crust
ceanic crust and mid-oceanic ridge). For each type of province a
unction relating density to depth is defined (see Fig. 5). These func-
ions are derived from Tables 3 and 8 of Christensen and Mooney
1995) for the continental crust and from Tables 1 and 2 of Carlson
nd Raskin (1984) for the oceanic crust. The density of mid oceanic
idges is fixed to 2600 kg/m3 (Lin and Morgan, 1992). Above the sea
evel the density of the continental crust is fixed to the minimum
alue of each province. As in Christensen and Mooney (1995) the
ensity of each province is modelled down to a different depth, they
ave been downward continued by assuming a constant value equal
o the maximum available one. Note that this artificial con-tinuation
s performed just for the sake of homogenizing the input dataset and
t only slightly affects the inversion since in general the continued

ensity is deeper than the Moho discontinuity. In this way below 50 
m all the previous densities are constant; this modeling together 
ith the choice of ¯D = 50 km, makes it possible to apply the 

terative scheme of Section 2.4.
enhanced with mid oceanic ridges.

Once the density and boundaries of each layer are defined it is 
Fig. 5. Densities as a function of depth for the different crustal types.
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Fig. 6. Least squares estimated scale
dditional seismic observations. In this way a set of 16200 new
bservations (one for each grid-cell of the CRUST2.0 model) is
dded against 140 unknowns (1 mean value �ω plus 139 parame-
ers hi) thus giving a very high redundancy to the system.

Fig. 7. Differences between
rs based on CRUST2.0 Moho depths.
In Table 1 the statistics of the Moho computed by applying I0, 
I1, I2, I3 and the refinement of Section 2.4 (here called I4) are pre-
sented. It should be reminded that the Moho maps obtained using
I0 and I1 are reported just for the sake of completeness but they

I3 and I4 solutions.
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Fig. 8. GEMM

ontain a logical fallacy due to the fact that the crystalline crustal

ensity used in the data reduction (Eq. (9)) depends on the radial 
irection too, while the one used for the inversion (Eq. (10)) is 
upposed to be constant with respect to r.

Fig. 9. GEMMA1.0 Moho depth
Moho depth.

Looking at the I2 solution, i.e. the one that considers the crys-

talline crust density model as perfectly known, it is interesting to
observe that it is quite unrealistic: e.g. it shows a mean depth of
about 17 km in the oceanic regions that it is known to be far from the

error standard deviation.
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Fig. 10. Differences betwee

eality. This means that probably the crustal density structure pro-
osed by Carlson and Raskin (1984) and Christensen and Mooney
1995) are not sufficiently accurate to be used in the inversion of the
OCE gravitational field, thus justifing the introduction of the scale
actors h in the I3 solution (Fig. 6). It can be seen that in general 
mall corrections are applied: the mean value of the scale factors 
s 0.996, the maximum one is 1.03 located in the Gakkel Ridge and 
he minimum one is 0.976 in the young oceanic crust of the Nazca

Fig. 11. Coherence map between GEMMA1 and GEMMA2012C global Moho depth m
MA1.0 and GEMMA2012C.

Plate. Interesting enough is to note that the oceanic crust is in gen-
eral lightened by the effect of h, while the continental crust is made 
heavier.

Finally the difference between I3 and I4 solutions (Fig. 7) clearly

shows that the improvement of I4 is to recover some high frequen-
cies of the Moho surface (corrections are mainly concentrated in 
regions with very sharp variation of the Moho depth, like continen-
tal margins, orogenetic regions or mid oceanic ridges) that where

odels. Grey areas show the regions where the two models are not consistent.
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Fig. 12. Comparison between the GEMMA1.0 Moho versus the ones

¯
moothed out by the linearization of the other operators around
= 50 km. A map of the final GEMMA1.0 global Moho depth is 

hown in Fig. 8.
The accuracy of the GEMMA1.0 Moho has been empirically eval-

ated as the sum of different effects. In details the considered error
ources are:

. GOCE observation errors and linearization errors in the inversion

operator;

. errors in the least squares estimation of �ω and of h;

. model errors in the density functions and in the shape of the
geological provinces;

able 1
tatistics on Moho depths estimated by means of the different inversion operators.

Unit [km] I0 I1 I2 I3 I4

Moho mean 21.6 21.7 22.4 21.3 21.1
Moho std 10.8 10.8 9.9 12.8 12.2
Moho mean (continental crust) 33.7 33.7 33.1 34.5 33.4
Moho mean (oceanic crust) 12.9 12.9 16.9 13.5 12.9

 
 
 
 
 
 
 

ST2.0 and Meier et al. (2007) for the oceanic and continental crust.

4. errors in upper the mantle density variation.

The first effect has been computed as in Reguzzoni et al. (2013) and
shows a global standard deviation of 0.35 km. Errors in �ω and h
are directly estimated by the least squares solution and have a
global standard deviation of 0.8 km. The most important source of
error is in the definition of geological provinces. It has been
empirically modelled by supposing errors of 0.5◦ in the definition
of the shape of each geological province and an error in the crustal
density functions derived again from the uncertanties presented in
Christensen and Mooney (1995). The resulting error map has a
global standard deviation of 0.9 km. The upper mantle density
vari-ation error, computed by supposing an uncertainty of 20% in
the mantle density, has a global standard deviation of about 0.35
km. The total error is obtained by summing up all the four different
effects, it has a global standard deviation of 1.7 km and it is shown
in Fig. 9.
Note that the main unmodelled sources of error are those related 
to large anomalous regions such as subduction zones or continental 
convergent plate boundaries where duplications or fragmentations 
of the Moho can occur. These effects, even if important, are quite
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ocalized and reflect in a wrong Moho depth just very close to the
nomaly, as will be further pointed out in Section 4.

At this point it is worthwhile to compare the GEMMA1.0
odel with the one computed in Reguzzoni et al. (2013), called
EMMA2012C, in order to numerically evaluate the improvement
chieved with the algorithms described in Section 2. A first com-
arison between the two models shows a mean difference of
.0 km in the oceanic crust and 3.1 km in the continental one, being
EMMA1.0 closer to the common knowledge about the crustal

hickness (Bassin et al., 2000; Huang et al., 2013). Note that this
rst improvement in the estimate of the mean depth of the con-
inental and oceanic Moho depth cannot be ascribed only to the
pplication of the algorithm presented in Section 2.1, but it is the
ombined effect of all the upgrades described in Section 2. The dif-
erences between the two models have a global standard deviation
f 3.9 km and are depicted in Fig. 10. It can be clearly seen the impact
f the geological provinces (e.g. in the orogenetic regions) and
ome residual artefacts of the CRUST2.0 in the GEMMA2012C (e.g.
traight edges in Kazakhstan or in the Beaufort Sea). On the other
and, the absence of any modeling of the largest crustal anomalies
e.g. the subduction of the Nazca plate beneath the South American
ne, or the duplication and fragmentation of the Moho under the
imalayas) leads GEMMA1.0 to a less realistic Moho modeling in

hose areas than GEMMA2012C, which could take advantage of the
irect combination with seismic data without any constraints on
he consistency with the gravitational signal. Moreover, looking at
he estimated Moho errors, the GEMMA1.0 solution could at first
lance appear worse than the GEMMA2012C one, compare Fig. 9
ith Fig. 13 in Reguzzoni et al. (2013). However one should also
ote that neither errors related to the shape and the density vari-
tion of the geological provinces, nor errors in the upper mantle
ensity were considered in GEMMA2012C. This led to an under-
stimate of the Moho depth error standard deviation, that is now
ore realistic in the GEMMA1.0 model.
These considerations are confirmed by Fig. 11 where statisti-

al inference is used to compare the two models. In particular the
omparison is performed taking into account for each grid-cell
i, j) the difference between the Moho depths of the two mod-
ls, i.e. �Di,j = DGEMMA1.0

i,j
− DGEMMA2012C

i,j
, and supposing that they

re independent from one another. In this way the two mod-
ls are consistent if �Di,j = 0 with an error variance 
2

(
�Di,j

)
=

2
(

DGEMMA1.0
i,j

)
+ 
2

(
DGEMMA2012C

i,j

)
. Assuming a Gaussian distri-

ution of the errors, a simple Z-test can be used in order to verify the
ypothesis �Di,j = 0 with a confidence level of 95%. The result of this
est is shown in Fig. 11 where grey pixels represent the grid cells
here the hypothesis is rejected. It turns out that the two models

re inconsistent in large part of the oceans (due to the difference in
he mean depth of the oceanic crust) and again in correspondence
ith the largest Earth crustal anomalies, such as subducting plates

n North and South America or Himalaya where, as stated before,
EMMA2012C is partially corrected by the direct combination with

he CRUST2.0 model.

. Discussion and conclusions

As it can be seen from Fig. 8 all the major features such as thick
ontinental roots beneath the main mountain ranges as well as the
ontrast of continental and oceanic crust are retrieved. On a global
cale the presented results are in good agreement with the common
nowledge about the crustal thickness. To prove this, in Fig. 12 the

EMMA1.0 Moho depth is plotted versus the CRUST2.0 one and a 
oho computed by inverting fundamental mode Love and Rayleigh 

hase and group velocity maps (Meier et al., 2007). In order to com-
are the models, since both CRUST2.0 and the Moho from Meier
et al. (2007) are delivered on a 2◦ × 2◦ grid, the GEMMA1.0 Moho
has been first smoothed by means of a moving average and then
undersampled to the same resolution of the other models. The first
thing that can be observed is that in general CRUST2.0 shows a
quantitated scatter plot due to the fact that in large regions, where
no seismic data are available, the Moho depth has been fixed to
standard values. Apart from that, the GEMMA1.0 oceanic Moho is
in good agreement with the CRUST2.0 model, while it is deeper
than the one from Meier et al. (2007). On the contrary in the
continen-tal crust the GEMMA1.0 model is very well aligned with
the model from Meier et al. (2007), while CRUST2.0 shows a
deeper Moho. The largest differences with respect to the other two
models are concentrated in the Himalayas and in the Andes, this is
very likely due to the effect of unmodelled density anomalies. For
example the Nazca subduction in South America as well as
duplications and fragmentations of the Moho in the Himalayas,
both not modeled in GEMMA1.0, are reflected in a thickening of
the crust. However it should be noted that in these complicated
regions the concept of Moho itself becomes meaningless, since
there is not a sharp separation between crust and mantle. A more
detailed comparison between the GEMMA1.0 model and other
global and regional mod-els is reported in Sampietro et al. (2013).
The final model seems to be an improvement of the nowadays
widespread CRUST2.0 model for different aspects: first of all the
new model, combining GOCE data and CRUST2.0 seismic
information (where judged reliable), is well consistent with the
actual gravity field, thus overcoming one of the main limitation of
seismic derived global models. In particular the gravitational
effects of the GEMMA1.0 model differs from GOCE observations by
49 mE while the CRUST2.0 one differs by 1015 mE. Moreover since
the used gravity data are acquired by a satellite mis-sion, the Moho
is computed from a uniform and homogeneously distributed
dataset (differently from CRUST2.0 where large areas are
uncovered by seismic observations).

The resulting GEMMA 3D crustal model has a planimetric reso-
lution of 0.5◦ × 0.5◦ and a vertical resolution of 1 km, i.e. the used
discretization step of the density functions, again improving the
state of the art of the global crustal knowledge.

The whole model, i.e. the top and the bottom of each layer, the
density distribution and the corresponding gravitational signal is
freely available through a web processing service at the web page
http://gocedata.como.polimi.it.
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