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Abstract—The mapping of the crust-mantle boundary surface is an important geophysical
task, which the method of seismic profiling has dealt with profitably. There are, however, areas
where the crustal structure is not known up to the present, and where the Moho has as yet not
been determined by geophysical sounding. In such areas the isostatic theory may be applied to
give a first estimate of the depths of the crust-mantle boundary. However, young orogenic
regions are not necessarily in isostatic equilibrium. Therefore the isostatically calculated crust—
mantle boundary must be corrected. In our method, the long wavelength observed gravity
anomalies are inverted in an iterative process to model the crust-mantle boundary, assuming
thus that the mass responsible for the observed gravity anomalies is located at the level of the
crust—-mantle boundary. After illustrating the proposed method in different model situations, it
is applied to two N-S-oriented profiles in the NE/Italian Alps, an area only scarcely studied
with seismic deep sounding. We obtain a maximum crustal thickening of 60 km in the western
profile, beneath the Hohe Tauern, whereas to the east a lower value of 50 km (Niedere Tauern),
is retrieved. The eastern profile shows a secondary crustal thickening further to the south, below
the Dinarides. The analysis shows that the Moho depth beneath the crest of the Alps is in the
order of 10 km in excess compared to what we would expect for the Airy-Heiskanen (AH)
isostatic model. Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

The crust—mantle boundary in continental areas is well known to correlate with the topography
variation on a large scale, in particular in the case of orogenic belts. This observation is
explained by the isostasy hypothesis which states that an excess load on the Earth’s surface such
as a mountain range is compensated by a mass deficiency beneath the surface features but above
the depth of compensation. Two important classes of isostatic crustal models are the Airy-
Heiskanen (AH) and the Vening-Meinesz (VM) models. The AH model accounts for local
equilibrium only, assuming no shear strength in the crust (free vertical movement of crustal
columns), whereas the VM model achieves equilibrium on a regional scale by assuming an
elastic crustal plate. The crust is modelled as a uniform layer of density (p,) and initial crustal
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thickness (d) at zero topography, overlying the mantle of density (p,,), and with varying depth
of the crustal roots (r) according to the overlying topography (4). Once the crust has been
modelled, the isostatic gravity anomaly may be computed, which is zero if the isostatic
compensation is complete.

Non-zero isostatic gravity anomalies may have different origins as: (a) a mechanism of
isostatic compensation different from that assumed to compute the isostatic reduction of gravity,
e.g. one which involves crustal and/or upper-mantle density inhomogeneities; (b) deviation of
the studied area from isostatic equilibrium. Regarding the first point (a), where geological and
geophysical evidence is available, the contribution of superficial and mid-crustal inhomogene-
ities can be corrected for by direct modelling algorithms. An alternative method is based on the
fact that long wavelength gravity anomalies are generally seated at depth, whereas short
wavelength anomalies have a superficial origin. This implies that the spectral filtering of gravity
data into low and medium to high frequency variations largely divides the anomalies due to
Moho undulations from those due to intracrustal and superficial inhomogeneities. On the other
hand, the lithospheric effect can be modelled wherever consistent lithospheric data are available.
It will, however, contribute only a long wavelength component to the gravity data, relative to
profiles whose length is of the order of the lithospheric thickness. The second point (b) applies
to those cases in which the studied area is not in isostatic equilibrium. The isostatic anomalies
may be inverted to correct the crust—mantle boundary and study its deviation from that predicted
by the isostatic model.

We propose a method, where at the first approximation the Moho surface is obtained by
applying the AH isostatic hypothesis; analogously we could also start out with the more
elaborate VM hypothesis, but it has been disregarded due to the very small difference in the
resulting isostatic anomalies (Klingele and Kissling, 1982). In second and successive
approximations the Moho is adjusted in an iterative process to minimize the gravity residual by
alternating a spectral and a forward modelling calculation scheme. The method proposed is a
powerful means in gravity interpretation which can increase knowledge of the deep crustal
structure.

An important European area with large Bouguer gravity anomalies is found along the Alpine
mountain chain. The crustal structure of the Western and Central Alps is well known (see
Blundell er al., 1992), and gravity modelling in this area may be undertaken according to the
seismic sounding velocity models (ECORS-CROP Gravity Group, 1989; Klingele ez al., 1990,
Holliger and Kissling, 1992; Kissling, 1993). In the Eastern Alps, however, only few seismic
lines are available (Finetti and Morelli, 1972; Giese and Prodehl, 1976; Italian Explosion
Seismology Group, 1978; Italian Explosion Seismology Group and Institute of Geophysics of
ETH Ziirich, 1981; Yan and Mechie, 1989), and gravity modelling based on the results of the
seismic sections poses severe restrictions on the extension of the gravity profiles (Mueller and
Talwani, 1971; Italian Explosion Seismology Group, 1978; Italian Explosion Seismology Group
and Institute of Geophysics of ETH Ziirich, 1981; Slejko er al., 1987, 1989). We have applied
our method to the Eastern Alps, inverting the data to two 2.5-D crustal models along two nearly
parallel gravity profiles. The area studied is a seismic region at the NE border of the Adriatic
microplate. characterized by NW-SE-trending Dinaric tectonic structures in the east and Alpine
E-W-trending structures to the north (Carulli ez al., 1990; Del Ben et al., 1991).

METHODOLOGY

The analysis is developed in the preliminary calculation of the AH crustal roots, followed by
the iteration scheme, which is divided into two steps. The task is the determination of the Moho
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surface, constraints being realistic crust and mantle densities and general geophysical limits for
the initial crustal thickness. In the ideal case, the initial crustal thickness may be anchored to
some piece of information obtained from other geophysical sources as seismology or deep
seismic sounding. The problem is treated for a 2.5-D case, but can be analogously extended to
3D. The starting values are the sampled Bouguer gravity b(i) and topography h(i) data (for
=1, N) along the profile. Two free parameters must be set for the starting isostatic modelling,
which are the zero topography compensation depth (d) and the contrast A p between crust and
mantle densities ( p.) and (p,,).
At first the AH isostatic crustal roots ry(i) are computed according to the formula (1):

rlD=h(i)p/Ap (i=1,N). ey

The topography data, as well as the Bouguer anomalies, must be low-pass filtered, in order
to eliminate short wavelength variations, not related to the deep structures. For details about the
choice of the parameters and the specifics of the filter we refer to the next paragraph. The roots
ro(i), i=1, N give the Moho undulations for the pure AH hypothesis.

In the sequel the iteration scheme commences.

The successive adjustment is developed in the following two steps, which are repeated at each
iteration. In the first iteration set iter=1. in the second iter=2 and so on:

Step (1) The Newtonian gravitational effect of the crustal root ry,. (i), i=1, N is computed at
geoidal level, following classical methodologies (Nagy, 1966) for an assigned
compensation depth (d). The crustal root is discretized and approximated by a finite
number (M) of rectangular horizontal prisms of width (w). The isostatic anomaly
(88ier1(i), i=1, N) is obtained by subtracting the gravitational effect of the AH isostatic
crustal root from the observed Bouguer anomaly.

Step (2) In our method we assume that the mass responsible for the residual (isostatic anomaly)
8g.er1 (i), i=1, N is located at the Moho surface. This is correct in the case that the
Bouguer anomaly does not contain the high spatial frequency variation, originating
from superficial density anomalies. This condition is satisfied as the Bouguer anomaly
has been low-pass filtered.

This undulation of the crust-mantle boundary superimposed on to the isostatic
crustal root is calculated by applying the downward continuation law (Heiskanen and
Moritz, 1967; Tsuboi, 1983; Zadro, 1986; Santero er al., 1988) as follows:

Flterrl(j)anaguer—l(i)] 1J=1,N (2)
hued )= FT ™ [Fir () explk )1/ (2mGAp). ij=LN (3)

FierU). j=1. N is the Fourier series expansion (FT) of 8g..,({), i=1, N at resolved wave
numbers k. hy{i). i=1. N is the calculated undulation, and G is the universal gravitational
constant. The crustal root after the iteration is thus:

ruer(i)=r|lerrl(i‘)+hller(i)' i= 1‘ N (4)

Before entering the second and eventual consecutive iterations, the root ry(i), i=1, N is
smoothed, in order to reduce amplification at high spatial wave numbers. We obtain thus an
iterative calculation scheme, where at each iteration a slight modification of the Moho surface
is obtained.
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TEST OF THE ITERATION PROCESS ON SYNTHETIC MODELS

We illustrate our methodology on two synthetic 2.5-D model situations. The purpose of the
first model is to illustrate the method of alternating the downward-continuation with the forward
Newtonian gravitational modelling in an iterative arrangement. In this first exercise no reference
to the isostatic AH modelling is done, although the crustal depression could be the crustal
counterpart of a topographic elevation. Accordingly in this case the calculations commence in
step (2) of our iteration scheme. Instead of the isostatic anomaly, the gravity values produced by
the prismatic depression or root are used in the first inversion [equation (2)]. The model consists
of a crustal depression of prismatic shape, extending in depth from 30 to 50 km, and of 60 km
width. A section of the depression is given in Fig. 1(c). The density contrast of the root with
respect to the underlying mantle is set equal to A p=— 0.4 g/cm’. The calculations are performed
on N=500 data points, sampled at a distance of dx=1km. In Fig. 1(a) the calculated gravity
values (continuous line) for this model, and the gravity residuals for the inverted crustal
depressions are given for iteration steps (1)—(4). In Fig. 1(b) the inverted crustal depressions are
shown, for iteration steps (1)-(4). It may be seen that the depression calculated at the first
iteration (downward continued gravity values of the model) extends to the depth of 43 km,
which is 7 km in deficit with respect to the model depression. The model gravity effect obtained
in the first iteration deviates from the calculated gravity values in the central part of the original
depression by about 30 mGal. The curves in Fig. 1(a) and (b) show that step by step the model
depression is approximated, reducing the gravity residuals to a minimum. In Fig. 2(a) the root-
mean square amplitudes of the gravity residuals, the root-mean square amplitudes of the
corrections to the depression, [Fig. 2(b)], and the minimum and maximum extension of the
depression [Fig. 2(c)] are plotted for iteration steps up to 10. The curves correspond to three
different assignments of the equilibrium depth d=20, 30 and 40 km. Pushing the equilibrium
surface towards greater depths enlarges the vertical extent of the depression.

The second model is given in Fig. 3(d), and shows an asymmetric crustal root or depression
situated below a mountain chain shown in Fig. 3(c). The assumed depression is 5 km deeper
than given by AH isostasy, in addition to its asymmetry. The mountain topography is modelled
as two prisms, and the model depression was obtained by smoothing a prismatic model, also
consisting of two prisms. Applying our method we obtain a first approximation of the crustal
depression by applying the AH hypothesis. The topography used to construct the first
approximation of the isostatic root is numerically low-pass filtered in order to reduce the spectral
amplitudes at high spatial frequencies, which are not reflected at lower crustal depths. We adopt
the filter used in the geophysical example of the next paragraph given by the modified Hanning
window with unity values for wavelengths greater than 50 km, a cosine function decrease to
zero for wavelengths between 50 and 33 km, and zero values for shorter wavelengths.

In Fig. 3(b) the AH root, and the modelled crustal root for successive iterations are plotted.
Figure 3(a) shows the gravity values of the asymmetric root (continuous bold line), the isostatic
anomaly (continuous thinner line), and the gravity residuals for successive iterations. Given the
asymmetry and depth of the model depression, in this example the resulting isostatic anomaly
is considerable, and leads to a consistent modification of the crustal root in the first iteration. At
the third iteration the model depression is greatly retrieved, successive iterations giving only
very slight reductions of the mean standard deviation of the gravimetric residual.

The approximation of the crustal depression in the first step with an isostatic model, instead
of inverting the gravimetric values directly with the downward continuation, gives some
advantages regarding the quickness of conversion of the iteration process. A comparison is
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possible in Fig. 4(a)—(c), where the root-mean square gravity residual, the root-mean square root
correction, and maximum and minimum model depths are given for all iteration steps up to 10.
The final gravity residual is reduced by applying the isostatic approximation in the first step, and
also the mean root correction has smaller values, which leads to quicker conversion.

In the next section we apply the method to a geophysical example, taken from two gravity
profiles in the Eastern Alps.

TWO PROFILES IN THE EASTERN ALPS

We consider two nearly parallel profiles in the Eastern Alps 250 km long (A-A’ and B-B’),
crossing the north-east collision zone of the Adriatic and Eurasiatic plates in a N-S direction
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(Fig. 5). Bouguer gravity data in Italy were taken from Ballarin et al. (1972) and Servizio
Geologico Italiano (1989), and in Austria from Senftl (1965). Topography data are taken from
the Italian UTM maps (Istituto Geografico Militare). The spatial sampling is 1 km, and the data
series have been padded with 375 constant values at both ends, in order to avoid border effects
and enhance the spectral resolution. We have adopted standard values for crustal (p,=2.67
g/cm’) and mantle ( p,=3.20 g/cm’) densities.

In order to illustrate the effect of the particular choice of the starting crustal thickness we
allow d to vary between 25 and 45 km, in steps of 5 k. The low-pass filtering process applied
to the Bouguer anomalies, the topographic heights in the starting isostatic modelling and to the
isostatic roots in step (2) of the iterations has been performed in the frequency domain. The
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transfer function of the filter is a modified Hamming window with unity values for wavelengths
greater than 50 km, a cosine function decrease to zero for wavelengths between 50 and 33 km,
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and zero values for shorter wavelengths.

The crustal root is discretized in step (1) of the iterations with horizontal prisms of 4 km
width, extending to a length of 2500 km to either side of the profile. The height of the prisms
is equal to the mean (over the 4 km width of the prism) deviation of the crustal root from the
assumed equilibrated Moho depth (d). The reduction of the number of prisms by a factor of 4
with respect to the number of sampled data, allows further smoothing of the roots, as well as
some reduction in computer time.

In Table 1 the main features of the inversion are summarized for both profiles A-A’ and B—
B’, giving the minimum T1 and maximum T2 crustal depths calculated for each compensation
depth crustal thickness (d). The first column corresponds to the pure AH hypothesis; Iter=1 and
Iter=2 correspond to the first and second iteration and therefore to the first and second
adjustments described in the above paragraphs. For three cases (profile A—A") the observed and
calculated Bouguer anomalies and the calculated crustal roots are plotted in Fig. 6(a)—(c), where
the various iterations are given for three equilibrium crustal thicknesses d=30, 35 and 40 km.

The root-mean square of the residuals values (RMS values) for the AH model are rather large
for both profiles (Table 1). The large RMS values found indicate that indeed the pure isostatic
hypothesis does not explain the observed Bouguer gravity values and indicate that in depth the
isostatic model does not adequately reproduce the Moho variations.

This last observation has been already pointed out in a recent paper by Lillie er al. (1994),
who show that the crustal roots in the Eastern Alps deduced from Moho isobath maps are not
isostatically compensated by the overlying Alpine topography, and are deeper than expected
from the isostatic hypothesis. Further to the west, along the Alpine part of the European
Geotraverse (EGT), Schwendener and Miiller (1990) found that the maximum crustal thickness
observed with seismic refraction profiles exceeds by about 10 km the isostatic crustal root
expected from the AH model (with the level of compensation at the Moho, and assuming a
crust—mantle density contrast of —0.5 g/cm’).

The most important adjustment of the Moho is obtained after the first iteration, which results

Table 1. Root-mean square of the residual anomalies (RMS) in mGal and minimum (T1) and maximum
(T2) Moho depths in km for the pure AH hypothesis and the first (iter=1) and second (iter=2) iteration.
Initial crustal thickness for isostatic compensation of zero topography (d) varies from d=25km to

d=45 km
AH hypothesis iter=1 iter=2

d RMS Tl T2 RMS T1 T2 RMS Tl T2
Profile A-A’

25 344 25 40 13.8 25 40 6.9 23 42
30 30.6 30 45 13.6 29 47 7.1 27 49
35 273 35 50 13.6 33 54 7.1 32 57
40 24.6 40 55 13.9 37 62 7.1 36 67
45 223 45 60 14.8 40 72 6.8 38 77
Profile B-B’

25 42.7 25 34 17.0 25 33 6.7 24 35
30 39.6 30 39 16.1 29 39 6.3 28 42
35 36.8 35 44 15.5 33 46 6.1 32 49
40 342 40 49 15.2 36 53 6.1 35 57

45 317 45 54 15.4 38 61 6.2 38 65
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in a 50% reduction of the RMS values. Comparing the RMS values at the first iteration (iter=1)
in both profiles for different equitibrium depths (d) (Table 1), an acceptable common value of
d seems to be close to 30-35 km. The particular choice of the value of d does not affect the
positions of Moho minima and maxima. It does, however, affect the undulation amplitudes,
particularly for high wavenumbers, which enter the expression in the exponent of the downward
continuation law [equation (3)]. A difference of 5 km in d produces a variation of 3—4 km in the
minimum Moho depth T1, whereas the variation of the maximum depth T2, which corresponds
to the Alpine Crest, is 7-8 km.

The second iteration gives a further, but more modest, adjustment of the Moho, reducing the
RMS values again. The RMS values in this step are low for the entire span of depths (d) used,
but they cannot be taken to select the correct d value.

By comparing the above results with those obtained from Deep Seismic Sounding for the
Adriatic Moho in correspondence to the southern extremes of both our profiles (Carulli et al.,
1990; Scarascia and Cassinis, 1992), we assume d=35 km.

DISCUSSION

The final results obtained for both profiles A~A’ and B-B’ adopting the starting crustal
thickness d=35 km are illustrated in Fig. 7, where the topography, the filtered topography, the
observed and modelled Bouguer anomaly, and the AH isostatic and the inverted crustal roots are
plotted. Profile A-A’ cuts the Alpine chain in full Alpine domain, reaching topographic values
above 3000 m. whereas profile B~B’ is located on the eastern border of the Alps, with less
pronounced topography. According to what qualitatively is to be expected, considering the
different topographic heights, the Bouguer anomaly minimum is more pronounced in profile A—
A’, as is the crustal root. The correction to the pure isostatic hypothesis, obtained from the
gravity data, results in a lowering of about 10 km of the crustal root below the Alpine crest for
profile A-A’; in profile B-B’ the same correction amounts to a lowering of only a few
kilometres. The slight lowering of the Moho in the southern section of profile A-A" may be
partly due to the mass deficit in the sedimentary plain, the gravimetric effect of which may be
quantified with the modelling of the superficial density variations. This, however, would go
beyond the scope of this paper, which proposes to illustrate the potential of the investigative
method in the Alpine region.

At the intersection points of our two N-S-trending profiles with the seismic profiles, which
were obtained in the Eastern Alps during the 1970s. the comparison of the gravimetrically and
the seismically determined Moho may be used for testing our method. The Alpine longitudinal
profile (ALP75) (Yan and Mechie, 1989) cuts both of our profiles at the locations indicated in
Fig. 7. The southern Alpine longitudinal profile (SUDALP77) (ltalian Explosion Seismology
Group and Institute of Geophysics of ETH Zirich, 1981) cuts only the western profile. The
NW-SE-trending profile Eschenlohe-Trieste (ES—TS) found in the same publication, and re-
elaborated by Scarascia and Cassinis (1992), has the Southern Extreme of our profile B-B' in
common, whereas it cuts profile A—A’ further north.

In Fig. 7 the seismically determined Moho depths are symbolized by triangles; the
geographical location of the profiles is given in Fig. 5. The seismically determined Moho and
the gravimetrically determined Moho are in agreement, although a slight discrepancy is
observed at the intersection of the Alpine longitudinal profile (ALP75) with our profile B-B’;
this could be partly due to the strong N-S Moho depth gradient beneath the Tauern, which
necessarily cannot be well displayed by the longitudinal (E-W) profile. The comparison of the
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seismically and gravimetrically determined Moho confirms our choice of d=35km, as this
agreement is not found, if depth d=30 km is assumed.

The gravity effect of the lithospheric thickening has been modelled along the two profiles by
3-D modelling. For the 3-D model the physical properties of the asthenosphere—lithosphere
system given in Suhadolc et al. (1990) were used. Therein the lithospheric thickness in the
European region was deduced from the regional dispersion of seismic surface waves. Beneath
the Alps an increased lithospheric thickening was found, with a thickness of 130 km in the
central part. The profile A-A’ is seated at the eastern border of the area with increased thickness,
whereas profile B-B' overlies an area with a nearly constant lithosperic thickness of 90 km. The
lithosphere was approximated by a series of rectangular prisms (density contrast 0.03 g/cm’) in
the geographical area delimited by 44-50°N and 7-15°E, at a resolution of 0.5°. The gravity
effect. shown in Fig. 8, approximately represents a linear trend along profile A~A’ and does not
contribute more than 0.03 mGal/km, the effect being about one-third of that amount for profile
B-B'. It is therefore neglected without significantly altering our results.

A schematic 3-D representation of the Moho at the NE border of the Adriatic plate is shown
in Fig. 9, where the two profiles are united into the same graph. The sampled points of each
profile are connected linearly in an E-W direction, to obtain an interpolated 3-D view of the
Moho. The surface expression of the greatest crustal thickening is the Tauern, which runs along
the Alpine axis. Further to the south, the crustal roots of the External Dinarides have been
retrieved in the profile B-B’, which are not intersected by profile A-A’.

From a geodynamic standpoint the question remains as to what may cause the obvious

Lithospheric thickening gravity effect along the profiles
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Fig. 8. Gravity effect of the lithospheric thickening along the two profiles A-A’ and B-B'.
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deviation from AH isostasy. Besides the asymmetry there is an AH overcompensation of the
topographic masses indicated, amounting to up to 10 km with a density contrast of —0.5 g/cm’.
If the missing masses were placed at the lithospheric level, this would lead to, say, 50 km of
0.1 g/cm’ lithospheric root (where, however, the density contrast may be too large by a factor
of 2-3). This would not explain the asymmetry, which must be related to plate convergence and
would thus be a dynamic (i.e. non-isostatic) effect. At least partly regional compensation must
also be considered, including the role of lithospheric flexure (Karner and Watts, 1983). These are
open questions to be addressed by future work.

CONCLUSIONS

We propose a methodology in gravity interpretation, which alternates iteratively the classical
theory (Newtonian prismatic modelling and isostatic reductions) and the spectral theory
(filtering processes and the down/upward continuation law). The isostatic theory is used to
obtain a first estimate of the crustal roots, the gravity effect of which is calculated with the
classical forward modelling. The spectral method is used to invert the residuals, and adjust the
crustal root accordingly. In this way we model the Moho discontinuity taking into account both
the topographic heights and the observed Bouguer anomalies.

As in all gravity-inversion problems, the ambiguity inherent in the underlying mass
distributions implies the choice of a particular starting model, defining the crustal equilibrium
thickness, and the crust and mantle densities. This may be done adopting a standard crustal
model, where mean values found in the literature are used. In cases where these are available,
further geophysical knowledge on the crustal thickness from other sources, particularly seismic,
gives a means to anchor the crustal equilibrium depth.

The method has been applied to the Eastern Alpine region, and the Moho variation along two
N-S profiles has been modelled. It is possible to control our result for the Moho undulation
along the two profiles in the intersection points with the deep seismic refraction profiles carried
out in the 1970s (Alpine Explosion Seismology Group, 1976; Giese, 1976; Italian Explosion
Seismology Group and Institute of Geophysics of ETH Ziirich, 1981). We have shown that our
method gives excellent agreement with the Moho depths determined by the seismic profiling.
The results confirm that the method presented by us is a helpful means to estimate the Moho
undulation in a straightforward manner, the input being the Bouguer anomaly and the surface
topography values. In view of the drastic simplifications, in particular the assumption of
constant crustal and upper-mantle densities, the success of our method is surprising. The
deviation from AH isostasy evident in our results may be partly explained by the lithosphere
root, but requires further study.
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