
ISOSTATIC STUDIES IN THE HELLENIDES 

Chailas,S.*, Hipkin,R.G.** and Lagios,E.* 

* Department of Geophysics and Geothermy, University of Athens,
 
Panepistimioupolis, Ilissia, Athens 157 84, GR.
 
** Department of Geology and Geophysics, University of Edinburgh
 
Mayfield Road, Edinburgh EH9 3JZ, UK.
 

A B S T R ACT 

An isostatic anomaly map, covering Greece, the southernmost 
part of the Balcan Peninsula, the Aegean and adjacent marine 
regions, was compiled, based on newly compiled detailed gravity 
and topographic (2 kID grid) data bases, which both extend over 
a region 900 by 700 kID. The 2-dimentional isostatic admittance 
has been computed for the wavelength range 4 to 900 kID. Variation 
in crustal thickness dominates the long-wavelength admittance 
contributions so that the part of the gravity field, which is 
predictable from the topographic load, enables the Moho depth to 
be mapped. This technique, preliminary results of which are 
presented in this paper/ gives estimates of crustal stretching 
beta factors which, within the Aegean, reach a maximum in an 
east-west trending region of the Sea of Crete. The long 
wavelength parts of the gravity components, which do not 
correlate with the load, show a simple dipolar anomaly parallel 
to the Hellenic Trench and characterize the arching and 
subducting slab. The isostatic admittance appears to be 
remarkably successful in separating contributions from the slab 
and crustal thinning. A detailed model of crustal thickness is 
presented, although the model used may be inappropriate in the 
fore-arc region. There is no evidence for remnants of former 
subduction zones. 

IEOETATIKH HEnETH TQN ~HNI~N OPOEEIPQN. 

XaLAa~,E., Hipkin,R.G. xal ~aYlo~/E. 

n E P I ~ H Ii' H 

Eva~ xapT~~ loooTaTLKwv avw~aALwv ~ou KaAu~Tel T~V EAAaoa/ 
TO VOTLOTEpO ~EPO~ T~~ BaAKaVLK~~ XEPOOV~Oou, TO ALyalo Kal Tl~ 

yupw ~eploXE~ EXEl o~~loupy~8e[ ~E pao~ TOU~ ~poo~aTa 
OUVTax 8EVTe:~ AE~TO~e:pe: [~ papUT LKOU~ Ka l To~oypa~ LliOU~ xapTe:~ 

(p~~a 2 kID) OL O~O(Ol KaAu~TouV ~la ne:plox~ 900 e:~[ 700 kID. 
YTCOAOYlOT~Ke: ~ oLooLaoTaT~ loooTaTlK~ aVTloTa8~lo~ Yla ~~K~ 

liu~aTo~ ano 4 w~ 900 kID. Ot ~e:TapoAE~ TOU TCaxou~ TOU ~AOlOU 

xuplapxouv OT~ OUVElo~opa T~~ aVTloTa8~lo~~ ~e:yaAou ~~KOU~ 

liu~aTo~ ETOl WOTe: ~EPO~ TOU papUTllioU ~e:OlOU, TO o~o(o ~~Ope:l va 
unoAoYlOTe:[ a~6 T~V To~oypa~lli~ ~OPTlO~, e:~lTPETCe:L T~V 

xapToypa~~o~ TOU pa80u~ T~~ Moho. AUT~ ~ Texvlli~, apXlKa 
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O:TCOTeAeO~(XTO: TIl<;; OTCO(O:<;; TCO:POUOU5:<:O\JTO:l a' O:UT~ TIl\J epyo:o(o:, 
eTCl TpeTCe l TO\J UTCOAOY I.a~o TOU OU\JTe AeoTij ecpeAuuo~oU b y l 0: T1l\J 
TCepLoxij TOU AlYO:(OU 0 OTCO(O<;; TCaCp\JeL Til ~eYLOTIl TOU TL~ij OT~\J 

A\JaToALur'j<;;-1'l.UTLuij<;; 6lE:USU\JOIl<;; 8QAaOOa T~<;; KpijTIl<;;. OL l-leyc:Hou 
I-l~UOU<;; UUI-l aT 0 <;; a \Jwl-l 0: ACe<;; TOU l3apuT Luou TIe6 Cou TCOU 6e\J 
OUOXETC<:o\JTaL I-lE TO cpOpT(O 6E(X\JOU\J I-lCo: 6lTIOAlU~ O:\Jw~aACo: 

TCapaAAIlAO: I-le TIl\J EAAIl\JLUij TcrcppO TCOU xo:pauTIlPC~El TIl\J E~WTEPlUij 
ual l3uSL~oI-lE\J1l TCAaua. H LoooTaTluij OU\JapTIlOIl l-leTacpopa<;; cpaC\JETal 
OTL eC\Jal L6LaCTEpa eTCLTUXrl<;; OT~ 6LcrUPLOTl TIl<;; OU\JElocpopa<;; TIl<;; 
l3u8LOTl<;; ual TTl<;; AeTITU\JOTl<;; TOU cpAOLOU. E\Ja AeTIT0I-lEpe<;; l-lo\JTeAO TOU 
TCaxou<;; TOU cpAO LOU TCapOUOL a~e Ta l TIapOAO TIOU TC LSa\Jo\J \Ja e C\Ja l 
O:\JO:up Ll3e<;; y La TTl\J TIep LOX ij E~WTep l ua TOU T6~ou. 1'l.e \J UTIcrPXOU\J 
e\J6EC~eL<;; Yla UTCOAeLl-ll-lO:Ta TCaAO:lW\J ~W\JW\J uO:Tcr6uoTl<;;. 

INTRODUCTION 

The original studies of isostasy, for example by Hayford 
(1912), Heiskanen (1924) and Vening-Meinesz (1931), started with 
a specific mechanism of isostasy and then corrected gravity data 
for its effects. In recent work (Dorman and Lewis, 1970, Lewis 
and Dorman, 1970), an intermediate stage has been introduced, 
where a relation between the applied load and the resulting 
gravity anomaly is determined first. This relation, represented 
by the isostatic response function, is objective and not 
particular to only one specific mechanism. The response function 
can be then modelled in order to find a best-fitting compensation 
process. The present paper describes an investigation of isostasy 
in the area of Greece, using a new compilation of gravity and 
topographic data. 

THEORY 

Isostatic Admittance 
The Bouguer anomaly, 1'l.g, can be considered as' the sum of two 

parts (Dorman and Lewis ,1970): first, the contribution from 
masses involved in the compensation and, secondly, the 
contribution from uncompensated variations in density, 1'l.g. The 
first part is predictable from the topographic load, h, aJd, in 
the linear approximation, is obtained by convolving the 
topographic load with the isostatic response of the Earth to a 
point load, a relation expressed as: 

tJ.q=q*h+tJ.qp ( 1) 

where the operator * denotes convolution, q is the isostatic 
response function and the term 1'I.g expresses a function of non­
isostatic density distribution. P 

In fact, the quantity q*h is not representing the gravity 
contribution from the compensation of the topographic load. It 
describes the statistical relation between the topography and the 
gravity contribution from all masses involved in compensation 
(topography included). The isostatic response function in (1) can 
be treated mathematically as the space domain transform of the 
result of the normalization in the wavenumber domain of the 
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gravity by the respective topography, All the information about 
the isostatical regime of area under consideration is included 
in the isostatic response function. 

In the wavenumber domain, the relation (1) becomes: 

(2 ) 

G(k), H(k) and NG(k) are the 2D Fourier transforms of the Bouguer 
gravity anomaly, the topography and the part of the gravity 
anomaly, which is generated by uncompensated masses. The 
isostatic admittance, Q(k), is the Fourier transform of the 
isostatic response function, estimated from: 

Q(k) = <~(k) W (k) > _ <NG(k) W (k) > (3 ) 
<H(k) W (k) > <H(k) W (k) > 

where the asterisk denotes the complex conjugate (see McKenzie 
and Bowin, 1976). Because llg and h are defined to be 
uncorrelated, the contribution ofPthe second term in equation (3) 
will be diminished when the spectral estimates are averaged and, 
ultimately, will become zero. The averaging process, denoted in 
equation (3) by the triangular brackets, takes the mean around 
concentric annuli in the wavenumber domain, that is, it averages 
the estimates whose wavenumber has a similar magnitude, 
independently. of the direction of their trend. We use wavenumber 
intervals, which are logarithmically spaced, in order to get 
approximately equal numbers of estimates in each wavenumber band, 

The fraction of the total gravity variance at wavenumber 
k that can be attributed to the linear isostatic relation is 
given by the coherence: 

l (k) _ <Q(k) W (k) > <G' (k) H(k) > (4 )
YGH - <G(k) G' (k) > <H(k) H' (k) > 

The Isostatic Compensation Hodel 
The gravitational attraction of an interface of contrasting 
density, which undulates with an amplitude w(x) from its mean 
depth d, was given by Parker (1972). When w(x) « d, it 
simplifies to a linear relation, which can be given in the wave 
number domain as: 

G(k) =2ny (Ilp) e-kd W(k) (5 ) 

where W(k) is the Fourier transform of w(x) and IIp is the density 
contrast at the interface. In general, the undulations of the 
interface of contrasting density where compensation takes place 
are related to the topographical load, h(x), by 

W(k) =K(k) H(k) (6 ) 

where K(k) may depend upon the elastic parameters, density 
contrasts and dimensions involved. By substituting W(k) into 
equation (5), we have: 
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G(k) =2TCY (t.p) e-kdK(k) H(k) ( 7) 

If equation (7) is substituted into equation (3) and the 
logqrithrn taken, then 

In(Q(k))=ln(2nyt.p)+ln(K(k))-kd (8 ) 

For local compensation, K is a constant and, in the simplest case 
of Airy isostasy, K = 1; then equation (8} becomes 

In(Q(k}}=ln(2TCyt.p)-kdH (9 ) 

where it is assumed that d
H 

is the mean Moho depth. Having found 
a linear relation, we have used this relation to model the 
observed isostatic response values. 

The determination of the response function as an 
intermediate stage for the calculation of isostatic correction, 
gives the advantage of an objective choice of the isostatic 
model. In other words it gives the ability for the determination 
of the isostatic regime of the area by the use of objective 
criteria, such as best fitting. 

DATA SOURCES 

Topography 
On land, the topographic databank was compiled from the maps 

of the Hellenic Military Geographical Service (HMGS); for the 
sea, maps of the Hydrographic Service (HS) of the Hellenic Navy 
and those of Morelli et al. (1975a,b) were used. Mean heights on 
a 2 km grid were estimated directly from land maps of 1:50,000 
with an estimated accuracy of approximately ±lOm. Off-shore, 
depth points of the HS 1:250,000 and 1:500,000 scale maps as well 
as contours from Morelli's maps (scale 1:1,000,000) were 
digitised. All data locations were then transformed to UTM zone 
34 coordinates and interpolated on to a regular 2 km grid, giving 
a 350 by 450 array, which represents a low-pass filtered version 
of the topographic relief in Greece and its neighbourhood. 

Gravity 
A corresponding 2 km array of gridded Bouguer gravity 

anomaly values was produced, based on a databank of some 22000 
point gravity values, which was previously prepared by Lagios et 
al. (1988) for the Institute of Geology and Mining Exploration 
(IGME), Athens, Greece. This databank was itself constructed by 
verifying and purging data compiled by Makris and Stavrou (1984), 
again for the IGME, and by adding substantial quantities of 
previously unpublished IGME data. The compilation covers a great 
part of the region lying between latitudes 32° and 42~, and 
longitudes 19° and 27°E. On the mainland of Greece, data consist 
of real observations. Off-shore, data were derived by digitising 
the position where ship tracks crossed contour lines on the 
gravity maps published by Morelli et al. (1975a,b). 

All gravity anomaly values are referred to the IGSN71 
(Morelli et al., 1974) and the GRS67 (International Association 
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of Geodesy, 1971), and reduced with a standard Bouguer density 
of 2.67 Mg/m3. 

In order to provide a complete array within a rectangular 
area, further data were added along the margins. Along part of 
the northern margin, contours from an unpublished gravity map of 
Albania (5. Bushati, personal commun., 1991) were digitised. 
Elsewhere along this margin, values for the free-air anomaly were 
calculated using the OSU86E gravity model (Rapp and Cruz, 1986) 
and then Bouguer anomalies simulated using a digital terrain 
model to compute the topographic effect. This applied only to a 
small data gap in southern Yugoslavia and Bulgaria and was 
designed to minimise edge effects in a more objective way than 
reflection or ramping. The area of data generated in this way was 
so small that the use of a specific isostatic model in predicting 
Bouguer anomalies could not bias our overall interpretation. 

Error estimates of the gravity anomalies onland, depending 
on the way of the height determination of the stations, range 
from 0,3- 0,9 mGal (Lagios et al,1988) 

RESULTS 

The Isostatic Admittance 
The isostatic admittance was estimated for wavelengths 

between 4 and 900 km. This range was divided into 1000 intervals, 
spaced logarithmically so that each contained approximately equal 
numbers of estimates. Within each wavenumber band, the estimates 
were averaged in order to reduce the contribution from gravity 
anomalies not correlated with the topographic load (see equat.3). 

Figure 1 shows the resulting isostatic admittance for the 
Hellenides, with the natural logarithm of the admittance (In{Q)) 
plotted against wavenumber for the range of wavelengths from 
about 80 to 900 km. The linearity shown in this figure is central 
to our interpretation: it demonstrates that In(Q) depends very 
weakly,if at all, on wavenumber, a result indicative of simple 
local isostatic balance, for example by the Airy model, or 
equivalently, by an elastic plate with a negligibly small 
rigidity. In the latter case, internal and surface loading are 
not distinguishable. 

A least-squares fit to the admittance data, weighting each 
estimate with the inverse of its variance, gives the relation: 

In(Ql=-(2.522±O.014)-(24.7±5.5)k {10 1 

With the Airy model, the observed slope implies that the mean 
Moho depth averaged over the land and marine area of the region 
is 24.7 km. The observed intercept of -2.522 (to be compared with 
In(2ITr(~p))=-2.l79) indicates that K=0.71; that is 71% of the 
topographic load is compensated by undulations on the Moho; the 
remainder is balanced by other mechanisms and seems to be 
distributed laterally in such a way that it does not correlate 
with Moho topography. 

Once a satisfactory model for the isostatic admittance has 
been identified (as can be· seen by the error estimates of the 
parameters in equation (lO)), and shown to be compatible with a 
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simple Airy mechanism, it provides a means of isolating the 
component of the Bouguer anomaly, l>.gt'lh' which is generated by 
variations (l>.h) in crustal thickness: 

t1gAh=q*h (11) 

Here, q is found from the model described by equation (10). 
Although now an empirical figure of l>.gt'lh has been obtained by the 
gravity observations, this component corresponds with the 
classical isostatic correction. The remaining part (l>.g of 
equation 1) would classically be known as the isostatic ano~aly. 
This empirical version of the isostatic anomaly will include 
every density source, whether deeper and shallower than the Moho 
and whether or not it is isostatically balanced, provided that 
it is uncorrelated with Moho undulations. For the Hellenides, the 
isostatic anomaly is probably dominated by the gravity effect of 
the subducting slab and will be discussed further down. 

Iso s ta tic Admittance 
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Fig.l. Isostatic Admittance plotted against wavenumber, with 
corresponding coherence values. 
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Crustal Thickness Models and the Isostatic Correction. 
The average Moho depth of 25 km determined from the 

isostatic admittance spectrum is satisfactorily consistent with 
the limited ambunt of seismic refraction data in the area: in the 
summary by Makris (1984), most profiles show Moho depths between 
20- 30 km, with a local feature under the Peloponnese depressed 
to 42 Ian. 

Makris (1984) used his compilation of Bouguer anomaly data 
over the Hellenides to extrapolate the Moho depth from seismic 
profiles to the whole area. The difficulty with this approach 
lies in the probability that a large component of the observed 
Bouguer anomaly is due to the subducted slab, rather than 
variations in crustal thickness. Using the whole of the Bouguer 
anomaly for the extrapolation will give too much thinning of the 
crust over the subducting slab and too large a thickness over the 
fore-arc bulge. Because the subducting slab component is removed, 
using the empirical isostatic correction, this provides a more 
discriminating prediction of crustal thickness than Makris' 
approach using the whole Bouguer anomaly. 

According to the computational procedure, which was 
implemented, in order to model variations in crustal thickness 
from the isostatic correction (Fig. 2), two constraining 
parameters are needed: (i) The density contrast on the Moho and 
(ii) The Moho depth at one point. 

The observational constraints available are the local Moho 
depth from the seismic profiles and the mean Moho depth over the 
whole area derived from the admittance spectrum. Matching the 
available constraints with those required theoretically was done 
iteratively. Al though a more complete search has yet to be 
completed, the initial results suggest that the density contrast 
on the Moho is closer to -0.35 Mg/m3 than the conventional value 
of about -0.5 Mg/m3. Figure 3 shows one inversion of the 
isostatic correction data to produce Moho depth values. 

On land, the greatest thickness occurs under the 
Peloponnese, reaching 38km, where Makris' refraction data show 
a local depression of 42km. Because the upward continuation 
operator attenuates the gravity effect of short wavelength 
features of Moho topography and the Moho depth map is 
correspondingly smoothed, the agreement between the abrupt step 
down to 42km for a 50 km length of one seismic refraction profile 
and our smooth descent to 38 km is probably as good as can be 
expected. 

Within the Aegean, there are two main regions of enhanced 
crustal thinning. In the Sea of Crete, there is a region where 
the b- factor (McKenzie, 1978) reaches 1.32, assuming a normal 
crustal thickness of 33km. Unlike the corresponding region 
predicted from the whole Bouguer anomaly, which is more diffuse 
and arcuate and trends parallel to the trench, our results 
indicate a somewhat narrower feature, confined to a linear, 
east-west trending region, parallel to the north coast of Crete. 
A much less pronounced feature sweeps north from the western end 
of the Sea of Crete, to the W of Milos, and then NW into the Gulf 
of Corinth, suggestive of an incipient rift of the Peloponnese 
away from the remainder of the Hellenic mainland. Most of the 
rest of the Aegean has relatively small b-factors, between 1.1 
and 1.2. The exception is the Northern Aegean Trough, where the 
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b-factor reaches 1.32. 

Fig.2. Isostatic Correction Map (in mGals). Frame coordinates are 
bounded by UTM Zone 34, Eastings 300-1000 km, Northings 
4200-5100 km. 

While the model (fig. 3) has quantified Moho features within 
the Aegean in a way which, although more refined, was more or 
less expected, our apparent prediction of very significantly 
thinned crust in the fore-arc region was not. The model 
ostensibly gives b-factors as large as 2.8, close to the limit 
of oceanic crust, in the fore-arc region of the Mediterranean, 
between the western end of Crete and south-west of Peloponnese. 
Although J.E. Dixon (personal commun. 1992) has independently 
predicted (on the basis of geological aspects) thinned crust in 
the fore-arc region, having pointed out that the existence of a 
subducted slab extending under the Aegean to depths of more than 
200km requires a greater length of crust to be createa than can 
be provided by the stretching event in the Sea of Crete. For this 
reason, the results of our analysis may need to be treated with 
some caution. 
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According to the analysis presented in this work, the 
observed gravity observations lead to the estimation of the 
admittance and, subsequently, to the variation of the Moho depth 
by the determination of the corresponding gravity anomaly 
component, provided that a simple Airy mechanism exists. In the 
tectonic, therefore, regime of the Aegean, where we also have the 
descending lithospheric plate to the north-east, the density 
sources within the slab are mostly well separated in depth from 
those on the Moho. Moreover, the asthenospheric layer, 
intervening between the descending slab and the over-riding 
plate, will reduce stress transmission between the two. 

Moho Depth 

r~:_g.3. Map showing the variation of Moho depth (in krn). Frame is 
bounded by UTM Zone 34, Eastings 300-1000 krn, Northings 
4200-5100 krn. 

In contrast, within the fore-arc region, undulations in 
Moho-depth are likely to be correlated with undulations in the 
Ii thosphere- asthenosphere boundary. It is reminded that the 
linearity of In(Q) shown earlier (Fig. 1), indicates either a 
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simple local isostatic balance (ie. Airy model in the back-arc 
region) or, equivalently, the presence of an elastic plate (with 
small rigidity) mechanism, where, however, in the latter case, 
the internal and surface loading cannot be distinguished. As a 
consequence, a successful application of' a "regionalized" 
analYsis depends mainly on the type of compensational mechanism, 
which is actually prevailing in an area. In the fore-arc region, 
a different geotectonic regime exists compared to the back-arc 
region. 

Consequently, an upwarping of the lithospheric plate within 
the fore-arc bulge will make both the sea bed and the Moho 
shallower, just as the downwarping, which causes the trench 
results in a deeper Moho. In such an environment, the tectonic 
forces generate an admittance contribution with the opposite sign 
from that required for isostatic balance.If such stress 
transmission associated with the subducting plate is dominant, 
Qsing equation (10) to predict the Moho depth, will produce an 
undulation, which also has the wrong sign. Modelling the Moho 
depth from the isostatic correction in the fore-arc may then be 
inappropriate; in this region, modelling may need to involve both 
the isostatic correction and the isostatic anomaly, because both 
are generated by the same source. This approach corresponds to 
Makris' (1984), who used the whole Bouguer anomaly to predict the 
Moho depth. 

The Isostatic Anomaly and Subducting Lithosphere. 
The classical technique of regional-residual separation 

forms an essential, though non-unique, part of gravity 
interpretation. The separation of the total Bouguer anomaly into 
isostatic correction and isostatic anomaly should be seen as an 
objective version of this process. An important and legitimising 
a~pect of gravity interpretation must be that both the residual 
and the regional anomaly are modelled, so that the sum of the two 
components generates the total observed gravity field. In the 
previous section, we proposed that the isostatic correction 
reflects variations in crustal thickness, at least in the Aegean. 
Here, we identify the isostatic anomaly with the contribution of 
the descending lithospheric slab. 

The isostatic anomaly map of the area, deduced from the 
gravity and topographic data banks and the analysis presented 
above was therefore compiled. The significance of some local 
features and detailed accounts associated with this map will not 
be given here. However, a smoother version of this map will be 
considered in the following, presented in figure 4. This version 
was produced from the original map by the application of a 
low-pass filter,(roll-off of 200-250km wavelength) generated to 
clarify the contribution from the descending slab. The positive 
feature over the southern Aegean has a simple structure 
(consistent with a deep source), and is delimited rather 
p~ecisely by the arc of the Hellenic Trench to the south-west and 
the volcanic arc to the north-east, and has the expected 
asymmetry of a feature dipping to the north-east. 

We therefore conclude that the technique applied in this 
work has proved remarkably successful in isolating the gravity 
effect of the descending lithospheric slab, a task previously 
confused by the superposition of the similarly positive anomaly, 
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due to the crustal thinning in the Sea of Crete. 
Detailed modelling is as yet incomplete, but the half width 

of about 100km is consistent with a depth to the top of the 
source of about 70km (section 2.7.5, Telford 'et al., 1990), 
reasonably consistent with the typical thickness of normal 
lithosphere, below which the descending slab starts to contribute 
to the gravity anomaly. The anomaly of a dipping slab is not very 
sensitive to the maximum depth of penetration and, without more 
detailed modelling, it is premature to attempt to discriminate 
between a maximum depth of about 200km suggested by the 
earthquake hypocentral locations (Papazachos and Comninakis, 
1971; Papazachos, 1990) or the larger depths, 400 to 600km, 
suggested by seismic tomography (Spakman et al., 1988). However, 
the failure of the anomaly to extend much to the north-east of 
the volcanic arc favours either the former depth range or an 
increase in dip beyond the deepest earthquakes. 

Fig.4. Smoothed version of the Isostatic Anomaly Map (in mGals). 
Frame is bounded by UTM Zone 34, Eastings 300-1000 km, 
Northings 4200-5100 km. 
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A negative but v,er;y informative characteristic of the 
unfiltered isostatic anomaly map is that it is otherwise more 
or less featureless over the whole area behind the Hellenic Arc. 
'rhel:e are no other slab-originated-like anomalies to in~hcate 

sub-crustal remnants of former subduction zones associated with 
the ophiolite sequences in northern Greece. Nor are there 
significant features on the isostatic anomaly or isostatic 
correction !!laps associated with the Meso-Hellenic Trough, or 
other basins on or off-shore, with the exception of the isostatic 
anomaly near the Gulf of Patras. 
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