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MOGRAPHY OF THE CRUST AND UPPER MANTLE IN SE EUROPE

/ C. Papazachos”, P. Hatzidimitriou®, D. Panagiotopoulos®
o : and G. Tsokas”

y ABSTRACT

Compressional velocity structure of the crust and the upper mantle in SE
Europe (broader Aegean area) is studied by inverting residuals of the first P
ivals from shocks in this region (160 -31°E, 34° - 43°N). The data used come
m regional events recorded by the permanent network of stations during the
iod 1971-1987, enriched with data from experiments with portable seismo-
aphs in four regions of this broad area. This study confirms the strong
iations of the crustal thickness in this area, as well as the subduction of
¢ eastern Mediterranean lithosphere under the Southern Aegean and gives
further detailed information on the crustal and upper mantle structure of the
ea. Such important new information is the existence of a low velocity crustal
yer in western Greece and Albania and that the velocity anomaly in the mantle
inder the southern Aegean extends much further and deeper to the northeast than
e Benioff zone of the intermediate depth earthgquakes indicates.

EYNOYH ?

Zinv noapoloa Epyadia napouci&letol n dopn TaxUInIag TwV ENLMAKOV KUP&GTwv
010 @Ao1d xot 1oV Gvw povdla otn NA Evupdnn pe Inv avilotpopl 1V XPOVIKGV
unoAoiney twv npdrewv aplicwv P xupdiov and ofLopoUC outoU tou Yhpou (159 -
31°%E, 34° - 43°N). Ta Sedouéva nOU YENOLHONO LAONKaV Npofpxovial ané oelopolc
- ING neploxng oL onoiol xatayp&enkoay amd To WoOVIHO SIKTUO TWV OF LOPOAOYLKOV
ﬁTaBuév Kat1& tnv nepiodo 1981-1987, eunhovut iopéva pe dedcopéva and ne Lpdpata pE
 POpNTOUC OF LOPOYP&POUC Of TE00EPLG MEPLOXEC autolU Tou XOpou. H peAétn auin
emifefoit@vel TNV Eviovn UETGROAR Tou N&YOUG TOU PAOLOU KabhHC Kal 1nv Katé&duan
INC AL86opaLpaC TNG avaToALKi¢ Meooyeiou k&t1w and 10 w110 Alyoio ot Sivel
noponépa AEMNTopepe ¢ nAnpogoples yia tn Souf 10U ¢AoLoU KAl ToU néve povdio
autold Tou xdpou. Tétoiteg mAnpogopleg sivat n Unapin gvog oTpbpoaTeg XOUNANCG
- TaxUtniag otn Sutikn EANGSa kKot tnv AABavia Kot 6TL N avepoAia 1aXUiniag oto
pavdia k&tw and 1o votLo Awyalo exteivetat oplldviia kot BabUtepo mMpog 1o
- Poperloovatohilrd andé tnv neproyxli avepahiac taxUinitoag nou vnodeikvuelr n {ovn
‘Benioff twv ociondv evdiLapéoou Baboug.

INTRODUCTION .

The velocity structure of the Southeastern Eurcpe exhibits a great complex-
ity (e.g. Spakman et al., 1993). This complexity is a result of the geodynamic
- evoluticn of this area which plays an important role in the formulation of the
- presently observed tectonic structure. In fact, the velocity field is often
used for the reconstruction of the image of the tectonic regime (and
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thEEEEOL—QEﬁ% fr EW ‘@‘Te geologlca'ltevolutlon) and vise-versa

Jgngo et
) G g i feature of this .area (fig.l.)gisithe subduction of the Afric
cslate herﬁ:at:h EheFurasian, aspet:lally in the Hellenic arc (Papazachos an
Comn L Rl Sy 1969 /70 ; Papazachos ‘awd Delibasis, 1969; McKenzie, 1970, 1972,
1978 ¥ EePichon and Angelier, 1979, Wortel et &l., 1990). As a result of chi
subduct idnl FEfd Eegeal &dhiilcs’ bhg characterL%tlc structure of a marginal Seg
with wvolganic activity (Gecrgalas, 1962), gdgnetic anomalies and positiwi
isestaudc anomadiesf(Flaiecher, 1964; Vogt afid Higgs, 13969; Makris, 1978), hiﬁ
hef=Flow (Fytfkas et al., 1985) and high apt@ruation of the szismic energd)
(Papazachos and Comninakis, 1971 Hashida“et al., 1988). The high shallel
seismicity is expressed with reverse faults in the external part and nornal
faults in the concave (inner) part of the Hellenic arc (Comninakis, 1975
McKenzie, 1978) while the intermediate depth s=imicity has a well-defi
Benicff zone (Papazachos and Comninakis, 196%/70). Of major significance
also the westward motion of Turkey, expressed with the right lateral motion 'of
the North Anatolia Fault and 1ts continuation in the Northern Aegean togethe
with the North Aegean trough (fig.1l). The isodepths cf 100 and 160Km for the
intermediate depth earthguakes in the southern Aegean (Papazachos, 1990) $e
also shown in figure (1).
The velocity structure 1in this area was stud-.ed using classic methodsif
travel times £r8
~700_-600_-500 -400 -300 -200 -lon 0 100 200 300 400 500 600 earthguak .
' I ' T T A ) (Papazachos et 'a
1966, Panaglotopo
and Papazachos,
}) ©or explosio
(Makris, 1972,
Youlgaris,
dispersion of su
waves (Papazach
al.; 1987,
; 4 ) | nE et al.,
~180}F . P, ] 'V.-= 150 gravity data (Ma
: X 1973; Chailas

250} @ Permanent stations

" Temporaryder'}gymens 1-%0 Lagios, 1992). )
-asof-o | | recently the fi
:i33$?%unﬁﬂ1 il tomocgraphic im

“ s A . were present

80,56 —e00 800 400 300 200 <1580 100 200 300 400 60o @oo ‘o0 e o
allowed a more

tailed descripti

Fig. 1: Tectonic features of the studied area. The seismo-
the lithosphere

logical station networks from which data were used

in this study, both regicnal and local, are also the mantle. These
_presented. In the Southern Aegean, two thick solid sults (Spakma

lines indicate the isodepths of 100Km and 160Km for 1986, 1988; :

the intermediatre depth events of the Benioff zone. gt al., 1988,

Ligdas et al.,

Ligdas and Main, 1991) were mainly trying to establish the princij
features of this lithosphere-upper mantle system, up to the depth of
or more., Other studies were concentrated on a more or less local
{(Drakatos, 1989; Drakatos et al., 1988, 1989; Martin, 1988; Christodo
and Hatzfeld, 1989, Ligdas and Lees, 1993). The structure of the crust &
of the uppermost mantle have not been studied in detail. In all the region
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e
he%, thtlb‘.k-m ish ckhlt; as\ clraa layer {Draks;tos and Drakopoulos, 1991;
das BL “al., 1990) or is a part of the first layer (Spakman, 1988).

1 number of stablons and the fiMber ©f arrivals used is limited.
‘the ‘temeg raphia 1maqes are ddominated by a high velocity zone
summably the African lithosphere) dipping| beneath the Aegean in low
‘ eclty matefial .

"In tHeETDiEsent work, Mmore tHahk 100000 P arrivals from 4229 earthquakes in

o reglc,n 1&cE- "loE and 340N 430N are usedy faar the determination of the
milege'structureb el Mhawtrust and the u'peu: mantle :n this area. The
bk g S U bl S SieSpandieatyGompienibyglak 15 mainly controlled by the
ong variations of the crustal thickness and the subduction of the African
ate, Detailed features can be recognized, both in the crust (e.g. low
locity layer under the Hellinides) arnd in the upper mantle (extension cf the
elocityanomaly under the southern Regean further and deeper to northeast).

THE DATA
Aq The data come from the annual
{se bulletins of the Gecphysical Labo-
ratery of the Univers:ity of
Thessaloniki for the ftime period
1982-1987 for aveénts with surface
{20 wave magnitude MS>3.5 and fcr the
perzod 1971-1880 for events with
surface wave magnitude MS>5.0. This
data set was enriched with data
1 from four local experiments (fig.l)
{-22» in Thessalonikil basin (N. Greece),
Peloponnesus (S. Greece), Scuth-
arn Aegean and Epirus (NW.Greece),

Event depth

O 0-60km conducted during the summers of
0 60 - 100 km -0 1985, 1986, 1988 and 1989, res -
A > 100km ol i e SRR S

a0 LCilvely, by the Geeophysical Labora-
tories of the Universities of
Thessaloniki, Athens and Grencble
(France) . These experiments, es-
data were used in this study. The pecially the last two, had very
events have been separated in three O€NSe networks which recorded a
groups according to their focal depth. Significant number of events at

areas where the permanent network
is very sparse. Moreover, the Southern Asgean network recorded many interme-
diate depth events which are very usefull in the illumination of the velocity
structure cf the upper mantle.
The initial data set consisted of approximately 20000 events and 200000 P
arrivals. After a detailed study of this set, quality criteria were estab-
lished, regarding mainly the number of observations and the distance of the
closest recording station from the epicenter of each event. The filtering
process, based on these craiteria, resulted in a final data set of 4229 events
with 109655 P arrivals recorded at 327 stations. The final epicenters of the
events for which data were used are shown in the map of figure 2. The locations
of the stations are depicred in figure 1. In figure 3, the frequency histogram
of the P arrivals used for each sarthquake are shown. It is cbserved that for
the majority of the sarthquakes more than 14 arrivals were used.
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2: Map of the finally determined
epicenters of the ewvents for which
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Frequency Histogram

. w8 . [ This data set was separated int
ede : subsets, nsisting of events with de
% 13 ] less"“and| above 60 Km, respécti
408 % This separation, was based on the
L %aee | ] that almg@st all events with dep
Iy larger than 60 Km are the intermediat
gaoog- E depth events in the Southern BAege
_;19._ 3 Benicfif zone.
[ - ; B - i 5 ‘MODEL AND RAY GEOMETRY CONFIGU
° 20 40 ee se
P arrivals TION
Usually, in inversion studies, £
Fig.3: Frequency histogram of the P flat-=zarth layered model 1s used. H

arrivals used for each event in €ver, as the scale of the survey
the present study. creases, the errors due to the spher
cal shape of the earth can not be
glected. In our case, the dimensicns cf the studied area 1s approximat
1200Km X 1000Km and therefore the earth’s curvature should be taken 1
account. However, we would still like to use a “cartesian” system of coo
nates for convenience (as in a flat earth model). In the present study,
adopted the Tranverse Mercator Projection (TMP) which establishes a curvilis
ear cartesian system cn the earth’s surface. If we choose* the center of
coordinate system in the center of our area, then the maximum angular erro
the TMP is less than 0.40 and the maximum distance error 1is around 0.
However, the distance error was calculated for each ray and travel times
corrected accordingly. Using this cocrdinate system, we created a 3-dim
sional grid of cells of equal size with constant velocity. The dimensio
each cell were 100Km X 100Km.

For a given ray, the travel time residual is a function (in a first o
approximation) of the corrections to the hypocenter parameters and the velo
ties of the cells hit by the ray. The whole data set forms a linear syst
equations AT = A AX + B AV . The hypocenter matrix of this eguation, A, C
separated (Pavlis and Booker, 1980) from the slowness matrix, B, resulti
a linear system of the form:

AT'" = B' AV (1)

where AT’ and AV are
altered residual and wvelg
ity correction vectors al
is altered velocity der
tive matrix. 1

For the ray tracing,
incorporated the approx
ray tracing scheme of Th
and Ellsworth (1980). Int
aproach, an equivalent 1
Fig.4: Geometry of the refracted (a) and direct mensional structure is

(b} waves in the spherical layered earth. culated from the 3-dimens
See text for explanation of the quantities model for the epicenter-

presented in the figure. tion path. The direct a
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alent” model and the fastest

B850 U5 SUAMRYD 10 ense \%’
Le @Njﬂ?ﬁﬁ time is reedlculated in the 3-dimensional
e 1n disa age of this kind @f approximate ray tracing is

Q ap lXTH 1':..1 omalies 1is not always quite
A L y rr ng,

me m@difications need to be made in
of th refr cted imd direct waves. In figure 4, the pleots of

IH Hgt daw in a sphefical earth. For the refracted

the tralﬁ r11 irth’s surface is given by:
T B _

an event at thefe
1
r
o { -.—Pz i :

dr
V.V To

{

1
2 2 2
(VP_af sz)z (2}
i
vV,

o

where a;=r,/r; , rp is the radius of the top of the P layer and ri’ is the
rage radLus of the i laver. Generally, for an event at depth h (figure 4a),
travel time is given by a formula, similar with the flat sarth case

1 1
pTrA +‘§ (Vi-a? Vf)zz +‘§ () "’z)2 (Ve -asz)z (3)
N = VY, g vy, 0 v i

ption of the methods is necessary since the tangent of the take-off
used in the calculations, can be infinite in certain pathological
The lengrh, dj, of the ray in each layer, 1, is given by the

0, L
) LS = sing, = sing,
d, \];in"’ > i (ri-z) + % snnA sin4;

- The travel time is then simplv calculated as:

T= E (5)

i=1

(4)

 Equations (3) and {5) are used for the calculation of the travel times
but also for the calculation of the spatial derivatives of the hypocenter
rix, A. For example, the spatial derivatives for the refracted waves are
calculated freom equation (3):

2 2 23
ar _7p 1 or _ or _  (Vp-axVy)

= = Kol = —_— = — (6)
A 1, V, oh ok, Ve Ve

For the direct waves, the derivative, with respect to the the epicentral
distance, A, 1s equal to:

&
, oy A,
ar E A r; 1SI n(A 0‘)__;1",_,.‘.'.in(A ) o _rxsln(A—Ol) (7)
A Haarv, ! Ve 08 rp Vg

The vertical derivative can be calculated numerically or be approximated by:
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jiéast.agﬂ&ses. melfied wiepemasdanpes, e~ is added to the diagonal of the

 PSLiTITA(8VR) . Varicus damping factors werel tried in order to
| between ztseluclan andedireriland Ifddal1y the value of €2 = 300 was selacted,

INVERSION QF ';m; DATA _
In the present work, the'linedr system (1) fwas solved using the dampeg

nofma]l equatigns .matr ikl Massive gompuper memcgy was available, hence resg
luc e ane 8T rdts were formally caftulat®d using the $ingular Value Decoms
“rrade i

The @ffecy of large residuals was smocthed gUE by applying an exponenti
decaying weight £a rasildiels berween 3 - € #%e. After the calculation of
FeloCity strueture, the evepts were reldcat®tifin this new structure. Th
procedure was repeated in an LLterative scheme. AT each step, the
model was computed for a seccnd grid which had half a grid offset
horizental dimensions with respect te the original one and the
velocity structure resulted as the average of the two.

Initially, a l-dimensicnal model was calculated. The final velocit
model is presented in Tabkle 1. The majority of the discontinuites is Al
arpitrarily chosen. The Z0KEKm and 30Km approximately correspond to
bottom of the granitic and the basaltic layer for the average model of
area (Panaglotopoulos and Papazachos, 1985), while the 40Km 1s about egu
to the maximum crustal thickness in the area. The last one (160Km) is
the maximum depth of the intermediate depth events in the Scuthern Aeg
Benioff zone. 3

Starting from this l-dimensicnal model, we calculated the final
dimensional model. After four (4) iterations we practically had no variea
reduction. The final variance improovement was 36.7% (23.0%, 11.8%, 43
and 2.1% for the four iterations, respectively). At each iteration,
events were relocated in the new model. The average total horizontal ¢
was 4.8 + 6.5 Km and the average total vertical change was 2.9 = 7. 6;
while very few foci changed more than 20Km in either horizontal or vert“'
direction. The average change in the origin time is -0.50 £ 1.11 sec and
almost all cases between -3.5 sec and 2 sec. The fregquency histogram of |
final standard devations (figure 5) is a superposition of two histogra

one for the regional events, recorded by the pen
Pabla 'l: Final 1-dimen- Dent stations, and one for the events of the fj
sional velocity SXperiments, recorded by portable stations,

model average values around 0.% sec and 0.3 sec, re
: : tively.
Sepeh yeloelty If we compare the epicenters finally dete
{Km) (Km/sec) ) . (i
(fig. 2) with the initial ones, we can not de
0-10 5.96 any obvious changes, horizontal or vertical,
10-20 6.0% the surface events. However, for the intermedi
20-20 6.74 depth events with depths larger than 100Km,
30-40 7.31 depth changes are observed in the outer (c
40-60 7.7 part of the Hellenic arc. In this part of the a
60-90 7.97 we do not expect events with such depths (>100
90-120 8.10 since the subduction takes place further tao
120-160 8.12 North. After the relocation, only two events (i
160- 8.20 the i1nitial nineteen) still maintain such a
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N, = ' depth, in ‘ﬁ.s area. This hypocentral
=y wg - “1 /improveément stregthens the importance
' A _ Il of sthe relecation in a 3-dimensional
' medium, especially in a subduction zone,
where strong velocity changes are ob-
served.

ol = Sehi ] TOMOGRAPHIC IMAGES
e I ! In#figures 6a to 6h the velocity dis-
- l%m.. . * tribution within each layer is shown. In
~ . e = s.'ul the first layer (fig. 6a), which
Standard deviation corresponds roughly to the sedimentary
and the upper part of the granitic
layer, the Aegean and Asia Minor gener-
§- 5: Frequency histogram of the £i- .71, exhjbit low velocities (5.2-5.8
nal standard de,‘”'atmns of Km/sec). North Greece shows high wve-
each shock for which data were e : 2 g
used in the present study. A lecities within a zone of NW-SE direc-
superposition of the histo- tion where velocities above 6.2 Km/sec
grams for the permanent and are detected. This zone almost coin-
portable stations is observed, cides with the geolocgic Servomacedonian
with average deviations around zone, consisting of metamorphic forma-
0.9 and 0.3 sec, respectively. tjons. The Dinarides - Hellenides moun-
tain chain (5. Yougoslavia, Albania,
rus, Peloponnesus, Crete, Rhodes, SW.Turkey), which will be referred as
onwards, shows typical granitic layer wvelocities (5.9-6.1 Km/sec).
ever, a low velocity anomaly is builting in the western part of Albania
Epirus (NW Greece). This anomaly seems to dip to the east and appears to
end along the DHMC in the second layer (Fig. 6k). This practically
sults in a Low Velocity Layer (LVL) at depths around 10-20 Km, connected
) the Alpidic mountain chain in this area. In the inner part of the Aegean
pical granitic (6.0-6.2Km/sec) and basaltic (6.5-6.7Km/sec) velocities
e observed.
In the third layer (Fig.6c), the velocities along the DHMC are around
..1-6.3 Km/sec, showing that we are still in the granitic layer. However, in
the S.Aegean we have basaltic velocities (6.5-6.7 Km/sec), as a result of
crustal thinning in the wvolcanic arc above the S.Rhegean Benioff zone.
This effect is also pronounced in the N.Aegean, along and north of the
N.Begean trough, where even higher velocities are observed. Although, the
extend of the crustal thinning in this area has been a matter of debate
{Brooks and Kiriakidis, 1986), it seems, that the crust is thinner in this
area than in the S.Aegean.
. The fourth layer (fig. 6d) exhibits the higher velocity contrasts. This
is due to the fact that along the DHMC (up to Crete), the crust is around 40
. thick (or more). Therefore, the velocities in this area are typical of
the lower basaltic crust (6.5-6.9 Km/sec). However, in the N.Aegean {along
and north of the N.Aegean trough), S.Aegean, Asia Minor and S.Adriatic, the
erust is thinner (around 30 Km). As a result, for this layer, the velocities
in these areas are much higher (7.5-7.9Km/sec), representing the upper
mantle, This relatively low sub-moho velocities (around 7.8 Km/sec) is
haracterlstlc for this area (Papazachos et al., 1966).
The fifth layer (fig. 6e) shows upper mantle velocities in all its
extent. Along the DHMC, where the overlying crust is thick, relatively
lower velocities, around 7.6Km/sec, are observed. This image is completely
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Fig. 6(a-d): Tomograpi

range is ind

ic images of the four top layers in lé-level grey scalel B8
Led in the figures.

changed in the next layer (60-390Km; fig.6f). The velocity structure iSH
controlled by the subduction process in the 5.Aesgean and not by the crus
thickness variations. Along the outer Hellenic arc, a high velocity 2
appears, corresponding to the dipping African lithosphere. This zonel
tends further to the north, alcng the western part of Epirus, Albanias
S.Yougoslavia. In the inner part of the Hellenic arc, a low velocity zone
observed, just below the volcanic arc. The amphitheatrical shape of |
zone coincides very well with the shape of the dipping lithosphere.:”
indicates that the low velocities in this area are simply a result ofl
high heat flow due to the partial melting of the underlying subduy
lithosphere (see also the isodepths of the intermediate depth even
fig. 1).

This 1image 1is continued in the next layer (fig. &g). Both the
(outer) and the low (inner) wvelocity zones move further to the inner pa
the Hellenic arc. The outer limits of the subducting lithosphere
starting to show as relatively lower velocity areas in the outer edg
the high velocity zone. In the inner part of the arc, the low velocity €
covers the whole Aegean sea and extends even further te¢ the nor
{N.Greece, NW Turkey). This development of the velocity anomalies
almost identical in the last layer (120-160Km; fig. €h}, although
spatial extent is limmited due to the lack of seismic rays wich penets
8 i o8

In all tomographic images, it should be noted that velocity anomalies
the edges of its image can sometimes be ficticious and misleading. T
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_- g. 6{e-h): Tomographic images of the four bottom layers in 1lé-level grey scale.

idue to the fact that peripheral shells are not well covered, spatially or
zimuthally, by seismic rays. A typical example are the ancmalies in the
irst four layers (fig. 6a-d) in the northeast edge of the picture (eastern
icoasts of Bulgaria) where both the earthquakes and the stations’ network
‘are quite sparse. This results in an almost uniform velocity (6.3-6.8Km/
'sec) for these first four crustal layers.

DISCUSSION - CONCLUSIONS

The present study confirms that the P-wave velocity structure of the crust
‘and upper mantle in SE Europe shows strong horizontal variations as a result
of the complicated crustal structrure and the subduction process in the
S.Aegean.

The velocity distribution in the shallow layers presented in the present
study (0-10Km, 10-20Km, 20~30Km, 30-40Km, 40-60Km) is strongly influenced
by the variation of the depth of the Conrad and Moho discontinuities. Of
special interest is the identification of a low velocity layer at a depth
between about 10 and 20 Km in western Greece and Albania. The observation
that the crust in the northern Regean is even thinner than the crust in the
. southern Aegean is also quite significant.

The velocity structure of the deeper layers (60-160Km) reveals the
subduction process in the S.Regean. The African lithosphere appears as a
high velocity dipping zone, having an amphitheatrical shape in the S.Aegean.
A low velocity zone appears in the inner part of the subduction, possibly as
a result of the high heat flow due to the partial melting of the subdicting
lithophere. Both these velocity anomalies extend much further te the north
than the present subduction, as indicated by the intermediate depth events.
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ropab ' Su On-i&s gradually migrated from ti
'::" N Aeqea'ﬁ EUF!L‘IH&M&HULMW&:‘L, ib nce Eocene (DeJonge et al
10937, " ﬁ lﬁ alies as awtrace of its migration. The:

d:;bservatl rB lﬁ Jlgfl&rﬂ“c_.'(»:-,‘cswphysical data (Shanov et al., 1986),

indicate the possible existence of an old subduction in the N.Aegean.
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