Robertson, A.H.F., Emeis, K.-C., Richter, C., and Camerlenghi, A. (Eds.), 1998
Proceedings of the Ocean Drilling Program, Scientific Results, Vol. 160

53. ERATOSTHENES SEAMOUNT: THE POSSIBLE SPEARHEAD OF INCIPIENT CONTINENTAL

COLLISION IN THE EASTERN MEDITERRANEAN?

Ditza Kempler?

ABSTRACT

We compare earlier works, based on available geophysical data and plate kinematic considerations, about the origin and
evolution of the Eratosthenes structure within the Eastern Mediterranean tectonic framework, with data from Ocean Drilling
Program (ODP) Leg 160. The model under discussion is supported by the ODP data regarding the late evolution of the Era-
tosthenes Seamount; however, deeper drilling is needed for better understanding of the early history of this structure.

Analysis of the available seismic reflection, seismic refraction, and magnetic data in view of the regional geologic history
suggests that the deep structure of the Eratosthenes Seamount originated in early Mesozoic time. The ODP data confirm that the
Eratosthenes structure, which was located a few hundred kilometers away from the Late Cretaceous/early Tertiary active plate
boundary, was not affected by the major tectonic events of that period. The data also reflect the existence of the Eratosthenes
structural high already in Late Cretaceous and Eocene times. The ODP data corroborate that the Africa-Anatolia plate boundary
was reactivated as the Cypriot Arc, between Cyprus and the Eratosthenes structure, in the late Miocene, through subduction of
remnant oceanic lithosphere of the Mesozoic Neotethys beneath Cyprus.

The absence of Messinian evaporites on the Eratosthenes Seamount and within the surrounding depression was confirmed
by Leg 160 data. Similar data led us to infer that this area formed a Messinian island, which subsided in post-Messinian time.
The post-M essinian subsidence shaped the seamount and surrounding natural moat, which in turn are superimposed on the Era-

tosthenes structural high. The Miocene—Pliocene subduction along the Cypriot Arc changed into collision between Cyprus and
the Eratosthenes structure after the elimination of oceanic lithosphere from this junction. The Cyprus-Eratosthenes collision
triggered the extreme uplift of southern Cyprus at abou21iNsa. Pulsed uplift of Cyprus, apparently accompanied by pulsed
subsidence of the Eratosthenes area, marks incipient continental collision in the Eastern Mediterranean. The Eratosthenes Sea-
mount, therefore, is the possible spearhead of incipient continental collision and is the best candidate for the stsidyalf colli

processes in this area.

INTRODUCTION

The Eratosthenes Seamount, |ocated between Cyprus and the Nile
Cone, is one of the more prominent physiographic features in the
southeastern Mediterranean (Fig. 1; Kempler and Ben-Avraham,
19874). It is an elevated structure, which rises more than 1500 m
above its surroundings, surrounded by a deep natural moat. Seismic
refraction reveals that the Eratosthenes Seamount is underlain by a
continental crust greater than 20 km thick, which is comparable to
that of Cyprus and the southern Levant coast. The thickness of the Er-
atosthenes crust, which includes a significant layer with seismic ve-
locities below 6.7 km/s, is in contrast to the thinned, high-velocity
crust that occurs elsewhere in the southeastern Mediterranean
(Makrisetal., 1983). Although thelack of pronounced Bouguer grav-
ity expression may rule out alower crust root or flexural response to
the topographic load (Woodside, 1976; Woodside et a., 1992;
Makris and Wang, 1994), the differencesin the velocity structure and
thickness suggest a continental block within a zone of thinned-conti-
nental or oceanic crust (Garfunkel and Derin, 1984; Kempler and
Ben-Avraham, 1987a). The Eratosthenes structure is also associated
with adistinct magnetic anomaly that coversalarger areathan that of
the seamount (Fig. 2). The origin, detailed structure, and evolution of
the Eratosthenes Seamount have not been fully understood to date.

Reviews of earlier works about the Neogenean Cypriot segment
of the Africa-Eurasia plate boundary include those by Kempler
(1986), Anastasakis and Kelling (1991), and others. Kempler and

1Robertson, A.H.F,, Emeis, K.-C., Richter, C., and Camerlenghi, A. (Eds.), 1998.
Proc. ODP, ci. Results, 160: College Station, TX (Ocean Drilling Program).
2Ditza Kempler, 12, Hadera St., Tel Aviv 62095, Israel. dkhm@inter.net.il

Ben-Avraham (1987a; 1987b) proposed that collision between the
Eratosthenes Seamount and the central segment of the Cypriot Arc
interrupts the process of subduction south of Cyprus. This concept
wasfurther integrated into the regional tectonic scheme by Robertson
(1990). Severa studies have suggested different tectonic models of

the Eratosthenes Seamount and have shown that drilling on the sea-

mount has become indispensable to gain further progressin thisfield

(e.g., Hsi, 1992; Kempler and Garfunkel, 1992; Mart et al., 1992;
Robertson, 1992). The orthodox view of the Eratosthenes Seamount
as a part of the African plate that subducts northward beneath the
Anatolian plate and collides with Cyprus, became the working as-
sumption for Ocean Drilling Program (ODP) Leg 160.

The evaporite-free Eratosthenes Seamount has been considered a
natural dipstick, which recorded the geologic history of the Eastern
Mediterranean basin in a sedimentary succession that corresponds to
a much thicker sedimentary section elsewhere in the basin, and a pos-
sible window for pre-Messinian rocks of the southeastern Mediterra-
nean. Leg 160 provided a unique opportunity to examine the upper
part of this sedimentary succession. The data largely support the
model under discussion here, regarding the late evolution of the Era-
tosthenes Seamount. Nevertheless, deeper drilling is needed to better
understand the early history of this structure.

THE BACKGROUND MODEL

Our earlier studies of the Eratosthenes Seamount and the Eastern
Mediterranean tectonic history were based on available seismic re-
flection data from the Eratosthenes area, namelyGéoe 1 multi-
channel seismic reflection profiles from a 1976 consortium of the Bu-
reau d’Etudes Industrielles et de Cooperation de I'Institute Francais
du Petrol (BEICIP), Geophysical Offshore Exploration, Canada, and
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Figure 1. Bathymetry of the Eratosthenes area, smpli-
fied after Hall (1980, 1981), with location of sections
and line drawings of BEICIP-GEO-RRI (B) and Shack-
leton (SH) seismic reflection profiles, and compiled
cross sections (D). The natural moat around the Era-
tosthenes Seamount comprises the North Eratosthenes
Trough (NET) and the South Eratosthenes Trench (SET). |-
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Robertson Research International Ltd., United Kingdom (Kempler,
1986; 1994b); the Shackleton (Cambridge) profiles (Woodside and
Williams, 1977); the Chain (Woods Hole) profiles (Rossand Uchupi,
1977); and the Akademik Nikolaj Strakhov (Russian Academy of Sci-
ences) profiles (Kempler, 1994a). Combined with other geophysical
data and with plate kinematic considerations, their analyses enabled
us to identify major structural elements of different ages and to sug-
gest a composite model for the origin and evolution of the Era-
tosthenes structure within the Eastern M editerranean geol ogic frame-
work (Kempler and Ben-Avraham, 1987a; Kempler, 1994b; Kempler
and Garfunkel, 1995). This model is presented and later examined
herein view of the datafrom Leg 160.

Indications for a Mesozoic Origin
The thick Messinian (late Miocene) evaporite sequence in the

Mediterranean largely masks deeper structures. Nevertheless, analy-
sisof the available seismic reflection, seismic refraction, and magnet-

710

ic datain referenceto regional geologic history suggeststhat the deep
structure of the Eratosthenes Seamount originated in early Mesozoic
time. The most prominent reflector in the Eastern Mediterranean is
the top of the Messinian evaporite sequence (e.g., Ryan et a., 1971;
Finetti and Morelli, 1973). However, athough this reflector is the
deepest onerecorded in most of the available seismic reflection data,
mainly the single-channel seismic reflection profiles (e.g., Ross and
Uchupi, 1977), deeper reflectors appear in other surveys (e.g., Wood-
side and Williams, 1977) and the multichannel seismic reflection
BEICIP profiles). Among these, we recognize a prominent reflector
that rises several kilometers from beneath the base of the Messinian
evaporites and from all directions toward the seamount (Figs. 3, 4).
This reflector has been identified by Finetti and Morelli (1973, their
fig. 40) and by Garfunkel and Almagor (1987). However, its age and
its relation with more nearshore reflectors remain obscure.

The sedimentary section of the seamount is visible in the multi-
channel seismic reflection profiles to a depth of 5-6 s two-way trav-
etime (7-8 km). A few subparallel reflectors appear at various
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Figure 2. Structural elements in the Eratosthenes
area. The Eratosthenes Seamount, E (dotted line)
formsthe central part of the larger Eratosthenes
structural high, ESH (dots and dashes), on the south-
ern side of the Cypriot Arc (CA; linewith triangles).
The superimposed quadrilateral depression is sur-
rounded by steep faults (lines with tick marks).
Note the good correlation between the ESH and the
zero contour of the magnetic anomaly (line of cir-
cles). Bathymetry simplified after Hall (1980, 1981).

depths, dipping to the sides beneath the seamount flanks (Figs. 3, 4). Robertson and Woodcock, 1980; Bonen, 1980; Garfunkel, 1989), the
The deepest reflector identified beneath the summit seems to be the causative body of the Eratosthenes magnetic anomaly might well
continuation of the deep reflector that rises toward the seamount, al- consist of volcanics of this age. Thus, we infer that the magnetized
though it is separated from the latter by steep faults along the outer body formed in early Mesozoic time at the northern margin of the Af-
rim of the surrounding natural moat. Thisreflector delineates alarge, rican plate and moved little relative to the plate since then. The prox-
deep-seated structure, named here the Eratosthenes structural high imity of the paleomagnetic poles indicates that the deviation of the
(ESH in Fig. 2). The elevated part of this feature, elongated in a magnetic vector from the north is a result of the overall motion of Af-
northeast-southwest direction, roughly coincides with the zero conica since early Mesozoic time rather than local rotation. The location
tour of the adjacent magnetic anomaly (Figs. 2, 3). and dimensions of the Eratosthenes structural high coincide with both
Based on modeling, Ben-Avraham et al. (1976) suggested that tiiee continental block in the seismic refraction profile and the estimat-
significant magnetic anomaly in the vicinity of the Eratosthenes Sead magnetized body beneath the Eratosthenes Seamount (Ben-Avra-
mount reflects a large, deep-seated, basic crustal structure on whichm et al., 1976; Makris et al., 1983). Therefore, we suggest that this
the seamount is superimposed. Its magnetic characteristic340° structure represents the Mesozoic basement of the complex Era-
and I= 46° (Ben-Avraham et al., 1976), yield a paleomagnetic polgosthenes structure. The present seamount was apparently shaped by
at about 70°N, 290°E remarkably close to ¢he 95% field of the later tectonics.
middle to late Triassic paleomagnetic poles of Africa (Fig. 5; Piper, After Garfunkel and Derin (1984), we suggest that the Era-
1988). Because late Triassic—Liassic times were periods of widaesthenes structural high is partly a volcanic block, which formed at
spread volcanism on the adjacent lands (Delaune-Mayeére et al., 19%fe Afroarabia continental margin during the early Mesozoic rifting
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Figure 3. Compiled cross sections. ESM = Eratosthenes Seamount; NET = North Eratosthenes Trough; SET = South Eratosthenes Trench. For location, see Fig-
urel.
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Figure 4. Line drawings of three BEICIP seismic reflection profiles (A = line 12, B = line 14, C = line 28) with sections of the seismic record (~ a - indicates
location along each line drawing). The available version includes BEICIP origina interpretation, which was not always accepted by the author. ESM = Era-
tosthenes Seamount; NET = North Eratosthenes Trough; SET = South Eratosthenes Trench; LP = Levant Platform. For location, see Figure 1.

of thismargin. Following further stretching and thinning of the area,
it was stranded in the Eastern Mediterranean (cf. Krasheninnikov et
a., 1994). During the Late Cretaceous and early Tertiary period, it
was located a few hundred kilometers from the then-active plate
boundary (Fig. 6; Kempler, 1994b; Kempler and Garfunkel, 1995).
Therefore, the effect of the early stages of Africa-Eurasia conver-
gence on this structure was practically insignificant.

Tertiary Evolution

Significant influence of the regional tectonics on the Eratosthenes
structure resumed with the Miocene formation of the Cypriot Arc
aong the Late Cretaceous plate convergence boundary. The ap-
proach of the Eratosthenes structure to the Cypriot Arc led to a
change from subduction to collision along the reactivated plate
boundary.

Africa-Eurasia plate convergence in the Eastern Mediterranean
region was restricted to north of Cyprus throughout early Tertiary
time (Kempler, 1994b; Kempler and Garfunkel, 1995). A dramatic
changein theregional tectonic regime was associated with the devel -
opment of major strike-slip systems around the Eastern Mediterra-
nean, first the Dead Sea Transform, in Oligocene/Miocene time, and

then the Anatolian Transform Fault System, in late Miocene time
(Ketin, 1948; Freund et al., 1968, 1970; Garfunkel et al., 1981; Sen-

gor et al., 1985; Barka, 1992). The westward escape of the Anatolia
plate along the Anatolian Transform Fault System began in Serraval-
ian time §engor et al., 1985). Because the Neogene to present plate
boundary in the Eastern Mediterranean is found between Cyprus and
the Eratosthenes Seamount, we suggested that the Late Cretaceous
suture between the Troodos-Baer-Bassit ophiolite belt and the Levant
basin was reactivated in relation to this motion of the Anatolian plate
(Fig. 6; Kempler and Garfunkel, 1995). Plate convergence resumed
along this segment of the Cypriot Arc through left-lateral oblique rel-
ative motion (Kempler and Garfunkel, 1994).

A strip of about 100 km of remnant Neotethys oceanic litho-
sphere, which probably persisted south of the Troodos massif since
Late Cretaceous time, was subducted along the plate boundary in the
late Miocene, and mostly in Pliocene time (Kempler, 1994b). Geo-
logic evidence from Cyprus suggests that the process changed to un-
derthrusting of thinned continental crust, which was related to ser-
pentinite diapirism and pulsed uplift of the Troodos massif, in Pleis-
tocene time (McCallum and Robertson, 1990; Robertson, 1990).
Therefore, it seems that the Eratosthenes-Cyprus collision, which fol-
lowed the elimination of oceanic lithosphere from this junction, trig-
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Figure 5. The Eratosthenes palacomagnetic pole, calculated after Ben-Avra-
ham et al. (1976), is adjacent to the a = 95% field of the middle to late Trias-
sic palaeomagnetic poles of Africa, after Piper (1988).

gered the extreme uplift of southern Cyprus some 1.5-2 Ma. (Robert-
son, 1990; Kempler, 1994b; Kempler and Garfunkel, 1995).

The natural moat around the Eratosthenes Seamount comprises a
rather narrow trench in the southeast and a relatively wide trough in
the north. The latter widens to merge into the abyssal plain to the
west. On the multichannel seismic reflection profiles, the deep struc-
ture of the moat seems to have been formed by downfaulting of the
area enclosed by the steep faults at the outer rim. These faults dis-
place the Eratosthenes basement reflector with a vertical throw of
over 500 m (Figs. 3, 4). Theinner side of the moat is continuous with
the flanks of the seamount. Pinching out of the Messinian evaporites
toward the outer rim of the southeastern trench causes afal se picture
of thrusting, which was widely accepted in earlier studies (e.g.,
Kempler, 1986). In fact, the steep faults delimit alarge area with the
seamount at its center in a quadrilateral depression elongated in a

which were above their surroundings throughout the Messinian
event, occurred in post-Messinian time. This subsidence of the
present seamount relative to the peripheral part of the Eratosthenes
structural high occurred in addition to the regional subsidence caused
by rapid sea-level rise in early Pliocene. Though the cause of the sea-
mount subsidence is not fully clear, we suggest that it occurred main-
ly through normal displacement on the steep faults that surround the
complex. Normal faulting could be related to subduction-related
bulging of the area.

According to this model, the presently submerged seamount was
exposed above the Messinian sea with its peak, now about 700 m be-
low sea level, standing some 1800 m above the evaporites, now some
500 m below the 2000-m-deep sea bottom. The base of the few hun-
dred-meters-thick, post-Messinian sediments in the surrounding nat-
ural moat, at a present depth of about 2500 m, was also above the lev-
el of Messinian sea evaporite deposition. Therefore, the rim of the
present depression approximately outlines the Messinian coast line
around an exposed Eratosthenes mountain, or Messinian island (Fig.
7A). The present outer shoulders of the quadrilateral depression were
below the Messinian sea level and were covered by evaporites. Uplift
of the Eratosthenes Seamount above sea level at the end of the Mi-
ocene is also compatible with the finding of preserved pelagic oozes,
which would otherwise be destroyed (Krasheninnikov et al., 1994).
In this context, it is worthwhile to note Tanner and Williams’ (1984)
view of the Eratosthenes as a mount in the sea rather than as a sea-
mount. This scenario is also compatible with Miocene formation and
strike-slip motions on the steep faults, followed by their reactivation
as dip-slip or oblique faults in post-Messinian times (Fig. 7B). The
vertical motion that superimposed the quadrilateral depression over
the Eratosthenes structural high is possibly a net displacement rather
than the only vertical motion that has occurred on the steep faults.

We conclude that the absence of Messinian evaporites on the Er-
atosthenes Seamount and the surrounding depression indicates that
the area enclosed by the steep faults was above the Messinian sea lev-
el (or evaporite deposition depth) and subsided in post-Messinian
time, most probably through normal displacement on the faults. The
rim of the present depression approximately outlines the coast line
around the Eratosthenes Messinian island. This interpretation of the
seismic reflection profiles does not rule out the possibility that non-
evaporite Messinian sediments exist on the Eratosthenes Seamount
and in the surrounding depression, similarly to Messinian dolomites
and sabkha anhydrites on the continental shelf of Israel. Such rocks
were drilled on that continental shelf at present depths of about 700
m, which is comparable to the Eratosthenes summit depth (Gvirtz-

N40°E direction, which is superimposed on the Eratosthenes struman and Buchbinder, 1976; Kempler, 1994b). If found, Messinian
tural high (Fig. 2). The steepness and prominence of the faults thaicks on the Eratosthenes Seamount would be expected to have de-
now surround this depression suggest that strike-slip motions werieved from refilling stages in a deep-dry basin, a peripheral facies of
important at an early stage of the evolution of at least part of theseshallow, permanent basin, or a barred basin (e.g., Hsu et al., 1977,

faults as well.

The Eratosthenes M essinian | sland

Gvirtzman and Buchbinder, 1977; Sonnenfeld, 1985).

Holocene Tectonic Framewor k

The central, upper part of the Eratosthenes structure lies above the Incipient collision between the Eratosthenes structure and Cyprus

evaporite deposition depth and actually formed an island in thprobably began in Pleistocene time. As the dominant process in the
Messinian sea. Post-Messinian subsidence of this area created tkeent tectonics of the Eastern Mediterranean, this collision affects
seamount with a surrounding natural moat. The Messinian evaporitbe late evolution of both Cyprus and the Eratosthenes Seamount.
sequence, up to 1500-2000 m thick in the Eastern Mediterranean, The central segment of the Cypriot Arc, between Cyprus and the
pinches out toward the outer rim of the quadrilateral depression vergeratosthenes Seamount (Kempler and Ben-Avraham, 1987a; Anas-
ing on and above the steep faults that surround it. The absence of ttasakis and Kelling, 1991), is located in a transition zone between ac-
sequence within the depression and on top of the seamount indicate&e compression and probable subduction west of Cyprus, and dif-
that the area enclosed by the faults was above the Messinian sea ldfusle transtension east of this island (Kempler, 1994a; 1994b). Colli-
or evaporite deposition depth (Figs. 2, 3; Neev et al., 1976; Montadeston between Cyprus and the Eratosthenes structure is marked by the
et al., 1978; Sonnenfeld and Finetti, 1985; Kempler, 1994b). Givereismic activity, and clearly affects the shape of the Cypriot Arc (Fig.
that a significant sea-level drop occurred during the Messinian (HsB; Kempler, 1986). Despite being a convergence zone, this segment
etal., 1973, 1977; Ryan, 1978; Cita, 1982), it follows that the subsidsf the plate boundary lacks the typical structure of other subduction
ence of the Eratosthenes Seamount and surrounding depressieanes. It shows compression in a north-south direction and some
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shear, which is probably caused by a sideways escape of crustal
blocks because of the Eratosthenes-Cyprus collision (Salamon,
1993). The collision is considered an interruption to the AfricaAna-
tolia convergence south of Cyprus, caused by the arrival of the rela-
tively thick and buoyant Eratosthenes block to its present location
south of Cyprus in Holocene time (Fig. 6; Kempler and Ben-Avra-
ham, 1987a; Robertson, 1990; Kempler, 1994b; Kempler and Gar-
funkel, 1995).

Figure 6. Schematic model of the tectonic evolution of the
Eastern Mediterranean, after Kempler and Garfunkel
(1995). The first stage of the Mesozoic Neotethys lithos-
phere consumption terminates with the emplacement of
the East Mediterranean ophioalites onto the northern edge
of the Afroarabia plate. Later lithosphere consumption
was restricted to north of the ophiolite belt until the Troo-
dos and Kyrenia complexes joined into a single structure,
Cyprus, in late Eocene/Oligocene time. AFRB = Afroara-
bia, changesto AFR = Africa after the separation of the
Arabia Plate from the Africa Plate. The Cypriot Arc was
reactivated south of Cyprusin the late Miocene, inrela-
tion to the Anatolia (ANA) westward motion. Subduction
along the Cypriot Arc changed into underthrusting of
AFR thinned continental crust in Pleistocenetime. This process
is currently interrupted by the approach of the Era-
tosthenes structure (ERS) to itslocation south of Cyprus,
which has caused incipient continental collision.

Therelatively flat summit of the Eratosthenes Seamount isdelim-
ited by scarps of normal faults that form a series of terraces around
the summit. The faults produce a small east-west graben on the sum-
mit (Kempler, 1986). The effect of the graben on the bathymetry is
especially prominent because of the thin sedimentary cover on the
seamount. However, the normal faults on the Eratosthenes summit do
not displace the sedimentary fill in the surrounding moat and are
probably not active at present.
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Kempler and Ben-Avraham (1987a) suggested that the Era- stranded, continental block in the otherwise thinned continental or

tosthenes-Cyprus collision, which causes cessation of northward sub- oceanic lithosphere of the Eastern Mediterranean—before its central
duction at the Cypriot Arc, may result in southward migration of the part was shaped and sank. This sequence created the Eratosthenes
plate boundary. Polarity reversal at the new plate boundary was ex- Seamount with its unique, surrounding topographic low.

pected to take place through southward subduction of remains of Tectonic activity resumed near the Eratosthenes structure by Mi-

Neotethys oceanic lithosphere south of the Eratosthenes structure and ocene time. The locations of the southern sites, Sites 966 and 965,
beneath the northern edge of the Levant Platform, or the hitherto pas- were uplifted and attained shallow-marine conditions during the Mi-
sive continental margin of the Africa Plate. However, our recent ocene, but subsided again in late Miocene. On the other hand, the lo-
analysis of the available seismic reflection profiles does not support cation of Site 967 went through extensive faulting—both steep, nor-
this assumption, nor does the sparse seismic activity south of the Er- mal faults and shallow-dipping normal and reverse faults—in Mio-
atosthenes Seamount. cene time, but its Oligocene and Miocene sediments were removed
because of tectonic uplift and erosion by the late Miocene. The Leg
160 Shipboard Scientific Party estimated that the Miocene uplift was
EXAMINATION OF THE FOREGOING MODEL more than could be accounted for by eustatic sea-level changes or
flexural faulting related to incipient collision, but was subduction re-

Only one of the four sites along the Eratosthenes—Cyprus transdeted (Robertson and Shipboard Scientific Party, 1996). The location
of Leg 160 was drilled to Cretaceous rocks. The location of Site 96@f Site 968, on the southern Cyprus margin, went through some tec-
is presently near the foot of the Eratosthenes Seamount northetonic uplift, probably related to that of Cyprus itself, during the late
flank. Before the Late Cretaceous, it was located in a shallow-watdfliocene. The contrast between the Miocene occurrences in the site
environment on a carbonate platform, similar to Turkey and the Ldecations probably indicates the formation or reactivation of the tec-
vant (Robertson and Shipboard Scientific Party, 1996). During théonic boundary between the African plate, with the Eratosthenes
late Mesozoic, it was covered by deep-water pelagic sediments instructure at its northern edge, and the Anatolian plate, including Cy-
stable tectonic setting adjacent to the passive continental margin pfus (cf. Kempler, 1994a). These occurrences may also mark the de-
North Africa. There is no evidence at Site 967 for the Late Cretaceowglopment of the upper part of the vast Eratosthenes structure as a
tectonic events that occurred farther north, or for any ophiolitic maelistinct feature.
terial that could mark tectonic activity along any nearby southern The data confirm that the Africa-Anatolia plate boundary devel-
boundary of the Troodos complex. The Late Cretaceous to middieped between Cyprus and the Eratosthenes in the late Miocene,
Eocene rocks at Site 967 were affected merely by normal microfaulthrough subduction of remnant oceanic lithosphere of the Mesozoic
ing and intense fracturing, indicating only minor tectonic movementNeotethys beneath Cyprus. Regional considerations suggest that the
and failure in different orientations. The lack of turbidites in the LateCypriot Arc is an inherited and reactivated structure (Kempler,
Cretaceous and Eocene successions suggests that the Eratosth@88gb; Kempler and Garfunkel, 1995). No conclusion whatsoever of
area was already elevated above the seafloor during those intervalsg 160 sheds new light on the importance of strike-slip in the Mi-
(Robertson and Shipboard Scientific Party, 1996). ocene evolution of the Eratosthenes area.

The data thus confirm that the Eratosthenes structure, which was The absence of Messinian evaporites on the Eratosthenes Sea-
located a few hundred kilometers away from the Late Cretaceousnount and within the surrounding depression was confirmed by Leg
early Tertiary active plate boundary (Kempler and Garfunkel, 1995)160 data. These findings, and the identification of a Messinian ero-
was not affected by the major tectonic events of that period. Moresive surface across the entire seamount plateau in the site-survey data
over, it reflects the existence of the Eratosthenes structural high—&obertson et al., 1995), support the existence of the Eratosthenes
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Seamount and immediate surrounding area as a Messinian island.
The findings further imply that the whole complex subsided after
Messinian time. Integrating the site-survey datawith the drilling data
may help to map the coast line around the Messinian island. At Site
968 on the southern Cyprus margin, an upper Miocene turbidite suc-
cession includes material from the Miocene Pakhna Formation of
southern Cyprus and detrital gypsum from late Messinian small,
silled basins on the upper pal eoslope, which formed following initial
uplift of southern Cyprus.

Episodes of both extension and tectonic uplift occurred at all four
site locations in post-Messinian times. However, the genera trend
was one of subsidence in the southern (Eratosthenes-related) Sites
965, 966, and 967 vs. uplift in the northern (Cypriot) Site 968. Strong,
rapid, tectonic subsidence accompanied by increasing water depth of
deposition affected the Eratosthenes areain early Pliocene time. The
location of Site 967 subsided more, and probably earlier, than at Sites
965 and 966. The latter two went first through some tectonically in-
duced compression. Site 968 area had still been in a deep basinal set-
ting in Messinian/early Pliocene time, before it was tectonically up-
lifted to its present position on the lower slope of the Cyprus margin.
This information is compatible with post-Messinian subsidence of
the whole area around the Eratosthenes Seamount while subduction
caused the uplift of Cyprus and its margin.

Tectonic instability increased in mid-late Pliocene although the
general trend of subsidence persisted, which led to the present mor-
phology. Angular unconformities and evidence for syndepositional
compression close to the Pliocene/Pleistocene boundary in the loca
tion of Site 966 (Emeis, Robertson, Richter, et al., 1996) may indicate
pulsed subsidence. Minor uplift of the small ridge on which Site 967
is located locally interrupted its otherwise continuous subsidence.
The water depth at Site 967 was by late Pliocene shallower than at
present, and reached the present water depth, about 2500 m, by early
Pleistocene. Severa hiatuses in the drilled sections may point to re-
gional disturbances in the ordinary sediment deposition. Particularly
significant isa hiatus in late Pliocene/early Pleistocene time that ap-
pears at all four sites, except in Hole 967C. The lack of hiatus evi-
dence there suggests a local rather than regional process. However,
the coincidence of the tectonic instability and the hiatus with ex-
treme, simultaneous uplift of Cyprus as afirst time single amalgam-
ated tectonic unit (Robertson, 1990) supportsits relationship with the
initiation of the Eratosthenes-Cyprus collision.

Both the site-survey data (Robertson et a., 1995) and Leg 160
data show evidence for significantly more extension at the northern
edge of the Eratosthenes plateau (Site 966) and its mid-northern slope
(Site 965) than was previoudly expected. The fact that the rate of sub-
sidence of the natural moat is higher than that of the southern Era-
tosthenes slopes (Robertson et a., 1995) indicates some northward
tilting of the seamount within the overall subsiding depression. A big
variation in the sedimentation rates near the foot of the Eratosthenes
Seamount northern flank probably indicates enduring pulsed subsid-
ence, which can be related to the pulsed uplift of Cyprus.

The site-survey data collected during the Gelendzhik cruise in
1993 (Robertson et al., 1995) appear compatible with southward mi-
gration and polarity reversal of the plate boundary south of Cyprus
(Kempler and Ben-Avraham, 1987a). However, southward under-
thrusting below the Levant Platform is shown only at the upper 1.5-s
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the foregoing model in regard to the Tertiary evolution of this con-
spicuous feature. However, Leg 160 was restricted to shallow drilling
and could not resolve some fundamental questions regarding the Er-
atosthenes origin and early history. We, therefore, suggest to adopt
those components of the foregoing model that could not be examined
during this leg as the working assumption for further data collection
and deeper drilling of the Eratosthenes structure. Accordingly, the
Eratosthenes structure is considered partly a volcanic block, which
formed at the Afroarabia continental margin during the early Meso-
zoic rifting of this margin, but was stranded in the Eastern Mediter-
ranean following further stretching and thinning of the area. During
Mesozoic time, it remained in a stable tectonic setting adjacent to the
passive continental margin of North Africa. Located a few hundred
kilometers from the Late Cretaceous/early Tertiary active plate
boundary, it was not affected by the early stages of Africa-Eurasia
plate convergence.

Leg 160 data confirm that an Eratosthenes structural high, al-
though not necessarily a distinct seamount, was already elevated
above the seafloor in Late Cretaceous/Eocene times, and that the area
was not affected by the major tectonic events of that period. The up-
per part of the Eratosthenes structure developed as the Eratosthenes
Seamount since Miocene time. Its Miocene uplifting was followed by
subsidence, which in post-Messinian times affected a vast area
around the Eratosthenes Seamount. This area includes the seamount
and the surrounding natural moat, which is enclosed by a series of
steep faults. The latter displace a deep reflector that marks the present
shape of the Eratosthenes structural high. The importance of strike-
slip in the Miocene evolution of these faults, expected on the basis of
their steepness and prominence, integrated with the regional informa-
tion, remains obscure. The Cypriot Arc, an inherited structure located
along the Late Cretaceous plate convergence boundary, was reacti-
vated by Miocene time and accommodated northward subduction of
remnant oceanic lithosphere of the Mesozoic Neotethys beneath Cy-
prus.

During the Messinian period, the area enclosed by the steep faults
formed an island above the Messinian evaporite deposition depth.
The post-Messinian subsidence of this area has shaped the Era-
tosthenes Seamount and surrounding depression, which are superim-
posed on the Eratosthenes structural high. While this subsidence has
basically continued throughout post-Messinian times, Cyprus and its
margin were uplifted. The Miocene—Pliocene subduction along the
Cypriot Arc caused initial uplift of Cyprus and tectonic instability.
However, a more drastic uplift of Cyprus less than 2 Ma. is interpret-
ed to be the result of underthrusting of thinned, continental litho-
sphere along the Cypriot Arc after the remains of the Mesozoic Neot-
ethys lithosphere had been fully consumed. Pulsed uplift of Cyprus
has been accompanied by pulsed subsidence and significant exten-
sion in the Eratosthenes area. Both vertical motions probably mark
incipient continental collision in the Eastern Mediterranean. The Er-
atosthenes Seamount, therefore, is the possible spearhead of incipient
continental collision and the best candidate for the study of collision-
al processes in the area.

The significance of the Leg 160 data to unfolding the Tertiary
evolution of the Eastern Mediterranean is particularly important be-
cause the thickness of the sedimentary cover elsewhere in this basin
is at least 15 km, including-1.5 km of Messinian evaporites. The

two-way traveltime of the sedimentary section—a depth of less thadrilling data have confirmed that the regional tectonics did not affect
2 km (Limonov et al., 1994). Therefore, the significance of the apparthe Eratosthenes area between Late Cretaceous and Miocene times,
ent underthrusting should still be examined in additional surveys. and only Miocene renewal of the convergence between the Era-

CONCLUSIONS

tosthenes and Cyprus began to influence the evolution of both struc-
tures. However, this phase of shallow drilling should lead to further,

deeper drilling, of the Eratosthenes structure and other sites around
Cyprus, which are indispensable for the geological study of the East-

The first ODP leg to focus on the Eratosthenes Seamount and isn Mediterranean. Two other factors that may greatly improve our
immediate surroundings provided a unique opportunity to examinanderstanding of the evolution of this area are the exact sea-level

719



D. KEMPLER

changes in the Eastern Mediterranean since the Miocene, and the Hsu, K., 1992. Tectonic facies concept applied to interprete the geology of
flexural subsidence of the basin because of Pliocene—Pleistocene sed-Cyprus.Rapp. Comm. Int. Mer Medit., 33. _ _
iment loading. A special emphasis should be given to the relative méist, K., Montadert, L., Bernoulli, D., Cita, M.B., Erickson, A., Garrison,
tions between the Eratosthenes structure and its surroundings, which Rf'Eh" K'd‘é& R.B., MeherT_s,_ F. M‘ig'etr' Clég?%g\;\gfoh; R., 1977. History
are probably underlain by different basement rocks and thus react i the Mediterranean salinity crisNature, 267: :

. . - 0, K.J., Cita, M.B., and Ryan, W.B.F., 1973. The origin of the Mediterra-
different ways to both flexural and tectonic types of subsidence. nean evaporitesn Ryan, W.B.F., Hsii, K.J., et alnit. Repts. DSDP, 13

(Pt. 2): Washington (U.S. Govt. Printing Office), 120231.

Kempler, D., 1986. The tectonic evolution of the Cyprean Arc [M.Sci. the-
ACKNOWLEDGMENTS ats]. Tel Aviv Univ. P

» 1994a. An outline of north-Eastern Mediterranean tectonics in
| greatly appreciate the contribution of Zvi Garfunkel to my un- view of Cruise 5 of thé\kademik N_|ko|a; Srakhov. In Krasheninnikov,
derstanding of the Eratosthenes structure and its Eastern Mediterra- V-A., and Hall, JK. (Eds-)Ge0|Og'cathTUCth:kOfdthe_E?\GFE-'IEQSSG{ n
nean tectonic framework. Sharing the preparation work for the Era- ll;/lheéj\llgerzr?r;_ezagg(CrwseS of the Research Vessel Akademik Nikolaj Stra-
teodsmigﬁst(? (l::l) :ri?;?ﬁgsglcmrtg T%Oeslzlfllj\fl?ét\/ﬁer\]/sslztl)?/y'? Vl\\;llcl\G/lg(e:c;};Z%- 1994b. Tectonic patterns in the easternmost Mediterranean [Ph.D.

- > thesis]. Hebrew Univ.
Barka, and remarks by John Woodside, are kindly acknowledged. Rempler, D., and Ben-Avraham, Z., 1987a. The tectonic evolution of the

Grossman and H. Bernard prepared the figures. Cyprean ArcAnn. Tecton., 1:58-71.
, 1987b. The tectonic evolution of the Cyprean ArcOphiolites
REFERENCES and Oceanic Lithosphere—Troodos Symp., Nicosia, Cyprus, 21.
Kempler, D., and Garfunkel, Z., 1992. The Eratosthenes Seamount: a fossil
Anastasakis, G., and Kelling, G., 1991. Tectonic connection of the Hellenic superstructure in the Eastern Mediterrane@app. Comm. Int. Mer

and Cyprus arcs and related geotectonic elements. Mar. Geol., 97:261— Medit., 33:391.

277. —— 1994. Structures and kinematics in the northeastern Mediterra-
Barka, A.A., 1992. The North Anatolian fault zone. Ann. Tecton., 6:164—195. nean: a study of an irregular plate bound@@gtonophysics, 234:19-32.
Ben-Avraham, Z., Shoham, Y., and Ginzburg, A., 1976. Magnetic anomalies ————, 1995. Constraints on Afroarabia-Eurasia lithosphere consumption

in the Eastern Mediterranean and the tectonic setting of the Eratosthenes since 80 Ma2nd Int. Symp. on the Geology of the Eastern Mediterra-

Seamount. Geophys. J. R. Astron. Soc., 45:105-123. nean Region, 11.

Bonen, D., 1980, The Mesozoic basdts of Isragl [Ph.D. thesis|. Hebrew Ketin, I., 1948. Uber die tectonisch-mechanischen Folgerungen aus den gros-

Univ. of Jerusalem. (in Hebrew, English abstr.) sen anatolischen Erdbeben des letzten DezenniGes. Rundsch.,

Cita, M.B., 1982. The Messinian salinity crisis in the Mediterranean: a 36:77-83.
review. In Berckhemer, H., and Hsu, K. (EdsAlpine-Mediterranean Krasheninnikov, V.A., Udintsev, G.B., Mouraviov, V.l., and Hall, J.K., 1994.
Geodynamics. Geodyn. Ser., 7:13340. Geological structure of Eratosthenes Seamduri{rasheninnikov, V.A.,

Delaune-Mayére, M., Marcoux, J., Parrot, J.F., and Poisson, A., 1977. and Hall, J.K. (Eds.JGeological Structure of the North-Eastern Mediter-
Modéle d'évolution mésozoique de la paléo-marge téthysienne au niveau ranean (Cruise 5 of the Research Vessel Akademik Nikolaj Strakhov),
des nappes radiolaritiques et ophiolitiques du Taurus Lycien, d’Antalya et 113-130.

du Baer-Bassit/n Biju-Duval, B., and Montadert, L. (Eds.)nterna- Limonov, A.F., Woodside, J.M., and Ivanov, M.K., 1994. Mud volcanism in
tional Symposium on the Structural History of the Mediterranean Basins: the Mediterranean and Black Seas and shallow structure of the Era-
Paris (Editions Technip), 794. tosthenes SeamoutdNESCO Rep. Mar. i, 64.

Emeis, K.-C., Robertson, A.H.F., Richter, C., etRigc. ODP, Init. Repts,, Makris, J., Ben-Avraham, Z., Behle, A., Ginzburg, A., Gieze, P., Steinmetz,
160: College Station, TX (Ocean Drilling Program). L., Whitmarsh, R.B., and Eleftheriou, S., 1983. Seismic refraction pro-

Finetti, 1., and Morelli, C., 1973. Geophysical exploration of the Mediterra-  files between Cyprus and Israel and their interpretatzophys. J. R.
nean SeaBull. Gedfis. Teor. Appl., 15:60. Astron. Soc., 75:575-591.

Freund, R., Garfunkel, Z., Zak, 1., Goldberg, M., Weissbrod, T., and DerinMakris, J., and Wang, J., 1994. Bouguer gravity anomalies of the Eastern
B., 1970. The shear along the Dead SeaRiitlos. Trans. R. Soc. Lon- Mediterranean Se#n Krasheninnikov, V.A., and Hall, J.K. (EdsGgo-
don A, 267:107130. logical Structure of the North-Eastern Mediterranean (Cruise 5 of the

Freund, R., Zak, |, and Garfunkel, Z., 1968. Age and rate of the sinistral Research Vlessel Akademik Nikolaj Strakhov), 8798.
movement along the Dead Sea iature, 220:253-255. Mart, Y., McCoy, F.W., and Udintsev, G.B., 1992. Eratosthenes Seamount:

Garfunkel, Z., 1989. Tectonic setting of Phanerozoic magmatism in Israel. mid-ocean records of paleotectonics and paleo-oceanography of the east-
Isr. J. Earth Sci., 38:51-74. ern Mediterranean regioRapp. Comm. Int. Mer Medit., 33.

Garfunkel, Z., and Almagor, G., 1987. Active salt dome development in th@cCallum, J.E., and Robertson, A.H.F., 1990. Pulsed uplift of the Troodos
Levant Basin, southeast MediterranelamLerche, 1., and O'Brien, J.J. Massif: evidence from the Plio-Pleistocene Mesaoria Béasiialpas,
(Eds.), Dynamical Geology of Salt and Related Structures, New York J., Moores, E.M., Panayiotou, A., and Xenophontos, C. (EOghio-
(Academic Press), 26300. lites: Oceanic Crustal Analogues. Proc. Symp. “Troodos 1987,” Nicosia,

Garfunkel, Z., and Derin, B., 1984. Permian-early Mesozoic tectonism and Cyprus (Geol. Surv. Dep., Minist. Agric. Nat. Resour.),-278.
continental margin formation in Israel and its implications for the historyMontadert, L., Letouzey, J., and Mauffret, A., 1978. Messinian event: seis-

of the Eastern Mediterraneam Dixon, J.E., and Robertson, A.H.F. mic evidenceln Hsii, K.J., Montadert, L., et alnpit. Repts. DSDP, 42

(Eds.), The Geological Evolution of the Eastern Mediterranean. Geol. (Pt. 1): Washington (U.S. Govt. Printing Office), 163050.

Soc. Spec. Publ. London, 17:3&D1. Neev, D., Almagor, G., Arad, A., Ginzburg, A., and Hall, J.K., 1976. The
Garfunkel, Z., Zak, 1., and Freund, R., 1981. Active faulting along the Dead geology of the Southeastern Mediterranezanl. Surv. Isr. Bull., 68.

Sea transform (rift)Tectonophysics, 80:1-26. Piper, J.D.A., 1988Palacomagnetic Database: Open Univ. Press.

Gvirtzman, G., and Buchbinder, B., 1976. The late Tertiary of the coastakobertson, A.H.F., 1990. Tectonic evolution of Cyprus.Malpas, J.,
plain and continental shelf of Israel and its bearing on the history of the Moores, E.M., Panayiotou, A., and Xenophontos, C. (EGghjolites:
Eastern Mediterranea@eol. Surv. Isr., Rep. OD/2/76. Oceanic Crustal Analogues. Proc. Symp. “Troodos 1987,” Nicosia,

, 1977. The desiccation events in the Eastern Mediterranean during Cyprus (Geol. Surv. Dep., Minist. Agric. Nat. Resour.),2&%0.
Messinian times as compared with other Miocene desiccation events in— 1992, Drilling the Eratosthenes Seamount: Mediterranean colli-

basins around the Mediterranean.Biju-Duval, B., and Montadert, L. sion tectonics and Plio-Quarternary palaeo-oceanography in the light of
(Eds.), International Symposium on the Structural History of the Medi- the geology of Cyprusapp. Comm. Mer Medit., 33:393.
terranean Basins, Split: Paris (Ed. Technip), 43420. Robertson, A.H.F., Kidd, R.B., Ivanov, M.K., Limonov, A.F., Woodside,
Hall, J.K., 1980. Bathymetric chart of the Southeastern Mediterranean Sea. J.M., Galindo-Zaldivar, J., Nieto, L., and the Scientific Party of the 1993
Geol. Surv. Isr— Mar. Geol. Di\Rep. MG/13/80. TTR-3 Cruise, 1995. Eratosthenes Seamount, easternmost Mediterra-
, 1981. Bathymetric chart of the Northeastern Mediterranean Sea. nean: evidence of active collapse and underthrusting beneath the Cyprus
Geol. Surv. Isr.— Mar. Geol. DiRep. MG/2/81. active marginTerra Nova, 7:254-264.

720



ERATOSTHENES SEAMOUNT, INCIPIENT COLLISION

Robertson, A.H.F., and Shipboard Scientific Party, 1996. Role of the Era- Evolution of the Mediterranean Basin: New York (Springer-Verlag),
tosthenes Seamount in collisional processes in the Eastern Mediterra- 323-346.
nean. In Emeis, K.-C., Robertson, A.H.F,, Richter, C., et al., Proc. ODP, Sonnenfeld, P., and Finetti, |., 1985. Messinian evaporites in the Mediterra-
Init. Repts., 160: College Station, TX (Ocean Drilling Program), 513— nean: a model of continuous inflow and outfldw. Stanley, D.J., and
520. Wezel, F.-C. (Eds.)Geological Evolution of the Mediterranean Basin:
Robertson, A.H.F., and Woodcock, N.H., 1980. Tectonic setting of the Troo- New York (Springer-Verlag), 34853.
dos massif in the East Mediterranean. In Panayiotou, A. (Ed.), Ophio- Tanner, S.J., and Williams, C.A., 1984. A detailed survey near mount Era-
lites. Proc. Internat. Symp., Nicosia, Cyprus, 36—49. tosthenes, Eastern Mediterranesliar. Geophys. Res., 6:205-222.
Ross, D.A., and Uchupi, E., 1977. Structure and sedimentary history of Woodside, J.M., 1976. Regional vertical tectonics in the eastern Mediterra-
southeastern Mediterranean Sea—Nile CéwWé>G Bull., 61:872-902. nean.Geophys. J. R. Astron. Soc., 47:493-514.
Ryan, W.B.F., 1978. Messinian badlands on the southeastern margin of tMéoodside, J.M., Ivanov, M., and Shipboard Scientific Party, 1992. Geologi-
Mediterranean Sedlar. Geol., 27:349-363. cal and geophysical investigations in the Mediterranean and Black Seas.
Ryan, W.B.F., Stanley, D.J., Hersey, J.B., Fahlquist, D.A., and Allan, T.D., UNESCO Rep.Mar. <., 56.
1971. The tectonics and geology of the Mediterranean|8édaxwell, Woodside, J.M., and Williams, C.A., 1977. Geophysical data report of the
A.E. (Ed.),The Sea (Vol. 4), 422-443. Eastern Mediterranean SeRRS Shackleton cruises 3/72, 5/72, 1/74.

Salamon, A., 1993. Seismotectonic analysis of earthquakes in Israel and Dept. Geodesy. and Geophysics, Cambridge Univ., U.K.
adjacent areas [Ph.D. thesis]. Hebrew Univ.
Sengor, A.M.C., Gorur, N., and Safld, F., 1985. Strike-slip faulting and
related basin formation in zones of tectonic escape: Turkey as a case
study.In Biddle, K.T., and Christie-Blick, N. (Eds$rike-slip Deforma-
tion, Basin Formation and Sedimentation. Soc. Econ. Paleont. Mineral., . .
Spec. Publ., 37:22264. Date of initial receipt: 1 January 1997
Sonnenfeld, P., 1985. Models of late Miocene evaporite genesis in the Medpate of acceptance: 23 August 1997
terranean regionln Stanley, D.J., and Wezel, F.-C. (Ed$3gological Ms 160SR-031

721




	53. ERATOSTHENES SEAMOUNT: THE POSSIBLE SPEARHEAD OF INCIPIENT CONTINENTAL COLLISION IN THE ...
	Ditza Kempler
	ABSTRACT
	INTRODUCTION
	THE BACKGROUND MODEL
	EXAMINATION OF THE FOREGOING MODEL
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES
	FIGURES
	Figure 1. Bathymetry of the Eratosthenes area, simplified after Hall (1980, 1981), with location ...
	Figure 2. Structural elements in the Eratosthenes area. The Eratosthenes Seamount, E (dotted line...
	Figure 3. Compiled cross sections. ESM = Eratosthenes Seamount; NET = North Eratosthenes Trough; ...
	Figure 4. Line drawings of three BEICIP seismic reflection profiles (A = line 12, B = line 14, ..
	Figure 4 (continued).
	Figure 4 (continued).

	Figure 5. The Eratosthenes palaeomagnetic pole, calculated after Ben-Avraham et al. (1976), is ...
	Figure 6. Schematic model of the tectonic evolution of the Eastern Mediterranean, after Kempler a...
	Figure 7. Schematic model of the evolution of the Eratosthenes Messinian island into the present ...




	M: 


