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51. FORMATION AND DESTRUCTION OF THE ERATOSTHENES SEAMOUNT, EASTERN 
MEDITERRANEAN SEA, AND IMPLICATIONS FOR COLLISIONAL PROCESSES1

Alastair H.F. Robertson2

ABSTRACT

The first of two tectonic-oriented objectives during Leg 160 in the Eastern Mediterranean Sea (April–May, 1995) was con-
cerned with study of processes of genesis and incipient collision of the Eratosthenes Seamount, a substantial crustal featu
with the active margin of the Eurasian plate to the north, represented by southern Cyprus. The upper part of the Eratosthen
Seamount (upper several hundred meters) was found to include both shallow- and deep-water carbonates dating back to p
Aptian time (Early Cretaceous). Shallow-water platform carbonate deposition, similar to that of the onshore Levant continenta
margin to the east (part of the North African plate), was followed by submergence to bathyal depths in the Late Cretaceous t
middle Eocene, punctuated by depositional and tectonic hiatuses. Tectonic uplift (~1 km) was followed by shallow-water car-
bonate deposition in the Miocene. The platform was subaerially exposed during the Messinian desiccation crisis. During th
early Pliocene, the platform subsided to bathyal depths associated with localized accumulation of limestone debris flows. Sub
sidence accelerated in the late Pliocene–early Pleistocene.

Interpretation of site-survey seismic data suggests that the base of the northern slope of the Eratosthenes Seamount is in 
processes of detachment to form an allochthonous thrust slice, with implications for the formation of on-land melange terrains
Comparisons can be made with the collapse, high-angle faulting, and partial subduction of the mainly igneous Daisha Sea
mount in the Japan trench, and counterparts in the Mariana and Izu-Bonin fore-arcs, and elsewhere. The break-up of the E
tosthenes Seamount was achieved by loading-related flexural subsidence, accompanied by high-angle normal faulting, whic
may have exploited pre-existing structural weaknesses. Subsidence of the Eratosthenes Seamount was synchronous with ra
surface uplift of the over-riding plate, represented by the late Pliocene–mid-Pleistocene uplift of the Troodos ophiolite and its
sedimentary cover. The flexural and isostatic effects of sediment loading and flooding of the Mediterranean Sea after th
Messinian also influenced subsidence of the Eratosthenes Seamount, to some extent. The ultimate fate of the Eratosthenes S
mount is likely to be preservation as allochthonous slices, mainly limestone, within a subduction-accretion complex, forming
part of a collisional suture zone. Accretionary units similar to the Eratosthenes Seamount are indeed found within the Tethya
orogenic belt to the north, in areas including Turkey and Greece.
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INTRODUCTION

The aim here is to synthesize the main tectonic results of drilling
of the Eratosthenes Seamount in the Eastern Mediterranean Sea dur-
ing Leg 160 (April–May, 1995). Results obtained during shore-ba
research will be highlighted, following publication of a prelimina
synthesis based on shipboard results (Emeis, Robertson, Richt
al., 1996; Robertson et al., 1996; Mart et al., 1997; Robertson e
1997). The results can be related to the tectonic evolution of the
tosthenes Seamount in its regional Eastern Mediterranean con
The drilling also has implications for the mechanism of subside
and break-up of continental fragments at subduction zones, an
preservation of crustal fragments in subduction/ accretion compl
within orogenic belts.

One of two tectonic objectives of drilling during Leg 160 w
concerned with the process of break-up of a carbonate platform
Eratosthenes Seamount, at a subducting plate boundary, repres
by the Cyprus active margin (Sites 965−968 inclusive; Fig 1). The
Eastern Mediterranean Sea is an ideal location for study of cr
processes related to the collision of continental plates. The nort
passive margin of the African plate (Gondwana) rifted in the e
Mesozoic, giving rise to an irregular pattern of embayments 
promontories (e.g., Dercourt et al., 1993). Continental fragm
were rifted from Gondwana and drifted northward into the Tet

1Robertson, A.H.F., Emeis, K.-C., Richter, C., and Camerlenghi, A. (Eds.), 1998.
Proc. ODP, Sci. Results, 160: College Station, TX (Ocean Drilling Program).

2Department of Geology and Geophysics, University of Edinburgh, West Mains
Road, Edinburgh EH9 3JW, U.K. Alastair.Robertson@glg.ac.ed.uk
d

, et
l.,
a-
xt.
e

the
es

he
ted

tal
rn,
y
d
ts
s

Ocean (i.e., Neotethys). The opposing, northern margin of Neote
(the southern margin of Eurasia) was initially located well to 
north, extending from northern Greece through the Pontides of n
ern Turkey into the Caucasus. Africa and Eurasia converged in
late Mesozoic–early Tertiary, accommodated by subduction.
northward subduction progressed, a number of continental fragm
(previously rifted from Gondwana) were accreted to the active so
ern margin of Eurasia. Examples of such fragments include
Ker¼ehir, Menderes-Bey Dañlar2 and Bitlis-Pütürge units in Turkey
and the Parnassus unit in Greece (¼engör and Yilmaz, 1981; Rober
son and Shipboard Scientific Party, 1996). As accretion progre
the overall subduction front migrated southward with time. By 
Miocene, the seamount was located in the vicinity of the present
vergent plate boundary, which extends across the Eastern Medi
nean Sea south of Crete, and then south of Cyprus to connect w
Tethys suture zone farther east. At the present time, the Eastern
iterranean Sea can be considered a remnant of the southerly Me
Neotethys in its final stages of closure, associated with diachro
collision of the African and Eurasian plates. Alternative tectonic
terpretations of the plate tectonic evolution of the easternmost M
terranean region as a whole are discussed in Robertson et al. (1

In this paper the main results of drilling of the Eratosthenes S
mount are summarized and discussed. The reader is referred to 
dividual chapters of this volume for the presentation of original
sults and interpretation. In addition, the history of geophysical ex
ration of the Eratosthenes Seamount and surrounding area
summarized in a companion synthesis paper (Mart and Rober
Chap. 52, this volume). The wider tectonic evolution of the east
most Mediterranean region is also discussed in more detail in an
synthesis chapter (Robertson, Chap. 54, this volume).
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A.H.F. ROBERTSON
Figure 1. Outline map of the easternmost Mediterranean region showing the main tectonic features and the locations of the sites drilled during Leg 160, specifi-
cally the Eratosthenes Seamount.
frag-
rkey
n et
p. 54,
s the
 sep-
lud-
 Pel-
f the
pen-
 al.,
 was
REGIONAL SETTING OF THE ERATOSTHENES 
SEAMOUNT

The Eratosthenes Seamount is located in the easternmost Mediter-
ranean Sea south of Cyprus and north of the Nile delta, with the pas-
sive margin of the Levant to the east. The term seamount has given
rise to some confusion in the past, because to many it implies an ori-
gin as mainly extrusive igneous rocks, whereas drilling during Leg
160 has shown that at least the upper part (i.e., all that is known) is
predominantly limestone, without igneous rocks. The nature of the
underlying basement remains controversial, but the absence of a
well-defined gravity anomaly, as opposed to a marked magnetic
anomaly, has suggested to many that Eratosthenes is a rifted conti-
nental fragment, coupled with rift-related intrusions or extrusions of
basic or ultrabasic igneous rocks (Ben-Avraham et al., 1976; Wood-
side and Bowin, 1970; Woodside, 1977; see also Kempler, Chap. 53,
this volume, and Mart and Robertson, Chap. 52, this volume, for lit-
erature review).
682
The easternmost Mediterranean is a part of the wider Eastern
Mediterranean Sea that formed by rifting of the north margin of
Gondwana in the Triassic (Garfunkel and Derin, 1984). The Era-
tosthenes Seamount is envisaged as a carbonate platform constructed
on a rifted continental fragment (relatively thin continental crust), as
noted above. Oceanic crust was formed in the easternmost Mediter-
ranean by the Late Triassic and is represented by “accreted” 
ments in southwest Cyprus (Mamonia Complex), southwest Tu
(Antalya Complex), and northern Syria (Baer-Bassit) (Robertso
al., 1991a; Mart and Robertson, Chap. 52, and Robertson, Cha
both this volume). The easternmost Mediterranean represent
most southerly of several Mesozoic Neotethyan oceanic basins,
arated by continental slivers that were rifted from Gondwana, inc
ing the Tauride carbonate platforms of southern Turkey and the
agonian Zone in Greece. In the Cretaceous, the relative motion o
African and Eurasian plates became convergent, coupled with o
ing of the south Atlantic (Livermore and Smith, 1984; Savostin et
1986). In response to this regional plate convergence, subduction
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initiated within the southerly Eastern Mediterranean ocean basin (and
more northerly basins also), specifically leading to genesis of the
Troodos ophiolite by spreading above a subduction zone (see Robert-
son and Xenophontos, 1993, for summary of literature). The subduc-
tion zone probably dipped northward and was located south of Cy-
prus. During the Late Cretaceous–early Eocene, much of Cyprus
derwent counterclockwise rotation as a discrete microplate (Cl
and Robertson, 1986; Morris et al., 1990). Northward subductio
remaining oceanic crust in the easternmost Mediterranean to
south of Cyprus began in early Miocene, or possibly late Oligoc
time, and the North African plate, including the Eratosthenes “S
mount,” then began its final northward drift toward Cyprus (e.
Dewey and ¼engör, 1979). During this time, southern Cyprus was l
cated on the leading edge of what had by then become the Eur
plate.

The Eratosthenes Seamount forms a large sub-rectangular, e
ed feature in the Mediterranean Sea south of Cyprus. Regional 
physical data indicate the presence of an important magnetic ano
that extends beyond the topographic expression of the Eratosth
Seamount. Previous work has already suggested that the seamo
in the processes of collision with the Cyprus active margin to 
north (Robertson, 1990; Woodside, 1991; Kempler, 1993; Limon
et al., 1994; Mart and Robertson, Chap. 52, this volume; Rober
et al., 1995b, 1995c). There is also some evidence that the sou
margin of the Eratosthenes Seamount is collapsing beneath th
vantine Basin to the south (Limonov et al., 1994). Previously, lim
stone was dredged from the Eratosthenes Seamount (Krashenin
et al., 1994), and Leg 160 confirmed that the upper levels of the s
ture are, indeed, composed of limestone.

A collision-related tectonic hypothesis for the emplacement of
Eratosthenes Seamount could only be tested by drilling. The tes
to involve only relatively shallow penetration (i.e., mainly a few hu
dred meters), as time and safety considerations precluded de
penetration. It was never envisaged that the drilling could ans
questions about the nature of the basement or the early history
though units as old as Early Cretaceous were reached during Leg
drilling. 

Key questions that were expected to be answered by drillin
relatively shallow holes were the lithology of the upper part of the 
atosthenes Seamount, and the timing and processes of subsi
that might be related to collision with the Cyprus active margin to
north. To achieve these objectives a transect of four holes was dr
from north to south: one on the northern crestal area of the 
tosthenes Seamount (Site 966), one on the upper northern flanks
965), one at the base of the northern slope (Site 967), and one 
base of the opposing slope of the Cyprus active margin (Site 968;
1).

Suture zones in Greece, Turkey, and other Tethyan areas inc
numerous deformed carbonate platforms (see Robertson, 1994
literature review). These platforms mainly overlie rifted continen
crust, although some may overlie oceanic crust (i.e., volcanic 
mounts). Examples include the Mesozoic Tauride carbonate p
forms of southern Turkey and counterparts in Greece and in the A
An important question is how these platforms came to be incorpo
ed into the Tethyan orogenic collage. Similar carbonate bodies
present in accretionary units in many other areas, notably in
circum-Pacific, including the Franciscan complex in the west
U.S.A. and the Shumanto Belt in southwest Japan. Drilling of the
atosthenes Seamount, combined with seismic data, has revea
mechanism whereby kilometer-sized slices of sedimentary rocks
be detached and accreted in an incipient collisional setting.

SUMMARY OF DRILLING RESULTS

Details of the recovery at each of the sites drilled are given in
Leg 160 Initial Reports volume (Emeis, Robertson, Richter, et a
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1996). The main results are summarized here, utilizing five time 
es, with emphasis on postcruise results (Fig. 2): Early Cretace
Paleogene, Miocene, Messinian (latest Miocene), early Pliocene
Pliocene–Pleistocene.

Early Cretaceous–Paleogene

The history of the Eratosthenes Seamount, as recorded by drilling
at Site 967, began with the accumulation of shallow-water platform
carbonates including coral, calcareous red algae, and occasional large
foraminifers (Emeis, Robertson, Richter, et al., 1996; Robertson,
Chap. 32, this volume). The Formation MicroScanner (FMS) and
conventional log data reveal brecciated or nodular units within an
overall horizontally bedded unit (Major et al., Chap. 38, this volume).
Deposition in pre-Aptian time comprised shallow-water carbonates,
including coral and calcareous algae. Micropaleontological evidence
suggests that this carbonate deposition ended in pre-Aptian time (Pre-
moli-Silva et al., Chap. 30, this volume). The shallow-water lime-
stones are lithologically similar to those of the Levant (Mart et al.,
1997; Mart and Robertson, Chap. 52, this volume). However, the
submergence of a comparable shallow-water carbonate platform to a
bathyal setting appears to have taken place slightly later in both
southern Turkey (in the Cenomanian) and the Levant (in the Turoni-
an; Robertson, Chap. 32, this volume). On the Eratosthenes Sea-
mount this transition is marked by some sediment reworking and was
probably tectonically controlled.

The neritic sediments are overlain by Late Cretaceous pelagic car-
bonates that are locally organic rich and commonly contain chert of
replacement origin (Robertson, Chap. 32, this volume). Coniacian to
Maastrichtian ages were determined for these pelagic carbonates us-
ing calcareous nannofossils and planktonic foraminifers (Premoli-
Silva et al., Chap. 30, this volume). There is a probable hiatus span-
ning the Albian and part of the Cenomanian. Maastrichtian pelagic
carbonates are overlain by lithologically similar chalks of early Pale-
ocene and early Oligocene age, with extensive reworking of older
taxa. However, the presence of reworked taxa of early and middle Pa-
leocene and parts of the early and late Eocene suggest that deposition
was originally more continuous with less marked hiatuses than at
present. Stable isotopic data are difficult to interpret, as the recovery
was fragmentary, but correlation with well-dated land successions in
central Italy at least allows the base of the Coniacian to be recog-
nized, based on a significant negative carbon excursion (Premoli-
Silva et al., Chap. 30, this volume). Within the Turonian, a hiatus
spanning the middle to late H. helvetica Zone and the M. sigali Zone
is probably also present (Premoli-Silva et al., Chap. 30, this volume).

The presence of reworked taxa suggest that deposition was origi-
nally relatively complete during Late Cretaceous and early Tertiary
time, followed by reworking, rather suggesting major hiatuses with
no accumulation at all for very lengthy time periods (Premoli-Silva
et al., Chap. 30, this volume). The log data do not reveal any signifi-
cant change over the Cretaceous–Tertiary boundary (Emeis, Ro
son, Richter et al.; M.J. Jurado-Rodríguez, unpubl. data). The
data support the inference that pelagic sedimentation continu
Site 967 from the Late Cretaceous, through the Oligocene to the
ocene, albeit with discontinuities in deposition. This contrasts so
what with an initial shipboard view that Site 967 was located on
upfaulted block subject to subaerial erosion, at least during late
ocene–early Pliocene time (Robertson and Shipboard Scientific
ty, 1996, fig. 4). Overall, the conventional logs suggest increasin
mentation downward. More or less resistive layers are correl
with intercalations of calcarenite (i.e., grainstone) and calcilutite (
wackestone; Major et al., Chap. 38, this volume). Also, FMS ima
indicate the presence of chert, which was recovered only as occa
al fragments.

Lithologically similar pelagic carbonates, of middle Eocene a
were recovered farther south at Site 966, where a number of inte
are enriched in uranium, thorium, and potassium (Major et al., C
683
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Figure 2. Summary of the successions recovered from the Eratosthenes Seamount during Leg 160 (see text for explanation).
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38, this volume). Also, chert nodules appear to be abundant in the
lower part of the succession based on FMS images, although they
were rarely cored. The top of the Eocene succession is marked by
high uranium contents that might suggest that the overlying planar
unconformity was a hardground or an interval of greatly reduced net
sediment accumulation (Major et al., Chap. 38, this volume).

Minor tectonic instability is indicated by localized syndeposition-
al neptunian fissuring, which could record subtle extension or tilting.
There is no evidence of major tectonic disruption (e.g., collapse or
foredeep development) that could correspond to the tectonic em-
placement of Late Cretaceous ophiolites, as known from more north-
erly parts of the Neotethys ocean (e.g., Troodos ophiolite, Cyprus).
The probable explanation for the lack tectonic disruption is that in the
Late Cretaceous–early Tertiary the Eratosthenes Seamount st
well to the south of the plate boundary, whereas the ophiolites 
formed farther north. The Eratosthenes Seamount is interpret
then being located seaward of a zone of high plankton product
that affected the adjacent Levant passive margin (Almogi-Labi
al., 1993). In general, the nature of the Cretaceous–Paleogene
tosthenes carbonates is consistent with accumulation on an ini
684
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shallow, then submerged, carbonate platform that was isolated w
a southerly branch of the Neotethyan ocean (Robertson, Chap
this volume).

Miocene

After the middle Eocene at Site 966 and the Oligocene at Site 
there was a hiatus that culminated in the Eratosthenes Seamoun
ing tectonically uplifted by ~1 km. At Site 966, an unconformity b
tween the two units is marked by different dip directions, with dips
the northwest in the middle Eocene, but to the northeast in the 
ocene sediments (Flecker et al., Chap. 40, this volume). The uplif
lowed deposition of shallow-water carbonates to be initiated. The
act timing of uplift and whether uplift was gradual or abrupt rema
uncertain, as the base of the shallow-water carbonates is still po
dated. However, the nature of the underlying succession and the
data suggest that no deep erosion is likely to have taken place.
underlying Oligocene and Eocene pelagic limestones show no pe
graphic evidence of subaerial weathering or karstification. Also, 
uplift was not associated with any marked deformation of the und
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lying succession (e.g., folding), based on interpretation of seismic
data (Limonov et al., 1994). It is, thus, likely that uplift was restricted
to near sea-level. Progressive subsidence then appears to have taken
place providing the accommodation space needed for Miocene shal-
low-water carbonate accumulation.

Neritic carbonates were deposited at the two most southerly sites
on the Seamount (Sites 965 and 966). The limestones recovered dur-
ing drilling are at present dated only as Miocene at Site 966, based on
a benthic foraminiferal assemblage, that is provisionally referred to
the family Orbitoididae (I. Premoli-Silva, pers. comm., 1995). How-
ever, at present it is unclear if the limestones span much, or all, of the
Miocene, or are limited to specific intervals. For example, up-building
could have taken place mainly during relative sea-level highs when
growth was stimulated (e.g., Burdigalian). Preliminary Sr isotopic age
data suggest a late Miocene age for part of the succession at Site 965,
which was not dated paleontologically (E. Frankel, pers. comm.,
1996). Grainstones appear to become more common near the top of
the succession, whereas mudstone is more common lower down at
Site 965.

The Eratosthenes limestones show similar biodiversity to the Bur-
digalian (early Miocene) reefs of southeastern and western Cyprus,
but differ from the Tortonian (late Miocene) nearly monospecific
coralline reefs elsewhere in Cyprus (Follows et al., 1996). In general,
similar Miocene shallow-water and reef-related carbonates are
known in other areas of the eastern Mediterranean including Israel,
southern Turkey, and Cyprus (e.g., Flecker et al., 1995; Hayward et
al., 1996; Follows and Robertson, 1990; Follows et al., 1996), and oc-
currences are summarized in Robertson (Chap. 33, this volume). The
Eratosthenes Miocene reefs can be interpreted either as patch reefs
(likely), or an atoll-like structure, as in the modern Indo-Pacific re-
gion.

The limestones at both Sites 965 and 966 are mainly composed of
mat-like coralline algae, Porites sp. coral, large benthic foraminifers,
pelecypods, echinoderm plates, and localized sponge spicules. Colo-
nial coral is reworked at both sites and in situ boundstone was not
drilled. The material at Site 965 appears to be more reef proximal
than that at Site 966. Intercalations of micrite containing planktonic
foraminifers point to surrounding open-marine conditions. The finer
grained, reworked material with numerous micritic intercalations at
Site 966 is interpreted to have accumulated in a lagoonal setting
(Emeis, Robertson, Richter, et al., 1996; Robertson, Chap. 33, this
volume).

Additional clues to the environment of deposition come from
FMS and conventional log data (Emeis, Robertson, Richter, et
al.,1996; M.J. Jurado-Rodríguez et al., pers. comm., 1996). Nu
ous alternations of less resistant intervals determined from FMS
conventional log data are interpreted as being a result of the pre
of more argillaceous layers that were rarely cored. The lower pa
the Miocene succession is relatively massive, while layering 
comes more clearly defined higher in the succession. Occasiona
continuities could be interpreted as erosional disconformities. St
variability in inferred porosity could relate to observed diagenetic
lution within the cores (Major et al., Chap. 38, this volume). In ad
tion, apparently cross-laminated units were observed on the FMS
ages. However, despite the limited recovery no direct evidenc
cross-lamination was seen in the cores, suggesting that the rec
tion of cross lamination using FMS data may need to be re-asse

Based on petrographic analysis, the shallow-water carbonat
both Sites 965 and 966 experienced a similar diagenetic history.
ly void-filling cement included fibrous, accicular calcite, of probab
marine origin (i.e., high-Mg calcite, or aragonite). Aragonite is co
monly preserved, while high-magnesian calcite is replaced by 
magnesian calcite, based on whole-rock X-ray diffraction and e
tron microprobe data. The presence of extensive solution poros
attributed to flushing by meteoric waters during the Messinian sa
ity crisis when the Eratosthenes Seamount was exposed abov
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level of evaporite precipitation. Common dolomite could ha
formed in a mixing zone related to marine transgression in the e
Pliocene, as inferred for the origin of similar dolomite in Cyprus (F
lows, 1992). The Miocene shallow-water limestones also incl
minor opal and microcrystalline chert of probable biogenic ori
(Robertson, Chap. 33, this volume).

At the northernmost site (Site 967) the Miocene is absent and
Cretaceous–middle Eocene pelagic carbonates are directly ove
by fine-grained, deep-water sediments of early Pliocene age.
worked microfossils of middle Eocene, Oligocene, and Mioce
early Pliocene age are present within pelagic carbonates at the
of the lower Pliocene succession. The history of this site during
mid-Tertiary is, thus, debatable. One possibility is that Miocene s
low-water carbonates were deposited in a similar manner to tho
Sites 965 and 966, but were later eroded. Indeed, Mart (1997) a
Mart (pers. comm., 1997) envisages that shallow-water Miocene
bonates accumulated at Site 967, similar to those at Sites 965
966, but were later eroded following uplift related to initial collisi
of the Eratosthenes Seamount with the Cyprus active margin. Th
unlikely, as there is a record of reworked Miocene (and older) pla
tonic foraminifers in Hole 967E (Emeis, Robertson, Richter, et 
1996), indicating that at least some pelagic deposition continued
ing the Miocene at this site, whereas reworked shallow-water car
ate was not observed. Also, there is no evidence of tilting, ang
discordance, or compressional deformation at Site 967 that could
respond to a regional collisional event in the late Miocene.

Another possibility is that Miocene shallow-water carbona
were never deposited at Site 967, but that pelagic deposition 
place instead, followed by gravity or current reworking. One spec
possibility is that Site 967 was located on a carbonate slope su
to sediment redeposition, where only reduced pelagic deposition
took place during Eocene to late Miocene time. If this was the c
then the Cretaceous–Paleogene Eratosthenes carbonate platfor
originally considerably larger than the Miocene carbonate platfo
The older platform was possibly block-faulted before the Mioce
with only the southerly part becoming sufficiently shallow to allo
colonization by coral, whereas the more deeply submerged north
part continued to accumulate pelagic carbonate in a slope or ba
setting.

Messinian

The Mediterranean underwent its well-documented salinity cr
in the latest Miocene, as recorded during Legs 13 and 42 of the 
Sea Drilling Project (Hsü et al., 1973; Hsü, Montadert, et al., 19
Layers of evaporite, up to several kilometers thick, are inferred to
ist beneath the deep Mediterranean basin, based mainly on rec
tion of a clear “M” reflector on seismic profiles (Ryan et al., 197
Ross and Uchupi, 1977; Woodside, 1977). The “M” reflector pinc
out up-slope on the south and southwest flanks of the Eratosth
platform (Limonov et al., 1994). The top of the platform was abo
the level of the surrounding Mediterranean deep basin during
Messinian. A prominent reflector, thought to be an erosion surf
was noted at the base of the inferred Pliocene sequence, based 
survey studies (Limonov et al., 1994).

Drilling during Leg 160 confirmed that no thick evaporites a
present on the Eratosthenes Seamount (Site 966), or on its no
margin (Sites 965 and 967). The Messinian is thin, or absent, o
Eratosthenes plateau area, as confirmed by drilling at Site 966 th
vealed early Pliocene sediments resting unconformably on diag
ically altered Miocene shallow-water limestone. However, at S
965, several meters of reddish clays were recovered at the bou
between overlying sediments; these contain early Pliocene nann
sils and clasts of lithologies similar to the underlying Miocene sh
low-water limestones. These clays contain many ostracode cara
es, together with dolomite, aragonite, and swelling clays. Isoto
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analysis of one carbonate nodule recovered from Site 966 confirmed
that it formed in a freshwater setting (Böttcher et al., Chap. 35, this
volume), and thus the sediment is inferred to represent paleoso
caliche.

The log evidence (i.e., density and sonic velocity) sugges
marked change in physical properties at the top of the inferred p
sol (23−24 mbsf), that together with the presence of reworked na
fossils in this interval, might indicate reworking of the upper par
the paleosol during renewed marine transgression (Major e
Chap. 38, this volume).

Also, at Site 967, near the base of an interval of muddy sedim
that contains only reworked microfossils, an interval several m
thick (not recovered) was identified on geophysical borehole
records as evaporite. Corroboration of its existence comes from
ganic geochemical evidence of greatly increased levels of so
sulfate at this level, and from the interpretation of geochemical 
(Emeis, Robertson, Richter, et al., 1996).

The log data indicate the presence of gypsum (at 115 to
mbsf), characterized by a distinctive FMS image, low radioactiv
high resistivity, characteristic density, sonic and neutron val
respectively (Emeis, Robertson, Richter, et al., 1996; M.J. Jur
Rodríguez, pers. comm., 1996). An upper and a lower horizo
evaporites appear to be separated by an argillaceous layer. The
image suggests that the upper part of the evaporite is tilted (10°–20°).
The log data might reflect initial evaporite deposition, followed
argillaceous disposition, then by faulting, slumping, or reworking

Postcruise studies have revealed the presence of an intact M
ian to Pliocene boundary succession at Site 967. An almost con
ous upper Messinian succession appears to be present, as con
by the presence of Cyprideis pannonica. The Messinian interval ex
hibits a stable isotopic signature indicative of a brackish Lago M
type setting and is then succeeded by Paratethyan ostracodes o
clean (i.e., early Pliocene age; Spezzaferri et al., Chap. 2, this
ume).

The sedimentary and tectonic history of the Cyprus margin w
expected to be quite different from that of the Eratosthenes Seam
as the two are located on opposing plates (see discussion in Ma
Robertson, Chap. 52, this volume). Drilling at Site 968 near the 
of slope of the Cyprus margin did reveal such a contrast. Bene
Pliocene–Pleistocene succession, more than 200 m of argilla
sediments, interbedded with calcareous turbidites, were recov
Shipboard analysis showed that microfossils in the lower part o
succession are entirely reworked, and include abundant brac
water ostracodes and the benthic foraminifer Ammonia tepide; thus,
a Messinian age is assigned to this interval. Other clues conce
the depositional setting include the presence of abundant clays
smectites) and kaolinite, together with scattered dolomite and 
halite crystals. Several thin layers of detrital selenitic gypsum s
were also recovered, together with thin layers (5 cm) of fine-gra
alabastrine gypsum within clay (Emeis, Robertson, Richter, e
1996).

Lithoclasts of pelagic chalk and basalt and other constitu
within abundant turbidites, mainly within the Messinian interval
Site 968 were derived from the Troodos ophiolite and its sedime
cover in southern Cyprus (e.g., the Miocene Pakhna Forma
Eaton and Robertson, 1993). The turbidites are inferred to have 
mulated in a large lake or inland sea. In general, lacustrine cond
are known to have prevailed widely during late Messinian time
pecially in the Mediterranean and circum-Black Sea region 
Lago Mare; Steininger and Rögl, 1984).The Messinian at Site 9
dominated by dark anoxic muds, minor turbiditic silts, and sands
contain grains including pelagic limestone, chert, and ophio
rocks, that can only have been derived from the southern part o
prus (Robertson, Chap. 36, this volume).

Minor intercalations of clastic gypsum (i.e., gypsarenite) sh
evidence of local gravity reworking. Stable isotopic data (18O and 34S)
686
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indicate that the gypsum accumulated under marine conditions an
isotopically similar to selenitic gypsum precipitated in present-d
solar ponds (Blanc-Valleron et al., Chap. 34, this volume). The g
sum is associated with a monospecific nannoplankton flora, as 
served in finely laminated (balatino-type) gypsum of upper Messi
an age elsewhere in the Mediterranean (Rouchy, 1982). Evide
from southern Cyprus indicates that selenitic gypsum was redepo
ed toward depocenters, thus helping to explain the occurrence o
worked gypsum at Site 968.

Overall, the background dark muds are inferred to have accu
lated under brackish conditions (i.e., Lago Mare). This interpretat
is supported by the presence of foraminifers, gastropods, and o
codes. The gypsum accumulated up paleoslope and was the
worked into a basin at Site 968 (Blanc-Valleron et al., Chap. 34, 
volume). Similar Messinian evaporites are exposed onshore in
southern part of Cyprus (Orszag-Sperber et al., 1989; Robertso
al., 1995a). The lake was probably located within a precursor of 
present Northern Trough (i.e., a deep-sea trench) that separate
Eratosthenes Seamount from Cyprus (Fig. 1).

During the Messinian, the Eratosthenes Seamount formed a to
graphically raised area marked by erosion and soil development.
967 to the north was located at greater depth, where local accum
tion of gypsum and late Messinian lacustrine facies took place, p
sibly in small marginal lagoons, or lakes. An important question
whether the late Messinian Lago Mare facies at Sites 967 and 
should be correlated and interpreted as occurring within the sa
basin. At present, the Messinian in Site 967 is located about 3
mbsf, whereas Site 968 is located at about 2150 mbsf. If the two s
were originally part of the same Messinian lake, as is likely, ab
1000 m of differential vertical motion between the two sites has tak
place since the late Messinian. This large relative motion is ind
probable, based on the tectonic analysis of the Eratosthenes 
mount, as discussed in a later section of the paper. On the other h
it is also possible (but less likely) that the Lago Mare facies at b
sites accumulated in separate basins located at different topogra
levels. Site 968 is currently located in a sediment-starved lower sl
setting, whereas conditions in the late Messinian were clearly m
basinal, with terrigenous turbidite deposition. Relative uplift of S
968 apparently has taken place since late Messinian time. Also,
cropaleontological evidence from Site 967 points to subsidence
Eratosthenes at Site 967 (see below). The facies evidence poin
subsidence of the northern margin of the Eratosthenes Seamou
Site 967, coupled with uplift of the outer Cyprus margin at Site 9
during Pliocene–Pleistocene time at Site 968. This possibility is d
cussed below in a later section.

Site 968 possibly formed part of the northern edge of a large (
km wide) hypersaline basin located between Eratosthenes and
prus. This basin was located within what is interpreted as a subd
tion trench between these two areas. Much, or all, of this trench 
imentation was possibly later subducted in the Pliocene–Pleistoc
time. This would explain why there is presently no evidence of th
evaporites between Cyprus and Eratosthenes, based on seismic
(Limonov et al., 1994).

In summary, sediments of inferred Messinian age on the E
tosthenes platform (Sites 965, 967, 968) are thin or absent, whe
at Site 968, a hundreds-of-meters-thick succession of probable
Miocene, mainly lacustrine, facies (i.e., Lago Mare) is present. T
confirms a contrast between Cyprus, located on the Eurasian p
and Eratosthenes on the Africa plate.

Early Pliocene

All of the sites drilled during Leg 160 document the refilling o
the Mediterranean at the end of the Messinian desiccation crisis (H
Montadert, et al., 1978). Major et al. (Chap. 38, this volume) arg
that this filling event was coupled with significant isostatic depre
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sion of the seamount (i.e., hundreds of meters) leading to a rapid in-
coming of bathyal pelagic sediments. However, drilling during Leg
160 showed that conditions varied at individual sites. For example, at
Site 965, on the upper slope of the seamount, a thin (6 m) inferred
Messinian interval contains rare, poorly preserved nannofossils of
3.5−6 Ma (late Miocene–early Pliocene age), suggesting that rew
ing took place associated with the marine transgression. In the 
ity, the base of the Pliocene at Site 965 is marked by a sharpl
fined, flat, seismic reflector, consistent with the presence of a st
lithology contrast between Miocene limestone below and we
consolidated Pliocene fine-grained sediments above. A similar 
defined reflector is present at Site 967 farther north, where the 
val between the early Pliocene and middle Eocene includes sca
clasts of pelagic chalk and limestone and, as noted earlier, rew
foraminifers of Eocene, Oligocene, and early Miocene age. This
addition to long-ranging forms that span late Miocene or e
Pliocene times. A source of both well-lithified and unlithified pela
carbonate must thus have existed in the vicinity of Site 967.

Interbedded nannofossil muds and matrix-supported bre
(“mass-flow unit” or “paraconglomerate”) were recovered at S
966, the southernmost of the Eratosthenes drill sites (Fig. 2). The
tact with the underlying Miocene limestone is sharp and planar, b
on log evidence (Major et al., Chap. 38, this volume). In this area
seismic character of the unconformity at the base of the Pliocene
cession is much less distinct than in adjacent parts of the seam

Recovery was studied from four adjacent holes at Site 966, a
ing detailed comparisons of successions of slightly differing th
ness and facies (Robertson, Chap. 37, this volume). Biostratigr
evidence, based on nannofossils and planktonic foraminifers, 
cates an earliest Pliocene age for the matrix, and a late Miocene
Pliocene age for the clasts (Emeis, Robertson, Richter, et al., 1
The matrix is mainly nannofossil ooze mixed with silt-siz
reworked carbonate, minor quartz, and terrigenous clay. The 
stone clasts underwent extensive solution, followed by variable
teoric water cementation that presumably took place during
Messinian salinity crisis (Robertson, Chap. 36, this volume). The
FMS data reveal very resistant clasts within a less resistant m
The clasts appear to become generally less abundant upward
logs also suggest that the matrix-supported breccias are mar
dipping and cut by a fault. The presence of an organic-rich laye
be correlated with a strong peak in uranium (Major et al., Chap
this volume).

The matrix-supported breccias are interpreted by Rober
(Chap. 37, this volume) as multiple debris flows, related to in
break-up of the Eratosthenes Seamount. The breccias could re
faulting that triggered release of successive debris flows into a b
al pelagic carbonate succession. Very similar matrix-supported 
cias of similar age are known onshore in Cyprus (Follows and 
ertson, 1990). Alternatively, Major et al. (Chap. 38, this volume)
gue that this unit appears to thin toward the present rim of
seamount, based on their interpretation of the shipboard site s
data. They note that if this rim had exerted a fault control, then
would expect a thickening toward such a fault source area that
do not believe to be present. These authors instead suggest th
“paraconglomerate” formed by initial exposure of the seamoun
land during the Messinian. In their view, penetration by rainwate
duced solution and karstification to produce a unit of very irreg
thickness, followed by repeated reworking under the influenc
both terrestrial conditions and near-shore high-energy conditio
produce the final deposit. It is certainly true that subaerial expo
and karstification could have played a role in the creation of the h
ly porous clasts of Miocene limestone within the matrix-suppo
conglomerate. However, such clasts occur within bathyal nanno
ooze of early Pliocene age, thus ruling out final accumulation 
near-shore setting. The clasts are mainly very angular, and only
rarely are clasts observed to be well rounded and waterworn (E
k-
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Robertson, Richter, et al., 1996). Also, the present fault-contro
rim of the seamount to the south is considered to be a Pliocene–
tocene feature (i.e., possibly quite recent) based on interpretati
high-resolution seismic data (Limonov et al., 1994), and thus ma
unrelated to formation of the matrix-supported breccias. Nume
faults cut the plateau area of the Eratosthenes Seamount (Krash
nikov et al., 1994; Limonov et al., 1994), but it is not possible to
late these faults directly to the source of the debris flows without g
physical evidence and further coring. During initial collapse the E
tosthenes Seamount is envisioned as being tilted, possibly giving
to numerous closely spaced faults, creating a topography favorab
shedding of debris flows into a transgressive sea.

At Site 968, at the base of the Cyprus slope, an entirely diffe
Miocene–Pliocene transition is documented. An upward transitio
early Pliocene sediments is marked by an incoming of age-diagn
nannofossils and planktonic foraminifers. Input of calcareous tur
ites derived from Cyprus continued with no obvious break, but 
came less voluminous upward. Site 968 was already located we
low eustatic sea-level in the Messinian, and deep-marine sedim
tion ensued in the early Pliocene following marine transgress
with no observable tectonic disruption.

The late Messinian at Site 968 is dominated by relatively hom
enous clays, with low carbonate contents, and relatively depl
δ18O and δ13C values. Detailed isotopic study of the Messinia
Pliocene boundary interval illustrates a change from brackish to f
open-marine conditions (Pierre et al., Chap. 1, this volume). By 
trast, the early Pliocene was marked by more calcareous bioturb
sediments with enriched δ18O and δ13C signatures for the carbonat
fraction (Pierre et al., Chap. 1, this volume). The Messinian–Plioc
boundary at Site 968 is shows a marked increase in terrigenous
ment input and an increase in carbonate content that were asso
with the marine transgression. The presence of kaolinite-sme
clay assemblages in the overlying lower Pliocene part of the suc
sion suggests a relatively warm and wet climate, as inferred for lo
ized upper Messinian lacustrine sediments (Lago Mare) and pa
sols in southwest Cyprus (Rouchy, 1982).

Pliocene–Pleistocene

At each of the four sites drilled, the Pliocene and Pleistocene suc-
cessions record deep-marine accumulation. The Eratosthenes Sea-
mount and its flanks are now at water depths ranging from 700 to
2900 m. Much of this subsidence apparently took place rapidly, as the
lowest part of the early Pliocene succession already contains bathyal
microfossils, estimated to have accumulated at depths of 1800-200
m. Further deepening took place after the late Pliocene, at Site 967,
as benthic foraminifers there indicate upward deepening to around
200−3000 m (Emeis, Robertson, Richter, et al., 1996; S. Spezzaferri,
pers. comm., 1995). Thin, steel-gray mud turbidites in the uppermost
part of the succession at the base of the Eratosthenes Seamount slope
(Site 967) were deposited from dilute gravity flows that contained
mica and biotite, and other minerals for which the Nile River is the
likely origin. The lower Pliocene hemipelagic sediments include nu-
merous intercalations of well-preserved sapropels that are discussed
elsewhere in this volume (Kroon et al., Chap. 14, this volume). Pre-
liminary shipboard paleontological analysis suggested that a hiatus of
up to 0.5 m.y. existed within the late Pliocene–early Pleistocene 
interval at Site 967. However, detailed postcruise stable isot
analysis of planktonic foraminifers has since shown that no suc
atus actually exists (Kroon et al., Chap. 14, this volume). At Site 9
sedimentation rates were extremely slow (1−2 m/m.y.), but no pale-
ontological zones are missing (Emeis, Robertson, Richter, et
1996). The absence of a hiatus at Site 966 is unsurprising a
Pliocene and Pleistocene succession accumulated on the subm
plateau area of the seamount. However, the continuity of Plioce
Pleistocene sedimentation at Site 967 on the lower slope is extra
687
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nary, as the site survey seismic and coring data clearly indicate that
the site is located near the crest of a large (kilometer sized) anticlinal
feature that developed during Pliocene–Pliocene time, and is p
bly still active (Limonov et al., 1994; Robertson et al., 1995c).

DISCUSSION

Having summarized the main results of drilling, I will devote t
latter part of this paper to discussing some specific sedimentary
tectonic processes that affected the Eratosthenes Seamount.

Structural History of Eratosthenes Seamount

In this section, the evidence for the nature and orientation of s
that affected the Eratosthenes Seamount through time is consid
In many cases, the bedding dip and core lamination were noted
slightly inclined with respect to horizontal, but this information is
little value as the cores could not be oriented to their original p
tions. However, the FMS allows dip directions in different parts
the successions drilled to be compared (Major et al., Chap. 38
volume; Flecker et al., Chap. 40, this volume). Analysis carried
by Flecker et al. (Chap. 40, this volume) revealed the following m
trends in dip direction: late Aptian sediments in Hole 967E dip
ward the south-southeastward, whereas overlying Late Cretac
lithologies show no single dip direction. Mid-Eocene pelagic se
mentary rocks in Hole 966F dip northwestward, whereas sim
lithologies of Oligocene age in Hole 967F show generally bimo
north-south directions. Miocene strata in Hole 965A dip toward
northwest, whereas dips of Miocene sediments as Site 966 are m
to the northeast. A slightly less detailed analysis carried out by M
et al. (Chap. 38, this volume) on the FMS-derived dip data prod
generally similar results.

In addition, numerous faults and other deformation features (
flattened burrows) were observed within lithified, mainly p
Pliocene parts of the successions drilled. Using the cove recover
timates could be made of strain based on flattening of bioclasts
other objects. The results suggest that a linear increase in ve
shortening occurred from the Eocene through the Miocene to
Pliocene at Sites 966 and 967 (Flecker et al., Chap. 40, this volu

Most of the fractures observed in FMS images at Sites 965
966 are high-angle features that clearly cut low-angle features i
preted as depositional structures. The fragmentary nature of th
covery and the absence of a means of reliably orienting the core
fectively prevented interpretation of the high-angle structures
terms of stress directions (Emeis, Robertson, Richter, et al., 1
Kopf and Flecker, 1996). However, the FMS log data provid
means of independently determining the nature and orientatio
strain. Using these data, Flecker et al. (Chap. 40, this volume) id
fy east-west–trending fractures at Sites 966 and 965. For Hole 9
an additional set of north-south fractures is recognized. Late Tu
an–Maastrichtian lithologies at Hole 967E show two main orie
tions: one striking northeast-southwest and dipping mainly to
southeast, and the other striking northwest-southeast and dip
mainly to the northeast.

The question then arises as to whether the dip patterns and
trends were developed at different times during the Mesozoic–Te
ry development of the Eratosthenes Seamount or whether they 
ly relate to the tectonic disruption known to affect the area du
Pliocene–Pleistocene time from geophysical results. Flecker e
(Chap. 40, this volume) compare the orientations of fractures in
ferent parts of the succession and suggest that where a fracture
tion occurs in a lower, but not in a higher, part of a succession
indicates that the lower unit was faulted in a particular stress f
followed by deposition and then further faulting in a different str
field. The change of fracture pattern and depositional dip comm
688
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occur across depositional hiatuses that were possibly tectoni
controlled. For example, a hiatus from Maastrichtian to Oligocen
Hole 967E (Premoli-Silva et al., Chap. 30, this volume) could co
spond to the time of a phase of fracturing. Also, clear changes in 
ture orientation occur between the Paleogene and Miocene at S
965 and 966, and are also marked by changes in bedding directi
and evidence of uplift, as shown by the sedimentary facies. Fleck
al. (Chap. 40, this volume) interpret the varying dip and fracture 
to indicate that the different sites drilled were located on sepa
fault blocks within the Eratosthenes Seamount that experienced
ferential movements at various times. An alternative interpretat
acknowledged by Flecker et al. (Chap. 40, this volume) is that m
or all, of the changes in dip and fracture orientation occurred con
poraneously in Pliocene–Pleistocene time. If so, the apparent 
trasts in inferred dip and fracture orientations would be the resu
inherent variability in faulting, vagaries of fault occurrence and c
ing, and statistical uncertainties of sampling.

One must therefore ask, do the strain patterns determined 
FMS show similarities with the modern instantaneous stress field
those suggested by geophysical observations? Adequate quality
on instantaneous stress directions were obtained from breakou
the deep CY-4 borehole through the Troodos ophiolite in Cyp
supplemented by hydraulic fracturing stress measurements (Haim
et al., 1990). Breakouts are assumed to record the direction of m
mum principal horizontal stress. In Cyprus, breakouts are orie
near N65°E. The results indicate either normal or strike-slip st
conditions, and could be explained by left-lateral strike slip along
Africa-Eurasia plate boundary in this region, as inferred from reg
al geophysical studies (Kempler, 1993; Ben-Avraham et al., 199

Jurado-Rodríguez and Brudy (Chap. 41, this volume) attemp
analysis of break-out data (i.e., borehole enlargement) for the h
drilled in the Eratosthenes Seamount, combined with analysis of
tical drilling-induced fractures. The orientation of the maximum pr
cipal horizontal stress in Hole 967E, located in the lower north
slope of the seamount, is estimated to lie at N30°E; for Hole 965
the upper slope at N170°E, and for Hole 966F, at N50°E. Interpr
tion of these results is difficult as the holes are relatively shal
(other than Hole 967E) and hole conditions were generally poor.
crust drilled at Site 967 is interpreted as being thrust generally so
ward over the northern margin of the Eratosthenes Seamount
monov et al., 1994; see Fig. 6). Thus, the orientation of the maxim
principal stress direction in Hole 967E could reflect this overthru
ing, related to collision of the Eratosthenes Seamount with Cyp
The upper northern slope area of the Eratosthenes Seamount h
dergone down-to-the-north normal faulting, that may well be still 
tive, and thus the maximum principal horizontal stress would be
pected to be oriented nearly east-west, as inferred. The seamoun
teau area further south has experienced nearly east-northeast–
southwest oriented normal faulting, that is probably still active. T
maximum principal horizontal stress could be expected to be orie
at right angles to this direction, which is not observed. However,
direction (N50°E) is similar to that inferred for southern Cypr
(Haimson et al., 1990), and interpreted in terms of left-lateral st
slip. The Eratosthenes Seamount is located close to a segment 
Africa-Eurasia plate boundary undergoing left-lateral strike-slip 
formation that may also be affecting the Eratosthenes Seamoun

Strain patterns can also be inferred from geophysical evidenc
deformation that affected the Eratosthenes Seamount and adjace
eas. The plateau area of the seamount is dominated by nearly
west oriented extensional faults. The upper northern slopes o
seamount are cut by numerous approximately east-west–tren
normal faults that step down to the north. This faulting is associ
with gravity collapse and soft-sediment slumping. In addition, 
lower northern slope of the Eratosthenes Seamount is marke
compressional thrusting and development of a west-southwes
east-southeast–trending ridge, suggesting that the compressio
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gave rise to this structure was oriented generally at right angles to this
direction. The Eratosthenes Seamount is also separated from the
Northern Trough (adjacent to the Cyprus margin) by a northward-
dipping fault, interpreted as a thrust fault (Limonov et al., 1994;
Krasheninnikov et al., 1994; Robertson et al., 1995c). The available
geophysical evidence thus suggests approximately east-west faulting
in the south (plateau area), and compressional thrusting in the north
(lower northern slopes of Eratosthenes) during Pliocene–Pleisto
time (although an oblique-slip component of deformation canno
excluded). This, however, may not represent the present-day in
taneous stress direction, as recorded in the borehole breakouts.

Taking together all the deformation data together in the regio
context it can be concluded that (1) The Eratosthenes Seamount
day probably influenced mainly by east-west strike-slip related
westward escape of Anatolia to the north, as is confirmed by gl
positioning system measurements for the wider region (Reilinge
al., 1997). (2) During Pliocene–Pleistocene time as a whole, the s
was approximately oriented north-south, giving rise to near east-
oriented thrusting along the northern margin of the seamount,
high-angle extensional faulting of the plateau area. The high-a
faulting is interpreted as a flexural response to thrust loading (se
low). The possible cause of this difference in structural style betw
these two areas of the seamount is discussed farther below. (3)
ing Miocene and earlier time the seamount experienced relatively
nor tectonic instability associated with tilting and sedimentary hia
es, triggered by regional changes in stress field throughout the 
ernmost Mediterranean region. These include probable rifting in
Early Cretaceous, convergent plate tectonics in the Late Cretace
early Tertiary (e.g., ophiolite emplacement farther north), and u
of the Eratosthenes Seamount before Miocene time (possible re
for this will be discussed below). (4) At present, the structural d
are inadequate to separate unambiguously the fracture popula
developed during each of the above three inferred stages of dev
ment of the Eratosthenes Seamount.

Subsidence and Uplift History 
of the Eratosthenes Seamount

Analysis of decompacted subsidence curves is a powerful me
to determine basin history, when compared with curves from kn
tectonic settings. As shown by Whiting (Chap. 39, this volume),
subsidence record for the Cretaceous to early Oligocene time int
implies progressive subsidence at a gradually decreasing rate; t
typical of subsidence related to thermal decay of a passive m
(see Whiting, Chap. 39, this volume, for literature review). Wa
depths at Site 967 increased from neritic in the pre-Aptian basal
cession to lower epibathyal-upper mesobathyal in the Late C
ceous–early Tertiary, accompanied by a decrease in sedimen
rate (Emeis, Robertson, Richter, et al., 1996). Unfortunately, res
tion is limited by the presence of important hiatuses (Premoli-Silv
al., Chap. 30, this volume). The presence of middle Eocene sedim
at Site 966 suggests that a similar subsidence history affected
Sites 967 and 966 until the Miocene. The subsidence data also
gest that uplift of about 1 km took place before the onset of Mioc
shallow-water carbonate deposition, although the exact time of o
and duration of this uplift remains unconstrained. Following the 
Miocene, rapid subsidence of the Eratosthenes Seamount took 
in the early Pliocene and continued into the late Pliocene–Pleisto
(Whiting, Chap. 39, this volume).

The cause of the Miocene uplift is problematic. Possible expla
tions mainly relate to the possible timing of subduction and collis
of the Eratosthenes Seamount with the Cyprus active margin.
main alternatives revolve round the idea that the Eratosthenes
mount was associated in some way with a northward-dipping
structive plate boundary around Miocene time; this was well es
lished, incipient, or advanced to a collisional stage in different in
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pretations, and there are several possible causes of uplift unrelate
such a plate tectonic setting. Some specific hypotheses are as fol
(Fig. 3):

1. Northward-dipping subduction was already active before M
ocene time. The subducting slab became unstable and broke
off, resulting in flexural uplift of the overlying plate (B. Whit-
ing, pers. comm., 1997; Fig. 3A). Although there is no dire
evidence of Oligocene subduction in the easternmost Medit
ranean area, this possibility cannot be ruled out on the basi
the Leg 160 data. However, to achieve flexural uplift, Era
tosthenes would already have needed to be located close to
trench (about 50 km) by the time uplift took place. Also, th
mechanism does not provide an explanation of apparently c
temporaneous folding and thrusting in southern Cyprus, as d
cussed in the next section of this paper.

Figure 3. Alternative models to explain the Miocene uplift of the Era-
tosthenes Seamount. The seamount was uplifted by ~1 km between the Oli-
gocene and Miocene. A. Pre-existing northward subduction, followed by slab
detachment and flexural uplift. B. Uplift caused by initiation of the present
northward-dipping subduction zone, related to regional compression directed
from the north. The crust was first flexed (B1) and then failed (B2), marked
by folding and thrusting in southern Cyprus and initiation of subduction. C.
Uplift related to collision of Eratosthenes with the Cyprus active margin. D.
Uplift from thermal, rift-related effects to the south. Option B is favored here.
689
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2. Uplift was a consequence of regional compression related to
the onset of northward subduction to the south of Cyprus (i.e.,
formation of the present subduction zone; Fig. 3B). The nature
of crustal deformation associated with the onset of subduction
remains poorly understood, but is clear that large amounts of
energy must be involved, and that deformation over an initial-
ly broad area (several hundred kilometers) is to be expected.
This possibility is favored here as it also explains the evidence
of apparently coeval uplift of Cyprus, specifically southward-
directed folding and thrusting in southern Cyprus (see below).

3. Uplift was related to compression caused by collision of the
Eratosthenes Seamount with the Cyprus active margin to the
north, following a period of northward subduction (Mart,
1997; Y. Mart, pers. comm., 1997; Fig. 3C). This model is un-
likely for the following reasons: (1) Collision would result in
flexural loading and collapse rather than regional uplift during
the Miocene. This did indeed affect the seamount, but not until
Pliocene and Pleistocene time, up to 10 m.y. later; (2) There is
no evidence that compressional deformation affected the Era-
tosthenes Miocene successions, as expected in a collisional
setting. If Cyprus was thrust over the Eratosthenes Seamount
as in this model, some initial flexural uplift might have taken
place, but this would soon be followed by collapse to form a
foredeep; this is not observed.

4. Uplift was related to hot-spot activity associated with rifting
(Fig. 3D), conceivably the opening of the Gulf of Suez farther
south. This can, however, be ruled out as there is no evidence
of regional high heat flow or volcanism in the Cyprus-Era-
tosthenes area in Neogene time.

5. Uplift relates to some other setting of compressional deforma-
tion (B. Whiting, pers. comm., 1997). An obvious candidate
would be southward thrusting from a suture represented by the
Kyrenia Range in the north of Cyprus. However, compression-
al deformation was not active there during the late Oligoce
early Miocene time in question and, in any case, was no
ward rather than southward directed when active during
90
e–
th-
he

Tertiary (see Robertson, Chap. 54, this volume, for literat
review).

Evidence of Miocene Uplift and Deformation
in Southern Cyprus

An additional constraint on tectonic models attempting to expl
the mid-Tertiary uplift of the Eratosthenes Seamount is the natur
southward-directed compressional deformation that affected so
ern Cyprus in early Miocene time, and the uplift of this area a
whole.

Deep-sea pelagic chalk deposition in southern Cyprus (Lefk
Formation) was followed by upward shallowing by the beginning
Miocene time, followed by accumulation of relatively more shallo
water sediments (Pakhna Formation), together with initial input
clastic sediment derived from the ophiolitic basement in some a
(Eaton, 1987). The shoaling was abrupt and affected the whol
southern Cyprus. It has been interpreted as the result of regiona
tonic uplift rather than eustatic sea level fall (Robertson et al., 199

There is also evidence of important early Miocene uplift and
compressional event in southern Cyprus (the Yerasa Fold and Th
Belt), known from several sub-parallel lineaments that can be tra
onshore and just offshore (Fig. 4). The Yerasa Fold and Thrust 
is restricted to a narrow linear belt several kilometers wide adjac
to the ophiolitic basement of the Limassol Forest Block (Mor
1960; Eaton and Robertson, 1993; Robertson et al., 1991b; Ga
al., 1994). The zone of deformation is most intense in the west 
extends ~30 km toward the coast as a broad anticlinal feature w
Paleogene sediments. It can also be traced offshore on shallow
mic profiles (McCallum et al., 1993).

Thrusts within the Yerasa Fold and Thrust Belt clearly root with
the Limassol Forest Ophiolite to the north (Fig. 4). The thrusts 
north-northeast at 30°, or more. Local field relations reveal micro
gabbro thrust over lava breccia, and overturning of Late Cretace
basalt, metalliferous sediments, and radiolarite. Pillow lavas are 
locally thrust over Paleogene sediments of the Lefkara Format
Figure 4. Role of Miocene deformation in southern 
Cyprus. A. Geological sketch map of southern 
Cyprus showing southward-directed deformation of 
the southern margin of the Late Cretaceous ophiolite 
and adjacent sedimentary cover (Yerasa Fold and 
Trust Belt and other lineaments). B. Cross-section of 
the Yerasa Fold and Trust Belt. Note the southward-
directed thrusting of ophiolite over the sedimentary 
cover.
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Locally, kinematic indicators suggest top-to-the-south displacement
(but do not indicate evidence of regional strike-slip). South of the Li-
massol Forest Block, the ophiolite is overlain by the Campanian
Moni Melange, comprising diverse blocks in a clay matrix, locally
with a strong north-dipping foliation. To the west the Moni Melange
wedges out and, there, the overlying Paleogene pelagic carbonates
(Lefkara Formation) are highly folded and affected by thrusting. By
contrast, deformation is mainly confined to folding in the southeast,
where the Moni Melange is thicker. Folding is tight, with steeply
northward-dipping axial planes, with locally overturned southern
limbs. Axial planar pressure solution cleavage is well developed, to-
gether with steep northward-dipping reverse faults.

A further important west-northwest- to east-southeast–tren
lineament runs through the southern tip of the Akrotiri Peninsula
offshore, based on borehole and offshore shallow seismic evid
(McCallum et al., 1993). An additional less well-defined lineam
(Ayia Mavri lineament) of similar orientation is inferred to lie with
sediments to the northeast of the Yerasa lineament (Eaton and
ertson, 1993).

The Miocene tectonically active lineaments are restricted
southern Cyprus and areas directly offshore and are not recogni
other parts of Cyprus (i.e., north of the Troodos ophiolite). This
plies that the driving force of compression was located offshore 
southern Cyprus, suggesting a possible link with the tectonic hi
of the Eratosthenes Seamount. The time of uplift of Eratosthenes
mount before shallow-water carbonate deposition approximately
responds to the time of an important phase of the southward thru
and folding in the south of Cyprus, principally the Yerasa Fold 
Thrust Belt, and it is likely that the two are related. If correct, this 
would tend to rule out models of early Miocene Eratosthenes u
that do not invoke compression in southern Cyprus (i.e., detach
of an older slab; flexural subsidence; thermal uplift).

Eaton and Robertson (1993) suggested that the deformation 
be related to the onset of northward subduction. In this hypothes
ter the emplacement of the Kyrenia Range in the north of Cyprus
only substantial oceanic crust remaining in the gap between A
and Eurasia lay to the south of Cyprus. Continuing convergenc
sulted in arching (i.e., flexure) of the area to the south of a relat
rigid Troodos ophiolitic slab, causing regional uplift of the E
tosthenes Seamount (~1 km), then still located south of its prese
sition, together with surrounding areas. With continued converge
the crust failed along pre-existing zones of crustal weakness w
southern Cyprus to form the Yerasa Fold and Thrust Belt, and 
lineaments. Farther south, a northward-dipping subduction zone
activated as a precursor to the present-day active margin. Thi
followed by steady-state northward subduction in the Miocene 
ing which time (up to 10 m.y.) the Eratosthenes Seamount grad
subsided and was overlain by Miocene shallow-water carbon
The deformed lineaments in southern Cyprus and onshore were
gressed by late Miocene shallow-water carbonates, including f
ing reefs (after the late Langhian). By the beginning of the Plioc
or slightly earlier (see later), the Eratosthenes began to collide
the Cyprus active margin for the first time.

Role of Isostasy on Vertical Motion History

The overall thesis put forward in this paper is that the vertical
tion history (uplift and subsidence) of the Eratosthenes Seamo
mainly a consequence of its plate evolution. However, before
160 drilling, a common view was that the Eratosthenes Seamo
now an essentially tectonically “dead” feature. It was either loc
on the North African plate far from a plate boundary, or if activ
involved in plate tectonics, any deformation took place at an e
stage, during Miocene time or earlier (see Mart and Robertson, C
52, this volume, for discussion). In this volume (Chap. 38), Majo
al. carry forward the view that Eratosthenes experienced only m
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tectonic activity in Pliocene–Pleistocene time. They argue that m
of the post-Miocene subsidence of the seamount can be explain
isostatic effects, with only very minor tectonic influence.

Major et al. (Chap. 38, this volume) envisage the Eratosthe
Seamount as a bathymetric feature rising from a deep basin w
thick sediment cover. They carry out unidimensional Airy backstr
ping, and compute the relative subsidence history for a numbe
time slices (top Messinian, basal Messinian, base of Neog
present day). They extend an existing Airy-type backstripping mo
for the adjacent Levant margin (Tibor et al., 1992) westward to
Eratosthenes Seamount and argue that the approximately 800-m
ter depth of the crest of the seamount could be explained pure
isostatic effects related to post-Messinian reflooding of the Medi
ranean, and the effect of crustal loading by Messinian and Plioce
Pleistocene sediment that accumulated within the surrounding d
basin. Major et al. (Chap. 38, this volume) argue that sedimenta
rates greatly increased in the Messinian because of lowered base
of erosion and evaporite precipitation during the salinity crisis (H
et al., 1973). Flooding of the Mediterranean at the beginning of
Pliocene caused isostatic subsidence that could explain the ap
ance of lower Pliocene bathyal pelagic sediments above the suba
Messinian on the seamount. In this interpretation, tectonic effect
subsidence are relegated to minor faulting of the northern marg
the seamount.

Isostatic effects alone are, however, very unlikely to explain 
deep submergence of the Eratosthenes Seamount after the Mes
for the following reasons: (1) The seamount was near sea level du
the Miocene (pre-Messinian). A fall in sea level, followed by a r
would return the seamount to its previous equilibrium position a
would not explain the present 800 m depth of the plateau area. (2
top of the then-Miocene interval on the upper northern slope of
Eratosthenes Seamount (Site 955) is currently at about 1530 m
much more than can be accounted for by isostatic subsidence ca
by reflooding of the Mediterranean, combined with the additio
loading effect of Messinian sediments. (3) The thin Miocene inter
at Site 967 on the lower Eratosthenes slope, although lacking d
control on accumulation, is now at about 2670 mbsf, suggesting
very drastic subsidence has taken place. (4) Micropaleontologica
idence supports increased subsidence of the seamount in
Pliocene–Pleistocene time that cannot be explained by an isos
process. Airy isostasy assumes local compensation, whereas fle
involves broader regional compensation that must also be taken
account. By contrast with this interpretation of only minor tecto
effects, the available geophysical evidence indicates that 
tosthenes is strongly active and is being thrust beneath the Cy
margin to the north (Limonov et al., 1994; Krasheninnikov et 
1994; Fig. 5A). The control of subsidence of the Eratosthenes 
mount was dominantly tectonic controlled flexure, rather than i
static, or related to sediment loading. On the other hand, it is acce
that isostatic depression related to reflooding of the Mediterran
after the Messinian salinity crisis could help explain the apparent 
id submergence of the seamount to bathyal depths in early Plio
time. It is also accepted that deposition in the Messinian accentu
downflexure of Eratosthenes Seamount in the Pliocene–Pleistoc

Eratosthenes as a Quadrilateral Graben Structure?

Before these drilling data and other recent geophysical results
came available, Kempler (1993) analyzed the then-available sei
and geophysical data (mainly gravity and magnetic) and propo
that the Eratosthenes Seamount could be considered as a te
high located within a quadrilateral-shaped graben structure (Fig.
This structure developed during Tertiary time, especially in the N
gene, and was more recently involved in collision following nor
ward subduction along a plate boundary to the south of Cyp
Kempler (Chap. 53, this volume) reiterates her previous interpr
691
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tion and concludes that her model can also explain the Leg 160 results
and the recent geophysical data.

Kempler (1993; Chap. 53, this volume) argues that the Era-
tosthenes Seamount is flanked by high-angle normal faults (with
throws of hundreds of meters) that define a “moat” related to a q
rilateral graben structure. This structure is superimposed on a la
scale Eratosthenes structural high. In this model, bounding no
faults played a key role in controlling important vertical tecto
movements, specifically subsidence after the Messinian. A “m
formed by downfaulting of an area enclosed by steep faults bord
the rim of the seamount. Marginal faults are shown as dipping in
toward the Eratosthenes along both the northern and southern
gins (Fig. 5B). The seamount first rose, then sank to form the
rounding “moat.” The inferred normal faults were thought to disp
a deep reflector by about 500 m. Strike-slip faulting was thoug
play a significant role. Exposed faults on the crestal area of the
mount were seen as probably not being active since they did n
pear to cut the surrounding “moat.” Kempler (1993, Chap. 53,
volume) envisions the seamount as now being in collision with
prus active margin to the north.

Leg 160 drilling has confirmed some of Kempler’s (1993; Ch
53, this volume) views concerning the Eratosthenes Seamount,
bly its affinity with North Africa and the Levant; the presence o
Messinian high, and an absence of compressional deformati
least beneath the Eratosthenes plateau area. The core and log 
indeed indicate the presence of numerous high-angle faults at th
atosthenes sites drilled; some of these are demonstrably normal
(Kopf and Flecker, 1996). However, the concept of the Eratosth
Seamount as a structural high within a quadrilateral graben bou
by high-angle normal faults is questionable for the following reas
(1) The Leg 160 site survey data (Limonov et al., 1994) and othe
cently acquired seismic data (Krasheninnikov et al., 1994) indi
that Eratosthenes dips northward beneath Cyprus), rather than

Figure 5. Alternative tectonic models for the Eratosthenes Seamount. Both
assume the seamount is thinned continental crust associated with basic intru-
sions or extrusions at depth. A. Seamount as a crustal fragment in the pro-
cesses of collision with and underthrusting beneath Cyprus; also with
evidence of southward underthrusting (Limonov et al., 1994; Robertson et
al., 1995a). B. Seamount as a quadrilateral graben structure bounded by
inward-dipping long-lived normal faults (Kempler, 1993, Chap. 53, this vol-
ume). Interpretation (A) is favored here.
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bounded by major high-angle normal faults. (2) The site survey d
(Limonov et al., 1994) also suggest that the southern margin o
Eratosthenes Seamount dips beneath the Levantine Basin, 
without evidence of high-angle normal faults. (3) Moatlike fau
bounded basins are not seismically imaged around the wester
eastern margins of the seamount and no convincing evidence o
ward-dipping high-angle faults is observed on seismic profil
Moatlike basins do exists around the northern and southern mar
but these are alternatively interpreted as the result of plate con
gence. (4) Site 967 on the lower slope of the seamount is loc
within a “moat,” yet this was a setting of low net sedimentation in M
ocene time, rather than basinal accumulation, possibly because i
then in a slope setting (Emeis, Robertson, Richter, et al., 1996). 
mal faults, some of which are still active, imaged on the Eratosthe
plateau area and on the northern slope of the seamount, are al
tively interpreted as the result of flexural loading during the Plioce
and Pleistocene (Emeis, Robertson, Richter, et al., 1996; Fig. 5A
summary, the concept of Eratosthenes surrounded as an quadril
graben structure bordered by related sediment moats is not supp
by the Leg 160-related results.

Role of Flexure-Induced Subsidence

The collision of the Eratosthenes Seamount can be compared
the development of foredeeps where thrust units are emplaced
continental crust (e.g., Beaumont, 1981; Stockmal et al., 1986).
Eratosthenes Seamount is interpreted as evolving into a foredee
lated to collision with the Cyprus active margin. The upward pass
from shallow-water carbonates to deep-water hemipelagic and te
enous sediments can be compared with that observed in many
land basin settings. For example, a trend from shallow- to deep-w
sediments is seen in many foreland basin settings related to thrus
nappe emplacement (e.g., South Appalachians; Whiting and Tho
1994). Some of these foredeeps are related to ophiolite emplace
(e.g., in Oman; Robertson, 1987). Such sequences may end up 
creted slices in subduction complexes, as in the Tethyan area
elsewhere (see Robertson, 1994, for additional examples). In the
of the Eratosthenes Seamount, a marked increase in subsidenc
took place during late Pliocene–Pleistocene time, as in typica
foreland basin settings (Whiting, Chap. 39, this volume).

Important nearly east-west–trending extensional faults tran
the Eratosthenes plateau area. Some of these are clearly dilation
appear to be presently active (Limonov et al., 1994; Krasheninni
et al., 1994). In a simple flexural model of foredeep developmen
lated to advance of a thrust load, a forebulge should be generate
lowed by collapse to form a foredeep, without related extensio
faulting. However, studies of some recent, active foreland basin a
have failed to confirm the importance of a forebulge (e.g., Indone
area; Harris, 1991). On the other hand geological studies of wel
posed ancient foreland basins show that the footwall commonly
periences high-angle faulting before and during foredeep sedime
tion. Examples include the Hyblean-Malta Plateau (Gardiner et
1994); the Newfoundland Iapetus (Stenzel et al., 1990) and, nea
Eratosthenes, Miocene basins of southern Turkey (Flecker et a
press). The probable cause of such faulting is that, rather than pro
ing a flexural bulge, the crust is faulted along pre-existing zone
crustal weakness, where present. The structure of the Eratosth
Seamount is thus highly relevant to understanding of mechanism
foredeep development.

Significance of Eratosthenes Drilling
 for Accretionary Processes

Seismic evidence suggests that a slice of limestone ~1 km thi
being detached from the Eratosthenes Seamount and thrust s
ward related to northward thrusting beneath Cyprus (Limonov et
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1994; Figs. 6, 7B, 8). Interpretation of the seismic data (Figs. 6, 7B)
indicates the presence of a small ridge at the base of the lower slope
of the Eratosthenes Seamount at Site 967. This ridge is underlain by
a northward-dipping fault zone that is interpreted as a reverse fault or
thrust. Before Leg 160 it was hypothesized that this ridge is in the
process of tectonic detachment from the Eratosthenes Seamount (Li-
monov et al., 1994; Robertson et al., 1997). The underlying fault rep-
resents the leading edge of an associated zone of compression.

An objective of drilling at Site 967 was to test if there is any evi-
dence of such a zone of reverse faulting. It was hoped to drill through
a décollement at a depth of about 550 m. In the event, drilling rea
the maximum permitted depth (600 m), but did not reach a déc
ment. This was probably because previous depth estimates di
take into account the presence of a thick limestone succession
relatively high seismic velocities. Drilling terminated in a unit of te
tonically brecciated limestones, suggestive of proximity to a m
fault zone, although the nature of this fault remains unknown (Em
Robertson, Richter, et al., 1996). Thin-section study has reve
abundant evidence of breccia textures that relate to in situ tec
fragmentation, rather than to sedimentary reworking. Although
poor quality, the FMS data also indicate the presence of breccia
fragments in the borehole wall (Major et al., Chap. 38, this volum

Although the existence of a décollement could not be confirm
as drilling did not reach deeply enough, a possible history of thr
hed
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disruption of the base of the northerly slope of the Eratosthenes 
mount can be inferred from the seismic evidence alone. The fau
must be relatively recent, since Pliocene–Pleistocene sediments
form an uplifted ridge at the base of the slope are clearly seen t
deformed on seismic profiles. Also, the ridge has a small sedimen
basin ponded against it to the south (Fig. 6). This basin is also 
imaged on deep-tow high-resolution seismic profiles (Limonov et 
1994) and can be seen to be deformed by numerous upright f
with estimated wavelengths of only a few meters. The folds are in
preted to result from shortening of the sedimentary basin fill, ass
ated with contemporaneous movement on the upthrust ridge to
south. Reverse faults are also imaged directly to the south, on
lower slope of the Eratosthenes Seamount.

Significance of Eratosthenes for Melanges
 in Orogenic Belts

By the time mountains begin to emerge, collisional processes
already well advanced and thus the early stages of crustal defo
tion can usually only be explored beneath the sea. Drilling on the
atosthenes Seamount has provided some of the first direct evid
of such early collisional processes. Converging continental plates
not linear and the existence of promontories and embayments gr
influence the timing and nature of collision in different areas. In a
Figure 6. Single-channel seismic profile from the northern margin of the Eratosthenes platform to the base of the southern Cyprus slope. TREDMAR Line 120
(Limonov et al., 1994). The Eratosthenes platform is breaking up and being thrust beneath southern Cyprus, with a sediment-filled trench above. Note the prom-
inent raised ridge at the base of the northern slope of Eratosthenes. The raised feature is interpreted as a thrust culmination above a blind thrust, related to
detachment of a sliver of Eratosthenes limestones related to subduction and collision (from Robertson et al., 1995c).
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dition, rifted continental slivers, or oceanic edifices, may be accreted
before suturing of larger continental plates. The arrival of an oceanic
seamount at a trench has already been shown to involve subsidence
and break-up of a volcanic edifice, as in the case of the Daisha Sea-
mount in the Japan trench (Taira et al., 1989; Fig. 7A). Specifically,
the seamount undergoes strong extensional faulting as it impinges on
the trench. This extensional faulting is comparable to that imaged on
the Eratosthenes Seamount plateau area and northern margin using
seismic data (Limonov et al., 1994; Robertson et al., 1997; Fig 7B).
One difference between Daisha and Eratosthenes, however, is that
Daisha, the oceanic seamount, is being consumed within the trench,
whereas a slice of the Eratosthenes crust is being detached and accret-
ed along its northern margin. The probable explanation for this dif-
ference is the contrast in density (and thus buoyancy) between ocean-
ic crust, and Eratosthenes that is underlain by “transitional-ty
crust (i.e., probably thinned continental crust with igneous bodie
depth).

The drilling results from Leg 160 thus help with the general pr
lem of the preservation of continental fragments and carbonate
forms within on-land accretionary units (e.g., Tethys, or the Pale
ic Caledonian–Appalachian belt). In the case of the Daisha Seam
the bulk of the volcanic basement is being consumed within
trench. In future, little trace of its existence will remain, other th
volcanic-sedimentary debris flows and detached blocks incorpor
into an accretionary prism, whereas the bulk of the seamount w
be subducted. This debris would then have a high chance of ulti
preservation in the stratigraphic record and can be regarded as e
alents to widespread “olistostromes” (i.e., sedimentary mela
found in many on-land accretionary terrains, including Japan. E
where, the Mariana and Izu-Bonin trenches in the Western Pa
seamounts <40 km in diameter were strongly fragmented before
duction, whereas larger seamounts (40-100 km) remained less
tured before subduction (Fryer et al., 1985; Fryer and Smoot, 19

Figure 7. Collision of crustal fragments with a subduction zone. A. Collision
of a mainly volcanic seamount with a trench, based on the Daisha Seamount
in the Japan trench (Taira et al., 1989). B. Collision of a mainly continental
crust fragment with a trench, based on the Eratosthenes Seamount (Limonov
et al., 1994; Robertson, 1997). Model showing processes active when an oce-
anic seamount arrives at a trench. Note the role of normal faulting in both
cases.
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The breakup of smaller seamounts is attributed to bending of the
anic plate before subduction. At least one seamount also exh
fracture zones that parallel the trench axis and displays other d
mation features (ridges and trenches) on the adjacent plate.

The ultimate fate of Eratosthenes Seamount could also inv
underthrusting and deep-burial beneath an overriding plate (Fig
Whereas the main part of the Eratosthenes Seamount might be
ducted; however, at least one crustal sliver (~1 km thick) is likely
be accreted and thus have a high preservation potential. Such a

Figure 8. Model for the fate of a continental fragment approaching a subduc-
tion zone: (A) steady-state subduction and accretion; (B) fragment collides
with trench; part of leading edge is detached and uplifted; (C) bulk of the
fragment continues to be subducted; (D) the seamount is subducted leaving
only thrust slices of its carapace and possible melange; steady state subduc-
tion is resumed. However, if the crustal fragment is too large to be consumed
by subduction the trench may be relocated oceanward and may change polar-
ity. See text for discussion.
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served slice, such as at Site 967, would comprise a basement of brec-
ciated limestone (tectonic melange?) above a thrust fault, then an ap-
proximately 400-m-thick slice of pelagic carbonates, overlain by a
hemipelagic succession, with sapropels, and then terrigenous turbid-
ites. Similar crustal fragments have been preserved by processes of
subduction and accretion and are widely exposed in the Tethyan belt
on land and elsewhere (e.g., see Robertson, 1994, for review of liter-
ature). Such units include carbonate platform fragments that were ac-
creted, for example, in the latest Permian–early Mesozoic in o
(Paleotethyan) units in northern Turkey, and equivalents in wes
Turkey. Similar units in the Greek area were accreted in the m
Mesozoic from the Pindos ocean of northern Greece. Accretio
similar units also took place in the Late Cretaceous–early Tertia
both the Greek and southern Turkish areas (e.g., Antalya Comp

Such accretion of small thrust slices is, however, not a via
mechanism to emplace large carbonate platforms on the sca
many kilometers across and kilometers thick, as commonly obse
in the Tethyan orogen and elsewhere. Examples of such carb
platforms in the Tethyan orogenic belt include the Parnassus plat
in Greece and the Menderes-Bey Dañlar2 carbonate platform in
southwest Turkey (see Robertson et al., 1991a, for review). Car
ate platforms on this scale were perhaps too large to be accret
discrete thrust slices, but were instead preserved by other means
possibility involves oceanward relocation of a subduction zone o
same polarity. Alternatively, site survey results from the E
tosthenes Seamount suggest that the southern margin of Eratos
is possibly being consumed beneath the Levantine Basin to the 
(Limonov et al., 1994). Africa-Eurasia convergence could in fut
be accommodated by both northward and southward underthru
of the Eratosthenes Seamount. Thus, Eratosthenes may in futu
be thrust far beneath Cyprus (and metamorphosed), but may in
remain at a high structural level between collided plates, whe
could be exhumed and eroded. Subduction zone reversal is kno
modern tectonic settings in the southwest Pacific area (e.g., We
1982; Taylor and Karner, 1982) and has been inferred to explai
er
rn

id-
 of
 in
x).
le
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gional anomalies in the overall direction of plate convergence in
Eastern Mediterranean region (i.e., in western Turkey; Pickett 
Robertson, 1997).

Significance for Ophiolite Emplacement

One popular model for ophiolite emplacement involves the co
sion of oceanic crust located above a subduction zone with a pa
continental margin. A modern example is the collision of the No
Australian margin with the Banda arc (Harris, 1991). In the Eas
Mediterranean and Middle Eastern regions, most of the large op
lites are inferred, mainly based on geochemical evidence, to h
formed above intra-oceanic subduction zones (e.g., Jurassic P
ophiolite, northern Greece; Upper Cretaceous Troodos and Se
ophiolites, Oman). These ophiolites were emplaced when an op
lite that was formed by spreading above a subduction zone later 
lided with a Tethyan passive margin, either the northern margin
Gondwana (i.e. Oman), or a small rifted continental fragment (
Pelagonian zone, northern Greece). The Leg 160 results docum
Tethyan ophiolite actually in the process of being emplaced, an
usual situation (Fig. 9). Most of the other Late Cretaceous ophio
that formed in the southerly Neotethys (Hatay, Baer-Bassit 
Oman) were emplaced onto the African-Arabian passive margin
the latest Cretaceous and were then transgressed, first by clasti
iments, and then by shallow-water carbonates, as seen in the 
Bassit area of northern Syria. However, the Troodos ophiolite ret
an unbroken sedimentary cover following the time of oceanic c
genesis though the Late Cretaceous into the Tertiary (see Robe
Chap. 54, this volume, for literature review). This rules out a class
model in which the ophiolite was emplaced by long-distance thr
ing (hundreds of kilometers) onto the Arabian continental mar
from far to the north in the Late Cretaceous (Fig. 9A). Instead,
Troodos ophiolite remained within a remnant of the Neotethy
ocean during the Tertiary. It was then strongly uplifted in t
Pliocene and Pleistocene, with most of the uplift taking place in
Figure 9. Alternative interpretations of emplace-
ment of the Troodos ophiolite: (A) emplaced as a 
far-travelled thrust sheet in the Late Cretaceous onto 
the passive margin of North Africa, followed by 
marine transgression (Dercourt et al., 1993 and ref-
erences therein); (B) as a more or less in situ rem-
nant of oceanic lithosphere that remained within 
Neotethys until collision with the Eratosthenes Sea-
mount in Pliocene–Pleistocene time (Gass and Mas-
son-Smith, 1963; Robertson, 1990).
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late Pliocene to mid-Pleistocene (see Poole and Robertson, 1992,
Chap. 43, this volume, for details; Fig. 9B).

The uplift of the Troodos ophiolite is broadly coeval with collapse
of the Eratosthenes Seamount and it is inferred that the two events are
causally related. In detail, the first sign of breakup and subsidence of
the Eratosthenes carbonate platform is in the early Pliocene. The ear-
ly Pliocene was a time of relative quiescence in southern Cyprus, as
shown by the sedimentary record (Robertson et al., 1991b), and thus
does not show the effects of initial collision of the Eratosthenes Sea-
mount. There is excellent evidence of strong, focused uplift of the
Troodos ophiolite beginning in the late Pliocene (see Poole and Rob-
ertson, Chap. 43, this volume, for literature review). This suggests
that an up-to-several-million-year time gap existed between the first
signs of disruption of the Eratosthenes Seamount (early Pliocene) and
evidence of strong uplift of southern Cyprus (late Pliocene).

A complicating factor in the uplift of the Troodos ophiolite is the
effect of serpentinite diapirism, inferred from the occurrence of ser-
pentinite in the core of Mt Olympus (Fig. 1) and gravity data (Gass
and Masson-Smith, 1963; Moores and Vine, 1971). The serpentinite
protrusion is comparable with diapiric serpentinite that affects other
forearc areas, as represented by the Conical Seamount within the
Mariana fore-arc (Fryer, 1992). The main difference is that most fore-
arc serpentinite diapirism normally takes place in deeply submerged
areas, whereas the Troodos ophiolite was already uplifted to near or
above sea level before the Pliocene, when major serpentinite diapir-
696
ism began, followed soon by subaerial exposure. Serpentinite diapir-
ism cannot have been the sole cause of the uplift of southern Cyprus,
as a much larger area is also affected including the Kyrenia Range
that extends well to the northeast as the Karpas Peninsula (Fig. 1).
Underthrusting of the Eratosthenes Seamount beneath southern Cy-
prus began in the early Pliocene (or slightly earlier?), triggering ser-
pentinite diapirism that did not, however, become very active until
the late Pliocene. A combination of the effects of underthrusting and
serpentinite diapirism then resulted in updoming and rapid surface
uplift of the Troodos ophiolite in the late Pliocene–mid-Pleistoce
time. This was associated with rapid erosion of the core of the op
olite, and dispersal of large volumes of ophiolite-derived sedime
mainly as coarse conglomerates (Poole and Robertson, 1992; C
43, this volume). In summary, collision of the Eratosthenes Se
mount with the Cyprus active margin, combined with serpentinite 
apirism, are seen as the main driving force of emplacement of 
Troodos ophiolite, with implications for other examples in the ge
logical record.

CONCLUSIONS FROM ERATOSTHENES DRILLING

The Eratosthenes Seamount south of Cyprus is confirmed to b
the process of incipient collision with a convergent plate bounda
represented by the Cyprus margin to the north (Fig. 10). Based m
-

l 
 

Figure 10. Plate tectonic model for the evolution of the 
Eratosthenes Seamount in relation to Cyprus (see text for 
explanation). A. Early Cretaceous (and earlier): the Era-
tosthenes Seamount was probably rifted in the Triassic 
followed by a long passive margin subsidence history 
that persisted through the Early Cretaceous, the oldest 
rocks drilled at Site 967. The spreading axis was then to 
the north. B. Late Cretaceous: northward intra-oceanic 
subduction gave rise to the Troodos ophiolite by spread-
ing above a subduction zone. This subduction zone was 
blocked by collision of the eastward extension of the 
trench with the promontory of the Arabian passive mar-
gin to the east. During early Tertiary time, continued con-
vergence of Africa and Eurasia was accommodated by 
subduction in the Turkish area, culminating in collision 
and southward emplacement of the Kyrenia Range of 
northern Cyprus. C. Middle-late Eocene: subduction 
resumed, culminating in emplacement of the Kyrenia 
Range in the north of Cyprus. D. Miocene (or earlier): 
the present subduction zone was initiated, and Era-
tosthenes migrated toward Eurasia. E. The tectonic situa-
tion remained unchanged during the Messinian salinity 
crisis. Eratosthenes approached the Cyprus active mar-
gin. F. Eratosthenes began to be thrust beneath the 
Cyprus active margin (early Pliocene). Serpentinite dia-
pirism was triggered, culminating in rapid surface uplift 
focused on Mt Olympus during late Pliocene–mid-Pleis
tocene time. Note: A more realistic tectonic interpreta-
tion must take account of the three-dimensional regiona
tectonic setting, as discussed elsewhere (see Mart and
Robertson; Chap. 52, this volume and Robertson, Chap. 
54, this volume.
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ly on existing geophysical information, the Eratosthenes Seamount is
inferred to be a continental fragment rifted from the northern margin
of the North African plate (i.e., Gondwana) in early Mesozoic time.
By Early Cretaceous time (pre-Aptian), the Eratosthenes Seamount
took the form of a shallow-water carbonate platform, with the accu-
mulation of neritic carbonates similar to those farther east in the Le-
vant. The Eratosthenes carbonate platform subsided in the Late Cre-
taceous and was overlain by bathyal pelagic carbonate. It escaped
tectonic disruption in the Late Cretaceous at a time when ophiolite
genesis and emplacement took place further north, in southern Cy-
prus and Turkey. Eratosthenes was then still in a relatively southerly
position adjacent to the North African passive margin. It was tecton-
ically uplifted by the Miocene time to become a shallow-water car-
bonate platform. The cause or causes of this uplift remain unclear, but
could be related to the effects of regional tectonic upwarp related to
initiation of northward subduction of a remnant of Neotethyan oce-
anic crust within the easternmost Mediterranean area. During the
Messinian Mediterranean-wide desiccation crisis, Eratosthenes be-
came emergent, with karst and paleosol development. In the early
Pliocene, Eratosthenes was submerged to bathyal depths, accompa-
nied by deposition of localized matrix-supported debris flows, that
are seen as being tectonically initiated. The seamount was then trans-
gressed by deep-water hemipelagic muds, including sapropels. Sub-
sidence accelerated in the late Pliocene–Pleistocene. The subsi
is seen as the result of flexural loading, with overthrusting of 
Troodos ophiolite along the Cyprus active margin to the north du
the initial stages of collision. The tectonic subsidence was accom
nied by high-angle extensional faulting that may have exploited 
existing zones of structural weakness within the foreland.

A crustal sliver of the Eratosthenes crust is in the process of th
detachment near the base of the northern slope of the seamount,
on seismic evidence. Its existence suggests a mechanism fo
mode of accretion of comparable carbonate platform slivers wi
on-land melange terrains (e.g., in Greece and Turkey). The su
ence of the Eratosthenes Seamount and the uplift of Cyprus are
mately related. However, the initial strong relative subsidence of
atosthenes in the early Pliocene appears to have preceded the
phase of surface uplift of the Troodos ophiolite in the late Plioce
mid-Pleistocene by up to several million years. The uplift was 
combined result of collision and diapiric protrusion of serpentin
These events are intimately related to initial collision of the Afric
and Eurasian plates, with resulting emplacement of the Troodos o
olite.
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