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Three published alternative tectonic models of the Permian-Pleistocene development of the Kyrenia
Range, N Cyprus are tested, supported by new field, geochemical and micropalaeontological evidence:
1. The Kyrenia Range represents the northern continental margin of the S Neotethys, close to its present
relative position. The range initiated as a Permian-Cretaceous rift/passive margin, switching to a N-facing
active margin during Late Cretaceous-Neogene; 2. The Range was located along the N African continental
margin until the Neogene when northward subduction transferred it to the southern margin of the
Eurasian plate; 3. The Range is a far-travelled allochthon that was emplaced to near its present position,
probably during the Eocene.
In the light of regional comparisons, especially with southern Turkey, the combined evidence mainly

supports tectonic model 1. Sedimentary and palaeontological data show that the restored stratigraphy
of the Kyrenia Range indicates Late Permian initial rifting and Early-Middle Triassic advanced rifting, fol-
lowed by Jurassic-Early Cretaceous passive margin subsidence. Small exposures of ophiolite-related mel-
ange located between the Mesozoic carbonate platform and the overlying latest Cretaceous-Palaeogene
deep-water volcanic-sedimentary succession include evidence of HP/LT metamorphism, pointing to
Late Cretaceous subduction. MORB/boninites, diabase-gabbro and extensive harzburgitic serpentinite
originated as a SSZ ophiolite, together with a possible high-grade metamorphic sole (garnet amphibolite)
and an accretionary prism (E-MORB/OIB; metachert). Microfossil evidence indicates exhumation of the
melange and the underlying platform prior to Late Maastrichtian. A mass-transport complex formed
within a compression-related foredeep during the Middle Eocene. Associated southward thrusting and
folding culminated in emergence and subaerial erosion, generating a major unconformity, that was fol-
lowed by subaerial and then marine deltaic deposits (Late Eocene-Oligocene). Following major Late
Miocene southward thrusting, uplift of the Kyrenia Range took place during the Pleistocene, related to
collision of the leading edge of the North African plate (Eratosthenes Seamount) with the Eurasian
(Anatolian) plate.
� 2024 The Author(s). Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
1. Introduction

The Kyrenia Range is located in a key position within the
sutured Tethyan ocean in the easternmost Mediterranean region,
adjacent to Turkey to the north and to the Levant to the east
(Fig. 1). The ocean is commonly referred to as the Southern Neo-
tethys (S Neotethys) to distinguish it frommore northerly Neoteth-
yan ocean basins that lie sutured within Anatolia. The S Neotethys
is widely interpreted as a Mesozoic basin that rifted along the
northern margin of Gondwana (N Africa) (e.g., Robertson and
Dixon, 1984; Dercourt et al., 1986; Barrier et al., 2018). A Red
Sea-type intra-continental rift is commonly inferred (Robertson
et al., 1991a), although a back-arc rift above a S dipping subduction
zone (from Palaeotethys) has also been proposed (S�engör and
Yılmaz, 1981). The timing of continental break-up is commonly
interpreted at Late Triassic-Early Jurassic (e.g., Garfunkel, 1998),
although Permian break-up (Stampfli and Borel, 2002) and Early
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Fig. 1. Topography of Turkey showing the main tectonic zones and the location of the Kyrenia Range in the north of Cyprus (marked as a red box). Main data source for the
tectonic zones of Turkey (MTA, 2011). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Cretaceous break-up (e.g., Ricou et al., 1986; Dilek and Rowland,
1993) have also been inferred. The ocean basin was bordered by
subsiding passive margins during Late Triassic/Early Jurassic, up
to and including Early Cretaceous time (Robertson et al., 2012a).
It is widely accepted that oceanic crust formed above a subduction
zone somewhere within the S Neotethys during the Late Creta-
ceous (e.g., Pearce et al., 1984). Opinions differ as to whether this
subduction was located within the present N Africa-Tauride ocea-
nic gap (Robertson, 2002; Parlak, 2016), or instead within the S
Neotethys far to the northeast followed by subduction rollback into
the Eastern Mediterranean region (Maffione et al., 2017). SSZ ophi-
olites were emplaced onto both the southerly (Arabian) continen-
tal margin and onto more northerly Tauride continental units
during latest Cretaceous time. An alternative interpretation is that
the Tethys in the Eastern Mediterranean region represents a small,
elongate, pull-apart oceanic basin that opened related to left-
lateral transform faulting adjacent to the North African continental
margin (including Adria) (Le Pichon et al., 2019). In different inter-
pretations, the S Neotethys sutured during latest Cretaceous,
Eocene, Early Miocene, or Late Miocene. Evidence from SE Turkey
(e.g., Boulton et al., 2006) and Iran (e.g., Darin and Umhoefer,
2022) favours Eocene initial collision followed by Early Miocene
more advanced continental collision.
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Three main tectonic models are currently proposed to explain
the Late Palaeozoic-Recent development of the Kyrenia Range
within its regional context (Fig. 2a-j).

1) The Kyrenia Range represents the northern continental mar-
gin of the S Neotethys; it began as a rift basin during the Permian-
Triassic (Fig. 2a) and then became a passive margin during the
Jurassic-Cretaceous; it then switched to an active margin related
to northward subduction of the S Neotethys during the Late Creta-
ceous (Fig. 2b). Further northward subduction during the Early
Cenozoic resulted in initial collision-related deformation during
the Middle-Late Eocene (Fig. 2c), and more advanced collision dur-
ing the Late Miocene (Fig. 2d); major surface uplift was delayed
until the Pleistocene (McCay and Robertson, 2012;
Palamakumbura et al., 2016; Palamakumbura and Robertson,
2016; Robertson et al., 2012a, 2014; Robertson and Kinnaird,
2016; Chen et al., 2019, 2022; Chen and Robertson, 2021).

2) The Kyrenia Range formed part of the north African rifted
passive continental margin during the Permian-Cretaceous; the
Troodos ophiolite was emplaced southwards onto the distal edge
of this continental margin during Late Cretaceous time (Fig. 2e).
The Kyrenia Range remained as part of the passive margin of north
Africa during the Paleogene. The passive margin was destabilised,
with uplift and associated down-margin mass transport during



Fig. 2. Alternative tectonic models of the Kyrenia Range in the Eastern Mediterranean region. a-d, The Kyrenia Range is restored to the northern margin of Southern
Neotethys (McCay and Robertson, 2012; Robertson et al., 2012a, 2014; Robertson and Woodcock, 1986), a, Triassic; b, Late Cretaceous; c, Middle Eocene; d, Late Miocene; e-g,
The Kyrenia Range is restored as part of the distal, N Africa rifted continental margin (Maffione et al., 2017; McPhee and van Hinsbergen, 2019), e, Late Cretaceous; f, Middle
Eocene; g, Late Miocene; h-j, The Kyrenia Range is restored as a far-travelled allochthon derived from Palaeotethys (S margin of Eurasia) or adjacent to this ocean basin (Glazer
et al., 2021), h, Triassic; i, Late Cretaceous; j, Middle Eocene. In i and j, implied tectonic settings are shown although these are not specified by the authors of this
interpretation. Modified from Chen et al. (2022).
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the Eocene, related to far-field crustal deformation (Fig. 2f).
Remaining S Neotethyan oceanic lithosphere subducted north-
wards during the Oligocene-Miocene, culminating in transfer of
the Kyrenia Range during Late Miocene collision of the Eurasian
plate and N African plate (Fig. 2g); this is, in turn, triggered major
Late Miocene surface uplift of the Kyrenia Range (McPhee and van
Hinsbergen, 2019; see also Maffione et al., 2017).

3) The Kyrenia Range as a whole is allochthonous and devel-
oped somewhere outside the confines of the present eastern
345
Mediterranean region. The main evidence used to support this
model is the presence of relatively abundant detrital zircons of Late
Palaeozoic, especially Carboniferous, age that occur within a Trias-
sic calcschist intercalation and also within latest Cretaceous and
Eocene sandstones within the Kyrenia Range (Glazer et al., 2021).
A local provenance does not explain the abundance of Carbonifer-
ous grains that are instead characteristic of some units related to
the Palaeotethyan suture zone of northern Turkey (Glazer et al.,
2021). One option that was considered by Glazer et al. (2021) is
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that the Kyrenia Range developed within, or adjacent, to Palaeo-
tethys, to the north of the Taurides (Fig. 2h,i).

There are obviously fundamental differences between the above
three tectonic models, especially for Permian to Paleogene time
when the Kyrenia Range, alternatively was located near its present
position south of the Taurides in model 1, far to the south along the
North African continental margin in model 2, or located some-
where within reach of a supply of ‘Palaeotethyan’ Carboniferous
zircons in model 3. Recently, the three alternative tectonic models
were partially tested (Chen et al., 2022a,b) based on a combination
of new and existing detrital zircon geochronological data from the
Kyrenia Range, in the context of the geology of the Kyrenia Range
and the adjacent region especially Turkey. However, several
aspects remained unresolved that could best be addressed by
obtaining some new data from key outcrops throughout the Kyre-
nia Range, as presented here.

The stratigraphy used here is based on traditional studies (e.g.,
Ducloz, 1972; Baroz, 1979; Robertson and Woodcock, 1986). More
recently, a parallel stratigraphy was introduced using Turkish
names (Hakyemez et al., 2002). Here, at first mention, we give
the traditional name with the equivalent Turkish name in brackets
(see Fig. 4). We utilise mainly Turkish names for settlements and
geographical features as currently in use (see Fig. 3), with older
names in brackets (at first mention).

The groups and formations that are mainly relevant here are as
follows. The Mesozoic platform encompasses the Trypa (Tripa)
Group, of which the Dikomo (Dikmen) Formation at the base is
of particular interest. Ophiolite-related melange (no formal name)
occurs above this. Above a regional unconformity, there is the
Maastrichtian-Paleogene Lapithos (Lapta) Group, subdivided into
four formations, namely the Kiparisso Vouno (Alevkaya Tepe) For-
mation, the Malounda (Mallıdağ) Formation, the Ayios Nikolaos
(Yamaçköy) Formation and the Kalograia-Ardana (Bahçeli-
Ardahan) Formation, of which the first and last are important for
this paper because they contain sandstones with dated detrital zir-
cons. The Kiparisso Vouno Formation comprises hemipelagic
marls, mudrocks and sandstone turbidites. The Eocene Kalograia-
Ardana Formation is a mass-transport complex (traditional olis-
tostrome) with a matrix of pelagic carbonates, marls, calcitur-
bidites, sandstone turbidites and debris-flow deposits, the last
mentioned including exotic blocks of Upper Palaeozoic shallow-
Fig. 3. Outline geological map of the Kyrenia Range (modified from Robertson et al., 2
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water carbonate rocks known as the Kantara Limestones. The suc-
cession continues with the Neogene Kythrea, or (Kithrea) Group,
which is divided into 12 formations. The group begins with terres-
trial alluvial fan to marine-deltaic conglomerates and sandstones
(Bellapais Formation), deepening upwards into a variable succes-
sion of mainly marls and sandstones turbidites, volumetrically
minor tuffs; lenticular Messinian gypsum deposits occur near the
top of the continuous succession. Unconformably above there are
three formations of the Pliocene-Pleistocene Mesaoria (Mesarya)
Group, mainly composed of shelf-depth marine marls, passing
upwards into minor sandstones and conglomerates representing
regressive non-marine facies. Terraced fluvial conglomerates/sand-
stones and coastal littoral carbonates dominate the Pleistocene-
Holocene (Fig. 4).
2. Regional setting and previous research

The regional tectonic setting of the Kyrenia Range in the north
of Cyprus is shown in Fig. 1. The stratigraphy of the Kyrenia Range
as a whole was outlined by Henson et al. (1949). The central and
eastern ranges (Fig. 3) were mapped during the 1970s related to
a United Nations development project (Ducloz, 1972). Also during
the 1970s, much of the Kyrenia Range was independently mapped
by Baroz (1979, 1980) related to his DSc studies. The first plate tec-
tonic interpretation of the Kyrenia Range was given by Robertson
and Woodcock (1986). Since then more specific aspects of the
Kyrenia Range have been studied (e.g., Robertson et al., 2012b,
2014), leading to the stratigraphy shown in Fig. 4. The structure
of the Kyrenia Range has been presented as numerous interpreta-
tive cross-sections of the range (Baroz, 1979), as cross-sections of
the central and western range (Robertson and Kinnaird, 2016),
and as a balanced cross-section of the central range (McPhee and
van Hinsbergen, 2019).
3. Methods and materials

Specific outcrops along the length and breadth of the Kyrenia
Range were visited with the aim of resolving some controversial
issues (see above). For each relevant outcrop, local logs and local
cross-sections were made and structural data were collected. Thin
012a and Chen et al., 2022). The main places mentioned in the text are indicated.



Fig. 4. Simplified stratigraphy of the Kyrenia Range. Modified from Robertson et al. (2012a, 2014) and Chen et al. (2019). Compared to the previous stratigraphy, this version
restores the Dikomo Formation to the stratigraphical base of the Trypa Group, beneath the Sikhari Formation. Also, small outcrops of metamorphic rocks that are interpreted
as ophiolite-related melange are shown as a tectonic intercalation between the Trypa Group and the Lapithos Group.

Alastair H.F. Robertson, O. Parlak and K. Taslı Gondwana Research 132 (2024) 343–379
sections of associated carbonate and siliciclastic sedimentary rocks
were studied under the optical microscope (supplementing previ-
ous collections). Metamorphic lithologies from small exposures of
melange were studied petrographically, and eight representative
samples of meta-basalts were chemically analysed for major ele-
ment, trace element and rare earth elements (REEs). The chemical
analysis was carried out by ICP-MS at the ALSlab in Ireland. Major
element concentrations were determined from a LiBO2 fusion by
inductively coupled plasma mass spectrometry (ICP-AES) by using
2g of sample pulp. Trace element contents were determined from a
LiBO2 fusion by ICP-MS by using 2g of sample pulp. In addition,
limestones from several key locations were biostratigraphically
dated using calcareous microfossils.

For this study, it was essential to take careful account of previ-
ous information, especially that based on mapping of large parts of
the Kyrenia Range. As some of this information is not easily acces-
sible (and in four languages), it is compiled as Supplementary Data
(text), relating to four critical aspects: the oldest part of the stratig-
347
raphy (Triassic), the meta-igneous and meta-sedimentary rocks
within the tectonic melange beneath the Paleogene cover, the
Mid-Late Eocene deformation, uplift and erosion, and the trans-
gressive coarse clastic sedimentary cover of Late Eocene-
Oligocene age.

Here, we use a combination of new and existing evidence to
explore the three contrasting tectonic hypotheses (Fig. 2). To
explore the alternatives, we extend these models to beyond the
interpretations of the original authors. For example, we further
consider the possibility, inherent in model 3 (Glazer et al., 2021),
that the Kyrenia Range reached its present position by southward
thrusting over the Taurides (to the north).
4. Results and implications of alternative tectonic models

Below we focus on the following main aspects that are inter-
preted differently in the three tectonic models.
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� The stratigraphy of the Kyrenia Range especially during the Tri-
assic, which is relevant to regional correlations.

� Upper Cretaceous deformation and metamorphism, in view of
the evidence of high pressure-low temperature (HP-LT) meta-
morphism (Glazer et al., 2021) that affects some lithologies
beneath the latest Cretaceous-Paleogene sedimentary cover.

� The Paleogene development of the Kyrenia Range as an unsta-
ble, volcanically active basin.

� Eocene deposition and deformation affecting the Kyrenia Range.
Fig. 5. Simplified cross-sections across the central and eastern Kyrenia Range. (a) A-A0 Cr
Geçitkale (Lefkoniko). Modified from McCay and Robertson (2012).
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� The exact timing of the Late Miocene thrusting that affected the
Kyrenia Range, and also when the range first underwent strong
surface uplift.

4.1. Triassic stratigraphy of the Kyrenia Range

The stratigraphy of the central and western ranges is well-
documented as Mesozoic platform carbonates and Upper
Cretaceous-Eocene deep-water carbonates and basaltic volcanics
(Figs. 3, 4, 5a). The Upper Cretaceous-Paleogene lithologies of the
oss section passing near Değirmenlik (Kythrea); (b) B-B0 Cross-section passing near



Fig. 6. Geological map (a) and cross-section (b) of the largest outcrop of the Lower Triassic Dikomo Formation in the eastern Kyrenia Range (see Fig. 3). The outcrop is
tectonically intercalated with Eocene mass-transport lithologies (Kalograia-Ardana Formation) and with a thrust slice of the Trypa-Lapithos group succession. Based on
Ducloz (1972), Baroz (1979) and this study.
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eastern Kyrenia Range and the Karpaz Peninsula are characterised
by similar latest Cretaceous-Palaeocene volcanic-sedimentary
units, together with a major Eocene mass-transport unit (olis-
tostrome) (Baroz, 1979; Ducloz, 1972; Hakyemez et al., 2002;
Robertson et al., 2012a; Robertson and Woodcock, 1986) (Figs. 3,
4, 5b).
349
The thrust-imbricated Triassic-Upper Miocene succession is
well exposed in the central and western Kyrenia Range (Figs. 3,
4, 5a). The Triassic-Early Cretaceous lower part of this succession
is interpreted as a rifted passive margin succession that was
deformed, metamorphosed to greenschist facies and exhumed dur-
ing the Late Cretaceous (pre-Maastrichtian) (Ducloz, 1972; Baroz,



Fig. 7. Field photographs related to the Lower Triassic Dikomo Formation, eastern Kyrenia Range. a, Setting of the Dikomo Formation (D) intercalated with Mesozoic
dolomitic platform carbonates (Sikhari Formation) and pelagic carbonates (Ayios Nikolaos Formation) to the north, and debris-flow deposits of the Kalograia-Ardana
Formation to the south. The Dikomo Formation is c. 100 m thick. See Fig. 6a for location; b, Cyclical alternations (steeply dipping) of marble (limestone) and calc-schist (marl);
the section shown is c. 70 m thick; See Fig. 6b for location; c, Medium-bedded meta-limestone, interbedded with dark, thin-bedded organic carbon-rich meta-carbonate rock,
hammer for scale; d, Thin to medium-bedded meta-limestone with marl partings pen for scale; e, Greenish marl intercalation; pen for scale; f, Small-scale asymmetrical folds
associated with shearing and duplexing (top-to-the south locally) of thin-bedded marble and calc-schist, pen for scale. Location of a-f, 2 km SSW of Mersinlik (Flamoudi)
(GPS: 36S 0577682/3915805).
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1979; Robertson and Woodcock, 1960; Robertson et al., 2012b).
Additional small dismembered thrust sheets of mainly Upper Cre-
taceous vocanogenic rocks are locally exposed, mainly along the
southern front of the western range (Moore, 1960; Huang et al.,
2007; Chen and Robertson, 2021). These extrusive and tuffaceous
units formed in a subduction-related setting, probably associated
with a continental margin arc, based mainly on major and trace
element geochemical data (see Chen and Robertson, 2021).

During this study, previously mapped outcrops of the oldest
unit, the Triassic Dikomo Formation, >100 m thick (Fig. 4), were
re-investigated in the eastern range (Fig. 3). The largest outcrop is
tectonically intercalated between dark-coloured dolomitic litholo-
gies of the Triassic Sikhari (Kaynakköy) Formation to the north,
and an outcrop of the Eocene Kalograia-Ardana Formation (mass-
transport unit) to the south and the north in different local areas
(Fig. 6a,b, 7a). The Dikomo Formation consists of cyclical alterna-
tions of marble, meta-calcarenite, meta-calcilutite, meta-marl and
meta-calcareousmudrock (calc-phyllite) (Fig. 7b-d). Some intervals
are greenish or greyish and appear to be relatively rich in organic
carbon (Fig. 7e). The outcrop has undergone heterogeneous defor-
mation of variable scale and geometry, including variably devel-
oped axial-planar cleavage and top-south shear-related folding
(Fig. 7f). Relatively competent marble is brecciated in places.

Very few fossils are preserved within the Dikomo Formation,
although Hakyemez et al. (2002) report the bivalve Claraia clarae
of Skythian (Early Triassic) age. Species of the genus Claraia, which
is characteristic of the eastern Tethys, have relatively thick (and
thus preservable) shells, and commonly lived in relatively deep-
water oxygen-poor settings (He et al., 2014). Ducloz (1972) and
Baroz (1979) interpreted the Dikomo Formation as the Triassic
base of the platform succession (Trypa Group), taking account of
its position beneath the intact dolomitic Sikhari Formation in some
sections, although there is no known stratigraphical contact (see
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Supplementary Data, text for details). The dolomitic Sikhari Forma-
tion lacks preserved fossils other than thick-shelled Megalodonts
of non-specific Triassic-Early Jurassic age (Hakyemez et al.,
2002). The Sikhari Formation includes black foliated calcschist
from which Glazer et al. (2021) obtained a minimum age of
235 Ma for detrital zircons, suggesting a Middle Triassic maximum
age of deposition. The Dikomo Formation can, therefore, be
assumed to be Early Triassic and to have been originally overlain
by the Sikhari Formation of mainly Middle-Late Triassic age.

The Dikomo Formation is similar to cyclical facies exposed
within the metamorphic Alanya Massif to the north (undated)
(Öztürk et al., 1995; see Robertson and Parlak, 2020), and is also
similar to Lower Triassic well-dated unmetamorphosed succes-
sions throughout the Taurides generally, for example in the Tau-
ride thrust sheets (Özgül, 1984a; Özgül, 1984b, 1997; Andrew
and Robertson, 2002; Mackintosh and Robertson, 2012; McPhee
et al., 2018) and in the Antalya Complex (nappes) (e.g., Poisson,
1977; Robertson and Woodcock, 1984). The Lower Triassic facies
accumulated in a tectonically unstable rift setting characterised
by fluctuating redox conditions (i.e., pinkish vs. dark grey meta-
mudrocks). Shelf conditions became established during the Mid-
Late Triassic (Sikhari Formation), followed by shallow-marine car-
bonate shelf deposition during the Early Jurassic-Cretaceous, near
Alçiçek (Sisklipos).

In tectonic model 1, the Dikomo Formation accumulated along
the rifted northern margin of the S Neotethys (Fig. 2a). Similar Tri-
assic facies are widely exposed throughout the Taurides, as noted
above. In tectonic model 2, the Dikomo Formation accumulated
along the N African continental margin, which being still sub-
merged does not expose evidence of its Triassic distal rift facies.
Also, the Dikomo Formation does not show evidence of high-
strain conditions, as might be expected if it was located near the
base of a regional-scale thrust detachment, as in tectonic model 3.



Fig. 8. Geological maps of the three main outcrops of Upper Cretaceous ophiolite-related melange, all located in the central range. a, SE of Beylerbeyi (Bellapais); b, NE of
Değirmenlik (Kythrea). Note the occurrences of schistose serpentinite with blocks of mainly marble, metabasalt, metagabbro and metasedimentary rocks (Sc); c, SE of Lapta
(Lapithos), near Alçiçek (Sisklipos); Based on Ducloz (1972), Baroz (1979), Glazer et al. (2021) and this study.
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ig. 9. Local cross-sections of the Upper Cretaceous ophiolite-related melange in
elation to its adjacent units. a, Above Beylerbeyi (Bellapais), where (as in most
xposures) the melange is absent; b, SE of Beylerbeyi (Bellapais), where the
phiolite-related melange is intercalated with Mesozoic platform carbonates and
alaeogene pelagic sediments and volcanics; c, SE of Beylerbeyi (Bellapais), where
he ophiolite-related melange is overlain by basal carbonate-rock breccias of the
ate Eocene-Oligocene Bellapais Formation. Where rarely observable the contact is
n unconformity; d, ESE of Beylerbeyi (Bellapais), where sheared serpentinite is
atchily exposed above the Mesozoic platform carbonates (Hilarion Formation). The
ontact with the overlying pelagic carbonates of the Lapithos Group is not exposed.
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4.2. Setting of Upper Cretaceous deformation and related
metamorphism

Small exposures of metamorphic rocks are scattered through-
out the central range including schist, marble, meta-chert, meta-
lava, amphibolite and meta-serpentinite (see Supplementary Data,
text). These rocks were interpreted as fragments of a metamorphic
basement to the Kyrenia Range (Ducloz, 1972). Baroz (1979)
mapped them as small thrust slices between the Trypa and Lap-
ithos groups (Fig. 4). Glazer et al. (2021) considered the metamor-
phics to be tectonic wedges within the Trypa and Lapithos groups.

Glazer et al. (2021) referred to the assemblage of closely juxta-
posed rock types as ophiolitic melange mainly because of the asso-
ciation of meta-serpentinite, meta-gabbro/meta-diabase/lava and
meta-chert. Blue amphibole including crossite in both meta-basic
rocks and meta-chert suggested metamorphism at < 450 �C. Phen-
gite geobarometry further suggested burial pressures of 10–15
kbar. A sample of metabasic rock included zircons of Mesoarchean
to Late Neoproterozoic age (>555 ± 9 Ma). Precambrian ages were
determined for detrital zircon grains within a metachert. However,
the metamorphic lithologies are otherwise undated.

Three exposures of melange were studied along the range
(Fig. 8a-c). Some other previously mapped exposures have been
destroyed by recent quarrying of the range front (e.g., W of Değir-
menlik (Kythrea)). The most described outcrop (Ducloz, 1972;
Baroz, 1979) is nowadays within an inaccessible military area (up-
per Fortomenos valley, NE of Değirmenlik (Kythrea)).

In the first area studied by us, the melange is very locally
exposed over a wide area to the southeast of Beylerbeyi (Bellapais)
in the central range (Fig. 8a, 10a). Local exposures vary from west
to east (Fig. 9a-d). Near Beylerbeyi (Bellapais), the contact between
the Trypa Group, locally marble of the Hilarion Formation, is tec-
tonically overlain by grey to pink pelagic chalks of the Lapithos
Group (Fig. 9a). Common diagenetic chert concretions are typical
of the Palaeocene-Early Eocene Ayios Nikolaos Formation. Farther
east, the situation is comparable (although tectonically inverted),
except that the two units are separated by sheared meta-
serpentinite (Fig. 10b), which includes scattered blocks of marble
(Fig. 9b, 10c).

Farther east, similar sheared meta-serpentinite, again with mar-
ble blocks, is unconformably overlain by pink pelagic carbonates
(Fig. 10d). Interbedded mass-flow accumulations, with angular
meta-carbonate clasts (Fig. 10e), are typical of the base of the
uppermost Cretaceous Malounda Formation (Robertson et al.,
2012b); i.e., the lowest of the three formations making up the Lap-
ithos Group (Fig. 9c). During this study, the basal pelagic carbon-



Fig. 10. Field photographs of the Upper Cretaceous ophiolite-related melange in the central Kyrenia Range. a, Extensive outcrop forming the low ground between more
erosionally resistant carbonate rocks, mainly Jurassic platform carbonates (Hilarion Formation); see Fig. 8a; c. 2–4 km SE of Beylerbeyi; b, Rounded clast (phacoid) of
serpentinised harzburgite within sheared serpentinite; pen for scale, location near c; c, Typical sub-rounded marble block within sheared serpentinite (GPS: 36S 0517544/
3908615); d, Serpentinite melange with marble clasts, unconformably overlain by pink marl and breccia marking the base of the Maastrichtian Malounda Formation
(Lapithos Group) (GPS: 36S 0535030/3906489); e, Undeformed, near-basal breccia of the Malounda Formation, including an angular clast of serpentinite derived from the
underlying melange. The marble clasts were derived from the underlying Trypa Group carbonate rocks and/or the marble blocks in the melange; location near e; f, Small
quarry exposing sheared and folded serpentinised harzburgite with a marble block above (GPS: 36S 0535158/3906453); a-f; Exposures southeast of Beylerbeyi (Bellapais). g,
Shearing and fragmentation within marble block (5x3 m); enclosed by sheared serpentinite; pen for scale (GPS: 36S 0546048/3904649); h, Block of metabasalt that has
undergone blueschist metamorphism; pen for scale (GPS: 36S 0546136/3904601); i, Block of meta-chert that retains a primary reddish colour; hammer for scale, location
near h; j, Small-scale isoclinal fold within sheared meta-serpentinite matrix of the melange; pen for scale, location near h; k, Isoclinally folded meta-serpentinite; melange
outcrop near Alçiçek (Sisklipos), c. 4 km SE of Lapta (Lapithos) (GPS: 36S 0518423/3907609); g-k c. 2 km NE of Değirmenlik (Kythrea); l, Crenulated, sheared meta-
serpentinite from the melange matrix; pen for scale (GPS: 36S 0546088/3904723). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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ates above the melange (Malounda Formation) were dated for the
first time as Late Maastrichtian, based on well-preserved planktic
foraminifera (see Fig. 11h, 12C-F; Supplementary data (Table S1).
Further east again, Trypa Group marble is covered by laterally con-
tinuous (but poorly exposed) meta-serpentinite with marble
blocks (Fig. 10f), with Lapithos Group pelagic carbonates above
(Fig. 9d).
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In the second outcrop, NE of Değirmenlik (Kythrea) (Fig. 8b),
large blocks of foliated marble are exposed (Fig. 10g) together with
smaller blocks of meta-basalt (locally pillowed) (Fig. 10h) and red-
dish meta-chert with recrystallised Radiolaria (Fig. 10i). Associated
meta-serpentinite is sheared and locally deformed by early-stage
isoclinal folding (recumbent to upright) (Fig. 10k,l) and later-
stage brittle kink folding (Fig. 10j).



Fig. 11. Petrography of clastic and pelagic sedimentary rocks from sections studied. a, Clast of limestone from the basal conglomerate of the Upper Eocene-Oligocene
Bellapais Formation, unconformably overlying the Middle Eocene Kalograia-Ardana Formation; showing abundant planktic foraminifera (P) and lesser amounts of benthic
foraminifera (B), in a micritic matrix; Beylerbeyi, central range; plane-polarised light; KY/22/13; b, Block of fine-grained meta-sandstone from the ophiolite-related melange
with abundant quartz and muscovite; plane-polarised light; Alçiçek (Sisklipos) outcrop of Baroz (1979), central range (see Fig. 8c); KY/22/08 (GPS: 36S 0518423/3907609); c,
Medium-grained sandstone from above the ophiolite melange (Kiparisso Vouno Formation) including grains of phyllite (P), serpentinite (S), marble (M), radiolarite (R) and
altered lava (L); plane-polarised light; KY/22/08, near a; d, Sample as above, showing grain of mylonite (m); e, Sample as above, including rounded grains of serpentinite (S)
and angular grains of marble (M); f, Sample as above, including rounded grain of meta-micritic limestone; g, Sample as above, showing a tectonically fragmented grain of
marble; h, Maastrichtian-aged pelagic carbonate unconformably overlying the ophiolite-related melange (see Fig. 8c). Planktic foraminifera (P) and grains of marble (M) in a
micritic matrix; SE of Beylerbeyi (Bellapais), central range, plane-polarised light; KY/22/18; i, Clast of limestone from the Middle Eocene Kalograia-Ardana Formation, beneath
the basal conglomerate of the Upper Eocene-Oligocene Bellapais Formation, near Beylerbeyi (Bellapais), central range (see Fig. 20c), showing packed benthic foraminifera in a
micritic matrix; Late Maastrichtian age; plane-polarised light; KY/22/12 (GPS: 36S 0517448/3908964); j, Sample as above, including planktic foraminifera (P) and calcareous
algae (C); k, Sample as above, showing Nummulites sp. (Palaeogene) in a bioclastic matrix (with calcite spar cement); l, Sample as above, showing well-preserved calcareous
algae.
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In the third outcrop studied, located in the west of the central
range (near Sisklipos), the metamorphic rocks are intersliced with
Trypa Group platform carbonates (Baroz, 1979) (Fig. 8c). Although
the exposure is very poor within forest, sheared serpentinite
locally contains small blocks of meta-siltstone, rich in quartz and
fine-grained muscovite (Fig. 11b). The metamorphic unit is locally
covered by a thin (<20 m-thick) interval (also poorly exposed) of
medium-grained unmetamorphosed sandstones, which are corre-
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lated with the Maastrichtian Kiparisso Vouno (Alevkaya) Forma-
tion, which has its type section nearby (Baroz, 1979; Chen et al.,
2022b; Chen and Robertson, 2021; Glazer et al., 2021; Robertson
et al., 2012a; Chen et al., 2021; Chen et al., 2022a; Robertson and
Dixon, 1984; Robertson and Woodcock, 1984). In thin section,
the sandstone is polymictic with a mixture of angular, sub-
angular, sub-rounded, to well-rounded grains (Fig. 11c). Metamor-
phic grains include radiolarian chert (unmetamorphosed)



Fig. 12. Calcareous microfossils identified in thin section; see Supplementary Data, Table S1 for complete listing of taxa identified in samples. A, B. Protopeneroplis striata,
KY22-1, KY22-2, reworked limestone clast, Middle-Upper Jurassic; C. Globotruncanita stuarti, D. Globotruncana aegyptiaca, E. Globotruncana falsostuarti, F. Globigerinelloides
subcarinata, KY22-18, Maastrichtian; G. Siderolites calcitrapoides and Sirtina orbitoidiformis (bottom left), KY22-12, late Maastrichtian; H. Discocyclina sp., I. Nummulites sp.,
KY22-28, Palaeocene-Eocene; J. Igorina sp., K. Pearsonites cf. P. broedermanni KY22-13, Palaeocene-Eocene. Bar scales 0.25 mm.
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(Fig. 11c), micaschist, polycrystalline quartz (paraquartzite), mylo-
nite (Fig. 11d), meta-serpentinite (Fig. 11e), highly altered meta-
lava (Fig. 11c), rounded meta-micritic limestone (Fig. 11f) and
angular brecciated marble (Fig. 11g) (see Robertson et al., 2012a
for details).

Observations of several other very small exposures (e.g., near
Bes�parmak (Pentadactylos) (Baroz, 1979) confirm that meta-
serpentinite dominates the melange, together with minor occur-
rences of other ophiolite-related rocks (e.g., meta-gabbro).
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More commonly within the central range the melange is absent
and Trypa Group meta-carbonate platform rocks are uncon-
formably overlain by basal breccias of the Malounda Formation,
Lapithos Group (e.g., near the crest road, 2.5 km E of Kornos Moun-
tain) (Robertson et al., 2012b). The basal breccias are dominated by
clasts of marble that were derived from the Hilarion Formation and
also dolomitic marble from the Sikhari Formation. Clasts of schist,
serpentinite, meta-basites and meta-radiolarite are commonly
observed, lithologies that are present in the melange (Ducloz,
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1972; Baroz, 1979; Robertson et al., 2012a). This suggests that
prior to erosion, the melange was originally thicker and more
widespread above the Trypa Group Mesozoic carbonate platform.

4.2.1. Petrography and geochemistry of meta-igneous blocks
Baroz (1979) recorded the presence of meta-basalt and meta-

basaltic tuff within the melange. Whole-rock chemical analysis of
one sample of metatuff indicated a relatively high TiO2 (2.53 %)
composition. Three other samples; i.e., volcanic breccia with
amphibole, amphibolite and meta-gabbro contained < 0.25 % TiO2

(see Supplementary Data, text).
During this study, eight samples from small exposures south-

east of Beylerbeyi (Bellapais) (Fig. 8a) and NE of Değirmenlik
(Kythrea) (Fig. 8b) were studied petrographically and geochemi-
cally. The following lithologies were identified in thin section
(Fig. 13a-f): 1) Glaucophane schist (KY22-10 & 11), which shows
nematoblastic textures with quartz, biotite, plagioclase, common
green amphibole and glaucophane (Fig. 13 a,b). Glaucophane crys-
tals display stubby, prismatic and acicular shapes. Plagioclase crys-
tals, which are altered to albite and amphiboles, are rimmed by
glaucophane. 2). Garnet amphibolite (KY22-14) which exhibits a
Fig. 13. Petrography of meta-igneous and mafic rocks from the latest Cretaceous oph
texture; c, garnet amphibolite with well-preserved garnet porphyroblasts accompanied
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nematoblastic texture with amphibole, quartz, garnet, epidote
and plagioclase. Preferential orientation of hornblende and plagio-
clase has created a well-developed foliation. Garnet porphyroblasts
are accompanied by hornblende in the high-grade rocks (Fig. 13c).
3) Microdiorite (KY22-21), with microgranular to porphyritic tex-
tures, consists mainly of plagioclase and amphibole (Fig. 13d).
The plagioclases are highly altered to epidote and the amphiboles
to chlorite. 4) Diabase (KY22-25 & 26) displays a sub-ophitic tex-
ture, represented by plagioclase and clinopyroxene (Fig. 13e). Pla-
gioclase and clinopyroxene crystals are partly altered to albite and
amphibole, respectively, together with secondary epidote and
chlorite. 5) Basalt (KY22-27) sample has an intersertal texture,
mainly composed of plagioclase, clinopyroxene and olivine
(Fig. 13f). Plagioclase is partly altered to albite, related to low-
grade metamorphism or late-stage hydrothermal alteration.
Clinopyroxene occurs either as subhedral to anhedral grains sur-
rounded by plagioclase, or as infills of interstices between feld-
spars. Euhedral to subhedral olivine is transformed to iddingsite,
together with secondary calcite, chlorite and opaque minerals.

The analyses of a total of eight samples of the basic volcanic and
the meta-basic rocks are listed in Supplementary Data (Table S1).
iolitic melange. a, b, Photomicrographs of glaucophane schist with nematoblastic
by amphiboles; d, microdiorite; e, diabase; f, basalt. See text for discussion.
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Because many elements are well known to be mobile during low-
grade alteration (e.g., Hart et al., 1974; Humphris and Thompson,
1978), we focus on the chemically immobile elements including
Ti, Nb, Th, Zr, Hf, Y and the REEs, which are widely used to identify
rock groupings, petrogenetic trends and tectonic environments
(e.g., Pearce and Cann, 1973; Floyd and Winchester, 1975, 1978;
Pearce and Norry, 1979).

Overall, the basic igneous rocks fall into two geochemical
groups. The first, composed of basic volcanics to meta-basic rocks,
has low contents of Zr (3 to 27 ppm), Nb (0.4 to 2.74 ppm), Y (4.2 to
14.8 ppm), Th (0.06 to 0.28 ppm), Hf (0.14 to 0.75 ppm), TiO2 (0.17
to 0.54 wt%) and P2O5 (0.01 to 0.04 wt%). In contrast, the second
group is relatively ‘enriched’ (i.e., Zr: 175 to 187 ppm; Nb: 18.2
to 22.3 ppm; Y: 22 to 32.3 ppm; Th: 1.42 to 5.85 ppm; Hf: 3.64
to 4.53 ppm; TiO2: 1.2 to 2.64 wt%; P2O5: 0.31 to 0.37 wt%] (Sup-
plementary Data, Table S2).

The rock classification diagram of Pearce (1996), based on Zr/Ti
versus Nb/Y, shows that both groups are exclusively basaltic in
composition (Fig. 14a). The first group is represented by low Nb/
Y ratios (0.05–0.1), whereas the second has higher Nb/Y ratios
(0.35–1.01), indicating derivation from a more enriched (alkaline)
magma source (Fig. 14a). The Y/Nb versus Y/Ta ratio/ratio plot of
Fig. 14. Geochemistry of meta-igneous rocks from the latest Cretaceous ophiolitic mel
diagram (after Pearce, 1996); b, Y/Ta versus Y/Nb plot for); c, d, sample versus chrondrite
Yb vs. Nb/Yb (after Pearce, 2008); f, Ti versus V diagram for tectonic setting of the volcan
normalising values are from Sun and McDonough (1989).
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incompatible elements characterises mantle source region of the
volcanic rocks (Fig. 14b). The first group exhibits relatively high
Y/Nb (10.5–21.7) and also Y/Ta (42–148) ratios similar to normal
mid-ocean ridge basalts (N-MORB). The second group is transi-
tional between enriched mid-ocean ridge basalts (E-MORB) and
ocean island basalt (OIB) with lower Y/Nb (0.99–2.85) and Y/Ta
(24–39) ratios (Fig. 14b). Chondrite-normalised rare earth element
(REE) patterns for both groups are presented in Fig. 14c. REE pat-
terns of N-MORB, E-MORB and OIB are included for comparison
(Sun and McDonough, 1989). The REE concentrations of the first
group varies from 0.84x to 11.42x chondritic values, whereas the
second group varies from 4.31x to 108.86x chondritic values. The
first group displays spoon-shaped REE patterns typical of boninites
(Fig. 14c), with LaN/SmN and SmN/YbN ratios ranging from 0.59 to
1.76 and from 0.17 to 0.93, respectively. The N-MORB normalised
multi-element spider diagram indicates that they are generally
depleted in HFS (Nb, Zr, Ti, Hf, Y) but enriched in some of LIL ele-
ments (Cs, Rb, Ba, K) (Fig. 14d). The REE and multi-element pat-
terns indicate that the first group is compositionally very similar
to boninitic magmas, as found in the fore-arc regions of oceanic
island arcs (Crawford et al., 1989; Falloon and Crawford, 1991;
Shervais et al., 2021; Reagan et al., 2023). The second group exhi-
ange (see Supplementary Data, Table S2 for analytical data). a, Rock classification
and sample versus N-MORB diagrams; e, mantle source diagram utilizing the TiO2/
ic rocks (from Shervais, 1982). Source characteristics of N-MORB, E-MORB, OIB and
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bits highly fractionated REE patterns (LaN/YbN = 2.04–9.54) ranging
from E-MORB to OIB (ocean-island basalt) in the N-MORB nor-
malised multi-element diagram (Fig. 14c,d). The second group also
displays coherent trends from light rare earth elements (LREEs) to
heavy rare earth elements (HREEs), although with different
degrees of fractionation from LREE to HREE (Fig. 14c). This can be
explained by different degrees of partial melting of a composition-
ally similar mantle source at different depths (Fitton et al., 1991;
Aldanmaz et al., 2000; Bağcı et al., 2020).

The tholeiitic rocks of the first, N-MORB-like group plot in the
shallow melting array on the TiO2/Yb versus Nb/Yb discrimina-
tion diagram of Pearce (2008) (Fig. 14e). In contrast, on the
TiO2/Yb versus Nb/Yb discrimination diagram (Fig. 14e), the
more alkaline second group plots in the transitional field
between the enriched shallow melting array (E-MORB) and the
enriched deep melting array (OIB). These geochemical features
are consistent with the chondrite-normalized REE and the N-
MORB normalized multi-element patterns of both basic rock
groups (Fig. 14c-e). On the V vs. Ti diagram the first group with
low-Ti contents (0.17–0.54 %) is similar to island arc (IAT) tholei-
ites and/or to boninites (Shervais, 1982), whereas the second
group with higher Ti contents (0.29–2.64 %) resembles E-MORB
to OIB (Fig. 14f). The first group of metavolcanic rocks was
derived from a depleted mantle source. The geochemical features
suggest that they formed in an intra-oceanic subduction-related
setting. The second group of metabasic and basic rocks was
apparently derived from an enriched mantle source, transitional
between E-MORB and OIB. The metabasic rock (garnet
amphibolite/KY22-14) of the second group appears to have
resulted from the metamorphism of an alkali basaltic rock.

4.2.2. Tectonic significance of the melange
Taking the outcrops of the ophiolite-related and the metasedi-

mentary rocks of the melange together: 1. They mainly occur sand-
wiched between the Trypa Group and the Lapithos Group, rather
than more widely distributed between these units; 2. They repre-
sent a melange, in agreement with Glazer et al. (2021). However,
not all of the lithologies (e.g., marble; schist) are potentially ophi-
olitic and therefore the term ophiolite-related melange is preferred
here; 3. Sheared meta-serpentinite forms the matrix of the mel-
ange in the outcrops studied. However, schist (phyllite) could form
the matrix locally because Ducloz (1972) mapped mainly schist; 4.
The meta-serpentinite, meta-gabbro, meta-diabase and chemically
depleted meta-basalts are interpreted as remnants of a supra-
subduction zone ophiolite. In contrast, the E-MORB/OIB and
meta-radiolarian cherts, taken together, were derived from an
intra-plate setting; e.g., deep-water rift; 5. The evidence of HP-LT
metamorphism, as represented by the presence of glaucophane
schist, supports the interpretation of subduction based on the
occurrence of crossite in meta-basite and in meta-chert (Beylerbeyi
area) (Glazer et al., 2021); 6. One of the garnet amphibolites of the
present study lacks a HP-LT imprint, either because it underwent
only lower grade metamorphism, or because of retrograde meta-
morphism to greenschist facies; 7. The marble, schistose clastic
sedimentary rocks and meta-siltstones have potential protoliths
in the Mesozoic succession (Trypa Group), beneath the ophiolite-
related melange; 8. The melange was rapidly eroded, probably
sub-aqueously, as indicated by the abundance of clasts of litholo-
gies similar to those in the melange within the overlying Malounda
Formation (Lapithos Group). Specifically, the ophiolite-related
melange was exhumed and transgressed by pelagic carbonates
with clasts of Trypa Group-type meta-carbonate and meta-
siliciclastic rocks prior to the Late Maastrichtian. Where melange
is now absent, possibly as a result of erosion, Trypa Group carbon-
ates were directly transgressed by the pelagic carbonates and brec-
cias of the Malounda Formation. The exhumation and
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transgression took place in relatively deep-water with no evidence
of subaerial erosion or non-marine conditions during the Maas-
trichtian; 9. Maastrichtian-aged sandstones within the lower part
of the Lapithos Group (Kiparisso Vouno Formation), where present,
contain a similar range of lithologies (including mylonite) to the
blocks in the melange; however, in contrast to the melange many
of the grains are unmetamorphosed (e.g., radiolarite, basalt) sug-
gesting a separate provenance, possibly from the Taurides, where
similar lithologies are widely exposed (see Robertson et al., 2012a).

In the first tectonic model (Fig. 2b), the melange as a whole is
Mesozoic in age, and represents an accretionary prism that was
emplaced onto the Mesozoic carbonate platform (Trypa Group)
related to regional northward subduction. The meta-boninite
blocks show close similarities with boninitic volcanics, as
described from the Troodos ophiolite (Pearce and Robinson,
2010; Woelki et al., 2018), from other eastern Mediterranean
Upper Cretaceous ophiolites (Bağcı et al., 2008; Bağcı and Parlak,
2009; Saccani and Photiades, 2004, 2005; Beccaluva et al., 2005),
from forearc areas of the SW Pacific region and from similar set-
tings elsewhere (e.g., Reagan et al., 2023; Ishizuka et al., 2014,
2020). The meta-E-MORB and meta-OIB are chemically similar to
volcanic rocks related to Triassic rifting of Neotethys, for example
in the Mamonia Complex of SW Cyprus (Lapierre, 1975; Lapierre
et al., 2007). Similar lithologies are present in the Güzelsu Corridor
outcrop of the Antalya Complex to the north of Cyprus (Robertson
and Waldron, 1990; Varol et al., 2007; Robertson and Parlak, 2020;
Robertson et al., 2024), and also more extensively in the SW Anta-
lya Complex (Maury et al., 2008; Bağcı et al., 2020). Composition-
ally similar volcanics also occur in the Koçali Complex (Adıyaman
area) in SE Anatolia and elsewhere (Robertson et al., 2016b). The
meta-amphibolites in the melange can be compared with the
Upper Cretaceous metamorphic soles beneath ophiolites in the
Taurus Mountains, including the Mersin, Beys�ehir-Hoyran, Tekir-
ova and Lycian ophiolites (Parlak et al., 1995, 2019; Çelik and
Delaloye, 2003, 2006).

In the second tectonic model (Fig. 2e), the ophiolitic melange
could represent an Upper Cretaceous accretionary complex that
was emplaced, together with the Troodos ophiolite, onto the North
African/Arabian continental margin, associated with westward
rollback of the SSZ oceanic slab from S Neotethys located far to
the NE/E. The melange blocks are also similar to the composition
of the metamorphic sole, the deep-sea sediments (e.g., radiolarian
chert) and some of the rift-related meta-igneous rocks that were
emplaced from the S Neotethys onto the Arabian continental mar-
gin during the latest Cretaceous (e.g., Al-Riyami et al., 2002). How-
ever, there is no evidence of such emplacement towards the North
African margin from the Eratosthenes Seamount to the south of
Cyprus, where the Cretaceous-Cenozoic succession drilled by
ODP lacks evidence of significant tectonic disturbance (e.g.,
Robertson, 1998).

In the third tectonic model (Fig. 2i), the metamorphic rocks
within the melange are late Precambrian (Ediacaran) in age, repre-
senting fragments of a Cadomian SSZ-type ophiolite and related
rock types (Glazer et al., 2021), in general agreement with
Ducloz’s (1972) original suggestion of a continental basement ori-
gin. This interpretation is consistent with the hypothesis that any
continental crust beneath the easternmost Mediterranean deep
basin is Cadomian-aged (Avigad et al., 2016). Meta-basic fragments
of E-MORB composition are present within HP-LT melange of the
Alanya Massif (Robertson and Parlak, 2020), where associated fel-
sic intrusions are radiometrically dated as 550.2 ± 8.2 Ma by the U/
Pb method, using zircons (Çetinkaplan, 2018). Cadomian-aged
subduction-related rocks, interpreted as a continental arc, or
back-arc basin, are documented in several other areas of Turkey
and also along the northern margin of the Arabian plate (e.g.,
Gürsu et al., 2015).
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On the other hand, it is unclear how such deep crustal rocks
could have been emplaced within the melange, together with met-
alavas and meta-sediments (e.g., radiolarites). Meta-ophiolites, as
exposed in several parts of Egypt, appear to be considerably older
(>720 Ma) than the above-mentioned felsic arc-related units (e.g.,
Stern and Ali, 2020). Glazer et al. (2021) include a concordia dia-
gram for the three youngest concordant zircons from the metaba-
sic rock (their Fig. 6a), which suggested a maximum age of
magmatism of 550 Ma. However, it cannot be excluded that these
grains represent inherited (redeposited) Precambrian zircons of
widely varying ages, similar to the older grains in the sample.
The photomicrograph of their metabasite (their Fig. 6c) might rep-
resent a metamorphosed mixed basic volcaniclastic-terrigenous
sedimentary rock, rather than a homogenous basaltic rock (extru-
sion or intrusion). Consistent with this possibility, Baroz (1979)
noted the presence of tuffaceous rocks associated with the meta-
igneous rocks in the same area (see Supplementary Data, text).

A late Neoproterozoic (Cadomian) age for the ophiolite-related
melange cannot be ruled out based on the existing evidence. How-
ever, in the regional context, the range of lithologies (e.g., radiolar-
ian chert), and the chemical compositions of the meta-basaltic
blocks present point towards an origin of the melange as an Upper
Cretaceous ophiolite-related subduction complex. An additional
option is that both Precambrian and Mesozoic fragments are pre-
sent within the melange but if so, these cannot currently be
differentiated.

4.3. Latest Cretaceous-Paleogene tectonic setting

Much debated is whether the Triassic-Cretaceous shallow-
water carbonates (Trypa Group) of the Kyrenia Range, as exposed
today, represent detached blocks (olistoliths) of variable size and
shape, a coherent stratigraphical succession, or a combination of
both. Ducloz (1972) interpreted the Trypa Group as an allochtho-
nous unit that was thrust over the Lapithos Group during the
Eocene (see Supplementary Data, text). In contrast, Baroz (1979)
mapped the Trypa Group of the central and western ranges as a
thrust-dissected stratigraphic unit, c. 40 km long. In the eastern
range, variable sized detached blocks of Permian limestone (Kan-
tara Formation) are well mapped within an Eocene sedimentary
matrix, as represented by the Kalograia-Ardana Formation
(Ducloz, 1972; Baroz, 1979; Robertson et al., 2012a).

McPhee and van Hinsbergen (2019) interpret the Mesozoic
rocks of the central range as a dominantly coherent stratigraphical
unit but, in contrast, they interpret small outcrops of Trypa and
Lapithos group rocks along the northern margin of the central
range as olistoliths within a matrix of Lapithos Group marine car-
bonates. On the other hand, Baroz (1979) presented 10 measured
and dated sections of the Malounda and/or Ayios Nikolaos forma-
tions throughout the Kyrenia Range, which show thrust slices
rather than exotic blocks, other than for the Eocene Kalograia-
Ardana Formation. Also, studies of the associated volcanic rocks
of the Malounda and Ayios Nikolaos formations have revealed a
thrust-dissected succession rather than exotic blocks (Robertson
et al., 2012b; Chen and Robertson, 2021). Relatively coarse-
grained material within the pelagic carbonates of the Malounda
and Ayios Nikolaos formations is restricted to localised metre-
thick debris-flow intercalations derived from the Trypa Group,
mainly near the base of the Malounda Formation.

To test the presence or absence of exotic blocks within the Pale-
ogene succession, a critical outcrop was investigated along the
northern margin of the central range, which includes olistoliths
according to McPhee and van Hinsbergen (2019). In agreement
with Baroz (1979), the Trypa Group rocks in this area are dissected
by south-vergent thrust faults (Fig. 15a,b, 16a) and cut by promi-
nent c. NW-SE high-angle faults (Fig. 15a). The tectono-
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stratigraphy of this area is illustrated as three discontinuous thrust
sheets in Fig. 15b. The lowest of these thrust sheets exposes chert-
bearing chalks typical of the Ayios Nikolaos Formation (the Mal-
ounda Formation is chert-free), passing upwards into debris-flow
deposits that are correlated with the Middle Eocene Kalograia-
Ardana Formation. A previously unmapped exposure of the
Kalograia-Ardana Formation was discovered in a small, abandoned
quarry near the track from the crest road to Lapta (GPS: 36S
0517544/3908615). The second thrust sheet comprises Hilarion
Formation platform carbonates (Trypa Group) passing upwards
into carbonate breccias (Fig. 15b, 16e); these breccias have a
matrix of undeformed pink pelagic carbonate similar to the lithol-
ogy at the base of the Malounda Formation elsewhere in the cen-
tral range (e.g., 2.5 km E of Kıvançtepe (Kornos Mountain))
(Robertson et al., 2012b). The third thrust sheet is made up of pink
chert-bearing chalk of the Ayios Nikolaos Formation, passing
upwards into debris-flow deposits of the Kalograia-Ardana Forma-
tion, with basal conglomerates of the Upper Eocene-Oligocene Bel-
lapais Formation above (Fig. 15a,c). The debris-flow deposits of the
Kalograia-Ardana Formation locally contain clasts of tectonic brec-
cia, typical of the metamorphosed Trypa Group meta-carbonates
rocks beneath the Lapithos Group unconformity (Fig. 16f). The
above three thrust sheets are cut and offset by c. NW-SE trending
high-angle faults that show evidence of lateral (strike-slip) offsets.
The exposures in this area are strongly affected by differential
Pleistocene erosion; the NW-SE fault zones have been preferen-
tially eroded creating valleys, with upstanding ‘highs’ of relatively
intact Trypa Group rocks between them.

According to McPhee and van Hinsbergen (2019), a structural
origin for the ‘blocks’ would require the existence of numerous
transecting faults (i.e., thrust-related transfer faults), which they
did not identify. However, previous mapping does indeed indi-
cate a plethora of such generally N-S transecting faults (Ducloz,
1972; Baroz, 1979; Harrison et al., 2004; Robertson and
Kinnaird, 2016). Baroz (1979) maps the major c. N-S faults in this
area as also cutting the Kythrea Group above. Along the north
margin of the range, Ducloz (1972) maps some of the c. N-S faults
as extending into the Kythrea Group. c. N-S faults are widespread
elsewhere, particularly along the southern front of the range
(McCay and Robertson, 2013; Robertson and Kinnaird, 2016),
where they are related to the Late Miocene deformation, and
they are also found within the Mesaoria Basin to the south (north
of the Ovgos (Dar Dere) Fault) (Harrison et al., 2004). There is
therefore no evidence that the c. N-S faults as a whole are sealed
by an ‘upper Lapithos’ stratigraphy, as suggested by McPhee and
van Hinsbergen (2019).

A further problem is that McPhee and van Hinsbergen (2019) do
not present lithological or age data to indicate which part of the
Lapithos Group their olistoliths are located within (their summary
logs show them as mainly in the lower part). However, as noted
above, the succession is well documented to be divisible into the
Maastrichtian-Palaeocene Malounda Formation, the Palaeocene-
Lower Eocene Ayios Nikolaos Formation and the Middle Eocene
Kalograia-Ardana Formation (Fig. 4) (Baroz, 1979; Robertson and
Woodcock, 1984; Robertson et al., 2102, 2013). Even without
microfossil dating, the two lower formations are distinguishable
in the field, because red nodular chert of diagenetic replacement
origin is mainly restricted to the stratigraphically higher Ayios
Nikolaos Formation (Robertson et al., 2014).

The tectonic versus gravitational (olistostromal) origin of the
block-like exposures was tested elsewhere along the northern
margin of the central range. Farther east, the previously mapped
Trypa Group outcrop, on which Hilarion castle (GPS: 36S
0525548/3907764) is perched, was confirmed to be a fault-
bounded thrust sheet rather than an olistolith. The main reasons
are that the dip and dip direction of the carbonate rocks are consis-



Fig. 15. Geological map and cross sections of a critical area along the northern flank of the central range; a, geological map of SE of Lapta (Lapithos); b, rock-relations diagram
of the above area; c, cross-section of the same area.
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tent with the adjacent Trypa Group, and there is no evidence of a
sedimentary matrix to a possible block.

Consistent with previously studies of the central and western
ranges (Baroz, 1979; Robertson et al., 2014), the present study of
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the northern margin of the central range did not reveal olistoliths
within the Malounda and Ayios Nikolaos formations (Fig. 15a).
Olistoliths are restricted to within debris-flow deposits of the Mid-
dle Eocene Kalograia-Adana Formation, as exposed in the eastern



Fig. 16. Photographs of thrust and fault-controlled Trypa-Lapithos Group outcrop; N flank of the central range. a, View E to imbricated Trypa Group-Lapithos Group
succession; NE of Lapta; b, View W of imbricated Trypa Group (ridges)-Lapithos Group succession; NW of Lapta; c, Example of one of many c. N-S high-angle faults that
dissect the thrust stack; dirt road S of Lapta; d, Unconformity between Hilarion Formation (mainly Jurassic) to left, and Lapithos Group (right), pinkish (GPS: 36S 0517448/
3908964); e, Basal breccia of the Lapithos Group, near the base of the thrust sheet in d (GPS: 36S 0517544/3908615); f, Clast of tectonically brecciated marble in basal
conglomerates/breccias of the Bellapais Formation (Kythrea Group), near Lapta (GPS: 36S 0516279/3909903).
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range, the Karpaz (Karpas) Peninsula, and also locally in the west-
ern ranges (e.g., E of Kayalar (Orga)) (see Supplementary Data,
Fig. 1 S1 a,b). The presence of the small exposure of the
Kalograia-Ardana Formation, with one or more olistoliths derived
from the Trypa Group, as identified along the northern margin of
the central range (Fig. 15a, b), suggests that the Kalograia-Adana
Formation was originally more widespread compared to its present
outcrop.

The latest Cretaceous-Early Eocene tectonic development of the
Kyrenia Range is explained differently in tectonic models 1, 2 and
3.

In model 1, the Maastrichtian-Lower Eocene succession, which
is dominated by pelagic carbonates and basic volcanics, accumu-
lated in a volcanically active extensional (or transtensional) basin.
Dominantly within plate-type basaltic volcanics erupted during
the Maastrichtian in a deep-water carbonate-depositing setting
(Malounda Formation), and later again during the Palaeocene-
Early Eocene (Ayios Nikolaos Formation) (Pearce, 1975;
Robertson and Woodcock, 1986). An incipient back-arc setting
along the southern margin of the Tauride crustal blocks was pro-
posed by Chen and Robertson (2021).

In model 2, passive margin deposition resumed after emplace-
ment of the Troodos ophiolite onto the distal N African continental
margin. The exhumation of the Trypa Group took place along a
north-down extensional detachment, such that the Lapithos Group
represents a supra-detachment basin (McPhee and van
Hinsbergen, 2019). The margin was unstable and blocks of
shallow-water carbonate rocks repeatedly slid downslope from
the Trypa Group substratum, giving rise to large (up to 100s m-
sized) exotic blocks within a matrix of contemporaneous deep-
water carbonates (Lapithos Group) (Fig. 15a,b). On the other hand,
the new evidence presented above from the central range does not
support gravity emplacement of detached blocks (‘olistoliths’) dur-
ing the Maastrichtian-Eocene accumulation of the Lapithos Group.
Also, it is unclear why a supra-detachment basin was so magmat-
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ically active during much of Maastrichtian-Paleogene time (Chen
and Robertson, 2021).

In model 3, the allochthonous origin of the Kyrenia Range is
supported by the relative abundance of Carboniferous detrital zir-
cons (Glazer et al., 2021), as observed in the Maastrichtian sand-
stones of the Kiparisso Vouno Formation (Chen et al., 2019,
2022). However, this model does not specify any particular con-
temporaneous setting.

4.4. Middle Eocene mass-transport unit: Active or passive margin?

An important Middle Eocene mass-transport unit (olistostrome)
dominates the Kalograia-Ardana Formation (Baroz, 1979;
Robertson and Woodcock, 1986; Robertson et al., 2014), as noted
above. This mass-transport unit is mainly exposed in the eastern
range and the Karpaz (Karpas) Peninsula, stratigraphically above
the Ayios Nikolaos Formation. There are also smaller outcrops in
the central range (e.g., Fig. 16a,b) and in the western range that
have hitherto received little attention (Supplementary Data,
Fig. S1a,b), again overlying the Ayios Nikolaos Formation. In the
western range, along the coast (E of Kayalar), the Kalograia-
Ardana Formation is dominated by debris-flow deposits containing
a small number of shallow-water limestone blocks (up to 10s m
across) (Fig. 19k). The formation is unconformably overlain by con-
glomerates and sandstones of the Bellapais Formation (Fig. 19l,
20a). In the central range, the uppermost levels of the Kalograia-
Ardana Formation include detached blocks of pillow lava (highly
altered), radiolarian chert and serpentinised harzburgite (Fig. 19a).

The matrix of the Kalograia-Ardana Formation is mainly pelagic
carbonate andmarl. Hakyemez et al. (2002) listed an assemblage of
planktic foraminifera within the chalk-marl matrix, which they
interpreted as Middle Eocene (Bartonian; c. 41.2–37.7 Ma). Cal-
carenites yielded Lutetian-Priabonian ages (Middle-Late Eocene),
mainly based on benthic foraminifera. The assemblages of planktic
and benthic foraminifera, and also of calcareous nannoplankton,



Fig. 17. a, geological map, and b, cross-section of one of the best exposures of the Eocene mass-transport unit (Kalograia-Ardana Formation) in the eastern Kyrenia Range.
Note the strong tectonic dislocation and the intercalations of sheared serpentinite. The outcrop is cut by c. NE-SW high-angle faults that are typical of the Kyrenia Range.
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indicate an overall Middle Eocene (Lutetian-Bartonian) age for the
background marls and chalks of the Kalograia-Ardana Formation
(Robertson et al., 2012a). In the western range, the Kalograia-
Ardana Formation includes detached blocks of neritic limestone
(up to 10s m across); limestone clasts in associated mass-flow con-
glomerates contain Middle-Upper Jurassic benthic foraminifera
(Fig. 12A,B; Supplementary Data, Table S1) suggesting derivation
from the Hilarion Formation (Trypa Group) or a similar unit
elsewhere.

The Kalograia-Ardana Formation in the eastern range begins
with deep-water marls, chalks and turbidites (rich in serpentinite
debris). The deposits become increasingly coarse-grained and thick
bedded, and then pass upwards into large-scale mass-flow depos-
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its (Robertson et al., 2012a). The accumulations in the eastern
range and the Karpaz (Karpas) Peninsula include prominent
detached blocks (olistoliths) of Permian shallow-water limestones
(Kantara Formation) (Baroz, 1979; Robertson and Woodcock,
1986). A Late Permian age is documented based on benthic forami-
nifera including Neoschwagerina sp., Verbeckina sp., Glomospira sp.,
Dagmarita sp., Globivalvulina sp. and Geinitzina sp. (Hakyemez
et al., 2002). In contrast to earlier suggestions (Baroz, 1979; see
Robertson et al., 2013) Carboniferous is not confirmed. In the Anta-
lya Complex to the north and northwest, Late Permian is transgres-
sive on Early Palaeozoic, without intervening Carboniferous. In
contrast, Carboniferous is well developed within nappes emplaced
from the north (Bolkar and Hadim (Aladağ)) (Özgül, 1984a, 1997;



Fig. 18. Summary log of the mass-transport unit (Kalograia-Ardana Formation) in the central Kyrenia Range. Note the transition from mainly marl to matrix-supported
debris-flow conglomerates and finally to large bodies (olistoliths) emplaced by gravity sliding; Girne (Kyrenia) road near Bes�parmak (Pentadactylos).
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Fig. 19. Field photographs of the L-M. Eocene Kalograia-Ardana Formation in the western, central and eastern Kyrenia Range. a, Debris-flow deposits including deformed
block (olistolith) of red radiolarite; Kyrenia-Nicosia road cutting, near Bes�parmak (Pentadactylos), central range (GPS: 36S 0540814/3905467); b, Intersliced basalt,
serpentinite (ophiolitic) and debris-flow deposits; road to Kantara, near ridge crest (GPS: 36S 0578309/3915495) (see Fig. 17a,b); c, Blocks of Permian limestone (Kantara
Formation) in a matrix of Eocene debris-flow deposits, tree covered; near Kantara castle, eastern range (see Fig. 17a,b); d, Vertically dipping mass-flow deposits, dominated by
pelagic limestone clasts derived from the Lapithos Group; Kantara main road, near ridge crest (near e); e, Debris-flow deposit interbedded with d above, locally including
well-rounded chert clasts (near d) (see Fig. 17b); f, Detail of b, showing thrust contact between highly sheared serpentinite (lower) and bedded debris-flow deposit (upper
right); g, Weakly bedded debris-flow deposit; dominated by sheared serpentinite; crosscut by a later shear fabric; near e; h, Sheared serpentinised harzburgite cut by later
stage shear fabric (calcite filled); near e; i, Sheared and folded pink marl (Lapithos Group); near e; j, Highly sheared pink marl (Lapithos Group), crosscut by a later shear fabric
(near e); k, Massive debris-flow deposit full of mainly angular clasts of chert and chalk in a pebbly calcareous matrix; near a (GPS: 36S 0500498/3913915); l. Interbedded
debris-flow conglomerate (lower right), sandstone with ‘floating’ rounded chalk clasts (dark; upper right) and bedded sandstones (mass-flow deposits and high-density
turbidity current deposits (left); W of Kayalar (Orga), western range (GPS: near 36S 0500464/3913915). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Mackintosh and Robertson, 2014; Robertson et al., 2020). Baroz
(1979)and Hakyemez et al. (2002) also report faunal elements of
Late Permian, Late Triassic, Norian-Rhaetian, Carnian-Early Juras-
sic?, Late Jurassic-Early Cretaceous and Late Cretaceous (Maas-
trichtian) age, mainly based on the identification of benthic
foraminifera.

In the eastern range (Fig. 17) and locally in the central range
(Fig. 18), the Kalograia-Ardana Formation includes blocks (up to
10s of km in size) and small thrust sheets (up to several km long)
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of ophiolitic rocks, including serpentinised harzburgite, gabbro and
basalt (Ducloz, 1972; Baroz, 1979; Robertson and Woodcock,
1986). There is no ophiolite as such (cf. Aldanmaz et al., 2020)
but instead only variable-sized ophiolitic blocks and small slices
that were transported to their present position within the gravita-
tional Kalograia-Ardana Formation. Geochemical evidence from
peridotites of the Upper Cretaceous Neotethyan ophiolites in
Southern Turkey and from the ophiolitic blocks and small slices
in northern Cyprus is interpreted to indicate that they experienced



Fig. 20. Field sketches of key field relations between the Middle Eocene Kalograia-Ardana Formation and the unconformably overlying Upper Eocene-Oligocene Bellapais
Formation (Kythrea Group). a, Deformed debris-flow deposits with a olistolith of Mesozoic carbonate rocks (Trypa Group), overlain by stratified basal conglomerates of the
Bellapais Formation; western Kyrenia Range; b, Similar field relations in the central range; c, Angular discordance between the Kalograia-Ardana Formation and the
unconformably overlying Bellapais Formation in the central range; d, Folded Kalograia-Ardana Formation overlain by stratified Bellapais Formation in the central range, near
Bahçeli (Kalograia) (GPS: 36S 0557384/3910600); e, Deformed stratified breccia-conglomerate of the Kalograia-Ardana Formation overlain by unusually coarse basal breccia-
conglomerate (undeformed) of the Bellapais Formation.
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two-stage melt depletion, first at a mid-oceanic spreading centre,
and secondly related to fore-arc spreading during subduction initi-
ation (Aldanmaz et al., 2020). Melt compositions evolved to arc
tholeiites and then to boninites, as in many of the Upper Creta-
ceous eastern Mediterranean ophiolites (Bağcı et al., 2008; Bağcı
and Parlak, 2009; Aldanmaz et al., 2020).

Basaltic clasts of boninitic composition, which are commonly
well rounded, occur within the Kalograia-Ardana Formation espe-
cially in the eastern range, where they were interpreted as the
remnants of an eroded fore-arc ophiolite (Robertson et al.,
2012a; McCay, 2011). The boninite clasts were probably derived
from the same ophiolite as the nearby blocks and small thrust
sheets of ophiolitic rocks in the eastern range. The erosion and sed-
imentary transport of the boninitic extrusive clasts are likely to
have taken place in a high-energy fluvial and/or coastal-marine
setting, prior to incorporation into the mass-transport facies of
the Kalograia-Ardana Formation.

During this study, the upper part of the Kalograia-Ardana For-
mation was restudied in road sections in the eastern range, where
the ophiolitic rocks and the Permian limestones (Kantara Forma-
tion) are well exposed (Fig. 17a,b, Fig. 18). The Permian limestone
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blocks in this area range from approximately equidimensional to
elongate (Fig. 19c). In contrast, the ophiolitic rocks form narrow
elongate outcrops dominated by variably sheared serpentinite
(Fig. 19b), consistent with an origin as small thrust sheets that
were emplaced within the gravitational Kalograia-Ardana Forma-
tion (Fig. 18).

The Kalograia-Ardana Formation contains variable abundances
of clasts that were potentially derived from the Lapithos Group
(e.g., chalk, marl, basalt), from the Trypa Group (e.g., marble, dolo-
mite), from the Kantara Formation (Permian limestone), and from
unmetamorphosed ophiolite-related rocks including basalt, dia-
base, gabbro, radiolarian chert and serpentinite (Fig. 19d). The
clasts range from highly angular to very well-rounded (including
chert), even within individual bedded units (Fig. 19e).

The sedimentary debris-flow accumulations are intercalated
with sheared serpentinite (Fig. 19b,f). In places, the serpentinite
is conglomeratic and includes non-ophiolitic clasts (e.g., limestone)
showing that sea-floor reworking has taken place. More or less
sheared serpentinites are tectonically interleaved in places to form
phacoidal blocks (Fig. 19g,h). In places, the serpentinite is intensely
sheared, with the two-stage development of a penetrative shear



Fig. 21. Field photographs of the unconformity between the Upper Cretaceous-Eocene Lapithos Group and the Upper Eocene-Upper Miocene Kythrea Group, focussing on the
more highly deformed nature beneath the unconformity compared to above it. a, Folded (N-verging) matrix-supported conglomerates including pink chalk, chert and
nummulitic limestone; Eocene Kalograia-Ardana, overlain unconformably by unfolded clast-supported conglomerates of the Bellapais Formation, near Bahçeli (Kalograia)
(GPS: 36S 0557384/3910600); b, Sheared debris-flow deposits (Middle Eocene Kalograia-Ardana Formation) below the above contact; diagenetic replacement chert is highly
brecciated, whereas adjacent pink marl is highly sheared. The angular nature of the clasts indicates that they were tectonically fragmented before being incorporated into the
mass-flow, location as a; c, Open folded but otherwise little deformed conglomerates of the Bellapais Formation, location near a; d, Chert-rich debris-flow deposits (Middle
Eocene Kalograia-Ardana Formation); chert-bearing clasts are mostly angular; Geçitkale (Lefkoniko)-Girne (Kyrenia) road, SE side of gorge (GPS: 36S 0564951/3912525); e,
Steeply dipping (overturned) near-basal conglomerates of the Bellapais Formation; bedding becomes more distinct up section (to left); cut by steep faults with minor shear
displacement; near d; f, Unsorted massive breccia-conglomerate near the base of the Bellapais Formation; includes large block of serpentinised harzburgite; road cutting S of
Kaplıca (Davlos) (GPS: 36S 0581953/3917862); g, Weakly bedded, sub-vertical conglomerate, c. 10 m higher in the local sequence than g, above; note lack of deformation; h,
Detail of the conglomerate in g; interbedded debris-flow deposits and pebbly sandstone without way-up indication (i.e., no preferential grading); i, Overturned unconformity
between mass-flow deposits of the Kalograia-Ardana Formation and the basal breccia-conglomerate of the Bellapais Formation. The contact is also locally sheared related to
Late Miocene deformation (GPS: 36S 0577773/3916022). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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fabric (Fig. 19h). Associated, pelagic marls are also strongly sheared
and folded, again showing two-stage deformation (Fig. 19i,j).

The Middle Eocene development is interpreted differently in the
three tectonic models.

In tectonic model 1, the south-Tauride hypothesis (Fig. 2c), the
mass-transport unit is interpreted as representing an Eocene con-
vergent margin setting, either a subduction complex, a deformed
foreland basin, or a combination of both (Robertson et al., 2012a;
Robertson and Dixon, 1984; Robertson and Woodcock, 1984). The
Eocene mass-transport unit was derived from the Kyrenia Range
and, or from the Taurides to the north (Robertson et al., 2012a).
Much of the clastic material, especially the chalk and chert and
the meta-carbonate rocks, could have been derived locally from
the Lapithos and Trypa groups. However, the clasts include some
lithologies that are absent from the intact succession within the
Kyrenia Range (Trypa Group). These include quartz-muscovite-
rich quartzarenites rich in plant debris, which are typical of Mid-
Late Triassic turbidites of the Taurides generally (e.g., Gutnic
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et al., 1979) and also the Mamonia Complex in SW Cyprus (e.g.,
Robertson and Woodcock, 1979; Torley and Robertson, 2018).
The unmetamorphosed ophiolite-related rocks including the ser-
pentinised harzburgite, basalt (including boninite) and radiolarian
chert were also derived from outside the Kyrenia Range as now
exposed. These ophiolitic rocks could not have been reworked from
the ophiolite-related melange beneath the Lapithos Group as, in
contrast, this is metamorphosed (see above).

The ophiolitic rocks in the Kalograia-Ardana Formation (e.g.,
boninite) have counterparts in the Tauride Mountains to the north
including in the Mersin area (Parlak et al., 1996; Parlak and
Robertson, 2004; Ishimaru et al., 2018; Saka et al., 2019;
Aldanmaz et al., 2020), Hatay (Bağcı et al., 2008; Karaoğlan et al.,
2013; Aldanmaz et al., 2020; Chen et al., 2020; S�ims�ek et al.,
2023) and Baer-Bassit (N Syria) (Al-Riyami et al., 2002). The evi-
dence of two-phase south-verging deformation, as documented
in the ophiolitic rocks of the Kalograia-Ardana Formation, is consis-
tent with regional convergence and/or collision, as is known to
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have affected the Taurides (e.g., Özgül, 1984a) but not the Troodos
ophiolite (which also includes boninites) to the south (e.g., Pearce
and Robinson, 2010).

In tectonic model 2, the Kalograia-Ardana Formation is inter-
preted as the result of large-scale down-margin sliding/slumping
from a proximal to a more distal setting (from S to N) along the
North Africa margin, essentially a magnification of the setting
inferred for Maastrichtian-Early Eocene time (Fig. 2f). Exotic mate-
rial slid down a tectonically unstable slope that was still located
along the N African continental margin (Fig. 2f). However, in this
case the derived material should have been mainly from the upper
parts of the succession (i.e., Lapithos Group chalk and basalt) rather
than from all levels of the Kyrenia Range stratigraphy including
Permian limestone, as observed. Also, it is questionable in this
interpretation how some of the clasts (e.g., chert) could have
become very well rounded in such a marine setting before being
included in the mass-transport unit (Fig. 19e). In model 2, the ophi-
olitic rocks represent remnants of the Troodos ophiolite that was
overthrust during the latest Cretaceous (Fig. 2f). In line with this
interpretation, Aldanmaz et al. (2020) suggest that the ophiolitic
rocks represent a remnant of the Troodos ophiolite that was
exhumed together with the Trypa Group. However, as noted above,
the ophiolite-related rocks in the Kalograia-Ardana Formation are
unmetamorphosed in contrast to the ophiolite-related rocks in
the underlying melange (see above). Direct derivation from the
Troodos ophiolite to the south is also unlikely as this was covered
by marine sediments effectively until the Pleistocene (e.g.,
Robertson et al., 1991b).

In tectonic model 3, the Eocene was the time when the entire
Kyrenia Range was emplaced from outside the present E Mediter-
ranean region (Glazer et al., 2021) (Fig. 2j). As a result, the prove-
nance changed drastically and the supply of Upper Palaeozoic
zircons was greatly curtailed in younger formations (Shaanan
et al., 2021; Chen et al., 2019, 2022). In the above tectonic model,
the Kalograia-Ardana Formation could represent mass-wasting
from the regional-scale allochthon as it approached its present
position. However, the stratigraphy of the Kyrenia Range does
not match that of any known areas, other than adjacent areas near
the northern margin of the E Mediterranean basin and its exten-
sion into SE Turkey. For example, potential source areas within
Palaeotethys or the adjacent Anatolides (north of the Taurides) lack
Cenozoic deep-sea pelagic carbonates and related volcanic rocks as
exposed within the Lapithos Group (e.g., Robertson et al., 2009;
Pourteau et al., 2010).

4.5. Late Eocene-Oligocene structural-stratigraphical break or
continuing passive margin deposition?

In view of the major differences in interpretation (i.e., presence
or absence of Eocene thrusting), well-exposed contacts between
the Lapithos and Kythrea groups were studied, mainly along the
north margin of the range because this area was much less affected
by Late Miocene deformation than the southern margin of the
range. The Kythrea Group along the northern margin generally
rests on any one of the three formations of the Lapithos Group
but the contact is commonly faulted related to Late Miocene defor-
mation (see below).

Along the coast in the far northwest (E of Kayalar; western
range), the deformed Kalograia-Ardana Formation mass-transport
unit is overlain, with a minor angular discordance, by texturally
and compositionally contrasting bedded conglomerates (clast-
supported) of the Bellapais Formation (Fig. 19k,l). At Lapta, simi-
larly deformed Kalograia-Ardana Formation debris-flow deposits
are disconformably overlain by contrasting undeformed, stratified,
clast-supported Bellapais Formation conglomerates (Fig. 20b).
Near Beylerbeyi, strongly deformed Kalograia-Ardana Formation
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sheared debris-flow deposits (Fig. 11i-l; Supplementary Data,
Fig. 1j,k) are unconformably overlain by nearly undeformed Bella-
pais Formation basal conglomerates (Fig. 11a; 20c). Limestone
clasts contain both Upper Maastrichtian and Palaeocene-Eocene
benthic foraminifera (Fig. 12 J,K), showing that detritus was
derived from different levels of the post-Trypa Group stratigraphy.

At a key locality further east, near Bahçeli, deformed debris-
flow deposits of the Kalograia-Ardana Formation were folded (with
northerly vergence), sheared and then unconformably overlain by
contrasting, virtually undeformed and compositionally different
stratified conglomerates making up the basal Bellapais Formation
of the Kythrea Group (Fig. 20d, 21a,c). The Kalograia-Ardana For-
mation at this location is cleaved and diagenetic replacement chert
(highly competent) is strongly brecciated (Fig. 21b). Deformed
Kalograia-Ardana Formation mass-flow deposits contain highly
angular clasts of diagenetically formed chert, derived from the sub-
jacent Ayios Nikolaos Formation (Fig. 21d). Limestone clasts in the
overlying basal conglomerates of the Bellapais Formation include
Palaeocene-Eocene large foraminifera (Fig. 12H-I; Supplementary
Data, Fig. S1), pointing to local derivation from the Kalograia-
Ardana Formation. The overlying basal breccia-conglomerate of
the Bellapais Formation differs in texture and composition from
that of the underlying Lapithos Group; also, deformation is mainly
absent, other than for occasional high-angle faults (see Supple-
mentary Data, Fig. S2b).

Further east, S of Kaplıca, deformed debris-flow deposits are
overlain by the Bellapais Formation, which, unusually, begins with
a thin reddish palaeosol (Fig. 20e), and then passes upwards into
debris-flow deposits that include exceptionally large clasts (e.g.,
m-scale serpentinite clasts) (Fig. 21f). Unusually thick, stratified
alluvial fan conglomerates appear above this (Fig. 21g,h). Further
east again, the Kalograia-Ardana Formation contact is overturned
and sheared, related to Late Miocene deformation (Fig. 21i).

Similar field relations also exist along the southern margin of
the range, although Late Miocene deformation is much greater
there. At Geçitköy (Panagra) gorge in the western range, a clearly
defined contrast exists between the highly deformed Lapithos
Group below (Ayios Nikolaos Formation) and the basal Bellapais
Formation conglomerates above, although the contact is locally
sheared owing to Late Miocene deformation (Supplementary Data,
Fig. S1d,e). Interestingly, a packstone clast from the basal conglom-
erate, rich in Upper Maastrichtian benthic foraminifera and cal-
careous algae, is unlikely to have been locally derived because
the Maastrichtian Malounda Formation is of relatively deep-
water origin. Near Değirmenlik, on the southern flank of the central
range, a striking contrast again exists between highly deformed
Lapithos Formation chalk and thick, stratified Bellapais Formation
conglomerates above (again with a sheared contact between the
two units related to Late Miocene deformation).

Along the eastern range south flank, Kalograia-Ardana Forma-
tion debris-flow deposits are in sheared contact with Bellapais For-
mation conglomerates, marked by an angular discordance and, or
an abrupt change in clast texture and composition (Supplementary
Data, Fig. S2c,d). Elsewhere in the eastern range and the Karpaz
(Karpas) Peninsula the contact between the two formations is
rarely well exposed due to lower topography, Plio-Quaternary
cover and/or landslipping (Fig. 17a).

In tectonic model 1 (Fig. 2a-d), there is a profound structural
and stratigraphical break between the Middle Eocene Kalograia-
Ardana Formation (Lapithos Group) and the overlying Bellapais
Formation (Kythrea Group). Geological mapping (1:25,000) of the
central range has identified a structural and stratigraphical break
between the Lapithos and Kythrea groups (see Supplementary
Data, text), as mapped by Ducloz (1963–1964) (sheet 1 in the west)
and by Knup and Kluyver (1969) (sheets 2 & 3, farther east), as
published by the Geological Survey Department, Republic of



Fig. 22. Cartoons showing eight main stages in the development of the Kyrenia Range along the northern continental margin of the southern Neotethys. a, Late Permian-
Middle Triassic rifting. The Upper Permian shallow-water Kantara Formation limestones are tentatively restored along the distal rifted margin; b, Late Triassic-Cretaceous.
Passive margin subsidence and growth of a carbonate platform; c, Upper Cretaceous underthrusting/subduction, accretion of continental margin arc volcanics and
exhumation (see text for multiple stages); d, Maastrichtian-Early Eocene. Incipient back-arc volcanism in an extensional (or transtensional) setting; e, Middle-Late Eocene
thrusting and infill of a foredeep basin. The presence of mass-transport facies above as well as below the allochthon suggests some derivation from a no-longer exposed
higher thrust sheet (see text); f, Oligocene-Early Miocene. Turbidite accumulation in a foredeep basin to the south; formation of the deep-water Cilicia Basin to the north; g,
Late Miocene (later Messinian). Culmination of southward thrusting including re-activation and steepening of previous structures; h, Pleistocene uplift and localised left-
lateral strike slip. Likely drivers are underthrusting of the Kyrenia Range and slab-break-off.
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Fig. 22 (continued)
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Cyprus. An equivalent structural and stratigraphical break is
mapped by Baroz (1979) (1:25,000) throughout the western, cen-
tral and eastern ranges. Such features can be clearly seen on the
maps of the above authors, for example, marked by abrupt changes
in dip and strike near the contact between the two groups in some
places (e.g., near Beylerbeyi) (Ducloz, 1972). Baroz (1979) inferred
an important phase of Eocene thrusting throughout the western,
central and eastern ranges. Interestingly, Baroz (1979) reported
mainly N-directed Eocene thrusting based mainly on outcrop-
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scale fold and thrust geometry. Robertson and Woodcock (1984)
inferred mainly S-directed Eocene thrusting and associated folding,
which resulted in repetition of the Trypa and Lapithos groups to
form a stack of thrust sheets, as best developed in the central
range. Robertson and Kinnaird (2016) documented contrasting,
greatly reduced deformation styles above a regional Eocene uncon-
formity, mainly based on the interpretation of thrusts, folds and
high-angle faults. Also, McCay and Robertson (2013) inferred a
major structural and stratigraphical break, during which the
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recently deformed Kalograia-Ardana Formation was eroded terres-
trially, shedding the basal conglomerates of the Bellapais Forma-
tion, initially in a non-marine alluvial fan setting. Such a non-
marine setting is confirmed by the local presence of palaeosols.

In tectonic model 1, there is a major stratigraphic and structural
break between the Lower Eocene Kalograia-Ardana Formation and
the overlying Mid-Upper Eocene base of the Kythrea Group. There
was an upward facies change within the Kythrea Group from ter-
restrial, to shallow marine, to deep marine. The changes in deposi-
tional environment generally correspond to the time of marked
diminution of Carboniferous detrital zircons (Shaanan et al.,
2021; Chen et al., 2019, 2022). This reduction in detrital zircon
input could be explained by isolation of clastic sediment supply
from the Turkish mainland to the north as the modern Cilicia Basin
(Fig. 1) formed (Robertson and Woodcock, 1986; McCay and
Robertson, 2012). The sedimentary supply switched to westwards
from a source area to the east that included relatively much less
abundant Carboniferous zircons (Shaanan et al., 2021), which is
consistent with palaeocurrent data from the Kythrea Group
(Weiler, 1970; McCay and Robertson, 2013).

In tectonic model 2 (Fig. 2e-g), no structural break exists
between the Lapithos and Kythrea groups and sedimentation con-
tinued from the Eocene to the Oligocene without any major break
(McPhee and van Hinsbergen, 2020). Any Eocene structural break
is illusory in this interpretation and largely resulted from compe-
tency differences between lithologies above and below the uncon-
formity as inferred by other authors. Specifically, marls and chalks
of the Lapithos Formation were more easily deformed that the con-
glomerates, sandstones and mudrocks of the overlying basal
Kythrea facies in this interpretation. The two formations above
and below are subparallel without significant angular discordance
and both are conglomeratic with potentially similar provenance,
according to McPhee and van Hinsbergen’s (2020) interpretation.

Several other lines of evidence suggest a different interpreta-
tion: 1. Chert was formed diagenetically within the Lapithos Group
to create hard (brittle) material that was then brecciated and
reworked above the Bellapais Formation unconformity (Supple-
mentary Data, Fig. S1f). The weakly consolidated mudrocks of the
Bellapais Formation, and locally also palaeosols, represent among
the least competent lithologies in the entire succession but have
remained virtually undeformed; 2. Folding and differential tilting
are observed on local outcrop, to mappable scales between the
Kalograia-Ardana Formation below (which ends abruptly) and
the Bellapais Formation above (Ducloz, 1972; Baroz, 1979;
Fig. 20d); 3. Depositional processes are systematically different
between the two formations; the Kalograia-Ardana Formation
accumulated by subaqueous mass flow. In contrast, the Bellapais
Formation initially accumulated as terrestrial alluvial fan deposits
(including local fan deltas) (Supplementary Data, Fig. S1i), passing
upwards into marine deltaic deposits and then deep-sea deposits
(McCay and Robertson, 2012); 4. Clast compositions are consis-
tently different, with the uppermost levels of the Kalograia-
Ardana Formation commonly being mainly derived from the subja-
cent Ayios Nikolaos Formation chalk and chert. In contrast, the Bel-
lapais Formation conglomerates generally include relatively
greater numbers of clasts made up of Trypa Group-type marbles,
and also ophiolite-related rocks including dolerite (diabase), basalt
(e.g., commonly boninitic) and radiolarian chert (McCay and
Robertson, 2012); 5. Assuming that no compressional thrusting
and folding took place during the Eocene as in model 2, the
mapped imbrication of Trypa and Lapithos group lithologies
(Ducloz, 1972; Baroz, 1979) (e.g., Fig. 8a-c and 16a,b) would be sur-
prising. In this case, intercalations of Neogene sediments would be
expected between Trypa and Lapithos group thrust sheets. Incor-
poration of such Neogene clastic sediments into the thrust belt is
indeed documented but only near the structural base of the west-
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ern range (i.e., Selvili Tepe) (Robertson and Kinnaird, 2016). This
local intercalation can be explained by tectonic accretion to the
base of the Kyrenia Range allochthon during Late Miocene south-
ward thrusting.

In tectonic model 2 (passive margin of North Africa hypothesis)
(Fig. 2f), uplift and erosion are proposed (without compressional
deformation), related to some form of far-field crustal deformation
(McPhee and van Hinsbergen, 2019). In this case, the clastic supply
should again have been mainly from the underlying Lapithos
Group in response to surface uplift. In reality, all levels of the
stratigraphy including abundant clasts from the Trypa Group are
present in the Bellapais Formation basal conglomerates. Ducloz
(1972) noted that clast composition in the base of the Kythrea
Group tends to reflect the local subcrop in some areas (see Supple-
mentary Data, text). However, McCay and Robertson (2013) noted
the common presence of clasts (e.g., boninite; radiolarian chert)
that could have been derived from the Eocene Kalograia-Ardana
Formation even where this is not locally exposed.

McPhee and van Hinsbergen’s (2019) supported their interpre-
tation with observations along the c. N-S line of their balanced
cross section. This section cuts the northern flank of the central
range in the vicinity of Hilarion castle. In this area, both the Lap-
ithos Group and basal Kythrea Group are poorly exposed beneath
Pleistocene colluvium, with evidence of landslipping. Also, the
basal conglomerates of the Bellapais Formation are unusually thin
in this area (without measurable paleocurrent data).

Whereas much of the clastic material in the Bellapais conglomer-
ates was apparently derived locally from the subjacent Trypa and
Lapithos groups, other lithologies especially radiolarite, serpentinite
and boninite clasts do not have such a ready source in the underlying
strata. It is likely that the Kalograia-Ardana Formation, including the
ophiolite-related rocks, was originally thicker and more extensive
throughout the Kyrenia Range but was largely eroded (subaerially)
throughout the central and western ranges before the Late Eocene-
Late Miocene accumulation of the Kythrea Group. This inferred for-
mer cover could explain McPhee and van Hinsbergens’ (2019) point
that there is no evidence of an overburden that could have caused
deformation within the underlying Lapithos Group. Initially generally
southward-trending palaeocurrents (from clast imbrication) suggest
that the source topography was originally highest to the north of
the present outcrop during Late Eocene-Early Oligocene, which is
unexpected if ocean lay in this direction.

In tectonic model 3 (Fig. 2i-j), the Eocene contact between the
two stratigraphical groups could represent the time when the
Kyrenia Range allochthon reached its present relative position
(Glazer et al., 2021; Shaanan et al., 2020). As noted above, Upper
Palaeozoic detrital zircons feature in the Kyrenia Range sandstones
(i.e., Triassic, Late Cretaceous and Early Eocene) until the Oligocene
(Kythrea Group) when they largely disappear (Shaanan et al., 2021;
Chen et al., 2019, 2022). The inferred reason was that the Kyrenia
Range had by then been tectonically translated away from its orig-
inal position wherever this was (e.g., associated with a Palaeoteth-
yan suture zone).

In summary, the combined new and literature data corroborate
the existence of a major structural, stratigraphical and composi-
tional break between the Middle Eocene Kalograia-Ardana Forma-
tion and the Upper Eocene-Oligocene Bellapais Formation, in
agreement with tectonic model 1 (Fig. 2c), and potentially also
with tectonic model 3 (Fig. 2j). The Eocene deformation gave rise
to gently inclined thrust sheets, such that the unconformity was
typically low-angle and not always obvious in individual outcrops.
The probable driving force of the Kalograia-Ardana Formation
mass-transport complex was downflexure in advance of a thrust
load that moved southwards to form a foreland basin, as supported
by comparisons with other similar convergent units and modelling
studies (e.g., Heller et al., 1988; DeCelles, 2011).



Alastair H.F. Robertson, O. Parlak and K. Taslı Gondwana Research 132 (2024) 343–379
4.6. Late Miocene thrusting; presence or absence of coeval surface
uplift?

In all of the three tectonic models (Fig. 2), the Late Miocene is
accepted as an important time of southward-directed thrusting
and folding in the Kyrenia Range, in keeping with previous studies
(Henson et al., 1949 Ducloz, 1972; Baroz, 1979; Robertson and
Woodcock, 1984; Harrison et al., 2004; McCay and Robertson,
2012; Robertson and Kinnaird, 2016). However, the timing of
deformation and surface uplift within the Kyrenia Range is inter-
preted differently by several authors.

In several well-documented sections to the south of the western
range (e.g., Lapatza Hill) (Necdet and Anıl, 2006; Varol and Atalar,
2017; unpublished data), the eastern range (e.g., Çınarlı (Platani)-
Altınova (Ayios Lakovos) (McCay and Robertson, 2012; McCay
et al., 2013), and the Karpaz (Karpas) Peninsula (near Ziamet (Leo-
narisso) (Robertson et al., 2019) sandstones and mudrocks of the
Kythrea Group pass upwards into fine-grained sediments including
marls, mudrocks and sapropels and then abruptly but conformably
into Messinian evaporites. The Kyrenia Range is interpreted as a
low-relief island during the Early Messinian with sapropels accu-
mulating in small semi-isolated marine basins to the south
(Robertson et al., 2019). Recent work suggests that the evaporites
formed in small, restricted basins to the south of the Ovgos (Dar
Dere) Fault (Fig. 3), which becamemore active during the later per-
iod of gypsum deposition, associated with southward reworking as
gravity flows (Artiaga et al., 2021).

In tectonic model 1 (Fig. 2d), northward underthrusting/sub-
duction of the Troodos ophiolitic crust took place during Late
Eocene-Late Miocene, during which the Kythrea Group accumu-
lated in a mainly deep-marine setting (McCay and Robertson,
2012). Baroz (1979) inferred that Late Miocene thrusting took
place between the end of gypsum deposition but before the begin-
ning of the Early Pliocene. In general agreement, other authors
(Robertson and Woodcock, 1986; McCay et al., 2013; McCay and
Robertson, 2012; Palamakumbura and Robertson, 2018) inferred
that southward thrusting, as well documented along the southern
margin of the range, mainly took place during and soon after the
Messinian accumulation of evaporites (mainly gypsum) within
the Mesaoria Basin. Afterwards, marine deposition resumed during
the Early Pliocene-Early Pleistocene with the accumulation, ini-
tially of marls (Myrtou (Çamlıbel) and the Nicosia Formation, and
later of shallow-marine carbonates (Athalassa (Gürpınar)) Forma-
tion, with little evidence of preceding (Late Miocene) or contempo-
raneous (Early Pliocene-Early Pleistocene) surface uplift. This is
consistent with seismic reflection profiles off northwest Cyprus
that show that deformation in the subaqueous westward extension
of the Kyrenia Range (related to south-verging thrusting) was
sealed by an inferred upper Messinian unconformity (without local
well control); this reflector was itself folded and faulted during the
inferred Plio-Quaternary (Calon et al., 2005a). Similar relationships
are seen on seismic profiles across the submerged eastward exten-
sion of the Kyrenia Range and in the outer part of the Latakia Basin
(Fig. 1) (Calon et al., 2005b).

In tectonic model 2 (Fig. 2g), the Kyrenia Range was transferred
from the North African continental margin to near its present posi-
tion in response to northward subduction that took place between
the Kyrenia Range in the south and the Tauride continental crust to
the north (McPhee and van Hinsbergen, 2019). During this time the
Kyrenia Range was transferred from the N African continental mar-
gin to the S Eurasian (S Tauride) continental margin as remnant S
Tethyan oceanic crust was consumed. Northward subduction cul-
minated in initial continental collision with the Tauride continent
during the Tortonian-Messinian resulting in uplift, followed by fur-
ther surface uplift during Plio-Pleistocene. McPhee and van
Hinsbergen (2019) infer up to 1000 m of erosion during or after
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the major phase of thrusting, mainly based on the interpretation
of their balanced and restored N-S section across the central range.
In support of this interpretation, they cite an isolated outcrop of
sub-horizontal gypsum, of assumed Messinian age, to the south
of the range that they believe to have accumulated on tectonically
steepened and eroded strata of the Kythrea Group; if correct this
implies thrusting and surface uplift as early as the Tortonian. How-
ever, the authors note that the contact is not exposed (see their
Fig. 4C). On the other hand, stratigraphical, sedimentological and
structural evidence does not indicate significant deformation and
stratal steepening until the Messinian.

Common to all three tectonic models is the view that intense
surface uplift of the Kyrenia Range took place during the Pleis-
tocene. This was characterised by marine regression to lagoonal
facies, followed by coarse-grained terraced terrestrial facies (see
Palamakumbura and Robertson, 2016). Structural studies show
that the Pleistocene uplift was accompanied by continuing com-
pressional and/or transpressional deformation in some areas of
the Kyrenia Range (McCay and Robertson, 2012), and also within
the Mesaoria Plain to the south, especially associated with the E-
W Ovgos (Dar Dere) fault lineament (Harrison et al., 2004;
McCay and Robertson, 2013). In the above interpretation, the Pleis-
tocene uplift of the Kyrenia Range, as for the Troodos Massif to the
south, can be explained by collision of the Eratosthenes Seamount,
representing the leading edge of the North African passive conti-
nental margin (e.g., Palamakumbura et al., 2016).

In summary, Late Miocene thrusting and stratal rotation within
the Mesaoria Basin (Kythrea Group) mainly took place during the
later Messinian-earliest Pliocene. Major surface upfit of the Kyrenia
Range did not take place until the Pleistocene, probably driven by
collision with the leading edge of the North African continent
(Eratosthenes Seamount).
5. Discussion: Evaluation of the alternative tectonic models

McPhee and van Hinsbergen (2019) questioned several aspects
of the previously published version of model 1 (Robertson et al.,
2012a, 2014). In model 1, the Upper Cretaceous-Pleistocene con-
vergence zone (subduction/collision) is placed between the Kyre-
nia Range and the Troodos Massif, whereas in model 2 this is
placed between the Kyrenia Range and mainland Turkey. McPhee
and van Hinsbergen (2019) estimate that 300–400 km of post
35–40 Ma Africa-Europe convergence at the longitude of Cyprus
was accommodated by active subduction to the south of the
Taurides.

Consistent with the above interpretation, McPhee and van
Hinsbergen (2019) did not find any evidence of pre-Tortonian
deformation in the Mesaoria Basin. The important transecting c.
E-W Ovgos (Dar Dere) Fault within the Mesaoria Basin was inter-
preted by them as an extensional fault, in agreement with McCay
and Robertson (2013), who previously interpreted this lineament
as a north-down extensional (or transtensional) fault zone during
Oligocene to Mid-Miocene times. Troodos ophiolitic basement is
known to extend to near the Ovgos Fault, as indicated by the Lef-
koniko borehole (e.g., Cleintuar et al., 1977). The compiled aero-
magnetic anomaly map of Cyprus (Vine et al., 1973) extends
approximately as far north as the Ovgos Fault. However, the nature
of the basement between the Ovgos Fault and the Kyrenia Range,
and that beneath the thrust front of the Kyrenia Range; i.e., the
Kythrea (Değirmenlik) Fault are unknown and could have accom-
modated Neogene convergence. A Cenozoic subduction complex
could be buried beneath (and to the north of) the Kyrenia Range;
alternatively subduction-erosion could have taken place.

On the other hand, problematic for tectonic model 2 is that
there is no obvious evidence of a subduction-accretion complex
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related to northward subduction between the Kyrenia Range and
the Turkish mainland (their S Neotethyan suture zone). As noted
by McPhee and van Hinsbergen (2019), the nature of the basement
beneath the thick deep-marine sediments of the intervening Cilicia
Basin is unknown (Aksu et al., 2005) (Fig. 1). Northward subduc-
tion, continuing until the Messinian, should have produced a
trench-accretionary complex or at least the trace of a subduction
trench (detachment surface) in their interpretation; however, such
features are not observable on the seismic reflection profiles of the
Cilicia Basin (Calon et al., 2005a,b). Greenschist facies Mesozoic
carbonate platform lithologies on either side of the Cilicia Basin
(Kyrenia vs. Alanya Massif) (Fig. 1) have been correlated
(Çetinkaplan et al., 2016; Robertson et al., 2012a), which is not
easily reconcilable with a former oceanic separation. The Cilicia
Basin to the north of the Kyrenia Range has alternatively been
interpreted as a flexural foreland basin associated with southward
thrusting of the Tauride allochthon (Aksu et al., 2005), although a
supra-subduction zone extensional basin origin has also been pro-
posed (Robertson et al., 2012 and references).

McPhee and van Hinsbergen (2019) do not envisage a tectono-
stratigraphic link between the Kyrenia Range and the adjacent
Taurides until the Late Miocene. However, this is far from support-
able. The Kyrenia Range is well established to run northeastwards
under the sea (Evans et al., 1978; Kempler and Garfunkel, 1994;
Hall et al., 2005; Aksu et al., 2005) and then emerge as the Misis-
Andırın Range; this has a very similar structural history including
an Eocene mass-transport complex known as the Bulgurkaya Sed-
imentary Melange within the Misis-Andırın Range, which is similar
to the Eocene Kalograia-Ardana Formation. This unit contains exo-
tic blocks of Mesozoic shallow-water carbonate rocks and
ophiolite-related rocks in a matrix deposited by gravity flows
(Schiettecatte, 1971; Kozlu, 1987; Kelling et al., 1987; Gökçen
et al., 1988; Robertson et al., 2004). This melange lineament
extends northeastwards from the coastal Misis Range through
the Andırın Range, which has similarities in terms of its origin
and timing of deformation (Yılmaz and Gürer, 1995; Robertson
et al., 2004; Akıncı and Ünlügenç, 2020, 2021). The melange linea-
ment then continues eastwards through and beyond the Engizek
Mountains (e.g., Çağlayancerit area), where the lower levels of
the tectono-stratigraphy are dominated by the Bulgurkaya Sedi-
mentary Melange of Eocene-Oligocene(?) age. The melange is
interpreted to have formed related to Eocene northward conver-
gence (subduction) coupled with southward nappe emplacement
(Robertson et al., 2004; Akıncı et al., 2016). Eastwards, the linea-
ment runs south of the Pütürge metamorphic massif and then
south of the Bitlis metamorphic massif, where it is known as the
Bitlis suture zone (e.g., Oberhänsli et al., 2010, 2013). Another rel-
evant comparison is that the Trypa Group of the Kyrenia Range has
been compared with the mainland Alanya Massif (Robertson et al.,
2012a); also the Alanya Massif has been correlated with Bitlis Mas-
sif as a single c. E-W tectonic unit (Özgül, 1976; Çetinkaplan et al.,
2016; Barrier et al., 2018; Robertson et al., 2020). Alternatively, it
has been proposed that the Alanya, Pütürge and Bitlis massifs rep-
resent separate rifted continental blocks within Tethys (Robertson
et al., 2012a; S�engör and Yılmaz, 1981; Robertson and Dixon, 1984;
Robertson and Woodcock, 1984). The frontal thrust of the Misis-
Andırın-Engizek-Bitlis suture is in the same relative position as
the frontal thrust (i.e., the Değirmenlik (Kythrea) Fault) of the
Kyrenia Range. In all of these areas allochthonous units occur
above Upper Cretaceous ophiolites to the south; e.g., the Amanos
ophiolite in SE Turkey (Duman et al., 2017).

In tectonic model 2, the Troodos ophiolite was emplaced onto
the distal North African continental margin (Fig. 2e). The Mesozoic
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geology of the distal North Africa margin remains poorly known (at
least in the public domain). However, the stratigraphy would be
expected to resemble that of the Eratosthenes Seamount south of
Cyprus. ODP drilling revealed Early Cretaceous shallow-water car-
bonates related to the development of a large, isolated carbonate
platform, as further revealed by seismic data (Feld et al., 2017;
Gao et al., 2020; Burchette et al., 2023). The shallow-water carbon-
ates are overlain by pelagic carbonates (mainly chalk), followed by
Miocene reef-related carbonates without any significant tectono-
stratigraphic break during the latest Cretaceous time of regional
ophiolite emplacement (Robertson, 1998). Elsewhere, ophiolite
(e.g., Oman) emplacement onto the Arabian continental margin
generated a regional flexurally-controlled foredeep and regional-
scale unconformity (Ali and Watts, 2009; Patton and O’Connor,
1988; Robertson, 1987). There is, therefore, no obvious supporting
evidence of Late Cretaceous ophiolite emplacement onto or near
the North African continental margin.

The Kyrenia Range is also unlikely to represent a far-travelled
rootless allochthon as in tectonic model 3 because the correlative
crustal units in S and SE Turkey occur at a low level in the overall
tectono-stratigraphy, above the Arabian plate. These units (e.g.,
Kyrenia, Alanya, Pütürge, Bitlis) could have achieved such a root-
less position by far-travelled out-of-sequence thrusting (thick-
skinned) but there is no obvious evidence of this (e.g., Yılmaz,
1993, 2019).

Glazer et al.’s (2021) interpretation of the Kyrenia Range as a
grossly allochthonous body of rocks (pre-Oligocene) rests heavily
on the occurrence of Upper Palaeozoic (mainly Carboniferous)
detrital zircons within Triassic, Upper Cretaceous and Eocene sand-
stones of the Kyrenia Range, for which they consider a tectonic link
with Paleotethyan crust which is located to the north of the Tau-
rides (Glazer et al., 2021). One option is that the Kyrenia Range
overstepped the Taurides during the Eocene regional compres-
sional event that accompanied final closure of the northern Neo-
tethys (Inner Tauride ocean and/or _Izmir-Ankara-Erzincan ocean)
(e.g., S�engör and Yılmaz, 1981; Özgül, 1984a, 1997; Andrew and
Robertson, 2002). The Alanya metamorphic massif was emplaced
northwards during the Eocene (Monod, 1977; Demirtas�lı et al.,
1979; Özgül, 1984a; Okay and Özgül, 1984; Özgül, 1984b;
Robertson et al., 2024). However, soon after its northward
emplacement (within the Eocene) the Alanya Massif was over-
thrust southwards by the leading edge of the Hadim (Aladağ)
nappe (Özgül, 1984a; Robertson et al., 2020; Robertson and
Parlak, 2020; Özgül, 1984b). Therefore, in principle a Kyrenia
Range allochthon might have formed part of the Hadim nappe or
have piggy backed over it. However, the tectonostratigraphy of
the Kyrenia Range and the Hadim Nappe are fundamentally differ-
ent, and there is no evidence of any formerly existing thrust sheet
above (e.g., associated erosional detritus). Also, the Kyrenia Range
stratigraphy, especially the Lapithos Group, is quite unlike the
tectono-stratigraphy of the Anatolide crustal unit between the
Taurides and the Palaeotethyan suture zone to the north (e.g.,
Okay and Tüysüz, 1999; Pourteau et al., 2010; Robertson et al.,
2009; Göncüoğlu, 2011). Another option (potentially promising)
is sediment transport from Upper Palaeozoic zircon-rich units that
were emplaced southwards together with the Bolkar (Aladağ)
nappe during latest Cretaceous (to the east of the Alanya Massif)
(Robertson et al., 2022 and references).

New detrital zircon data are increasingly becoming available for
Palaeozoic-Mesozoic Tauride sandstones (Chen et al., 2022a,b) and
their Miocene sedimentary cover (Chen et al., 2021), and also for
the Arabian continental margin in the Amanos Mountains (Chen
et al., 2024). It remains to be evaluated whether the combined
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information supports the interpretation of Chen et al. (2019, 2021,
2022, 2024) that the Upper Palaeozoic detrital zircons were
reworked, episodically, generally southwards from the Palaeoteth-
yan suture zone to the north of the Taurides, associated with Trias-
sic, Late Cretaceous and Eocene regional tectonic events.
6. Summary of the tectonic development of the Kyrenia Range

The following main stages of tectonic development are inferred
in the wider geological context, in the light of our favoured tectonic
interpretation (model 1). For brevity most previously cited refer-
ences are not repeated.
6.1. Late Palaeozoic-Early Mesozoic rifting of S Neotethys

The restored Mesozoic succession of the Kyrenia Range docu-
ments Triassic rifting (Dikomo and Sikhari formations) (Fig. 22a),
followed by Jurassic-Cretaceous passive margin development
(Hilarion Formation) (Fig. 22b, 23), as throughout the Taurides.
The Upper Permian shallow-water limestone blocks of the eastern
range (Kantara Formation) are likely to document early-stage rift-
ing, as in the Taurides (Poisson, 1977; Robertson and Woodcock,
Fig. 23. Palaeogeographic sketch of the setting of the Kyrenia Range during the Late Trias
and the Alanya Massif are shown as a single continental fragment; however, they could
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1984; Mackintosh and Robertson, 2012; S�ahin and Altıner, 2019).
The Kyrenia Range and the Alanya Massif could represent a single
continental fragment (Robertson et al., 2016b; Barrier et al., 2018)
(Fig. 23), or, alternatively, two separate rifted fragments could have
existed) (Robertson et al., 2012a). The relevant evidence is hidden
beneath the deep-water Cilicia Basin.

6.2. Late Cretaceous subduction of S Neotethys

A supra-subduction zone ophiolite, a possible metamorphic sole
and OIB/E-type MORB lavas were tectonically emplaced over the
Mesozoic Trypa Group carbonate platform during the post-early
Cretaceous (i.e., the youngest confirmed palaeontological age of
the underlying Hilarion Formation). The carbonate platform under-
went greenschist facies metamorphism, whereas the mineralogy of
the blocks of ophiolite-related metabasite and meta-chert suggests
metamorphism at <450 �C, at burial pressure of 10–15 kbar (Glazer
et al., 2021). Two options for the tectonic/metamorphic processes
involved are: 1. the HP-LT rocks formed at depth, exhumed to
the crustal level of the greenschist-metamorphosed Trypa Group,
and were then all exhumed to the seafloor prior to Late Maas-
trichtian transgression; 2. the greenschist facies-metamorphosed
Trypa Group and the HP-LT ophiolite-related melange exhumed
sic during the beginning of the passive margin subsidence phase. The Kyrenia Range
possibly also represent two separate fragments.
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separately in different locations and the melange was then
emplaced onto the Trypa Group as a whole, prior to the Late Maas-
trichtian (Fig. 22c).

The ophiolite-related melange could have originated in several
alternative settings based on the limited available information.
The first was a narrow oceanic basin to the north, between a small
Mesozoic carbonate platform (Kyrenia Range) and a larger Meso-
zoic carbonate platform (Alanya Massif) farther north. However,
the melange lithologies including SSZ-metabasalts and boninites
are unlikely to have formed in a small intra-platform oceanic basin.
This is mainly because of the necessary width of oceanic crust
needing to subduct (100s km) before triggering supra-subduction
spreading, based on comparisons with the Cenozoic of the NW
Pacific region (e.g., Reagan et al., 2003). In a second option, the
melange originated to the north of the Alanya Massif carbonate
platform in a Mesozoic oceanic basin, for example related to the
formation and emplacement of the Antalya Complex (Antalya
nappes), as exposed within the Güzelsu Corridor and/or adjacent
areas (Robertson et al., 2024). There is indeed evidence of south-
ward emplacement of HP-LT ophiolite-related melange onto the
Alanya Massif (Çetinkaplan et al., 2016; Robertson and Parlak,
2020; their Fig. 20f) in this area, although it is unclear whether
or not these lithologies could have reached the Kyrenia Range.

6.3. Mid-Eocene emplacement of mass-transport unit

During the Late Maastrichtian-Early Eocene, pelagic carbonates
accumulated, interspersed with Maastrichtian-Eocene basic vol-
canics of the Lapithos Group (Malounda and Ayios Nikolaos forma-
tions) (Fig. 22d). An incipient ‘back-arc’ setting is inferred during
this time (Huang et al., 2007; Chen and Robertson, 2021). During
the Middle Eocene, the Kalograia-Ardana Formation mass-
transport unit formed and was emplaced southwards by gravity
processes, associated with regional compressional deformation
(Fig. 22e). The eastern range outcrop traces westwards to beneath
the eastern part of the central range and so probably exists to the
south of the entire range but was buried and concealed by the Late
Miocene thrusting (Robertson et al., 2012a). Mass-flow accumula-
tions along the northern margin of the central and western range
were probably thicker and more extensive (100s m?) prior to
pre-Late Eocene erosion.

The southward emplacement of the Eocene mass-transport unit
was broadly contemporaneous with the southward emplacement
of the Tauride nappes, notably the Hadim (Aladağ) nappe, which
reached as far south as the Mediterranean coast north of Cyprus
(near Silifke). The Eocene regional compression that emplaced
the Tauride nappes could also have driven Eocene south-verging
thrusting in the Kyrenia Range. Several thrust sheets were
involved. One in the north (not now exposed) represented a
thrust-top basin in which sedimentary melange (debris flows)
accumulated on a substratum of Trypa-Lapithos group rocks.
Structurally beneath this (farther south), a Trypa-Lapithos group
thrust sheet shed debris into a flexurally controlled foreland basin
to form the main mass-transport unit of the Kalograia-Ardana For-
mation (eastern range and Karpaz (Karpas) Peninsula).

The Upper Permian detached limestone blocks (Kantara Forma-
tion) are proposed to have formed along the distal rifted, northerly
continental margin of the S Neotethys. Early rift facies were cov-
ered by deeper water later-rift and post-rift facies, including Trias-
sic sandstone turbidites and radiolarian cherts that are not present
in the Trypa Group. During the Eocene regional compression, the
former rift basin stratigraphically inverted (uplifted) and was bull-
dozed ahead of the main Trypa-Lapithos group allochthon, leading
to its collapse as detached blocks and debris-flows within the Mid-
dle Eocene Kalograia-Ardana Formation (Fig. 22e). One option is
that, during the latest Cretaceous, unmetamorphosed ophiolite-
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related rocks, including harzburgite, boninite and meta-chert, rep-
resenting SSZ-ophiolitic rocks and accretionary melange were ini-
tially emplaced southwards from the Güzelsu oceanic basin
(Antalya Complex) to the north of the Alanya Massif, and then
finally emplaced farther southwards as part of the Middle Eocene
mass-transport complex (Robertson et al., 2013).

The relative abundance of Carboniferous detrital zircons in the
Kalograia-Ardana Formation (Chen et al., 2019, 2022a,b; Glazer
et al., 2021) could be explicable by recycling from Upper Palaeozoic
(mainly Carboniferous) units that were emplaced together with the
Tauride thrust sheets during the Eocene. Potential source units
include sandstones associated with the Upper Palaeozoic Konya
Complex (Devonian-Carboniferous zircons) of the Anatolides,
north of the Taurides (Löwen et al., 2020; Ustaömer et al., 2020).
Other source candidates include the Upper Palaeozoic melange of
the Karaburun Peninsula (Löwen et al., 2017; Ustaömer et al.,
2020), the Upper Cretaceous Bornova Flysch (Okay and Kylander-
Clark, 2023), and the adjacent Aegean region (Meinhold et al.,
2008), all of which contain relatively high abundances of Carbonif-
erous zircons. The Tauride platform succession in eastern Anatolia
also contains significant abundances of Upper Palaeozoic basic
extrusive igneous rocks (Robertson et al., 2021 and references),
which might have contributed detrital zircons, although more
magmatically evolved igneous rocks typically contain relatively
greater proportions of detrital zircons. Many sandstone units in
Turkey still lack detrital zircon data. Also, large areas of crust are
concealed beneath both the Upper Cretaceous and Eocene thrust
systems in the Taurides, such that options for detrital zircon prove-
nance remain open.
6.4. Late Eocene-Late Miocene clastic accumulation and southward
thrusting

During the Late Eocene-Late Miocene, northward underthrust-
ing and/or late-stage subduction took place to the south of the
range, and terrigenous turbidites accumulated in a subduction
trench, transitional to a foreland basin (foredeep), as represented
by the Kythrea Group (see McCay and Robertson, 2012) (Fig. 22f).
Evidence from SE Turkey and more widely (e.g., Iran) suggests that
the Mid-Late Eocene was the time of initial collision of the Arabian
and Eurasian plates in this region, whereas more advanced colli-
sion took place during the Miocene (e.g., Boulton et al., 2006;
Robertson et al., 2016a; Cavazza et al., 2018; Darren and Umhoefer,
2022).

Related to more advanced collisional deformation, the Kyrenia
Range was thrusted and folded mainly during later Messinian-
earliest Pliocene time, although deformation continued locally into
the Plio-Pleistocene. The Trypa and Lapithos groups were rotated
to steeply dipping, as seen along the crest of the range. Slices of
the Kythrea Group clastics were incorporated into the thrust stack
in the western range. Eocene thrusts were extensively re-activated
and over-steepened, associated with extensive northward back-
thrusting (Fig. 22g).
6.5. Pleistocene tectonic uplift

Pleistocene coarse non-marine accumulations (e.g., terrace
deposits) chart surface uplift of the Kyrenia Range, which was
broadly coeval with surface uplift of both the Tauride Mountains
to the north and the Troodos Massif to the south. The Pleistocene
uplift of the Troodos Massif and the Kyrenia Range, together, relate
to underthrusting of the Eratosthenes Seamount, which represents
a promontory of the North African continental margin (e.g.,
Robertson et al., 1995; Kempler, 1998; Palamakumbura et al.,
2016) (Fig. 22h). Farther north, the Pleistocene uplift of the central
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Taurides has been attributed to post-collisional slab break-off
(Schildgen et al., 2012).
7. Conclusions

1. Three contrasting tectonic models for the Late Palaeozoic-
Pleistocene tectonic development of the Kyrenia Range have
been tested based on new fieldwork. The best-fitting model
is that the Kyrenia Range developed along the northern mar-
gin of the Southern Neotethys near its present relative posi-
tion, rather than along the North African continental margin,
or as a far-travelled allochthonous unit from outside the
easternmost Mediterranean region.

2. A critical unit of lower Triassic low-grade-metamorphosed
marls and meta-mudrocks (Dikomo Formation) is inter-
preted as rift-related sediments; these are interpreted as
the base of the Kyrenia Range Mesozoic succession (Trypa
Group). Similar Early Triassic rift-related facies are widely
developed in the Taurides.

3. Fragmentary exposures of ophiolite-related melange occur
between the Mesozoic platform succession (Trypa Group)
and the overlying latest Cretaceous-Eocene deep-water car-
bonates and basic volcanics (Lapithos Group). The melange
includes blocks of subduction-influenced meta-basalt (in-
cluding boninite), E-MORB/OIB-meta-basalt, garnet amphi-
bolite, diabase-gabbro meta-chert, marble and meta-clastic
sediments, within a matrix of typically sheared meta-
serpentinite (mainly meta-harzburgite). Meta-clastics and
meta-basic igneous rocks are commonly seen to be over-
printed by HP/LT metamorphism.

4. The ophiolite-related melange is interpreted as a supra-
subduction zone ophiolite, potentially associated with a
high-grade metamorphic sole (amphibolite) and deep-sea
sediments (e.g., meta-chert).

5. Calcareous microfossil dating shows that the ophiolite-
related melange exhumed prior to the Late Maastrichtian
when breccias derived from underlying meta-platform and
the melange began to accumulate.

6. A major mass-transport unit (olistostrome) developed dur-
ing the Middle Eocene, comparable to sedimentary melanges
along the Misis-Andırın-Engizek lineament in adjacent SE
Turkey.

7. Thrusting and folding affected the Kyrenia Range during
Mid-Late Eocene, as also documented throughout SE Turkey
related to final southward emplacement of various Tauride
nappes (e.g., Hadim (Aladağ) nappe). The driving force is
likely to have been final closure of northern Neotethyan
ocean to the north of the Tauride carbonate platform.

8. Following uplift and subaerial erosion, sedimentation
resumed during the Late Eocene-Oligocene above a region-
ally important unconformity. Deepening upwards from sub-
aerial, to shallow marine, to deep marine isolated the
Kyrenia Range from clastic supply from the north as the Cili-
cia Basin formed.

9. Intense southward thrusting and folding took place mainly
during the later Messinian-earliest Pliocene, related to
advancing collision of the African and Eurasian plates.

10. Major surface uplift of the Kyrenia Range occurred during
the Pleistocene, triggered by underthrusting/subduction of
the Eratosthenes Seamount south of Cyprus.
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Parlak, O., Dunkl, I., Karaoğlan, F., Kusky, T.M., Zhang, C., Wang, L., Koepke, J., Billor,
Z., Hames, W.E., S�ims�ek, E., S�ims�ek, G., S�ims�ek, T., Öztürk, S.E., 2019. Rapid
cooling history of a Neotethyan ophiolite: Evidence for contemporaneous
subduction initiation and metamorphic sole formation. Geol. Soc. Am. Bull. 131,
2011–2038.

Patton, T.L., O’Connor, S.J., 1988. Cretaceous flexural history of northern Oman
mountain foredeep, United Arab Emirates. Bull. Am. Ass. Petrol. Geol. 72, 797–
809.

Pearce, J.A., 1975. Basalt geochemistry used to investigate past tectonic
environments on Cyprus. Tectonophysics 25, 41–67.

Pearce, J.A., 2008. Geochemical fingerprinting of oceanic basalts with applications to
ophiolite classification and the search for Archean oceanic crust. Lithos 100, 14–
48.

Pearce, J.A., Cann, J.R., 1973. Tectonic setting of basaltic volcanic rocks determined
using trace element analysis. Earth Planet. Sci. Lett. 19, 290–300.

Pearce, J.A., Lippard, S.J., Roberts, S., 1984. Characteristics and tectonic significance
of supra-subduction zone ophiolites. In: Kokelaar, B. P., Howells, M. F. (Eds.).
Marginal Basin Geology. Geol. Soc., London Spec. Publ. 16, 77-94.

Pearce, J.A., Norry, M.J., 1979. Petrogenetic implications of Ti, Zr, Y, and Nb
variations in volcanic rocks. Contrib. Mineral. Petrol. 69, 33–47.

Pearce, J.A., Robinson, P.T., 2010. The Troodos ophiolitic complex probably formed
in a subduction initiation, slab edge setting. Gondwana Res. 18, 60–81.

Pearce, J.A., 1996. A user’s guide to basalt discrimination diagrams. In: Wyman, D.A.
(Ed.), Trace Element Geochemistry of Volcanic Rocks: Applications for Massive
Sulphide Exploration. Geological Association of Canada, Short Course Notes 12,
79-113.

Poisson, A., 1977. Récherches Géologiques dans les Taurides Occidentales, Turquie.
University of Paris-Sud, Orsay, France. Ph.D. thesis.

Pourteau, A., Candan, O., Oberhänsli, R., 2010. High-pressure metasediments in
central Turkey: Constraints on the Neotethyan closure history. Tectonics 29 (5).
https://doi.org/10.1029/2009TC002650.

https://doi.org/10.1093/petrology/egaa050
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0345
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0345
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0345
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0345
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0345
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0345
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0350
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0350
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0350
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0355
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0355
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0355
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0365
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0365
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0375
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0375
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0375
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0380
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0380
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0380
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0380
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0385
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0385
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0385
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0385
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0385
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0390
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0390
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0390
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0390
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0395
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0395
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0395
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0395
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0395
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0400
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0400
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0400
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0405
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0405
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0405
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0405
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0410
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0410
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0410
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0410
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0420
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0420
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0420
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0420
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0425
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0425
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0425
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0425
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0435
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0435
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0435
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0435
https://doi.org/10.1016/j.gr.2018.10.015
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0445
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0445
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0445
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0445
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0450
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0450
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0450
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0450
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0450
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0455
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0455
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0465
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0465
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0465
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0475
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0475
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0475
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0490
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0490
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0490
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0495
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0495
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0495
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0500
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0500
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0500
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0505
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0505
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0505
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0505
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0515
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0515
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0515
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0515
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0515
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0515
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0515
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0515
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0520
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0520
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0520
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0525
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0525
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0525
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0525
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0530
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0530
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0530
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0530
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0535
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0535
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0540
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0540
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0545
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0545
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0545
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0550
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0550
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0550
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0555
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0555
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0555
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0555
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0555
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0555
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0555
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0555
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0555
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0555
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0555
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0560
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0560
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0560
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0565
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0565
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0570
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0570
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0570
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0575
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0575
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0585
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0585
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0590
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0590
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0600
http://refhub.elsevier.com/S1342-937X(24)00107-2/h0600
https://doi.org/10.1029/2009TC002650


Alastair H.F. Robertson, O. Parlak and K. Taslı Gondwana Research 132 (2024) 343–379
Reagan, M.K., Pearce, J.A., Shervais, J., Christeson, G.L., 2023. Subduction initiation as
recorded in the Izu-Bonin-Mariana forearc. Earth Sci, Rev, p. 104573.

Regard, V., Faccenna, C., Martinod, J., Bellier, O., Thomas, J.C., 2003. From subduction
to collision: Control of deep processes on the evolution of convergent plate
boundary. J. Geophys. Res.: Solid. Earth 108 (B4), 16. https://doi.org/10.1029/
2002JB001943.

Ricou, L.E., Dercourt, J., Geyssant, J., Grandjacquet, C., Lepvrier, C., Biju-Duval, B.,
1986. Geological constraints on the Alpine evolution of the Mediterranean
Tethys. Tectonophysics 123, 83–122.

Robertson, A.H.F., 1987. The transition from a passive margin to an Upper
Cretaceous foreland basin related to ophiolite emplacement in the Oman
Mountains. Geol. Soc. Am. Bull. 99, 633–653.

Robertson, A.H.F., 1998. Lithofacies evidence for the Cretaceous-Paleogene
sedimentary history of Eratosthenes Seamount, Eastern Mediterranean, in its
regional tectonic context (sites 966 and 967). Proc. ODP, Scientific Results 160,
403–417.

Robertson, A.H.F., 1998. Tectonic significance of the Eratosthenes Seamount: a
continental fragment in the process of collision with a subduction zone in the
eastern. Mediterranean (Ocean Drilling Program Leg 160). Tectonophysics 298,
63–82.

Robertson, A.H.F., 2002. Overview of the genesis and emplacement of Mesozoic
ophiolites in the Eastern Mediterranean Tethyan region. Lithos 65, 1–67.

Robertson, A.H.F., Dixon, J.E., 1984. Introduction: aspects of the geological evolution
of the Eastern Mediterranean. In: Dixon, J.E. and Robertson, A.H.F. (Eds.), Geol.
Soc., London Spec. Publ. 17, 1–74.

Robertson, A.H.F., Woodcock, N.H., 1984. The SW segment of the Antalya Complex,
Turkey as a Mesozoic-Tertiary Tethyan continental margin. In: Robertson, A.H.F
and Dixon, J.E. (Eds.), Geol. Soc., London Spec. Publ. 17, 251-271.

Robertson, A.H.F., Clift, P.D., Degnan, P.J., Jones, G., 1991a. Palaeogeographic and
paleotectonic evolution of the Eastern Mediterranean Neotethys. Palaeogeog.
Palaeoclimatol. Palaeoecol. 87, 289–343.

Robertson, A.H.F., Eaton, S., Follows, E.J., McCallum, J.E., 1991b. The role of local
tectonics versus global sea-level change in the Neogene evolution of the Cyprus
active margin. In: David, I., Macdonald, M. (Eds.), Sedimentation, Tectonics and
Eustasy: Sea-Level Changes at Active Margins. Wiley, pp. 331–369.

Robertson, A.H.F., Parlak, O., Ustaömer, T., 2009. Melange genesis and ophiolite
emplacement related to subduction of the northern margin of the Tauride–
Anatolide continent, central and western Turkey. In: van Hinsbergen, D.J.J.,
Edwards, M.A., Govers, R. (Eds.), Collision and Collapse at the Africa–Arabia–
Eurasia Subduction Zone. Geol. Soc., London Spec. Publ. 311, 9-66.

Robertson, A.H.F., Kidd, R., Ivanov, M., Limonov, A., Woodside, J., Galindo-Zaldivar, J.,
Nieto, L., 1995. Eratosthenes Seamount: collisional processes in the easternmost
Mediterranean in relation to the Plio-Quaternary uplift of southern Cyprus.
Terra Nova 7, 254–264.

Robertson, A.H.F., Boulton, S.J., Taslı, K., Yıldırım, N., _Inan, N., Yıldız, A., Parlak, O.,
2016a. Late Cretaceous-Miocene sedimentary development of the Arabian
continental margin in SE Turkey (Adıyaman region): Implications for regional
palaeogeography and the closure history of Southern Neotethys. J. Asian Earth
Sci. 115, 571–616.

Robertson, A.H.F., Kinnaird, T.C., 2016. Structural development of the central
Kyrenia Range (north Cyprus) in its regional setting in the eastern
Mediterranean region. Int. J. Earth Sc. 105, 417–437.

Robertson, A.H.F., Parlak, O., Yıldırım, N., Dumitrica, P., Taslı, K., 2016b. Late Triassic
rifting and Jurassic-Cretaceous passive margin development of the Southern
Neotethys: evidence from the Adıyaman area. SE Turkey. Int. J. Earth Sci. 105,
167–201.

Robertson, A.H.F., Parlak, O., 2020. Late Cretaceous-Palaeocene subduction-
collision-exhumation of a microcontinent along the northern, active margin
of the Southern Neotethys: Evidence from the Alanya Massif and the adjacent
Antalya Complex (S Turkey). J. Asian Earth Sci. 201, 104467.

Robertson, A.H., Parlak, O., Kinnaird, T.C., Taslı, K., Dumitrica, P., 2020. Cambrian-
Eocene pre-rift, pulsed rift, passive margin and emplacement processes along
the northern margin of the Southern Neotethys: evidence from the Antalya
Complex in the Alanya Window (S Turkey). J. Asian Earth Sci. X 3, 100026.

Robertson, A.H.F., Waldron, J.W.F., 1990. Geochemistry and tectonic setting of Late
Triassic and Late Jurassic-Early Cretaceous basaltic extrusives from the Antalya
Complex, S W Turkey. In: Savasçın, M.Y., Eronat, A.H. (Eds.), Proc. Internat. Earth
Sci. Congr, 2. on Aegean Regions, Izmir, Turkey, pp. 279–299.

Robertson, A.H.F., Necdet, M., Raffi, I., Chen, G., 2019. Early Messinian manganese
deposition in NE Cyprus related to cyclical redox changes in a silled hemipelagic
basin prior to the Mediterranean salinity Crisis. Sediment. Geol. 385, 126–148.

Robertson, A.H.F., Parlak, O., Ustaömer, T., 2021. Late Palaeozoic extensional
volcanism along the northern margin of Gondwana in southern Turkey:
implications for Palaeotethyan development. Int. J. Earth Sci. 110, 1961–1994.

Robertson, A.H.F., Parlak, O., Dumitrica, P., 2022. Role of Late Cretaceous volcanic-
sedimentary melanges, specifically the Aladağ melange, E Turkey, in the rift-
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Saka, S., Uysal, _I., Kapsiotis, A., Bağcı, U., Ersoy, E.Y., Su, B.-X., Seitz, H.M., Hegner, E.,
2019. Petrological characteristics and geochemical compositions of the
Neotethyan Mersin ophiolite (southern Turkey): Processes of melt depletion,
refertilization, chromitite formation and oceanic crust generation. J. Asian Earth
Sci. 176, 281–299.

Schiettecatte, J.P., 1971. Geology of the Misis Mountains. In: Campbell, M. (Ed.),
Geology and History of Turkey. Petrol. Explor. Soc, Tripoli, pp. 305–312.

Schildgen, T.F., Cosentino, D., Bookhagen, B., Niedermann, S., Yıldırım, C., Echtler, H.,
Wittmann, H., Strecker, M.R., 2012. Multi-phased uplift of the southern margin
of the Central Anatolian plateau, Turkey: A record of tectonic and upper mantle
processes. Earth Planet. Sci. Lett. 317, 85–95.

S�engör, A.M.C., Yılmaz, Y., 1981. Tethyan evolution of Turkey: a plate tectonic
approach. Tectonophysics 75, 81–241.

Shaanan, U., Avigad, D., Morag, N., Güngör, T., Gerdes, A., 2021. Drainage response to
Arabia-Eurasia collision: Insights from provenance examination of the Cyprian
Kythrea flysch (Eastern Mediterranean Basin). Basin Res. 33, 26–47. https://doi.
org/10.1111/bre.12452.

Shervais, J.W., 1982. Ti-V plots and the petrogenesis of modern ophiolitic lavas.
Earth Planet. Sci. Lett. 59, 101–118.

Shervais, J.W., Reagan, M.K., Godard, M., Prytulak, J., Ryan, J.G., Pearce, J.A., Almeev,
R.R., Li, H., Haugen, E., Chapman, T., Kurz, W., 2021. Magmatic response to
subduction initiation, Part II: boninites and related rocks of the Izu-Bonin Arc
from IODP Expedition 352. Geochem. Geophys. Geosyst. 22 (1), p.
e2020GC009093.

S�ims�ek, E., Parlak, O., Robertson, A.H., 2023. Ion-probe (SIMS) U-Pb geochronology
and geochemistry of the Upper Cretaceous Kızıldağ (Hatay) ophiolite:
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