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Abstract The Anatolian block preserves remnants of Tethyan oceanic basins consumed by north
dipping subduction zones until the Late Cretaceous prior to Paleogene collision. The Sivas Basin, which
belongs to the Maastrichtian to Cenozoic Central Anatolian basins, is located in a key position limited to
the north and the south by respectively the Pontides and Tauride ophiolitic bodies and to the west by the
Kirgehir block. This study focuses on the southern margin of the Sivas Basin, where an obducted ophiolite
is capped by Maastrichtian-Paleocene sediments. We present new field observations, with U-Pb zircon
dating on magmatic rocks and geochemical analyses to (1) unravel the pre-obduction nature and origin of
the ophiolitic basement and (2) describe the post-obduction tectonosedimentary evolution. The
pre-obduction evolution shows that (i) the Sivas ophiolite is characterized by serpentinized peridotites, with
minor magmatic intrusions, (ii) the top of the serpentinized mantle is characterized by a cataclastic
deformation with ophicalcites interpreted as an extensional detachment fault, (iii) the U-Pb zircon dating of
two magmatic intrusions yield age of 91.49 + 0.8 Ma and 72.7 + 0.5 Ma, and (iv) petrological and
geochemical data show that the magmatic intrusions were affected by hydrothermal metamorphism. These
data suggest that the Sivas ophiolite may have recorded forearc hyperextension in frame of a Late
Cretaceous suprasubduction zone. The post-obduction evolution is characterized by the deposition of a
Maastrichtian-Paleocene carbonate platform on the ophiolite, followed by clastic sediments containing
reworked ophiolitic and Tauride Mesozoic clasts.

1. Introduction

The Anatolian plate documents the complex amalgamation of Gondwana-derived continental fragments
from the Paleozoic onward, delimited by distinct suture zones, along the southern Eurasian margin
(Figure 1; e.g., Okay, 2008; Robertson et al., 1996; Sengor & Yilmaz, 1981). These suture zones record the
complex spatial and temporal closure of different Tethyan oceanic domains, which consist of complex
lithostratigraphic associations of ophiolite sequences and marine sediments (e.g., Dercourt et al., 1986;
Parlak et al., 2013; Parlak et al., 2013; Ricou, 1971; Robertson, 2002; van Hinsbergen et al., 2016). In
particular, the closure of the Neo-Tethyan oceanic domain lasting from the Early Jurassic to the
Paleogene is well documented along the fzmir Ankara Erzincan Suture Zone (IAESZ). This suture can be
followed across Turkey with an east-west trend (Figure 1), separating the southern Eurasian active margin,
in the Pontides (Celik et al., 2011; Gonctioglu et al., 2003; Hissig et al., 2015; Okay & Altiner, 2007; Parlak,
Colakoglu, et al., 2013; Sarifakioglu et al., 2009), from a passive margin sedimentary sequence preserved in
the Anatolide-Tauride domain (Gutnic, 1979; Mackintosh & Robertson, 2009, 2012; Ozgiil, 1984; Poisson,
1977; Robertson et al., 2013).

The tectonic configuration becomes more complex in Central Anatolia where the Anatolide-Tauride domain
is separated from the Pontides arc by an intermediate continental domain, Anatolide-derived, referred to as
the Kirsehir block, rimmed and overlain by ophiolitic bodies (Figure 1; e.g., van Hinsbergen et al., 2016;
Yaliniz et al., 2000). In the frame of this complex tectonic evolution, the origin, genesis, and evolution of
the numerous ophiolitic bodies located in the vicinity of the Kirsehir block are of critical importance,
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Figure 1. (a) Tectonic map of Turkey and Eastern Mediterranean region showing the major suture zones, faults systems, ophiolite-derived outcrops and tectonic
units (modified from van Hinsbergen et al., 2016; Pourteau et al., 2013). The cited sedimentary basins in this study, southward of the Kirsehir block and above the

Tauride, are highlighted in yellow. (b) Synoptic crustal-scale cross-section highlighting relationships between crustal blocks, ophiolites and tertiary basins
(simplified from Legeay, Pichat, et al., 2019).

especially at its eastern edge where it is tapering off. In particular, the eastern edge is characterized by the
development of the Sivas Basin that recorded Maastrichtian to Pliocene sedimentary sequences (e.g.
Gokten, 1983, Guezou et al., 1996, Poisson et al., 1996, Temiz et al., 1993). This basin lies over the
Kirsehir block to the west, the IAESZ to the north, while to the south it covers an important ophiolitic
body, referred to as the Sivas ophiolite (Figure 2; Guezou et al., 1996; Temiz, 1996). The evolution of this
ophiolite remains poorly studied and was assigned either to the IAESZ (e.g.Poisson et al., 1996, Temiz,
1996) or to the Inner Tauride Suture Zone (ITSZ; e.g., Guezou et al., 1996; Kavak et al., 2017).

This study aims to fill data gaps on the Sivas ophiolite by investigating its pre-obduction to post-obduction
evolution and its significance for the complex tectonic evolution of Central Anatolia. On the one hand,
the Sivas ophiolite pre-obduction lithostratigraphic association, made essentially by serpentinized mantle
with rare occurrence of mafic intrusive rocks, differs from the “Penrose ophiolite sequence” questioning
its pre-obduction nature, age, and origin. On the other hand, its well preserved and developed post-

obduction sedimentary record enables us to characterize the initial development of supraophiolitic
sedimentary system.
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Figure 3.

The pre-obduction evolution of the Sivas ophiolite is investigated through new structural, lithostrati-
graphic, and petrological observations combined with geochemical data and U-Pb zircon ages on the mag-
matic rocks. The detailed Late Cretaceous to early Paleogene post-obduction sedimentary sequences are
associated with a first-order deformation calendar of the southern edge of the Sivas Basin. Eventually, these
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new data are integrated in the general geodynamic context of central Turkey.
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2. Geological Setting
2.1. Regional Geodynamic Setting

The geology of Central Anatolia is characterized by distinct sutures zones that border several crustal blocks
(Figure 1). To the north, the Pontides represent an E-W trending fold and thrust belt considered as the
Southern Eurasian active margin during the Mesozoic (Okay & Nikishin, 2015; Sengdr & Yilmaz, 1981;
Ustadmer & Robertson, 2010). The Pontides are bounded to the south by the JAESZ (Figure 1). This suture
marks the closure of the northern branch of the Neo-Tethys Ocean during the Late Cretaceous to early
Paleogene (e.g., Sengdr & Yilmaz, 1981). The IAESZ is bounded to the south by the Kirsehir Block, of con-
tinental origin. Paleomagnetism evidence documents that the Kirsehir Block was elongated along a N-S
trend during Late Cretaceous (Lefebvre et al., 2013), westward of the present-day Eastern Tauride (Giirer
et al., 2016; van Hinsbergen et al., 2016). The Kirsehir block was bounded to the east by the “Eastern
Kirsehir Fracture Zone” (EKFZ), forming the limit of an oceanic domain during the Paleogene between
Pontides and Eastern Tauride as proposed in recent reconstructions (Giirer, Plunder, et al., 2018).

The Kirsehir block suffered a Barrovian-type metamorphism during the Late Cretaceous (Whitney et al.,
2001), related to a regional burial below an oceanic lithosphere as shown by relicts of ophiolitic melange
and obducted suprasubduction zone ophiolite fragments (Lefebvre et al., 2011; van Hinsbergen et al.,
2016; Yaliniz et al., 2000). To the south, the Kirsehir Block is in tectonic contact with the Tauride-
Anatolide Platform in Central Anatolia. Along this contact, numerous ophiolitic bodies have been described
and referred hereafter as the Tauride ophiolites (Dilek et al., 1999; Parlak, Karaoglan, et al., 2013). These
ophiolites were obducted and emplaced over the Tauride-Anatolide domain during the Campanian-
Maastrichtian (Dilek et al., 1999; Parlak, Karaoglan, et al., 2013; Poisson et al., 2016; Robertson, 2002).
They are generally characterized from bottom to top by an ophiolitic mélange, a metamorphic sole, and
an ophiolitic sequence, consisting among others of variably serpentinized and deformed peridotites, mafic
intrusive, and extrusive rocks (Parlak et al., 2006; Parlak, Karaoglan, et al., 2013). The significance of these
Tauride ophiolites has been the subject of long-standing debates. They have been interpreted either as a
separate suture zone (i.e., the Inner Tauride Suture Zone, ITSZ), representing a branch of the Neo-
Tethyan system (Gordir et al., 1984; Menant et al., 2016; Robertson et al., 2012; Sengér & Yilmaz, 1981) or
attached to the TAESZ belonging therefore to the same oceanic domain than the ophiolites located to the
north of the Kirsehir Block (Lefebvre et al., 2013; Maffione et al,, 2017; Poisson et al., 1996; van
Hinsbergen et al., 2016). Southward, the Tauride-Anatolide block represents a continental domain, classi-
cally divided in two units (Pourteau et al., 2010; Robertson et al., 1991; Sengdr & Yilmaz, 1981): (1) to the
north, the Anatolide (Afyon and Tavsanli zones, Menderes Massif) affected by Late Cretaceous to Early
Cenozoic compressional deformation and metamorphism (e.g., Giirer, Plunder, et al., 2018; Plunder et al.,
2015) and (2) to the south, the unmetamorphosed passive margin sedimentary sequence of the south verging
Tauride fold-and-thrust belt (e.g., , Parlak, Metin, et al., 2013; Robertson, Parlak, Ustadmer, et al., 2013;
Figure 1). During late Eocene to Miocene, the Tauride recorded a compressional stage that propagated from
south to north, caused by closure of southern Neotethys and Arabia-Eastern Tauride collision. This stage is
highlighted in Taurides by north verging thrusts representing the retroforeland of this collisional zone (e.g.
Darin et al., 2018, Kaymakc et al., 2010).

2.2. Geological Setting of the Sivas Basin

The Sivas Basin is located at the interface between distinct tectonic domains (Figure 2a): The northwestern
margin is represented by the Kirsehir Block, the northern margin by ophiolites and ophiolitic mélanges
belonging to the IAESZ and Pontides, and the southern margin by an ophiolitic massif referred to as the
Sivas ophiolite structurally over the Tauride (Guezou et al., 1996; Kurtman, 1973; Poisson et al., 1996;
Temiz et al., 1993). Poisson et al. (2016) date the obduction of the Sivas ophiolite over the Tauride between
late Santonian and pre-late Campanian, using the biostratigraphic content of overlying and underlying
sedimentary formations.

Past studies have described the stratigraphic succession of the southern margin of the Sivas Basin above the
ophiolite (Aktimur et al., 1990; Artan & Sestini, 1971; Cater et al., 1991; Guezou et al., 1996; Poisson et al.,
1996; Temiz, 1996). The oldest well-dated sedimentary formation (Figure 2b) consists of shallow-water car-
bonate platforms stratigraphically dated as Maastrichtian to Thanetian and deposited on top of the ophiolite.
These platform facies are referred to as the Tecer Formation (Inan & Inan, 1990), passing northward to deep

LEGEAY ET AL.
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Figure 3. Detailed geological map of the study area near the Giirlevik anticline, at the southern edge of the Sivas Basin
(location in Figure 2b). The trace of the cross section X-X’ corresponds to the section in the Figure 7. Keys contacts
shown in Figures 5 and 8 are located.

marine facies of the Cerpacgindere Formation (Aktimur et al., 1990). The late Paleocene to Eocene succession
(see review of Legeay, Pichat, et al., 2019) is mainly represented by coarse clastic sediments composed of
detritic discharge along the southernmost border (Yagmurluseki and Bahcecik Formations) that pass
northward to basinal deposits until the middle to late Eocene (Kozluca, Yapali, and Bozbel Formations).
The latest Eocene to Oligocene deposits record the transition from marine to continental depositional
environments associated with sedimentation of widespread evaporitic sequences (Figure 2b). The post-
Oligocene evolution of the Sivas Basin is characterized by important salt tectonic activity well developed
in its central and northern parts (Callot et al., 2014; Kergaravat, 2016; Kergaravat et al., 2013; Kergaravat
et al., 2017; Legeay, 2017; Legeay, Pichat, et al., 2019; Legeay, Ringenbach, et al., 2019; Pichat, 2017;
Pichat et al., 2016; Pichat et al., 2018; Ribes, 2015; Ribes et al., 2015; Ribes et al., 2016; Ribes et al., 2018;
Ringenbach et al., 2013).

3. Methods

This study is based on a multidisciplinary approach combining structural, stratigraphic, and petrographic
investigations, as well as geochemical analyses and U-Pb zircon geochronology. In particular, we focused
on the mafic intrusive rocks emplaced within the serpentinized mantle along the southern edge of the
Sivas Basin. Field work enables us to characterize the main lithostratigraphic association of the ophiolitic
sequence. The geological maps shown in Figures 2 and 3 are based on outcropping geological units mapped
in the field with the support of orthophotographs provided by GoogleEarth©. During fieldwork, compass
clinometers or Fieldmove® software (Middland Valley) were used to collect structural and dip data.

Analytical methods and protocols for geochemistry and U-Pb zircon dating are shown in supporting infor-
mation Text S1. Petrographic observations were realized in the field and subsequently confirmed by thin
section analyses. Selected pictures are shown in section 4.3. Rock type has been identified based on esti-
mated modal proportion completed with Nb/Y versus Zr/Ti02x0.0001 (after Winchester & Floyd, 1977)
and Th versus Co (after Hastie et al., 2007) diagrams provided in Supplementary Material 2.

Thirteen samples of magmatic rocks were selected for geochemical analyses (section 5) from Tecer to
Giirlevik Mountain anticlines (locations of samples are shown in Figure 2b). The samples were selected
for the representativeness of observed lithologies and their apparent low degree of alteration.

LEGEAY ET AL.
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Despite careful mineral separations, only two samples contained zircons that eventually were dated by U-Pb
zircon techniques (section 6). Radiogenic ratios for U-Pb dating are presented in supporting information
Text S4.

4. The Lithostratigraphy and Structure of the Sivas Ophiolite

The Sivas ophiolite forms a large NE-SW trending body about 90-km long and 5-km wide located at the
southern boundary of the Sivas Basin, between the Giirlevik/Tecer Mountains to the north and the
Tauride carbonate platform to the south (Figure 2b). In particular, the tectonosedimentary relationships
between the ophiolitic basement and the sedimentary cover are well exposed along the southern border of
the basin in the Giirlevik Mountain area (Figure 3). It is composed of different lithologies ranging from
ultramafic/mafic rocks to sedimentary rocks that will be described in the following sections (Figure 4).

4.1. Serpentinized Mantle Peridotites

The Sivas “ophiolite” consists essentially of strongly serpentinized (70%-90% serpentinization in average)
spinel harzburgite and subordinate lherzolite and dunite (Figures 4 and 5). Despite the strong serpentiniza-
tion, the original texture is locally preserved. Olivine and orthopyroxene are generally completely replaced
by serpentine showing typical mesh, hourglass, and bastitic textures. Cr-spinel is often well preserved show-
ing a red to dark brown color associated with euhedral to subhedral shape with millimeter-sized grains in
thin sections. Furthermore, dunite is associated with abundant chromite deposits all over the Sivas ophiolite.
No clear evidence for pelagic sediments or even extrusive magmatism, such as pillow basalts, were observed
over the serpentinized mantle. Locally siliceous red cherts are present at the top of the mantle (Figures 4 and
5); however; no radiolarian fauna have been recognized in thin sections. Therefore, these red cherts are
likely the product of chemical siliceous precipitation at the seafloor (e.g., Seibold & Berger, 2017). In addi-
tion, tectonic (Figures 5b-5d) to tectonosedimentary breccias (Figures 5e-5g), composed only of serpenti-
nized mantle clasts and serpentine arenites of several meters thick, are observed directly overlying the
mantle. However, their age and significance remain unclear.

LEGEAY ET AL.
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Figure 5. Photographs of structures and lithologies observed at the top of the serpentinized peridotite of the Sivas ophiolite. (a) Outcrop of the top of the mantle
showing occurrences of serpentinite breccia associated with calcite veins and red cherts on the top. (b) Brecciated serpentinized mantle with calcite veins. (c)
Serpentinite breccia. (d) Photomicrographs of serpentinite cataclasite showing a fractured spinel. (e) Serpentinite breccia associated with calcite veins (f)
Ophicalcite with serpentine ghost clasts. (g) Ophicalcite made by calcite matrix with serpentine clasts. (h) Red cherts with calcite veins observed locally at the top of
the peridotite.

4.2. Deformation Structures in the Peridotite

The top of the serpentinized peridotite is consistently characterized by cataclastic deformation associated
with fluid circulation and ophicalcites. Along a vertical profile from the bottom to the top, the serpentinized
mantle passes gradually to serpentinite cataclasites and breccias together with an increase of the intensity
and distribution of serpentine and calcite veins (Figures 4 and 5). The cataclastic deformation is observed
from a few meters to tens of meters below the top of the ophiolite.

The serpentinite breccias are generally clast-supported associated with angular to subangular shaped clasts
(Figures 5c and 5d). The grain size is highly variable, ranging from micrometers to centimeters. Locally, a
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more intense brecciation is observed, characterized by millimeter to micrometer clasts, embedded in a ser-
pentine matrix. The brecciation is typically associated with a complex network of veining showing multiple
generations with both straights and anastomosed geometries. The veins are filled either by serpentine or cal-
cite with thickness ranging from mm to cm. The fractured serpentinized mantle documents a typical jigsaw-
puzzle structure suggesting at least locally in situ fragmentation (Figure 5d).

The very top of the ultramafic body is characterized by a complex association of the serpentinite cataclasites
with calcite veins (Figures 5e-5g) referred to as ophicalcite (for review, see Artemyev & Zaykov, 2010;
Bogoch, 1987; Clerc et al., 2014; Lemoine et al., 1987). The strongly fractured serpentinized mantle is asso-
ciated with an intense mesh of calcite-filled fractures, similar to the type 1 ophicalcite (OC1) of Lemoine
et al., 1987 (Figures 5b and 5f). Locally ophicalcites are made of rounded to angular clasts of serpentinized
peridotites (mm to dm), embedded in a fine-grained calcite to serpentine matrix (Figures 5e and 5g). In situ
replacement of serpentinite by calcite is sometimes observed, while some peridotite clasts are crowned by
calcites, suggesting important fluid circulation.

4.3. Mafic Intrusive Rocks

The serpentinized mantle from the Sivas ophiolite is intruded by isolated magmatic bodies that suffered
extensive metamorphic recrystallizations. All the observed mafic bodies were emplaced within the serpenti-
nized mantle, while no direct contact with the overlying sedimentary succession has been reported. The size
of these magmatic bodies is highly variable. It consists mainly of small intrusions, metric to decametric in
size, which form today small reliefs on the landscape at the surface of the serpentinized mantle. Locally
rodingitized dykes are observed cutting across the serpentinized peridotites. In particular, two main mag-
matic gabbroic to dioritic bodies were observed within the Sivas ophiolite. The biggest one is located east
of the Tecer Mountain (near Yagmurluseki village) with an approximate size of 2 km E-W and 1 km N-S.
The other one, which is located south of the study area near Cavdar, has a diameter of 1 km.

In general, most of the magmatic rocks are now amphibolitized microgabbro, microdiorite made of plagio-
clase + green amphibole + epidote + chlorite (Figure 6). Despite the pervasive metamorphic overprint, ori-
ginal magmatic structures can be observed locally. Green amphibole contains rare clinopyroxene and brown
amphibole inclusions, although the magmatic or metamorphic origin of the brown amphibole remains
uncertain (Figure 6a). Euhedral to subhedral magmatic plagioclase is generally preserved (Figures 6a, 6c,
and 6d). However, frequent fine-grained plagioclase + chlorite + sericite aggregates are interpreted as pseu-
domorphs of magmatic plagioclase. Locally, subordinate troctolite or pegmatitic gabbro can be found
(Figures 6b and 6g, repectively). The medium-grained troctolite is composed of plagioclase + olivine + clin-
opyroxene (Figure 6b). The pegmatitic gabbro is characterized by coarse-grained plagioclase + clinopyrox-
ene, the latter being locally rimed by secondary brown to green amphibole (Figure 6g). Most of the
magmatic rocks are undeformed but present locally a weak fabric defined by the preferred orientation of sec-
ondary plagioclase and green amphibole (Figures 6c and 6d). All together, petrographic evidence indicates a
strong recrystallization, approaching 80% to 90%, within the greenschist to amphibolite facies conditions,
leading to an almost complete replacement of the primary magmatic assemblages.

5. Post-Obduction Maastrichtian to Middle Eocene Sedimentary Cover

Post-obduction Maastrichtian to middle Eocene sediments overlying the Sivas ophiolite are detailed in this
section (modified from Legeay, Pichat, et al., 2019). They are characterized by strong lateral thickness and
facies variations related to north verging thrust sheet emplacement (Figure 7).

5.1. Maastrichtian to Paleocene

The first well-identified post-obduction sedimentary formation consists of thick (100 to 300 m) shallow water
carbonate platform deposited on the Sivas ophiolite, referred to as the Tecer Formation (Figure 8a). The con-
tact between the top of the ophiolitic basement and the Tecer Formation defined a paleosurface representing
a major unconformity across the Sivas Basin (referred hereafter UM1, Figures 7 and 8a). According to the
microfossil content (e.g., Figure 8c), this carbonate platform was deposited between Maastrichtian to
Thanetian in a shallow-water, low-energy environment (Inan & Inan, 1990; Kurtman, 1973). This formation
is well developed in the Tecer and Giirlevik Mountains, which consist of E-W trending anticlines located on
the southern part of the Sivas Basin (Figure 2b). South of the Tecer and Giirlevik Mountains, preservation of
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Figure 6. Microscopic and macroscopic photographs of altered mafic rocks observed in the Sivas ophiolite. (a) Amphibolite preserving locally the relics of the
coarse-grained magmatic texture, locally the green amphibole may preserve relics of clinopyroxene. (b) Weakly altered troctolite with preserved plagioclase and
olivine. (c) Amphibolite. (d) Amphibolite showing locally the shape preferential orientation of euhedral plagioclase and amphibole. (e) Fine-grained metadiorite. (f)
Rodingitized dike within the serpentinized mantle peridotite. (g) Pegmatitic gabbro.

the carbonate platform is highly discontinuous with variable thicknesses, locally only few meters thick.
Southward of the Giirlevik Mountain, Maastrichtian sediments, less than 30-m thick, are composed of
shallow-water carbonate facies with stromatolites and local rudist patch reefs, directly deposited on top of
serpentinite breccias (Figure 8a). Neptunian dykes are observed at the base of the carbonate sequence and
within the ophiolitic units. Carbonate sediments filling anastomosed fractures at various angles include
centimeter-size clasts of fractured ophiolitic basement (Figure 8a).

Laterally, Upper Cretaceous to Paleocene carbonates with similar fossil content (inan & Inan, 1990;
Kurtman, 1973) are documented toward the South in the Kangal Basin (Baykal, 1945) and toward the
East on the Divrigi ophiolite (Karacabey, 1972). Toward the north, Late-Cretaceous to Paleocene sediments
are represented by an assemblage of deep marine deposits (Legeay, Pichat, et al., 2019). In our study area, the
lateral equivalent of the Tecer Formation is the Cerpacindere Formation (600-m thick) made of siliciclastic-
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Figure 7. (a) Simplified stratigraphic succession across the southern boundary of the Sivas Basin modified from (modified from Legeay, Pichat, et al., 2019). (b)
Cross section across the southern margin of the Sivas Basin (location in Figure 3).

to carbonate-rich turbidities (Aktimur et al., 1990), capped by ~50-m-thick reddish shales (Gazibey
Formation; Figures 2b and 7a).

5.2. Late Paleocene to Early Eocene

Around the Giirlevik Mountain, massive conglomerates, breccias, and coarse clastic sediments belonging to
the Bahgecik Formation unconformably overlie the Tecer Formation (Figures 8c-8h). An erosional surface
between the two formations defines the second regional unconformity UM2 (Figures 7 and 8d). Locally,
these massive conglomerates are lying directly over the ophiolite. The conglomerates are generally clast sup-
ported, with clast size varying from centimeters to decameters. The clasts consist essentially of serpentinized
peridotites and ophicalcites near the base of this formation (Figure 8e), and less frequently of fossiliferous
calcarenites near the top with reworked ophiolite related material, and nummulitic limestones
(Figure 8h). The thickness of this formation is variable, ranging from 200 m to only 50 m. The irregular
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Figure 8. Field pictures from the Maastrichtian to early Eocene sedimentary cover. (a) Depositional surface UM1 delimiting the Tecer formation from the ophiolite,
associated with neptunian dykes consisting of carbonate veins (39°33'12.10"N/37°31'57.81"E). (b) Stromatolites from the Tecer Formation emplaced above the
ophiolite. (c) Maastrichtian wackestone composed of rudist fragments and benthic foraminifera from the Tecer Formation. (d) Unconformity surface UM2 at the base
of Bahgecik Formation above the the Tecer Formation (Giirlevik anticline, 39°34'28.94"N/37°30'9.54"E). (e) Conglomerate of the Bahgecik formation showing a
fining upward sequence. (f) Nummulites sp. in conglomerate of the Bahcecik Formation. (g) Wackestone of the Bahcecik Formation, with Assilina gr. Spira.and
Nummulites gr. Rotularius dated as Cuisian (Ypresian). (h) Polygenic conglomerate with calcarenites and mantle-derived clasts of the Bahgecik Formation above the
Giirlevik anticline. (i) Contact between a wackestone containing serpentine clasts (picture g) and massive conglomerate made of serpentine clasts at the boundary
between Yagmurluseki and Bahgecik Formations (Picture e). (j and k) Conglomerates of the lower Yagmurluseki Formation with Tauride carbonate derived clasts
(Ypresian nummulites in matrix), with carbonate supported matrix (j) or red clastic sediments (k). (1) Upper Yagmurluseki Formation with marls and limestones.
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spatial distribution and thickness of this sedimentary formation are probably related to a complex paleogeo-
graphic framework, with local incised valleys within the Upper Cretaceous to Palaeocene carbonate plat-
form. The age of this formation is bracketed by the underlying Thanetian carbonates (Tecer Formation;
Figure 8d) and the overlying Lutetian flysch (Bozbel Formation) around the Giirlevik Mountain
(Figure 2b). In addition, microfossils have been found in wackestone calcarenite interstratified with con-
glomerates south of the Giirlevik Mountain (Figure 8j), directly lying on top of the ophiolite. Nummulites
gr. lucasi, Nummulites gr. rotularius, and Assilina gr. Spira were identified, suggesting a late Paleocene to
early Eocene age for the deposition of these conglomerates (J. Serra-Kiel, personal communication, 2016;
e.g., Figures 8f and 8g).

Toward the north, the massive conglomerates of the Bahcecik Formation pass to the turbidites of the
Kozluca Formation, composed of reworked ophiolite related material and volcanoclastic sediments. The
facies transition is visible north of the Giirlevik Mountain, near the emergence of north verging thrusts.
The Kozluca Formation is interpreted as the distal facies of the Bahgecik Formation because of similar clast
composition and fossil content (Kurtman, 1973).

South of the Giirlevik Mountain (Figure 3), mixed clastic and carbonate sediments characterize the
Yagmurluseki Formation (50- to 300-m thick). It comprises a lower basal reddish conglomerate reworking
clasts derived from the ophiolite and Mesozoic Tauride carbonates (Figures 8j and 8k). It is overlain by
red clastic sediments, which are capped by a ten meters thick carbonate (Kavak et al., 1997). This
Formation was formerly interpreted as Maastrichtian-Paleocene laterally equivalent to the Tecer
Formation (Kavak et al., 1997). However, it can be found on top either of the ophiolitic substratum or of
the Late Cretaceous-Paleocene Tecer Formation or of the late Paleocene to early Eocene Bahcecik
Formation (e.g., Figures 7b and 8i). Considering our observations in our study area, south of the Giirlevik
mountain, we favor a late Paleocene to early Eocene age for the lower part, while the upper carbonate part
is possibly an equivalent of the middle Eocene Yapali Formation.

5.3. Middle to Late Eocene

The Yapali middle Eocene Formation (Figure 7) consists of fine-grained turbiditic sequences characterized
by thin-bedded calcareous interval (150-m thick; Yilmaz et al., 1989) regionally overlying the Kozluca forma-
tion (Legeay, Pichat, et al., 2019). It passes upward to thick turbiditic sequences named the Bozbel
Formation (up to 700-m thick) which consists of marl rich deposits and fine grained siliciclastic turbiditic
sequences with local olistostromes and slumps (Kurtman, 1973). The uppermost part of the Bozbel
Formation exhibits a regressive sequence that preceded the deposition of a thick salt level, named the
Tuzhisar Formation (see review in Pichat, 2017).

6. Structure of the Southern Margin of the Sivas Basin

The southern margin of the Sivas Basin is characterized by a set of thrust sheets involving the ophiolitic base-
ment, tectonically interleaved and interfolded with the Maastrichtian to Eocene sedimentary cover. Three
distinct structural domains (hereafter referred as Domains A, B and C, Figures 9a and 7) have been distin-
guished in the description below. The distinction between these three domains is based on their distinct stra-
tigraphic record and structural style, and they are delimited by first-order tectonic structures (e.g., Legeay,
Ringenbach, et al., 2019). They record key characteristics to depict the Maastrichtian to late Eocene kine-
matics along the southern Sivas Basin.

Domain A- The domain A formed an elongated E-W trending region dominated by outcrops of the Sivas
ophiolite (Figures 9a and 9b). This domain is made of gently folded anticlines with wavelength
of 2-3 km and low amplitude (50-200 m) that affect both the ophiolitic basement and the
Maastrichtian to early Eocene sedimentary cover. Antiformal structures are separated by north
verging thrust faults involving possibly the autochthonous Tauride platform below the
obducted Sivas ophiolite. In our study area, this domain is limited to the south by the left-
lateral Deliler-Tecer fault (Aktimur et al., 1990; Akyuz et al., 2013). The stratigraphy of the
domain A comprises mainly the Tecer and Bahcecik Formations, and eventually the
Yagmurluseki Formation which is mostly eroded. To the north, serpentinized peridotites from
the domain A are overthrusted onto the Yagmurluseki Formation
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Figure 9. Interpreted panoramas of the study area showing relationships between ophiolite and post-obduction sedimentary cover. Location of the panoramas are
presented in Figure 3. (a) Three-dimensional view from Google Earth in the vicinity of the Giirlevik anticline presenting north-verging thrusts separating the
distinct tectonic domains A, B, and C. (b) Panorama 1: Anticline folding together the early Eocene Bahgecik Formation and the ophiolite separated by the UM2.

Domain B- The domain B formed an E-W narrow irregular gutter, wider in the western part of the study
area (Figure 2b). To the south, this domain is limited by the north verging thrust of the domain
A and to the north by the thrusting of the underlying ophiolitic units over the domain C
(Figures 10a and 9a). This frontal structure cuts off both Bozbel and Tuzhisar Formations
(Figure 3) and is locally sealed by the passive-roof thrust of the salt domain in the central
Sivas Basin (Figure 2b; Kergaravat et al., 2016; Legeay, Pichat, et al., 2019). The thickness of
the ophiolitic basement involved in the thrust sheets is about 500 m. Considering the maxi-
mum thickness of the ophiolitic sequence outcropping today (>1,000 m), the decollement
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Figure 10. Interpreted panoramas exhibiting the general structure of the study area. (a) Panorama 2: South of the
Giirlevik anticline, imbricated ophiolitic thrust sheets and Eocene cover. (b) Panorama 3: Along the road toward the
Village of Degirmenbogazi, the preserved Late Cretaceous to Eocene sedimentary succession is made of Late Cretaceous-
Paleocene shallow-marine carbonate platform (Tecer Fm), early Eocene conglomerates (Bahgecik Formation), and late
Eocene turbidites (Bozbel Formation). The UM2 unconformity separating the Tecer and Bahgecik Formations can be well
recognized. Panorama showing the ophiolitic basement thrust above the domain B, directly on top of Eocene clastic
sediments and carbonates.

level may be located within the obducted ophiolite itself. Along the western edge of the
domain, several shallower thrusts, affecting the Paleogene sedimentary cover, show a short
spacing (300-500 m), passing to the east to a well exposed syncline (Figure 10a). The
sedimentary succession composing the syncline comprises (1) the ophiolitic basement
delimited at its upper limit by the major unconformity (UM1) likely associated with
significant erosion, (2) a few meters of the Maastrichtian to Paleocene carbonate platform
(Tecer Formation) caped at the top by the UM2 unconformity, (3) conglomerates made of
ophiolitic clasts (Bahgecik Formation), and (4) conglomerates with carbonate clasts, followed
by red clastic sediments and shallow water carbonate platforms (Yagmurluseki Formation).
The Yagmurluseki Formation is locally interpreted as a syntectonic infill of the growing
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syncline (Figure 10a) highlighted by thickness variations, growth strata along the thrust, and a
small wedging toward the north.

Domain C- The domain C is limited to the south by a north verging thrust involving locally the ophiolite
(Figures 10b and 9b) and to the north by the south verging passive-roof thrust (Figures 2 and
3). Considering the wavelength and amplitude of the Giirlevik anticline made of the Tecer
Formation, the implication of the underlying ophiolitic basement is suspected (see cross sec-
tion Figure 7b). North of the Giirlevik anticline, this domain comprises E-W elongated folds
with long wavelength (2-3 km) and large amplitude (200-500 m). These anticlines are locally
faulted as exemplified by the Degirmenbogazi thrust, which is well exposed in the landscape
(Figure 2b). Decollements may root in Maastrichtian-Paleocene turbidites as described further
east (Aktimur et al., 1990). The domain C records the most complete Maastrichtian to Eocene
stratigraphy, with the exception of the Yagmurluseki Formation. The section on the hanging
wall of the Degirmenbogazi thrust (Figures 7b and 10b) highlights the general stratigraphy
of this domain comprising the strong erosional unconformity UM2 on the top of Tecer
Formation, the progressive transition from conglomerates (Bahgecik Formation) to turbidites
made of volcanoclastic/ophiolitic materials (Kozluca Formation). Eventually, the stratigraphic
record continues until the Tuzhisar Formation, which is preserved below the thrust delimiting
the domain C, and within tight synclines to the west of the Tecer Anticline (Figure 2b).

7. Whole Rock Geochemistry of Mafic Intrusive Rocks

Petrological observations reveal that all the samples, for which major and trace element data were obtained,
underwent hydration and metamorphism under greenschist to amphibolite facies conditions.

The analyzed metamicrogabbro to metamicrodiorite from the Sivas ophiolite show SiO, contents ranging
from 47 to 55 wt% (Table 1 and Figure 11). Despite the strong alteration observed at thin section scale, loss
of ignition (LOI) ranges between 1.4 and 3.8 wt%. Our rock classification and geotectonic discrimination dia-
grams are based on high field strength elements (HFSE) and immobile trace elements. The Nb/Y-Zr/
Ti02*0.0001 diagram (after Winchester & Floyd, 1977; Figure 11a) is used for rock classification, and two
geochemical diagrams (TiO2-V, Shervais, 1982, and Zr-Zr/Y, Pearce & Norry, 1979; Pearce, 2003;
Figures 11b and 11c) are shown to investigate the geodynamic context in which these mafic intrusions were
emplaced. They are completed by Th-Co (after Hastie et al., 2007) and Th/Yb-Nb/Yb (Dilek & Furnes, 2009;
Pearce, 2008) diagrams provided in supporting information Text S2. On the TiO2-V diagram (after Pearce,
2003), all analyzed rocks can be divided in two groups, namely, groups 1 and 2, showing Ti/V ratio between
10 and 20 and Ti/V close to 20, respectively. Such Ti/V ratio especially for the group 1 is typical for forearc
basalts (Pearce, 2003; Dilek et al., 2007). Similar geochemical fingerprint can be derived from the Zr-Zr/Y
diagram, groups 1 and 2 being on the fields of the boninites and of the island arc tholeiites, respectively.

On a chondrite-normalized rare earth elements (REE) diagram, the two groups can be equally well identified
(Figure 11d). Group 1 shows a relative depletion of light REE (LREE) over heavy REE (HREE), associated
locally with U-shaped LREE patterns. Group 2 is characterized by an enrichment in LREE relative to
HREE, the latter showing a flat pattern.

A normal mid-ocean ridge basalt (NMORB) normalized multielement diagram is shown in Figure 11e. The
mafic rocks display a similar pattern, although the two main groups previously identified can also be distin-
guished here. Both groups are characterized by strong enrichment in large ion lithophile elements (LILE)
such as K, Sr, Rb, and Ba. In general, group 1 shows stronger positive LILE anomalies than group 2. In con-
trast, high field strength elements (HFSE) such as Nb and Zr present negative anomalies, again more impor-
tant for group 1.

Diagrams of Ni, Cr,03, Zr, TiO, using the bulk-rock Mg# as differentiation index are shown in supporting
information Text S3 documenting possible distinct degrees of magmatic differentiation, group 1 being more
primitive than group 2.

8. Zircon U-Pb Dating of the Mafic Intrusive Rocks

Two samples for the mafic intrusive rocks from the Sivas ophiolite were collected for laser ablation induc-
tively coupled plasma mass spectrometry (LA-ICP-MS) U-Pb zircon dating. The two dated samples (TR 13
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Table 1
Major and Trace Element Composition of the Magmatic Rocks Sampled in the Sivas Ophiolite
GROUP 1 GROUP 2
TR 13 TR 13 TR 13 TR 13 TR TR TR TR TR TR TR TR TR
Analyte Unit 1I-2 I1-3 I1-6 I1-7 14-24 14-32 14-33 14-42 14-25B 14-26 14-28 14-29 14-30
Si02 % 51.43 50.35 48.15 49.71 46.46 50.37 47.13 48.24 52.82 49.23 50.47 52.09 54.27
Al203 % 15.51 15.58 9.37 14.95 13.61 15.91 13.88 15.64 14.62 15.6 15.95 15.31 15.48
Fe203 % 7.83 8.09 10.71 8.69 7.86 9.28 9.13 7.62 8.81 9.79 10.86 10.87 11.83
MgO % 8.24 8.5 13.37 8.62 8.58 7.75 10.05 8.49 8.12 8.3 7.42 6.44 39
CaO % 11.01 11.35 14.16 11.46 18.46 8.36 14.38 13.73 10.21 8.79 5.66 6.5 4.58
Na20 % 3.05 2.79 0.34 2.59 0.31 2.97 1.03 1.26 2.49 2.82 3.7 4 6.12
K20 % 0.31 0.43 0.04 0.35 0.14 1.64 0.27 1.42 0.31 1.15 1.62 1.2 0.56
TiO2 % 0.47 0.48 0.58 0.43 0.4 0.7 0.47 0.57 0.69 1 1.15 1.13 1.3
P205 % 0.02 0.03 0.02 0.01 0.03 0.04 0.03 0.03 0.09 0.08 0.08 0.08 0.1
MnO % 0.12 0.13 0.16 0.15 0.12 0.17 0.15 0.15 0.16 0.16 0.18 0.18 0.17
Cr203 % 0.042 0.045 0.013 0.041 0.057 0.014 0.053 0.017 0.05 0.019 0.006 0.007 <0,002
Ba PPM 145 115 <5 65 15 86 22 171 77 54 95 97 40
Ni PPM 107 106 223 95 131 69 136 64 94 73 36 33 <20
Sr PPM 770 719 16 139 76 214 136 105 108 199 614 382 231
Zr PPM 21 18 20 17 22 37 16 33 57 58 65 65 77
Y PPM 11 12 14 12 10 18 13 13 21 22 25 25 30
Sc PPM 37 39 41 38 35 35 43 37 37 37 37 37 33
LOI % 1.7 1.9 2.8 2.8 3.8 2.6 BV 2.6 1.4 2.8 2.6 1.9 1.5
Sum % 99.82 99.81 99.74 99.81 99.83 99.84 99.8 99.83 99.84 99.81 99.83 99.84 99.86
Ba PPM 161 125 6 77 19 87 22 180 87 59 98 111 45
Be PPM <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Co PPM 34.7 34.9 49 35.6 324 334 42.4 344 31 38.2 37.8 349 31.7
Cs PPM 4.9 4.1 <0.1 <0.1 <0.1 0.4 0.5 <0.1 <0.1 2.1 0.3 0.2 <0.1
Ga PPM 12.7 12 9.3 10.7 10.8 13.7 10.7 12 15 13.3 14.6 14.2 16.5
Hf PPM 0.8 0.7 0.7 0.8 0.7 1.2 0.6 0.8 1.8 1.7 2 2 24
Nb PPM 0.4 0.3 0.3 0.8 1.1 0.6 0.5 0.5 1.9 1.1 1 1.4 1.4
Rb PPM 4.9 4.6 0.3 3.8 1.1 17.2 3 7.2 4.7 19.2 18.6 12.8 4
Sn PPM 1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Sr PPM 837.6 767.4 18.7 153.8 80.9 225.7 142.3 107.6 119.6 222.2 675.3 415.4 241.8
Ta PPM <0.1 <0.1 <0.1 0.4 0.1 <0.1 <0.1 <0.1 0.1 0.1 <0.1 0.1 0.6
Th PPM <0.2 <0.2 <0.2 0.5 0.2 <0.2 <0.2 0.2 1.7 0.4 0.3 0.4 0.6
PPM <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 0.1 <0.1 <0.1 0.2
A% PPM 258 259 262 252 214 294 284 218 183 279 304 311 428
w PPM <0.5 <0.5 0.6 3.9 1 <0.5 <0.5 <0.5 7.6 7 3.7 3 3
Zr PPM 20 18 19.8 24.2 21.6 36.4 14.3 31.9 64.5 58.1 64.8 70.6 76.3
Y PPM 12.1 12.3 13.4 12.2 10.4 17.6 12.2 12.2 20.9 21 24.6 251 30.4
La PPM 1.2 2.1 1.3 7.6 2.5 1.8 1 1.6 10.3 5.2 3.8 7.4 9
Ce PPM 3 4.4 3.7 18.2 4.5 4.2 24 4.5 23.6 12.9 10.6 17.4 20.8
Pr PPM 0.39 0.58 0.54 22 0.49 0.66 0.35 0.6 2.88 1.7 1.6 2.37 2.79
Nd PPM 2.6 3.2 2.9 8.5 24 4 2.2 33 12.6 8.3 8.6 11.2 13.1
Sm PPM 0.73 1.04 1.2 1.94 0.91 1.37 0.94 1.18 3.03 2.54 243 3.17 33
Eu PPM 0.34 0.36 0.44 0.55 0.35 0.54 0.34 0.49 1.01 0.93 0.96 0.97 1822
Gd PPM 1.4 1.46 1.82 1.7 1.31 2.16 1.49 1.71 3.45 3.24 3.7 3.95 4.4
Tb PPM 0.28 0.29 0.35 0.33 0.26 0.4 0.29 0.32 0.58 0.58 0.67 0.72 0.81
Dy PPM 1.97 2.06 2.35 2.13 1.61 2.73 2.11 2.15 3.68 3.84 4.24 4.44 5.21
Ho PPM 0.44 0.5 0.53 0.52 0.45 0.65 0.49 0.48 0.84 0.9 0.94 1.02 1.25
Er PPM 1.4 1.39 1.64 1.33 1.27 1.96 1.4 1.51 245 2.5 2.83 2.76 3.51
Tm PPM 0.21 0.2 0.23 0.21 0.18 0.28 0.19 0.18 0.35 0.37 0.4 0.42 0.52
Yb PPM 1.21 1.4 1.5 1.48 1.34 1.97 1.39 1.25 242 2.47 2.77 2.66 3.32
Lu PPM 0.2 0.21 0.26 0.24 0.2 0.27 0.2 0.18 0.37 0.39 0.4 0.45 0.53
Ti/V 10.92 11.11 13.27 10.23 11.21 14.27 9.92 15.68 22.60 21.49 22.68 21.78 18.21
Mg Number 0.68 0.68 0.71 0.66 0.68 0.62 0.69 0.69 0.65 0.63 0.58 0.54 0.40
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Figure 11. Discriminant geochemical diagrams of the magmatic rocks of the Sivas ophiolite. (a) Nb/Y- Zr/Ti02*0.0001
discrimination diagram (after Winchester & Floyd, 1977). (b) TiO2 versus V (Shervais, 1982) and (c) Zr-Zr/Y (after
Pearce & Norry, 1979; Pearce, 2003). (d) Rare earth element diagram of the studied samples normalized to cathodolumi-
nescence chondrite (Sun & McDonough, 1989). (e) Trace element diagram normalized to NMORB (Sun & McDonough,
1989). MORB = mid-oceanic ridge basalts; IAT = island arc basalts; WPB = within plate basalts; Bon = boninites

II-2 and TR 13 II-3; see Figure 2 for sample location) were collected from a few meters thick mafic dikes
intruding the serpentinized peridotite massif, south of the Giirlevik anticline. Analytical method is
presented in supporting information Text S1 and radiogenic ratio in supporting information Text S4. For
the Concordia age calculation discordant ages were discarded based on a concordancy level of 95%-105%.

8.1. Sample Description

Sample TR 13 II-2 is a fine-grained amphibolite containing plagioclase + green amphibole + epidote
(Figure 6¢). The initial magmatic texture is locally preserved as demonstrated by the presence of euhedral
to subhedral plagioclase (<1 mm in size). The magmatic plagioclase is mostly replaced by a fine-grained
aggregate of secondary albite + chlorite + sericite. This sample was likely a microdiorite/gabbro that subse-
quently underwent significant hydrothermal metamorphism under greenschist facies conditions.

The sample TR 13 II-3 was taken a few meters from the previous sample and consists of a medium-
grained metagabbro/diorite that significantly recrystallized during hydrothermal metamorphism
(Figure 6d). This sample is made of plagioclase and green amphibole. It is characterized by the
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development of a weak fabric characterized by the shape-preferred orientation of both plagioclase and
amphibole. Magmatic euhedral to subhedral plagioclase (~1-5 mm in size) is observed, although often
replaced by fine-grained aggregates of albite + chlorite + sericite. Green amphibole is abundant and
includes in places clinopyroxenes.

8.2. Zircon U-Pb Dating Ages

8.2.1. Sample TR 13 II-2

Six analyses were performed on seven zircons. Based on the cathodoluminescence (CL) images, the zircon
grains show rounded to irregular outlines with a size up to 120 um in length and 50 pm in width
(Figure 12). All the zircon grains are uniformly dark in CL images. The analyses on five zircons are concor-
dant to subconcordant defining a Concordia age of 72.7 + 0.5 Ma [mean square of weighted deviates
(MSWD) = 0.26; Figure 12].

8.2.2. Sample TR 13 II-3

Fourteen analyses were performed on 22 zircons. Zircon grains imaged by CL are up to 200 um in length
and 80 pum in width. In general, zircon grains show irregular subrounded to rounded crystal shapes dis-
playing homogenous textures. Locally, few elongated zircon grains with oscillatory zoning are observed
(Figure 12). The analyses define a main population and yield a Concordia age of 91.49 + 0.8 Ma
(MSWD = 0.41; Figure 12). In addition, a younger population of five zircons define a Concordia age of
87.8 + 1.5 Ma.

9. Discussion

9.1. Pre-Obduction Evolution of the Sivas Ophiolite

9.1.1. Lithostratigraphic Association and Architecture of the Sivas Ophiolite

The Sivas ophiolitic sequence is characterized by highly serpentinized peridotites with sparse magmatic
intrusions (e.g., microgabbro and microdiorite) showing significant metamorphic recrystallizations in
greenschist to amphibolite facies conditions. The top of the serpentinized mantle is consistently capped by
a zone of brittle deformation localized in the first 50 to 100 m and exhibiting an increasing deformation gra-
dient toward the top. The top of the ophiolitic sequence is likely incomplete as shown by absence of extrusive
magmatism (i.e., pillow basalt) or/and pre-obduction sediment deposition at the seafloor, except from rare
occurrence of cherts, serpentinite breccias, and arenites. This lack of pelagic sediments and extrusive mag-
matism may be the result of local subaerial erosion during final stages of obduction before the deposition of
post-obduction Maastrichtian sediments. Notably, the observed brittle deformation at the top of the mantle
is absent in the overlying post-obduction sediments suggesting a pre-obduction, that is, oceanic, origin. In
addition, the observed metamorphic overprint of the mafic rocks within the serpentinized mantle is not
documented in the overlying Late Cretaceous to Paleogene sedimentary successions. Therefore, this evolu-
tion is likely related to the emplacement within the mantle of mafic intrusions that underwent secondary
pervasive hydrothermal metamorphism. The brittle deformation consistently localized at the top of serpen-
tinized peridotites is interpreted to result from the activity of an extensional detachment fault that exhume
these ultramafic to mafic suites to the seafloor (Cannat et al., 2006; Péron-Pinvidic & Manatschal, 2009;
Whitmarsh et al., 2001). The activity of this extensional detachment fault led to an intense cataclastic defor-
mation of the mantle, together with significant hydrothermal circulation near the seafloor likely responsible
for the observed ophicalcites (Figure 13).

Our observations suggest that the Sivas ophiolite samples a “coherent” ophiolitic unit, preserving initial pre-
obduction lithological contacts. Notably, the lithostratigraphic association of the Sivas ophiolite differs from
the “classical” Penrose type sequence and also from ophiolitic sequences described in the IAEZ and ITSZ
(Parlak et al., 2006; Parlak, Colakoglu, et al., 2013; Robertson, 2002; Robertson, 2004; Robertson, Parlak,
Ustadmer, et al., 2013; Sarifakioglu et al., 2009; Topuz et al., 2013; Uysal et al., 2015; Yaliniz et al., 2000;
Yaliniz & Gonciioglu, 1998). All together similar observations are commonly described in present-day
slow- and ultraslow-spreading ridges often in relation with oceanic core complex (e.g., Cannat et al., 1992;
Ildefonse et al., 2007).

Lithostratigraphic association and field relationships described here have also been observed in several
others ophiolites of Turkey (Morris et al., 2017) and south Tibet by Maffione, van Hinsbergen, et al.
(2015). These authors proposed that such dismembered ophiolites may result from a mechanism defined
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Figure 12. Cathodoluminescence images of zircons from the dated magmatic rocks with dated shot points, and associated Concordia diagrams for the dated sam-
ples. The location of the dated samples is shown in Figure 2. Concordia diagrams were calculated using Isoplot/Ex 3.75 (Ludwig, 2012); grey ellipses were not used

for age calculation.
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Figure 13. Reconstruction of the pre-obduction setting of the Sivas ophiolite (modified from Maffione, Thieulot, et al.,
2015; Maffione, van Hinsbergen, et al., 2015), replacing possible location of the observed lithologies.

as “forearc hyperextension,” whereby stretching of the forearc region during the first few million years of
subduction initiation lead to lithosphere (the future ophiolite) thinning and disruption.

9.1.2. Ages and Nature of Magmatic Intrusions

U-Pb analyses of magmatic zircons from the two sampled intrusions in the Sivas ophiolite gives 91.49 + 0.8
Ma and 72.7 + 0.5 Ma, respectively (Figure 12). These ages are interpreted as the time of crystallization of the
intrusive rocks in the serpentinized mantle. Both age intervals were widely documented in the Turkish
ophiolites (see review of van Hinsbergen et al., 2016). The oldest age from the Sivas ophiolite of 91.49 +
0.8 Ma is in general agreement with U-Pb zircon dating on gabbro cumulates and contemporaneous with
“OAr-*°Ar data from the metamorphic sole at the base of the Tauride ophiolites (e.g., Parlak et al., 2006).
Notably, the obtained ages are coherent with the results of Parlak, Colakoglu, et al. (2013) in the Divrigi
ophiolite, southeast of the Sivas ophiolite. In contrast, the younger age of 72.7 + 0.5 Ma is a few million years
older than the deposition of the shallow-marine Maastrichtian-Paleocene carbonate platform over the
obducted ophiolite. Similar younger ages of mafic dike intrusions have been already observed in other ophio-
lites of Turkey (Lycian, Mersin, and Alihoca ophiolites; Dilek & Furnes, 2014; Dilek et al., 1999; Parlak et al.,
2006; Parlak, Karaoglan, et al., 2013).

Recent studies (Maffione, Thieulot, et al., 2015; van Hinsbergen et al., 2015) interpreted these dikes as late-
stage magmatic events cross cutting the metamorphic sole, related to intraoceanic subduction, just before
obduction. Such relationships confirm the complex and polyphase magmatic evolution associated with
intraoceanic subduction and eventual ophiolite obduction.

The geochemical data obtained in this study from the intrusions in the Sivas ophiolite do not always allow
for a straightforward interpretation, as the possibility of postcrystallisation uptake of the LILE and even
LREE (given their quite low contents in the igneous protoliths) cannot be entirely ruled out. Still, a general
enrichment in LILE and LREE relative to HFSE is a feature observed in the studied rocks. Such enrichment
was interpreted as a general marker for the suprasubduction zone setting (Metcalf & Shervais, 2008;
Saunders et al., 1980; Shervais, 1982; Wood, 1980). The possible influence of a subduction zone is confirmed
by the geotectonic discriminant diagrams (Figure 11) highlighting geochemical fingerprints of forearc
basalts to island arc tholeiites and even boninites. In the REE distribution, rocks from group 1 show nonpro-
nounced U-shaped LREE patterns, while rocks from group 2 display a general enrichment in LREE. Such
enrichment has been explained as the result of the partial melting of a metasomatized mantle enriched in
incompatible elements during intraoceanic subduction and related to the percolation of a slab-derived fluid.
All the diagrams from the whole rock geochemistry data point to a suprasubduction affinity for the sampled
mafic intrusive rocks of the Sivas ophiolite.

Finally, our geochronological and geochemical results across the Sivas ophiolite are coherent with the adja-
cent Tauride ophiolites (e.g., Divrigi ophiolite, located 30 km to the south, Parlak et al., 2006; Parlak,
Karaoglan, et al., 2013) and also more generally with Anatolian ophiolites characterized by similar ages
and showing supra subduction zone geochemical signature (e.g., Dilek et al., 1999; Parlak, Karaoglan,
et al., 2013).
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Figure 14. Tectonosedimentary schematic evolution of the Southern Sivas Basin from Maastrichtian to middle Eocene time. These sections are integrated in their
regional setting in Figure 15.

9.2. Post-Obduction Evolution of the Southern Sivas Basin

The Sivas ophiolite was obducted over the northern edge of the Tauride margin (see Poisson et al., 2016) dur-
ing the Late Cretaceous. From Late Cretaceous to Eocene, it recorded a complex post-obduction tectonose-
dimentary evolution resumed in the Figure 14.

During Maastrichtian-Palaeocene time (Figure 14a), the shallow water carbonate platform of the Tecer
Formation developed directly over the ophiolite along the shelf break of the Southern Sivas Basin. Thick car-
bonate reefs are exposed in the Giirlevik and Tecer anticlines passing laterally farther north to slope and tur-
biditic sequences of the Cerpacindere Formation deposited in a deep marine basin. No extensional
deformation was observed during the Maastrichtian to Paleocene along the Southern Sivas Basin, but it is
documented in adjacent area such as in the Ulukigla Basin (Giirer et al., 2016).

The uppermost Palaeocene to early Eocene period (Figure 14b) recorded evidence for tectonic inversion with
incipient contraction along the southern basin edge. Emergence of the ophiolite and Maastrichtian-
Paleocene carbonate platforms is marked by local erosion and karstification. These carbonate reefs and plat-
forms have been dismembered and reworked as olistoliths within ophiolitic conglomerates feeding progres-
sively the basin (Bahcecik Fm), deposited laterally over either the ophiolite or the Tecer Formation.

During early Eocene time (Figure 14c) the shortening resulted in in-sequence deformation and thrust sheet
emergences. In the southernmost area, the conglomerates of Yagmurluseki Formation are deposited in
piggy-back basins that have been partially isolated from the open-marine condition, farther to the north.
The clast composition of these conglomerates is composed of the dismembered ophiolite and of the
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Mesozoic Tauride carbonates. Such conglomerates suggest the occurrence of relief and erosion, south of the
Sivas Basin in the Eastern Tauride. It may correspond to the Afyon accretion zone, which was exhumed
during Paleocene to early Eocene toward the West (Giirer, Plunder, et al., 2018; Pourteau et al., 2013).
Farther north, prograding clastic discharges essentially derived from the ophiolite are deposited in the
Sivas Basin over the Maastrichtian-Paleocene carbonate platform. In the distal part, the Kozluca
Formation interfered with the Bahgecik Formation. Artan and Sestini (1971) reported that turbidites from
the Kozluca Formation are composed of both ophiolitic and volcanoclastic materials with southwest
oriented paleocurrents.

At middle Eocene time (Figure 14d), a regional transgression has been reported in the Eastern Tauride. In
the Sivas Basin, this transgression is associated with the deposition of carbonates (Yapali Formation) in
piggy-back basins at the top of the Yagmurluseki Formation. The turbiditic sequences of the Bozbel
Formation have been later deposited toward the north associated with relatively small synorogenic struc-
tures, frontward of the Giirlevik anticline (Legeay, 2017; Legeay, Pichat, et al., 2019). During late Eocene
time, a thick and widespread evaporite sequence was deposited in the Sivas Basin likely related to the retreat
of an epicontinental sea (Pichat, 2017).

9.3. Implications for the Late Cretaceous to Paleogene Evolution of Central to Eastern Anatolia

Long-lived debate remains about the Late Cretaceous to Paleogene deformation in the Eastern Tauride
domain. Based on our observations combined with the recent literature, we propose a scenario regarding
the Central to Eastern Anatolia evolution in relation with the closure of northern Neotethys from late
Cretaceous onward.

Based on our study and previous interpretations of other ophiolites from the Tauride (e.g., Dilek et al.,
1999, Parlak, Colakoglu, et al., 2013), Central Anatolia (e.g., van Hinsbergen et al., 2016; Yaliniz et al.,
2000), and Eastern Anatolia (e.g., Héssig et al., 2015; Rolland et al., 2011), we propose that the Sivas
ophiolite was formed in a supra subduction zone setting around ~90-95 Ma, eastward of the Kirsehir
(Figure 15a). We suggest that the Sivas ophiolite represents fragments of an oceanic domain that devel-
oped in a forearc setting. This oceanic domain was likely characterized by large exposure of serpentinized
mantle in relation with the occurrence of extensional detachment fault associated with low magmatic
supply. Contemporaneous to possible forearc hyper extension and suprasubduction zone spreading, the
lower plate and the northern edge of the Tauride are progressively subducted subsequently, associated
with a regional obduction event during the Late Cretaceous (Figure 15b). Frontward of the obducted
ophiolitic nappe, accretionary mélange is imbricated, forming later the basement of the Hekimhan and
Darende Basins (Booth et al., 2013; Booth et al., 2014). This ophiolitic mélange is probably thinner to
the north, or locally absent, such as in the Sivas area. In central Anatolia to the east of the EKFZ
(see Giirer & van Hinsbergen, 2018; Giirer, Plunder, et al., 2018; Giirer, van Hinsbergen, et al., 2018),
the northernmost part of the Tauride and the whole Kirsehir block were subducted during the Late
Cretaceous. Subduction of the Kirsehir block is supported by the HT/LP metamorphism estimated at
800 °C/8 kbar at ~85-90 Ma (Whitney & Hamilton, 2004), prior to its exhumation at ~80-75 Ma
(Lefebvre et al., 2013, and references therein).

The Maastrichtian time corresponds to the initiation of supraophiolite sedimentary basins, shortly after
obduction (Figure 15c¢). The most distal part of the Tauride, exposed to the southwest of the Sivas Basin,
underwent blueschist facies metamorphism (10 kbar/375 °C, Pourteau et al., 2014). It records peak meta-
morphism and burial around ~65 Ma before its exhumation (Pourteau et al., 2013). In the Sivas Basin, this
period corresponds to the deposition of the Tecer Formation above the Eastern Tauride in the south and
deep marine deposits in the trench in the north. This relative uplift of the ophiolite near shallow-water
environment reflects probable accretion of the Tauride margin below the ophiolite nappe, such as in
Ulukigla further west at the same time (Giirer, Plunder, et al., 2018). Pre-Eocene south verging thrusts
and interleaved ophiolites with Tauride Mesozoic carbonates to the south of the Sivas Basin likely highlight
this post-obduction accretionary system (Robertson, Parlak, Metin, et al., 2013; Robertson, Parlak,
Ustadmer, et al., 2013).

The deformation during latest Paleocene to early Eocene was possibly associated with the exhumation of
the northern edge of the Tauride (Afyon zone) and to the Kirsehir block rotation approaching from the
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Figure 15. Schematic kinematic scenario integrating the Sivas Basin within a regional geodynamic evolution (see section 9 for details). (a)The Late Cretaceous per-
iod is characterized by extension and seafloor spreading in a suprasubduction zone setting, (b) regional obduction over both Kirsehir block and the Tauride,

(c) Maastrichtian time is characterized by subduction climax of the northern Tauride and exhumation of Kirsehir block contemporaneous to carbonate platform
deposition, and (d) the early Eocene compressive stage may be associated with synexhumation detachment fault in the Ulukisla Basin (Giirer, Plunder, et al., 2018).
(e) The middle Eocene to present-day compression in the Sivas Basin resulted from the collision between Tauride and Arabia further to the South.

future collision zone (Figure 15d). In Central Anatolia, exhumation was related to the extensional regime
described in Ulukisla Basin and accommodated by the Ivriz detachment (Giirer, Plunder, et al., 2018).
Assuming a late Eocene initiation of the Central Anatolian Fault Zone that disconnect the Ulukisla
Basin from the Sivas Basin (e.g., Dirik, 2001; Kogyigit & Beyhan, 1998; Umhoefer et al., 2007), this
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regional detachment must be located along the southern edge of the Sivas Basin and therefore associated
with extensional structures. However, no equivalent extensional structures have been described within
the Sivas Basin in Paleocene and early Eocene sedimentary sequences. In contrast, we documented an
early Eocene compressional stage along the southernmost border of the Sivas Basin associated with the
reworking of the carbonates from the Tauride platform in the Yagmurluseki Formation (Figure 15d).
The cause for such compressional stage remains questionable in the Southern Sivas Basin. Previous stu-
dies suggest (e.g., Okay & Sahinturk, 1997) that the late Paleocene to early Eocene compressive stage may
result from the collision between the Pontides and the Anatolide-Tauride block. Interestingly, extension
within the Hekimhan/Darende Basins during the same period (Figure 15d) has been related either to
the subduction of Southern Neotethys below the Eastern Tauride and incipient back-arc opening or to
the Eastern Tauride flexure due to loading of crustal-scale south verging fold-and-thrust belt (Booth
et al., 2013).

The late Eocene period corresponds to a large-scale regional inversion and emersion (Figure 15e),
documented both in the Hekimhan and Darende Basins (Booth et al., 2013; Booth et al., 2014), as well
as in the Sivas Basin (Legeay, 2017; Pichat, 2017). This compressional episode is probably related to the
initial retrowedge of the Southern Neotethys subduction and incipient Arabia-Tauride collision (e.g.,
Darin et al., 2018; Legeay, 2017), which was generally assumed to occur during Oligo-Miocene time
(e.g.Dhont et al., 2006, Giirer & van Hinsbergen, 2018). The progressive isolation of the Sivas Basin
during early to middle Eocene conducted to deposition of a thick evaporite layer dated as 37 Ma
(Pichat, 2017). The hypothetic EKFZ will form the future trace of the ITSZ between Taurides and
Pontides. Continuous strike-slip motions during Oligo-Miocene resulted in former Central Anatolian
Fault zone and associated structures, such as Ecemis and Deliler-Tecer faults (Jaffey & Robertson,
2001; Yetis, 1968).

The Oligo-Miocene northward displacement of Arabia and related Eastern Tauride-Arabia collision contrib-
uted to progressive rotation of the Eastern Tauride through Oligo-Miocene time. Within the Sivas Basin, it
resulted in the progressive development of a fold-and-thrust belt below a thick evaporite layer, involving sev-
eral generations of salt-related minibasins above (e.g., Kergaravat et al., 2016, 2017; Legeay, Pichat,
et al., 2019).

10. Conclusions

By combining field and petrological observations, U-Pb zircon dating, and geochemical analyses, we
describe and discuss the pre-obduction to post-obduction evolution of the Sivas ophiolite.

The Sivas ophiolite is made essentially of serpentinized mantle with minor mafic intrusions, mostly
microgabbro/diorite, troctolite, pegmatitic gabbro, and rodingitized mafic dikes. Most of these intrusions
suffered subsequent hydrothermal metamorphism. The top of the serpentinized mantle is characterized
by an intense brittle deformation and hydrothermal circulation responsible for the formation of ophicalcites.
These observations are interpreted as possible evidence for the activity of an extensional detachment fault
exhuming the mantle at the seafloor prior to the obduction of the Sivas ophiolite.

New LA-ICP-MS U-Pb zircon analyses for two magmatic intrusions within the serpentinized mantle give
ages 0f 91.49 + 0.8 Ma and 72.7 + 0.5 Ma. Geochemical analyses from these mafic intrusions indicate a sub-
duction zone influence. All together, field observations, U-Pb zircon dating and geochemical data suggest
that the Sivas ophiolite was formed in supra-subduction zone setting during the Late Cretaceous. The
younger age is interpreted as a late magmatic event, commonly described in metamorphic soles of
Anatolian ophiolites.

The post-obduction sedimentary cover consists of shallow-marine carbonate platforms of Maastrichtian to
Paleocene age, followed by massive clastic sedimentation during the early to late Eocene. The field observa-
tions combined with first order tectonic calendar highlight tectonic emplacement of ophiolitic thrust sheets
along the southern border of the Sivas Basin since early Eocene time. Synkinematic erosion and sedimenta-
tion of the southern edge of the Sivas Basin is demonstrated by successive reworking of the ophiolite and of
the Late Cretaceous to early Eocene deposits through time toward the north in the Sivas Basin. All these
observations are integrated into a conceptual model aiming to reconcile the main tectonic events of
Central to Eastern Anatolia.
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