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ABSTRACT

Middle-Late Jurassic Cimmerian events in Turkey have been actively discussed in the past three decades, but pro-
posed tectonic models associated with magmatism, metamorphism, and stratigraphic features remain controversial.
To address this issue, Upper Jurassic mafic lavas are investigated at three locations (Alucra, Giimiishane, and Olur) in
the eastern Sakarya Zone, northeastern Turkey. These lavas are submarine and form planar flows parallel with the
bedding plane in the Upper Jurassic carbonate sequence near the base or just below in the clastic sedimentary rocks.
The basaltic lavas show calc-alkaline features and possess Nb-Ta values and Nb/U, Nb/La, and Ce/PDb ratios that are
greater than those of island arc basalts. Multielement patterns are almost hump shaped, similar to ocean island
basalts, which experience Pb depletion and weak negative Nb-Ta, Zr-Hf, and Ti anomalies. The low initial (*’Sr/®Sr)
ratios (0.70372-0.70554), positive initial exq values (+2.7 to +4.4), and initial Pb isotope ratios that plot between mid-
ocean-ridge and ocean island basalts are consistent with a melt derived from subcontinental lithospheric mantle,
metasomatized by earlier fluids from subducted sediments and plume materials from the asthenosphere. Moderate
Dy/YDb ratios with an average value of 1.8 imply partial melting in the spinel-garnet transition zone at depths of ~70-
100 km. Slab breakoff is suggested as a geodynamic mechanism that accounts for these geochemical signatures. This
inference is also favored by stratigraphic and sedimentologic evidence from the Upper Jurassic-Lower Cretaceous
sedimentary rocks, which is consistent with short-lived vertical (epirogenic) movements in the region. Lower-Middle
Jurassic sequences are transgressive, suggesting that subduction-related extension opened a backarc basin (Neotethys)
in the south of the Sakarya Zone. Upper Jurassic-Lower Cretaceous carbonates point tectonically to tranquility during
carbonate deposition in the Neotethys Ocean, which seems to have been achieved by complete closure of the
Paleotethys in the north. About 15-20 m.yr. later (Kimmeridgian), after first carbonate deposition, intraplate-type mafic
lavas ascended up to the shelf surface of the Neotethys. This was followed by formation of disconformity surfaces and
then accumulation of coarse clastic sediments. All this points to a short-lived epirogenic movement that we ascribe to
the breakoff of the southward-subducting Paleotethyan oceanic lithosphere in the Late Jurassic.

Introduction

The Sakarya Zone (Okay and Tuysiiz 1999), an elon-  leogeographic reconstruction of the Late Paleozoic
gate crustal ribbon extending from Biga Peninsulain  and Mesozoic oceans in the Eastern Mediterranean
the west to the Eastern Pontides in the east (fig. 1a), = realm. The Late Triassic-Middle Jurassic interval

is one of the key areas for understanding the pa-  was dominated by the northward journey of the Sa-
karya Zone and subsequent collision with Laurasia.
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Figure 1.

a, Main Neotethyan sutures and continental blocks of Turkey (modified from Okay and Tuystiz 1999),

with locations of the study areas. b—d, Geological maps of the Alucra (b), Gimishane (c), and Olur (d) regions of

Turkey. A color version of this figure is available online.

Two contrasting views have been suggested for
the pre-Late Jurassic geographic position of the Sa-
karya Zone and the subduction polarity during the
closure of the Paleotethys. One group of authors
(Sengor and Yilmaz 1981; Gortir et al. 1983; Sengor
1984; Yilmaz et al. 1997; Gonctioglu et al. 2003;
Dokuz et al. 2010) has proposed that the Sakarya
Zone was once located along the northern margin of
Gondwana through the Late Paleozoic. According
to these authors, southward subduction of the Pa-
leotethys during the Permian to Middle Jurassic led
to the opening of several Neotethyan oceanic basins
behind the terranes rifted from the northern margin
of Gondwana. The izmir-Ankara-Erzincan suture
(fig. 1a) represents the oceanic vestiges of the north-
ern branch of the Neotethys. The time interval that
ranges from the separation of the Sakarya Zone (the
westernmost terminal of the Cimmerian continent)

from Gondwana (Triassic?) to the accretion of the
fragment to the southern margin of Laurasia (Late
Jurassic) is regarded as coeval for both the Paleote-
thys and the Neotethys. The Paleotethys was finally
consumed in the Middle Jurassic, resulting in the
collision of the Sakarya Zone with the southern
margin of Laurasia. On the other hand, a second
group of authors (Okay 2000; Golonka 2004; Pickett
and Robertson 2004; Robertson et al. 2004; Okay et al.
2006; Ustabmer and Robertson 2010; Topuz et al.
2013) has placed the Sakarya Zone adjacent to the
southern margin of Laurasia, facing a wide Tethyan
Ocean in the south. According to these authors, the
Tethys was formed by a number of oceanic basins
that evolved episodically during Late Paleozoic to
Cenozoic time. In this concept, the Paleotethys was
one of these basins located to the south of the Sa-
karya Zone (fig. 1a), whereas the present Eastern
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Mediterranean basin represents the final remnants
of the Tethys that has not yet closed. These authors
argue that the Paleotethys began to close in the Perm-
ian by northward subduction beneath Laurasia. Fol-
lowing a protracted period of subduction, the Paleo-
tethys finally closed in the Paleocene, by collision of
the Anatolide-Tauride Block with the Sakarya Zone,
separated from the southern margin of Laurasia in
the late Early Cretaceous. Ophiolitic vestiges of the
Izmir-Ankara-Erzincan suture (fig. 1a) are accepted
as representatives of this ocean.

Basaltic rocks, which occupy ~10-30-m-thick hor-
izontal flows within the Upper Jurassic sedimentary
rocks in the Alucra, Giimiishane, and Olur areas,
have been examined in this study in terms of whole-
rock geochemical and Sr-Nd-Pb isotopic character-
istics. The debatable issue is whether the Late Ju-
rassic magmatism was generated in the volcanic arc
of the Jurassic subduction zone along the southern
margin of Laurasia or is related to the slab breakoff
that is subsequent to arc-continent collision, as sug-
gested by the Cimmerian orogeny in the Middle Ju-
rassic. Accurate geochemical inferences from the
Upper Jurassic igneous rocks together with regional
tectonics contribute to the ongoing debates on the
tectonicsetting of the Late Jurassicmagmatismin the
Sakarya Zone and on the Late Paleozoic to Mesozoic
reconstructions of the Paleotethys and Neotethys.

Geological Setting

The Pontides are an east-west-striking mountain
chain between the Black Sea in the north and the
Izmir-Ankara-Erzincan suture in the south (fig. 1a).
From west to east, the Strandja Massif and the Is-
tanbul and Sakarya Zones are the three terranes
combined into the Pontides (Okay and Tiystiz
1999). The Eastern Pontides is a geographic name
describing the easterly section of the Pontide moun-
tain chain, which also corresponds to the eastern Sa-
karya Zone.

The rock sequence of the eastern Sakarya Zone
can be divided into two major portions: (1) pre-
Jurassic basement and (2) Mesozoic-Cenozoic cover
units with igneous contributions (fig. 2). High-
temperature/low-pressure quartz-feldspathic gneiss
and schist as well as low- to medium-temperature
amphibolite, phyllite, chert, marble, and scarce
metaperidotite with Early Carboniferous metamor-
phic ages are the oldest rocks in the pre-Jurassic
basement (Topuz et al. 2004; Okay et al. 2006;
Nzegge et al. 2006; Topuz et al. 2007; Dokuz et al.
2011, 2015). Numerous small granitoids with Mid-
dle Carboniferous to Early Permian crystalliza-
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tion ages are situated in these metamorphic rocks
throughout the Sakarya Zone (Delaloye and Bingol
2000; Topuzetal.2010; Dokuz2011; Kaygusuz etal.
2012). Upper Carboniferous to Permian sediments,
which unconformably overlie the basement meta-
morphicrocks, are preserved only in the Pulurregion
of the eastern Sakarya Zone (Okay and Leven 1996;
Kandemir and Lerosey-Aubril 2011). A Triassic ac-
cretionary prism (the Karakaya-Kiire complex), which
is characterized by high-pressure/low-temperature
ocean-derived rocks, is widely exposed in the central
and western Sakarya Zone (Sengor 1984; Okay 2000,
Pickett and Robertson 2004; Okay and Gonciioglu
2004; Okay et al. 2006).

The Lower Jurassic Senkdy Formation (Kande-
mir 2004) is the first Mesozoic stratigraphic unit
deposited unconformably over the heterogeneous
Variscan basement (fig. 2). The Senkoy Formation
is dominated by Lower Jurassic clastic sediments
and pillow lavas and is accompanied by ammonitico
rosso-type limestones at the bottom of the succes-
sion (Dokuz and Tanyolu 2006; Sen 2007; Kandemir
and Yilmaz 2009). Felsic pyroclastics and granite
porphyries (Mudurnu volcanics) have also been re-
ported from the central and western Sakarya Zone
(Geng and Tiystiz 2010). Recent works (Dokuz et al.
2006; Eyiiboglu et al. 2010; Ustadmer and Robert-
son 2010; Karsl et al. 2014) have described the ex-
istence of certain mafic igneous equivalents of pil-
low basalts, with ages varying from the Late Triassic
to the Early Jurassic. The most prominent spatial
feature of the formation is its highly variable thick-
ness, for example, from 2 to 1500 m within a short
distance (Kandemir 2004; Akdogan et al. 2012). This
feature was inherited from the blocky-faulted sub-
marine topography during the deposition of sedi-
ments (Kandemir and Yilmaz 2009).

Upper Jurassic to Cenomanian carbonate-
dominated sediments of the Berdiga Formation (Pe-
lin 1977) lie conformably over the Senkdy For-
mation (fig. 2). However, a few places exist where
pre-Jurassic basement rocks are nonconformably
overlain by Berdiga Formation carbonates. Basaltic
flows described in this study are observed in levels
parallel to the bedding plane within the carbonates.
The age of this volcanism is constrained to 155-
150 Ma (Kimmeridgian) by fossils in the limestones
located just below and above the basalts (Koch et al.
2008). Recent investigations reveal that commonly
small granitic intrusions coeval with this basaltic
volcanism are also widespread (Nzegge et al. 2006;
Dokuz et al. 2010; Evcimen et al. 2014).

Cenomanian carbonates are conformably to dis-
conformably overlain by Upper Cretaceous turbidi-
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Figure 2. Mesozoic-Cenozoic stratigraphy of the southern part of the eastern Sakarya Zone. A color version of this
figure is available online.

tic fan deposits of the Mescitli Formation. Toward  in the arc (Kaygusuz and Aydincakir 2009; Karsh
the north, the volcanic contribution to the Mescitli et al. 2010b; Aydin 2014). Lower Eocene adakitic
Formation gradually increases and then passes to  stocks cut the Mesozoic units (Karsh et al. 2010q;
arc-type volcanics, for example, basalt, andesite, da-  Eyiiboglu et al. 2011; Dokuz et al. 2013; Aydincakar
cite, rhyolite, and, to a lesser extent, intrusive rocks, ~ 2014). Middle Eocene volcanic rocks cover uncon-
which constitute more than 60% of the entire rocks ~ formably both the Mesozoic units and the Lower Eo-
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cene adakitic stocks (Karsh et al. 2007; Arslan et al.
2013; Aydingakir and Sen 2013).

Upper Jurassic Stratigraphy

The Upper Jurassic-Lower Cretaceous Berdiga For-
mation (carbonate-dominated sedimentary rocks)
is observed throughout the Sakarya Zone, although
it contains lateral facies changes. In its type loca-
tion (the Berdiga Mountains of Alucra, Giresun), the
unit was divided into five members (Pelin 1977). In
subsequent studies from different locations (e.g.,
Bozkus 1992, Konak et al. 2001), the sedimentary
rocks, which can be correlated with different mem-
bers of the Berdiga Formation, were mapped and in-
vestigated using different names and ranks (e.g.,
Olurdere Formation, Yesilbaglar Formation, and Ak-
daglar Limestone).

Upper Jurassic basaltic rocks have been investi-
gated in the Alucra, Giimushane, and Olur areas in
the eastern Sakarya Zone (fig. 1a). In Alucra, basal-
tic lavas and tuffs interbedded with clastic sedi-
mentary rocks that lie at the succession base were
termed the Kiranmerek Member (Pelin 1977). Up-
per Jurassic basaltic rocks along with associated
sedimentary rocks in the Gumiishane are termed
the Kusakkaya Member. In Olur, the basaltic and
associated clastic sedimentary rocks having the
same stratigraphic position were combined into the
Olurdere Formation by Bozkus (1992) and Konak
et al. (2001). In all these locations, Upper Jurassic
basaltic rocks outcrop as planar flows that are par-
allel to bedding in the interbedded sediments. This
constrains the age of basaltic magmatism to the
Kimmeridgian on the basis of index fossil findings
(Koch et al. 2008). This feature also enables sepa-
ration of the Late Jurassic volcanism in these lo-
cations from the Early Jurassic volcanism, which is
also dominated by basalts and basaltic pyroclastics
(Sen 2007).

In Alucra, basaltic rocks of the Kiranmerek Mem-
ber are exposed in the core of an east-west-striking
anticline of Upper Jurassic-Lower Cretaceous car-
bonates (fig. 1b; Pelin 1977). Therefore, its contact
with the underlying Senkéy Formation is not ob-
served. Sandy limestones that alternate with basal-
tic lithic tuffs lie at the succession base. Overlying
is ~110-m-thick green basalts, including basaltic
lithic tuffs (fig. 3a). Thislevel is followed by ~100-m-
thick sandy limestone, which alternates in places
with basaltic lithic tuffs and then passes to the mi-
critic carbonates of the Berdiga Formation.

The Upper Jurassic basaltic rocks in the Kugsak-
kaya Member, Gimiushane, are exposed along a cur-
vilinear outcrop over a large area and form a key ho-
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rizon of up to 32 m thick that is traceable near the
top of the Upper Jurassic Kusakkaya Member. This
basaltic level is measured and sampled at three dif-
ferent locations: Kusakkaya (type location), Ucu-
rumtepe, and Nazligayir (fig. 1¢). The unit has sim-
ilar lithological and stratigraphic features in all three
locations. Given this similarity, the Kusakkaya and
Ugurumtepe sections are combined and illustrated
in a single column in figure 3b.

The Ugurumtepe section of the basaltic rocks
begins with a 2-m-thick basal conglomerate over-
lying micritic carbonates of the Kusakkaya Mem-
ber. Approximately 3-m-thick red mudstone and
clays overlie in this sequence, followed by 14-m-
thick massive basalts (fig. 4a, 4b). Overlying is a
2-m-thick spilitic pillow basalt including abundant
vesicules later filled by calcite, chlorite, and calce-
dony. An ~12-m-thick second massive basalt flow
overlies the pillow basalts, followed by a 0.5-m-
thick succession of red mudstone and clays. A 1-m-
thick upper conglomerate level, which comprises
red mudstone and basalt gravels within a gray ma-
trix, sits on a paraconformity and then grades into
micritic limestones of the Berdiga Formation. The
studied rocks at the Kusakkaya section exhibit
similar stratigraphic features. The only difference
is the absence of lower and upper conglomerate
levels.

In the Nazlicayir section 26 km southeast of
Gumishane (fig. 3c), massive basalts directly over-
lie gray micritic carbonates (fig. 4c, 4d). Fifteen
meters above the base, these massive basalts grade
into ~1-1.5-m-thick spilitic pillow basalts. Arc-
shaped carbonate layers that are 1-6 cm thick also
envelope these pillows. Overlying is a second mas-
sive basalt flow ~12 m thick that is followed by a
20-cm-thick red mudstone. This is overlain by gray
micritic limestones. Unlike in other areas in Gi-
miishane, there is a pronounced disconformity here
between upper micritic limestones and following
basal conglomerates, calcrudites, and calcarenites.
It is observed that channels eroded into the older
micritic limestones were later filled by younger
overlying clastic carbonates. Another feature marks
this subaerial erosion is the variations in the thick-
ness of underlying micritic limestones bottomed by
basaltic flow.

The Upper Jurassic basaltic rocks in the Olur area
are observed in the Olurdere Formation (Bozkus
1992), which stratigraphically corresponds to the
Kiranmerek Member of the Berdiga Formation
(fig. 1d; Pelin 1977). Apart from some differences in
thicknesses, the sratigraphic sequence for basaltic
rocks is similar to that of the Giimiishane region.
However, as shown in figure 3d, an important dif-
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Figure 3. Columnar sections of the Alucra (a), Gimiishane (b, ¢), and Olur (d) regions showing the stratigraphic
positions of the Upper Jurassic basalts. A color version of this figure is available online.

ference is that clastic sediments that reach up to  ophitic texture, but transition from ophitic texture
85 m thick were deposited before and after the pil-  to poikilitic texture is also widespread in the Olur-
low basalt level. dere and Kusakkaya samples.

Plagioclase grains display two different phases:
(1) phenocrysts that exhibit strong zonation and in-
clude biotite and clinopyroxe inclusions and (2) pla-
All the samples collected in this study are dark  gioclase laths, along with clinopyroxene, which form
green to black in hand specimen. Needle-shaped  an ophitic texture (fig. 5a). Replacement with fine
plagioclase crystals are visible to the naked eye. The ~ white micas (sericitization) is common. Clinopyrox-

Petrography

primary mineral assemblage identified is plagio-  ene is the second common silicate phase after pla-
clase + clinopyroxene + biotite + Fe-Tioxides. The  gioclase. Compared with other ferromagnesian min-
lack of olivine and amphibole in this mineral as-  erals, clinopyroxene is largely fresh and displays a

semblage is a result of the alteration. Chlorite +  poikilic texture (fig. 5b). However, alteration to
sericite + Fe-Ti oxides + iddingsite + tremolite + chlorite, actinolite, and Fe-Ti oxides is also observed
calcite are the secondary minerals. Plagioclase and  in certain thin sections. Biotite is traced as small
clinopyroxene are the dominant primary silicate  tabularbrown crystalsandpresentsinplacesacorona
phases. All the samples are characterized by an  texture with hornblende, which later completely



Journal of Geology

SLAB BREAKOFF OF PALEOTETHYAN OCEANIC LITHOSPHERE 7

Figure 4. Field photographs of the Upper Jurassic basaltic levels and associated rocks. a, Appearance of the Upper
Jurassic basalts as a level within the Upper Jurassic carbonates; locality, Ugurumtepe. b, Close-up view of the basaltic
level. ¢, Panoramic photograph from Nazlicayir (Giimiishane) showing the Upper Jurassic basaltic level and a dis-
conformity plane (uppermost solid line) that developed between micritic limestones and clastic carbonates. d, Closer
view of the basaltic level and disconformity plane in c. e, View of the Upper Jurassic basaltic level within the clastic
rocks; locality, Olur (Erzurum). A color version of this figure is available online.

alters to chlorite (fig. 5¢). Biotite is altered to Fe-Ti
oxides along the rims and cleavages, but rarely to
chlorite. Amphibole is a primary silicate phase of
these rocks but is later completely replaced by chlo-
rite and actinolite. This phase is inferred by the pres-
ence of chlorite clusters that preserve the euhedral
shape of the primary amphibole and biotite crystals
that envelope some of these chlorite clusters (corona
texture). Although olivine is the other primary sili-
cate phase, it was entirely transformed into brown
iddingsite by subsolidus alteration (fig. 5d). A corona
of biotite is also observed along the rims and frac-
tures of olivine.

Chlorite is the most abundant alteration mineral
that occurs during low-temperature transformation,
after hornblende and rare olivine and biotite. Seri-
cite less commonly formed after plagioclase. Idding-
site forms oval grain aggregates after olivine phe-
nocrysts. Secondary Fe-Ti oxide occurs as anhedral
grains after a partial or entire replacement of biotite
and olivine.

Analytical Techniques

Twenty-seven samples were selected from the col-
lected samples of basaltic suites for geochemical
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Figure 5. Photomicrographs showing the mineralogical mode and ophitic texture of the Upper Jurassic basalts.
a, Plagioclase (P1) porphyre within a matrix of plagioclase lath, clinopyroxene, and Fe-Ti oxide. b, Clinopyroxene (Cp)
and plagioclase (Pl) lath. ¢, Biotite (Bi) and plagioclase (P1). d, Iddingsite (Id) transformed after olivine. A color version

of this figure is available online.

analyses (major and trace elements). Whole-rock
major and trace element concentrations were de-
termined at the commercial ACME Laboratories in
Vancouver, Canada. Rock samples were crushed in
steel crushers and ground in an agate mill to a grain
size of less than 200 mesh. Major elements were
obtained by inductively coupled plasma (ICP) atomic
emission spectroscopy after fusion with LiBO,, with
detection limits of ~0.001 %-0.04%. Trace elements
were determined by ICP mass spectrometry after
acid decomposition (5% HNQO;). STD SO-17 was cer-
tified in house against 38 certified reference mate-
rials, including CANMET SY-4 and USGS AGV-1,
G-2, GSP-2, and W-2.

Sr, Nd, and Pb isotopic compositions were mea-
sured on a Finnigan MAT 262 multicollector mass
spectrometer at the Department of Geosciences,
Tubingen University. For Sr-Nd isotopic analyses,

~50 mg of whole-rock powder was decomposed in
52% hydrogen fluoride for 4 d at 140°C in steel-
jacketed Teflon vessels. Digested samples were dried
and redissolved in 6 N HCI, dried again, and re-
dissolved in 2.5 N HCI. Sr and Nd were separated by
conventional ion-exchange techniques, and their iso-
topic compositions were measured on single-W and
double-Re filament configurations, respectively. The
isotopic ratios were corrected for isotopic mass frac-
tionation by normalizing to *Sr/**Sr = 0.1194 and
14eNd/**Nd = 0.7219. The reproducibility of 8’Sr/*¢Sr
and **Nd/***Nd during measurement was checked
by analyses of NBS 987 Sr and La Jolla Nd standards,
yielding average values of 0.710235 + 0.000015
(2SD; n = 3)and 0.511840 + 0.000008 (2 SD; n = 5),
respectively. Total procedural blanks were 200 pg
for Sr and Nd. Separation and purification of Pb
were carried out on Teflon columns with a 100-uL
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(separation) and 40-uL (cleaning) bed of Bio-Rad
AG1-X8 ({100-200 mesh) anion exchange resin using
HBr-HCl ion exchange. Pb was loaded with Si gel and
phosphoric acid onto a Re filament and was ana-
lyzed at ~1300°C in single-filament mode. A factor
of 1% per atomic mass unit was applied for correc-
tion of instrumental mass bias using NBS SRM 981
as reference material. Total procedural blanks for
Pb were between 20 and 40 pg. Sample reproduc-
ibility is estimated at +0.02, =0.015, and +0.03 (20)
for 2°Pb/>%Pb, 2°7Pb/2**Pb, and 2°*Pb/***Pb ratios, re-
spectively.

Results

Geochemistry. As noted in the section on petrog-
raphy, certain primary silicate phases are entirely
altered to late-stage secondary silicate phases that
are more stable at low-temperature conditions. An
increase in alteration is recognized as an increase in
loss on ignition (LOI) content (1.4%-5.3%) of sam-
ples (table 1). There is a proportional relationship
between the LOI and the modal abundance of ferro-
magnesian minerals, particularly olivine and amphi-
bole, which later entirely altered to iddingsite and
chlorite, respectively. The influence of increasing
LOI reduces the abundance of elements compared
with the unaltered precursors of these elements.
Samples with high LOI contents have less than 45%
Si0,, which is similar to those of peridotites. Sam-
ples with relatively lower LOI contents are char-
acterized by plagioclase accumulation and contain
almost no olivine, pyroxene, and amphibole. This
case is observed in some of the Kiranmerek (Alucra)
samples, which also possess high SiO, concentra-
tions. Thus, the normalization of concentrations to a
volatile-free basis can provide a reasonable approach
for volatile-free abundances of major elements, but
only if any later enrichment in the concentrations of
these elements has not occurred. To avoid such low-
temperature variations of mobile elements (such as
K, Na, Ba, Rb, and Sr) in rocks, the absolute values
and ratios of immobile elements are primarily used
during the classification of rocks and petrological
interpretations.

Major and Trace Elements. Major and trace el-
ement data for the samples are presented in table 1.
The rocks display medium-K calc-alkaline character
(fig. 6a; Peccerillo and Taylor 1976). Samples from
the Kusakkaya and Olurdere exhibit basaltic com-
position in the total alkali versus silica diagram
(fig. 6b; Le Bas et al. 1986), with a SiO, content that
ranges from 44.6 to 52.5 wt% (volatile-free basis).
Samples from the Kiranmerek Member show a com-
positional spectrum from mafic to silicic, including
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basalt, basaltic andesite, and dacite (SiO, = 45.0-
69.1 wt%). These samples are moderately to highly
enriched with Ti (TiO, = 1.12-2.2 wt%), with MgO
contents ranging between 0.25 and 9.51 wt% and
a Mgnumber (Mg# = MgO/(MgO + Fe,O; x 0.889))
ranging between 7 and 51. The rocks are classified
using the ratios and absolute abundances of trace
elements that are assumed to be immobile during the
secondary processes to test the silica-based compo-
sitional distribution. The Kusakkaya and Olurdere
samples commonly plot in the field of calc-alkaline
basalt and rarely in calc-alkaline andesite fields in the
classification scheme based on Co versus Th (fig. 6¢;
Hastie et al. 2007), which has been successfully ap-
plied to volcanic rocks that suffer from metasomatic
loss or alkali gains. Except for three rocks that are
plottedin the island arc tholeiite and basaltic andesite
fields and three rocks in the shoshonitic dacite/rhyo-
lite field, the rest of the samples are gathered in the
medium- to high-K calc-alkaline basalt field and in
the basaltic andesite/andesite field near the basalt
line, which agrees with the above-mentioned results.
The trace element contents of these rocks differ
from those of the island arc basalts in terms of
higher contents of Nb (7.5-15.2 ppm), Ta (0.4—
0.9 ppm), and Zr (87-213 ppm). The element values
of the four evolved samples from Kiranmerek and
one sample from Olurdere are unexpectedly higher
(Nb = 44-76 ppm; Ta = 2.6-4.2 ppm; Zr = 611~
886 ppm ). These element contents also have higher
Nb/La (0.5-1.6) and Nb/U (6.8-39.9) ratios than the
island arc basalts (fig. 7a, 7b; Kepezhinskas et al.
1996). The Ce/Pb (12.6-80.8) ratios are higher than
those of the lower continental crust and the aver-
age continental crust (fig. 7¢; Hofman et al. 1986).
The values of the rocks are consistent with those of
the ocean island basalts (OIBs) and the Nb-enriched
basalts (NEBs). NEBs can be divided into three
magma types on the basis of Nb/La ratios (index of
crustal contamination; Kieffer et al. 2004): the low-
Nb/La type (Nb/La < 0.5), which exhibits higher
(Th/Nb)y (>5.8) and Ce/NDb (>1.6); the mid-Nb/La
type (Nb/La = 0.5-0.8), which exhibits moderate
(Th/Nb)yx (0.9-3.5) and Ce/Nb (3.5-5.8); and the
high-Nb/La type (Nb/La > 0.8), which presents (Th/
Nb)y of 0.6-1.2 and Ce/NDb of 1.7-3.0 (Xia et al.
2013). Most of the Upper Jurassic basalts of the
eastern Sakarya Zone exhibit (Th/Nb)y ratios (1.3—
3.0) and Nb/La ratios (0.5-0.9) that are consistent
with those of a medium NEB (fig. 7d).
Chondrite-normalized heavy rare earth element
(HREE) patterns of the samples (fig. 8) are slightly
inclined to the right, and no distinct negative Eu
anomalies exist except for the four samples from
the Kiranmerek Member with prominent negative
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Figure 6. Various classification diagrams for the Upper
Jurassic basalts from the Alucra, Giimiishane, and Olur
regions of Turkey. a, K,O versus SiO, (wt%) diagram (Pec-
cerillo and Taylor 1976). b, Total alkali versus silica dia-
gram (Le Bas et al. 1986). ¢, Th versus Co (ppm) diagram
(Hastie et al. 2007). CA = calc-alkaline; IAT = island arc
tholeiite. A color version of this figure is available online.

Eu anomalies and Ba, Sr, and Ti anomalies in the
multielement patterns of the samples. The prim-
itive mantle (PM)-normalized multielement pat-
terns of the rocks (fig. 8) resemble those of the island
arc and continental arc basalts, such as negative NbD,
Ta, and Ti anomalies, and enrichments in large ion
lithophile elements (LILEs) compared with high
field strength elements (HFSEs). However, the size of
these negative anomalies diminishes in the samples
from the Olurdere and in multielement patterns that
are almost similar to those typical for continental
rift basalts and OIBs. In addition, enrichments above
10 times chondrite are clear for all the trace ele-
ments, which differ from those of subduction-related
basalts.

Sr-Nd-Pb Isotopes. Age-corrected (assumingt =
155 Ma) Sr-Nd-Pb isotope ratios of Upper Jurassic
basalts are presented in table 2. As shown in the #’Sr/
86Sr(t) versus eng(t) diagram (fig. 9; Zindler and Hart
1986), the samples plot above the bulk silicate Earth
value and display a very narrow range of initial #”Sr/
86Sr ratios, such as from 0.70372 to 0.70418 in the
Kiranmerek basalts, from 0.70422 to 0.70459 in the
Kusakkaya basalts, and from 0.70448 to 0.70554 in
the Olurdere basalts. A slight increase in the initial
87Sr/86Sr isotope ratios of basalts from Kiranmerek
inthe west through Kusakkaya to Olurdere in the east
is apparent. All the Upper Jurassic basalts possess
uniform initial exg values of +2.7 to +4.4. These Sr
isotope ratios and ey values are highly comparable
with those of Upper Jurassic granitoids from the
Yusufeli area in the eastern Sakarya Zone (Dokuz
et al. 2010), Jurassic Mudurnu volcanic rocks from
the central Sakarya Zone (Geng and Tuystiz 2010),
and Middle Jurassic volcanic rocks from the Kapan
Zone in Armenia (Mederer et al. 2013). Basalts have
initial 2°°Pb/2%Pb ratios of 17.60-18.31, initial 2°’Pb/
204PD ratios of 15.52-15.60, and initial 2*Pb/>**Pb ra-
tios of 37.59-38.28, which plot above the Northern
Hemisphere reference line (NHRL), as defined by
Hart (1984) for mid-ocean ridge basalt (MORB) and
OIB from the Northern Hemisphere (fig. 10a, 10b).
These Pb isotope ratios are also similar to those ob-
tained by Mederer et al. (2013) for Middle Jurassic
volcanic rocks.

Discussion

Contamination. Except for four differentiated sam-
ples from the Kiranmerek Member, the Upper Ju-
rassic rocks are basic, with SiO, contents of less than
52 wt%, suggesting that the rocks are in equilibrium
with their mantle source and that bulk crustal
contamination is insignificant. Low initial " Sr/®*Sr
and positive eyq values are also consistent with the
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Figure 7. Nb/La versus MgO (wt%) diagram (a; after Kepezhinskas et al. 1996), Nb/U versus Nb (ppm) diagram (b;
after Kepezhinskas et al. 1996), Ce/Pb versus Ce (ppm) diagram (¢; Hofman et al. 1986), and (Th/Nb)y versus Nb/La
diagram (d; after Xia et al. 2013) for the Upper Jurassic basalts from the Alucra, Gimushane, and Olur regions of
Turkey. Mid-ocean ridge basalt (MORB) and ocean island basalt (OIB) fields are after Hofman (1986). References for
primitive mantle, lower continental crust, and average continental crust are given in Sims and De Paolo (1997). NEB =
Nb-enriched basalt; (Th/Nb)y = primitive mantle-normalized Th/Nb (after McDonough and Sun 1995). A color ver-

sion of this figure is available online.

above inferences (fig. 9). However, moderate to high
MgO contents and Mg numbers, along with crust-
like geochemical features (e.g., negative Nb-Ta anom-
alies), support the role of crustal assimilation. Nota-
bly, Nb-Ta troughs are also typical of basalts derived
from the mantle wedge at subduction zones, an in-
dication of subduction-related metasomatism in the
source (e.g., Green and Pearson 1987; Schmidt et al.
2004).

Several other geochemical tools, such as Nb/U,
Ce/Pb, La/Nb, Ta/Yb, Ti/Yb, and K/P ratios, may
be utilized to detect crustal assimilation by basal-
tic magmas. For instance, Hofmann et al. (1986)
showed that mantle-derived melts, such as MORBs

and OIBs, have an average Nb/U ratio of 47 + 10
and an average Ce/Pb ratio of 25 + 5 (fig. 7b, 7c).
By contrast, Nb/U and Ce/Pb ratios are much
lower in both crustal materials (Nb/U = ~15; Ce/
Pb = ~4.5) and pelagic sediments (Nb/U = ~4.5;
Ce/Pb = ~2.5; Taylor and McLennan 1985) as a
consequence of the relative enrichment of Pb and
U. Therefore, mantle-derived basalts contaminated
by crustal material are likely to have ratios lower
than 40 for Nb/U and 20 for Ce/Pb. The Upper Ju-
rassic basalts of the Sakarya Zone have Nb/U ratios
averaging ~18, with a range from 10 to 40. Such av-
erage ratios suggest little contamination by conti-
nental material. By contrast, Ce/Pb ratios in the
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Figure 8. Chondrite-normalized rare earth elements and primitive mantle-normalized trace element patterns for the
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color version of this figure is available online.

Upper Jurassic basalts are 25 on average and range
from 13 to 80, which are much higher than those
of the continental crust and are close to and even
higher than those of the MORBs and OIBs. This

finding suggests that crustal contamination is not
significant. Another striking feature of the Upper
Jurassic basalts is that they have Nb and Ce con-
tents as well as Nb/U and Ce/Pb ratios similar to
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Figure 9. Initial eyq versus I, diagram (after Zindler and

Hart 1986) for the Upper Jurassic basalts. The field for
subcontinental lithospheric mantle (SCLM) xenoliths is
from Erlank et al. (1987), and mid-ocean ridge basalt
(MORB) and ocean island basalt (OIB) fields are from Sun
and McDonough (1989). BSE = bulk silicate earth;
HIMU = high-p mantle source; LC = lower crust; UC =
upper crust. A color version of this figure is available
online.

those of NEBs, as shown in the diagrams in figure 7,
a feature of basalts derived from the metasomatized
mantle wedge by asthenospheric melts.
Accordingly, incompatible/compatible element ra-
tios, such as La/Nb, Th/Yb, and La/Ba, are also use-
ful indicators of crustal contamination because La,
Ba, and Th increase relative to Nb and Yb if basaltic
magma is contaminated by continental material,
which usually has high La/NDb, Ba/Nb, and Th/Yb
ratiosand alow La/Baratio(Weaverand Tarney 1984;
Wedepohl 1995). The Upper Jurassic rocks plot just
above the line of mantle array, implying that the
parental melt has been contaminated by a certain
Th-rich crustal material (fig. 11a). However, such Th
enrichment may have been caused by sediment melt
metasomatism of the mantle source. In the diagram
of La/Nb versus La/Ba (fig. 11b), all the Upper Juras-
sic mafic rocks do not display a distribution along
the arrow trending toward the lithosphere, a feature
of mafic melts contaminated by crustal and/or sub-
continental lithospheric components. Instead, the
samples plot in the field of OIBs (Fitton et al. 1991).
In conclusion, crustal contamination appears to be
negligible for the Upper Jurassic basalts. Moderate
negative Nb/Ta anomalies, although implying a cer-
tain degree of crustal contamination of the rocks,
are believed to have been inherited from the man-
tle source. Low to moderate MgO contents and Mg
numbers are caused by magmatic differentiation,

which is discussed in more detail in the next sub-
section.

Fractional Crystallization. The Upper Jurassic ba-
salts are characterized by high ranges of major ele-
ments (SiO, = 44.6-52.4 wt%; MgO = 3.5-10.2wt %)
and highly compatible trace elements (Ni =15-
171 ppm; Cr = 48-328 ppm) and Mg numbers (23—
51), suggesting that primary magmas have under-
gone fractional crystallization. Strong negative Sr
and Eu anomalies are detected in the evolved sam-
ples (dacites) of the Kiranmerek Member, arguing for
a significant fractionation of plagioclase. Negative
correlations of Ni and TiO, against SiO, (fig. 124,
12b) and a positive correlation between MgO and
total Fe,O; (not shown) indicate that Fe-Mg-rich
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Figure 10. Initial 2°Pb/>**Pb versus 2°°Pb/>***Pb (a) and

207Ph/204Ph versus 2°°Pb/2%“Pb (b) diagrams. Fields for en-
riched mantle (EM) I, EM II, mid-ocean ridge basalts
(MORBSs), ocean island basalts (OIBs), and the Northern
Hemisphere reference line (NHRL) are from Zindler and
Hart (1986). DM = depleted mantle source. A color ver-
sion of this figure is available online.
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The fields for OIB and MORB are from Saunders et al.
(1992) and Sun (1980). A color version of this figure is
available online.

phases, such as clinopyroxene and olivine, were frac-
tionated after the lavas reached the surface. The pres-
ence of voluminous large clinopyroxene and small
to moderate iddingsite (transformed after olivine) in
the rocks also indicates that the basaltic magma has
resided at hypabyssal depths for a period of time and
undergone a certain degree of clinopyroxene (and
olivine) fractionation before eruption to the surface.
A similar approach can be put forward for the pla-
gioclase because of its abundance in thin sections.
However, its occurrence as small crystal laths, the
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lack of negative Eu anomaly, and the presence of
slightly positive Sr anomaly indicate that plagioclase
crystallized at a later stage.

However, the Mg numbers of the rocks lower
than 40 seem inconsistent with the silica contents
lower than 52 wt% and the mineralogical mode in-
cluding clinopyroxene and olivine. Such a phenom-
enon is due to the relative enrichment in total Fe,O,
(8.8-14.0 wt %) during magmatic differentiation. As
shown in the variation diagrams (fig. 12¢, 12d), the
rocks display trends of slightly increasing Fe,O; and
TiO, with decreasing Mg number, which are un-
expected for a natural system evolving from basalt
to silica-rich and iron-poor andesitic products (Bow-
en’s reaction series; Bowen 1928). The variation
trend of increasing Fe with decreasing Mg number
in a magmatic system is known as the Fenner vari-
ation trend (Fenner 1929), and natural examples, al-
though rather rare, are found in volcanic tholeiitic
suites (e.g., Carmichael 1964), MORBs (e.g., Lehnert
et al. 2000), late-stage ferrobasalts in gabbros (e.g.,
Natland and Dick 2001), layered intrusions (e.g.,
Duchesne et al. 2006), and flood basalts (e.g., Hooper
2000; Xu et al. 2003). As many authors have pointed
out, magnetite fractionation in magmatic differen-
tiation is mainly controlled by oxygen fugacity (fO,;
Osborn 1959; Veksler 2009). Si enrichment and Fe
depletion in residual liquids are due to the increasing
oxygen fugacity in response to the magnetite frac-
tionation in the early stage of differentiation (Osborn
1959; Toplis and Carrol 1995). In the case of low fO,,
Fe is enriched for a long time in the residual liquid, as
the onset of magnetite crystallization is delayed
(Jang et al. 2001).

The field characteristics of the Upper Jurassic ba-
salts of the eastern Sakarya Zone are similar to those
of flood basalts. Petrographic observations show
that magnetite is abundant but occurs in the form of
small grains in thin sections, unlike clinopyroxene.
When evaluated together with the negative varia-
tions in Mg numbers with total Fe,O; and TiO,,
relatively low fO, can be suggested to have prevailed
in the early stage of and even throughout differenti-
ation, thereby leading a delay to some extent of the
crystallization of magnetite and other Fe-Ti oxides.
As a result, the residual liquid evolved to be more
enriched in Fe instead of Mg, which is the opposite
of what is expected for the fractional crystalliza-
tion of basaltic melts, thereby resulting in the for-
mation of unexpectedly low Mg numbers (23-35) in
the rocks.

Nature of Mantle Source. A useful approach to
understanding the nature of the source can be im-
proved if magmas are free from the effects of crystal
fractionation and crustal contamination. The com-
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Figure 12. TiO, and Ni versus SiO, (a, b) and TiO? and Fe,O; versus Mg number (c, d) variation diagrams. Mg# =
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positional range of such a primitive melt is a direct
result of the compositional nature of the source plus
the degree of melting. Some samples have MgO, Ni,
and Cr concentrations higher than 6 wt%, 150 ppm,
and 250 ppm, respectively. These approach those of
primitive melts in equilibrium with mantle peri-
dotites. Fractionation between light rare earth ele-
ments (LREEs) and HREEs, enrichment of LILEs, de-
pletion of HFSEs, and slight tomoderate negative Nb,
Ta, and Ti anomalies are widely ascribed to the der-
ivation from a refractory lithospheric mantle source.
Unradiogenic *Sr/*¢Sr ratios (0.70372-0.70418), mod-
erately positive eyg values (+2.7 to +4.4), and Pb
isotope ratios plotted just above the NHRL are also
consistent with a mantle source modified by conti-
nental materials and/or enriched mantle (EM) II-type
mantle reservoir.

The Upper Jurassic basalts of the eastern Sakarya
Zone are tightly clustered in the upper left quadrant
of the Sr-Nd isotope diagram (fig. 9), essentially near
the bulk silicate Earth composition, except for one

sample that plots in the upper right quadrant. These
values are consistent with those of the OIBs (Sun
and McDonough 1989) and are also within the range
of those of subcontinental lithospheric mantle xeno-
liths (Erlank et al. 1987), except for slightly higher
ena Values. The injection of crustal material into the
mantle in subduction zones is one of the most widely
accepted models to explain the formation of various
mantle reservoirs from the depleted mantle. Pb iso-
topes are the most sensitive indicators of contami-
nation of the mantle by crust-derived sediments be-
cause of the huge contrast in Pb abundances between
sediments (19.9-ppm global subducting sediment;
Plank and Langmuir 1998) and the mantle (0.150 ppm
in PM; McDonough and Sun 1995). Upper crustal
rocks and their sedimentary derivatives are charac-
terized by 2*Pb/***Pb and *"Pb/***Pb values that are
considerably above those of the mantle array defined
by data from oceanic basalts. An EM II-type mantle
reservoir with elevated 2*Pb/?**Pb and 2”Pb/***Pb ra-
tios relative to those of the mantle array has affinities
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with the upper continental crust. The Upper Jurassic
basalts have initial 2°Pb/?**Pb and 2°’Pb/>**Pb ratios
that plotin a tight field already above the mantle array
(fig. 10a, 10b), implying that the lithospheric mantle
source was slightly metasomatized by the addition of
slab melts possessing upper crust-like Pb isotopes.
However, the Pb isotope ratios close to those of the
OIBs, as shown in the diagrams (fig. 8), as well as OIB-
like Srand Ndratios (fig. 7) argue against simple-source
sediment contamination and may refer to the in-
volvement of some melts from a deeper mantle source.

Relatively high K,O contents and calc-alkaline na-
ture coupled with the significant LILE enrichment
suggest the involvement of volatile-bearing minerals

such as phlogopite and amphibole, which are the
major host phases for LILEs in a lithospheric mantle
(Foley et al. 1996; Tonov et al. 1997; Yang et al. 2007).
Melts originating from a phlogopite-bearing source
may have ahigherRb/Srratio(>0.1)andalowerBa/Rb
ratio (<20), whereas melts in equilibrium with am-
phibole in their source are expected to have signifi-
cantly high Ba and Ba/Rb ratio (>20) with a Rb/Sr ra-
tio lower than 0.1 (Furman and Graham 1999). As
shown in figure 134, the samples from the Kusakkaya
and Kiranmerek Members have Rb/Sr ratios lower
than 0.1 and Ba/Rb ratios lower than 20 in general,
pointing to a melting history in a refractory litho-
spheric mantle without K-bearing phases. However,
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Figure 13. 4, Rb/sr versus Ba/Rb plot for the basalts. b, ¢, Ba/La versus Th/Yb and Ba/Th versus I, plots, implying the
effects of oceanic sediments in the modification of mantle source. However, these elemental and isotopic ratios are
consistent with those of the ocean island basalts (OIBs). d, Dy/YDb versus K/Yb x 1000 diagram for the Upper Jurassic
basalts from eastern Sakarya Zone, Turkey. Melting curves for garnet lherzolite (Gt. Lh.), spinel lherzolite (Sp. Lh.),
garnet-amphibole lherzolite (Gt.-amp. Lh.), and spinel-amphibole lherzolite (Sp.-amp. Lh.) are from Duggen et al.
(2005). MORB = mid-ocean ridge basalt; PM = primitive mantle. A color version of this figure is available online.
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the rocks from Olurdere display a Ba/Rb ratio higher
than 20 and a Rb/Sr ratio lower than 0.1, implying
the presence of amphibole rather than phlogopite as
a K-bearing phase in the melting source.

The Upper Jurassic basalts show slight to mod-
erate depletions of Nb-Ta, Zr-Hf, and Ti relative to
neighboring elements in the PM-normalized pat-
terns (fig. 8), all of which are attributed to the fluid-
related metasomatism of a mantle source in a sub-
duction zone (e.g., Elliot et al. 1997). However, when
we compare these depletions of one group of basalts
with those of the other groups, the degree of these
depletions is decreased in basalts from Kiranmerek
(Alucra) through Kusakkaya (Gumiishane) to Olur-
dere (Olur). Samples from the Nazlicayir section of
the Kusakkaya and Olurdere display multielement
patterns similar to those of the OIBs; in fact, one
(OP-26) from Olurdere has a multielement pattern
typical of OIBs (fig. 8). Furthermore, in contrast to
the Lower Jurassic gabbros and basalts from the same
region (Dokuz et al. 2006; Sen 2007; Geng et al.
2010), all the Upper Jurassic basalts interestingly
demonstrate a moderate depletion in Pb, a feature
inherited from a mantle source similar to that of
normal OIBs (Edwards et al. 1994, Hofman et al.
1986; Zou et al. 2000; Ma et al. 2014). Accordingly,
low enrichment of LREEs relative to HREEs (Lay/
Yby = 1.9-6.3), except for OP-26 from Olurdere with
a relatively elevated Lay/Yby (20.4), argue against
generation from a strongly modified mantle by slab
melts and even sediment melts, which would have
elevated the LREE contents of the mantle source.

To test this hypothesis, we assessed our samples
using Th/Yb versus Ba/La and I, versus Ba/Th
(fig. 13b, 13c, respectively), as these variables are
reliable indicators of potential sediment or fluid
contributions to magma source regions (Woodhead
et al. 2001). The contribution of fluids or melts re-
leased from subducted marine sediments to the man-
tle source is represented in these diagrams by devia-
tion to the right side toward high Th/Yb and I,
whereas vertical increases in Ba/La and Ba/Th ratios
are ascribed to the melt or fluid advection from the
altered oceanic crust. The Upper Jurassic basalts plot
just over and commonly on the right side of the
MORSB field, similar to the field of OIBs but not to
the field of oceanic sediments. This case can be
interpreted in three ways: (1) OIB-like element ratios
and I, values were inherited directly from the OIB-
like sublithospheric mantle, (2) fingerprints of pre-
vious sediment melt and/or fluid contributions to
the mantle reservoir may have been gradually di-
minished by subsequent partial-melting events, and
(3) a mixture of melts from the MORB mantle and the
OIB-like sublithospheric mantle occurred, as particu-

larly implied by the distribution of Th/Yb ratios be-
tween the MORB and the OIB fields.

The K/Yb versus Dy/Yb diagram obtained by Dug-
gen et al. (2005; fig. 13d), which shows geochemical
modeling results for mantle-derived rocks, provides
constraints on the composition of the mantle source
and the degree of partial melting in the spinel sta-
bility field or the garnet stability field that produced
the parental magmas of the Upper Jurassic basalts.
The samples with MgO contents lower than 4 wt%
are not plotted because of uncertainties arising from
the fractionation of their major and trace element
compositions. High Dy/Yb ratios (>2.5) are typical of
partial melts produced in the garnet stability field,
whereaspartial meltsin the spinel stability field have
low Dy/YDb ratios (<1.5). All the samples except for
onehave Dy/Ybratiosrangingfrom 1.7 to 2.1, withan
average value of 1.8. These values are lower than 2.5
and higher than 1.5 and therefore do not offer a clear
indication of the presence of either garnet or spinel in
the source. However, the samples cluster mostly at
the end of the partial-melting curves (fig. 13d), mod-
eled according to three different scenarios, that is,
partial melting of (1) a garnet lherzolite source, (2) a
garnet-facies amphibole lherzolite source, and (3) a
spinel-garnet lherzolite source. This clustering sug-
gests the involvement of garnet rather than spinel in
the source. For a wide range of partial melting (1%—
15%) from an amphibole-bearing spinel lherzolite
source, K/Yb and Dy/Yb ratios remain above 5 and
below 1.5, respectively. Therefore, melts from an
amphibole-bearing (and phlogopite-bearing) spinel
lherzolite source seem to be inadequate to produce
low K/Yb and relatively high Dy/Yb ratios in the
rocks. By contrast, nearly 10% melting of 1000-ppm
K-bearing garnet-facies amphibole lherzolite source
or spinel-gamet lherzolite source can explain the
moderate K/YbandDy/Ybratios of the UpperJurassic
basalts. Moreover, sample OP-26 from Olurdere has a
relatively high Dy/YD ratio (3.1), pointing to the ex-
istence of residual garnet alone or the coexistence of
garnet and spinel in the lherzolite source, as garnet
preferentially incorporates the HREEs. The other
samples may represent the products of higher de-
grees of melting of such a garnet-facies amphibole
lherzolite or a garnet-spinel lherzolite source. All
these inferences refer to a deep partial-melting event,
most probably in the spinel-garnet transition zone
at depths of ~70-100 km (Duggen et al. 2005).

Despite all these inferences, melting in the spinel-
transition zone alone seems insufficient to explain
the hump-shaped PM-normalized patterns similar
to those of the intraplate basalts and the OIBs; the
decrease in the troughs of the Nb-Ta, Zr-Hf, and Ti
anomalies, probably suggesting the weakening or
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erasing of earlier traces of subduction components;
and the negative Pb anomalies possibly inherited
from a sublithospheric mantle. An interaction be-
tween a mantle plume material, such as OIB, and
subcontinental mantle or melts therefore could pro-
vide an alternative explanation for the aforemen-
tioned points. This model can also explain LILE/
HFSE and LREE/HFSE ratios lower than those in
classicalisland arc basalts (Petrone et al. 2003) as well
as Nb/La, Th/Nb, and Nb/U ratios similar to those in
the NEBs (fig. 7), in which these element ratios are
higher than those in the classical island arc basalts
(Kepezhinskas et al. 1996). As a result, lithospheric
mantle melting modified by subduction fluids alone
appears to be incapable of producing these elemen-
tal and isotopic ranges in the Upper Jurassic basalts;
thus, addition of an OIB-type component in the man-
tle source is most probably involved.

Tectonic Setting: Active Subduction versus Slab
Breakoff. The evidence presented above for the pet-
rogenesis of the Upper Jurassic mafic rocks coupled
with the Lower Jurassic rocks can be used to test
alternative plate tectonic models for the Jurassic
period in the Sakarya Zone.

Except for very few Permian locations, no geolog-
ical records documenting the Permian and Triassic
events in the Sakarya Zone are available. Almost
in all parts, the Lower Jurassic Senkdy Formation
lies unconformably over a Carboniferous crystalline
basement (fig. 2). Mafic volcanic rocks and volcani-
clastic sedimentary rocks dominate the unit (Kan-
demir2004; Dokuz and Tanyolu2006; Akdoganetal.
2012). The formation exhibits highly variable thick-
ness over a very short distance as well as upward
decreases in grain size and bed thickness (Kandemir
2004), which are the main sedimentologic feature
of formations accumulated in the basins in the early
transgressive period.

Two geodynamic models have been proposed for
the Late Triassic to Early Jurassic evolution of the
Sakarya Zone, both of which are based on the afore-
mentioned stratigraphic and sedimentologic charac-
teristics of the Senkdy Formation. Some authors
(Sengor and Yilmaz 1981; Gorur et al. 1983; Yilmaz
et al. 1997) have considered the Senkdy Formation
as a backarc basin deposit, indicating the opening
of the Neotethys Ocean behind Cimmeria (Sakarya
Zone), a continental fragment that rifted from the
northern margin of Gondwana and drifted north-
ward during the Late Triassic to Early Jurassic. Other
authors (Adamia et al. 1977; Golonka 2004; Okay et al.
2014) have also proposed an accumulation within a
rift basin for Lower Jurassic sediments. However,
unlike the previous group of authors, they have sug-
gested that this basin was opened along the southern
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margin of Laurasia—yparticularly on the accretionary
complex, not behind a continental fragment—dur-
ing the northward subduction of the Tethys Ocean.

In the 2000s, geochemical data began to be widely
used to understand Jurassic tectonic events. How-
ever, these efforts seem insufficient to reach a con-
sensus because each group of authorshasinterpreted
and exploited geochemical data to strengthen their
tectonic views. Comments based on geochemical
data appear to be correct from both tectonic views
only because the region is placed in the backarc set-
ting in the southward subduction model and in the
forearc setting in the northward subduction model.
Considering the spatial proximity to the arc, the
subduction-related features can easily be obtained
for the rocks from both forearc and backarc settings
(Dokuz et al. 2006; Sen 2007; Geng and Tiiystiz 2010;
Karsl et al. 2014; Okay et al. 2014). Nevertheless,
instead of the subduction signature of the Lower
Jurassic igneous rocks, their compositional nature
may be the more important consideration. Almost
all of the Lower Jurassic igneous rocks have basal-
tic composition. Thus, a backarc—or at least an arc
under the effect of an extensional regime—is re-
quired for the swift upwelling of mantle-derived
mafic magma to Earth’s surface without contami-
nation by crustal rocks and differentiation to more
felsic derivatives.

After a time gap of ~15-20 m.yr., magmatism was
repeated in the Late Jurassic throughout the Sa-
karya Zone (fig. 2; Nzegge et al. 2006; Dokuz et al.
2010; Evcimen et al. 2014; this study). We believe
that compared with the geochemical signatures of
the Lower Jurassic rocks, the geochemical signa-
tures of the Upper Jurassic rocks combined with the
structural, stratigraphic, and sedimentologic data
given in the earlier articles can supply a more pre-
cise constraint on the geodynamic evolution of the
Sakarya Zone. Our view is that a slab-breakoff mech-
anism subsequent to a continental arc—continent col-
lision explains the generation of Late Jurassic mag-
matism in the Sakarya Zone. The reasons for our
model are backed by the following: (1) inferences from
geochemical data, (2) the time gap between the two
Jurassic magmatisms, (3) the spatial pattern of the
rocks, (4) the stratigraphic and sedimentologic fea-
tures of the Upper Jurassic rocks, and (5) epirogenic-
type versus orogenic-type deformations. The reasons
for these are discussed in more detail in the following
subsections.

Inferences from Geochemical Data. Collisional
magmatism does not have unique geochemical fea-
tures. These rocks can have geochemical character-
istics identical to those from active subduction and
to those from intraplate settings, such as OIBs and
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within-plate rocks (e.g., Roberts and Clemens 1993;
Barbarin 1999). However, the rocks having subduc-
tion signatures are typically much more voluminous.
Therefore, distinguishing subduction-related from
collision-related magmatism is difficult with the
use of geochemical data only. From the chondrite-
normalized plot (fig. 8), a slightly negative REE pro-
file with negative or positive Eu anomaly is one of
the characteristics of rocks generated in subduc-
tion zones. LILE enrichment relative to HFSEs; prom-
inent negative Nb-Ta, Zr-HF, and Ti anomalies; and
prominent positive Pb anomaly in the PM-normalized
diagrams (fig. 8) are the other features employed for
the identification of subduction components in the
rocks. However, all these features are also signatures
of most rocks from collisional settings. One of the is-
sues that needs to be considered is that the geo-
chemical signatures of magmas depend not only on
the prevailing PT conditions during partial melting
but also on the protolith composition.

During collisional events, the crustal rocks lo-
cated at the plate boundary, which were also formed
previously by subduction processes, can be melted
by slab breakoff and/or delamination. Consequently,
the daughter melts derived from these rocks will
have subduction signatures, as these signatures can
be inherited from the precursor. This mechanism is
also valid for the mafic rocks derived from a litho-
spheric mantle previously metasomatized by sub-
duction fluids. Thus, subduction or arc fields in tec-
tonic discrimination diagrams may not always refer
to active subduction. Therefore, caution is needed
when drawing conclusions from tectonic discrimi-
nation diagrams. For example, the occurrence of some
rocks with collisional characteristics, even though
they exist together with rocks with subduction sig-
natures, is a strong indication of a collisional setting
rather than active subduction because for a rock to
have a collisional signature during active subduction
is almost impossible. By contrast, owing to the afore-
mentioned reasons, finding rocks possessing subduc-
tion signatures is possible in a collisional setting.

With their geochemical affinities varying from
subduction to intraplate (figs. 7, 8), the Upper Ju-
rassic magmatic rocks of the Sakarya Zone consti-
tute a good example of this case. One group of au-
thors (Ustabmer and Robertson 2010; Ustabmer et al.
2013; Okay etal.2014) has suggested that the arc-like
signature of these rocks and their regional meta-
morphism are due to the northward subduction of
the Tethys Ocean beneath the Sakarya Zone. In this
model, advective heat transfer from the injected
mafic magmas is considered sufficient for the source
of heat needed for the high-temperature metamor-
phism in midcrustal levels.
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Figure 14. Tectonic setting of the Upper Jurassic basalts
from the eastern Sakarya Zone. a, Zr/Y versus Zr (ppm)
suitable for noncumulate basalts (after Pearce and Norry
1979). b, Rb/10-Hf-Ta*3 ternary plot for different tec-
tonic settings (after Harris et al. 1986). MORB = mid-
ocean ridge basalt. A color version of this figure is avail-
able online.

Collision signatures were first documented by
Dokuz et al. (2010) in the Upper Jurassic shallow-
level granitic intrusions from the Yusufeli area. Ba-
saltic rocks in this study have stronger geochem-
ical characteristics for generation in a collisional
setting. They display Nb (44-76 ppm) and Ta (2.6—
4.2 ppm) values and Nb/U, Nb/La, and Ce/Pb ratios
that are greater than those of island arc basalts, as
shown in the diagrams (fig. 7). These values and ra-
tios are consistent with those of NEBs and, at the
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same time, those of OIB-like rocks (Hofman et al.
1986). Accordingly, Th/Yb, Nb/Yb, La/Ba, La/Nb,
Ba/La, and Ba/Th ratios are in between MORBs and
OIBs, and most of them overlap with OIBs. A simi-
lar case is shown in their Pb isotope ratios (fig. 10aq,
10b), whereas Srand Nd isotope ratios are consistent
with those of the OIBs (fig. 9). Furthermore, rocks
especially from the Nazligayir section and Olurdere
show REE and multielement patterns approaching
the hump shape similar to OIBs and within-plate
basalts, whereas rocks from the Kusakkaya section
and Kiranmerek present mixed patterns between
OIBs and basalt from the depleted mantle (fig. 8). In
brief, these values are intermediate between those
derived from lithospheric and asthenospheric man-
tle sources, indicating a magma source transition
from lithospheric to asthenospheric mantle. Tectonic
discrimination diagrams also offer consistent results
inferred from the earlier figures for Upper Jurassic
basalts. According to figure 144, almost all the sam-
ples plot within the plate tectonic setting (Pearce and
Norry 1979) except for four differentiated samples
from Kiranmerek. On the triangular diagram of Rb/
10-Hf-Ta*3 (fig. 14b), our samples fall in the field of
within plate (Harris et al. 1986), which is consistent
with the results shown in figure 14a.

The occurrence of the aforementioned OIB-like
geochemical signals of the Upper Jurassic rocks
seems to be impossible during an active subduction
with moderate angles because during such a sub-
duction the oceanic lithosphere constitutes a rela-
tively colder inclined wall that impedes the up-
welling of the asthenosphere-lithosphere boundary
and, consequently, melting in the asthenospheric
source. On the other hand, the slab breakoff, which
we believe to be the geodynamic mechanism re-
sponsible for the Late Jurassic magmatism and as-
sociated regional metamorphism, presents envi-
ronmental conditions suitable for producing melts
parental to the Upper Jurassic magmatic rocks. In
this mechanism, as the ruptured oceanic slab sinks
away, the hot asthenosphere upwells to fill the gap
(Davies and von Blackenburg 1995). Possible advec-
tion of fluids from the asthenosphere may modify
the isotopic and chemical composition of the over-
riding lithosphere (fig. 15c¢). This upwelling also
leads to heating of the overriding lithosphere, which
is previously metasomatized by asthenospheric and
subduction agents. Melting of such ametasomatized
mantle can explain the chemical and isotopic sig-
natures of the Upper Jurassic basaltic rocks, which
show a decrease in the troughs of Nb, Ta, and Ti
anomalies; negative Pbanomalies; LILE/HFSE ratios
lower than those of the classical island arc basalt;
and Sr, Nd, and Pb isotope ratios between MORBs
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and OIBs but closer to those of OIBs. Underplating
of the basaltic magmatism, together with the heat
conduction from the asthenosphere and decompres-
sion because of erosion from the uplifted roof, may
induce crustal melting. The result is the generation
of silicic magmatism. A mixture of mantle- and
crustal-derived melts will produce hybrid rocks. The
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Figure 15. Tectonic model for the Upper Jurassic basalts
discussed in this article. a, Northern branch of the Neo-
tethys (izmir-Ankara-Erzincan Ocean) as a backarc basin
rifted from the northern margin of the Anatolide-Tauride
Block (Gondwana) above a southward subduction zone
(Sengor et al. 1984). b, Middle Jurassic welding of the
Sakarya Zone (western terminal of Cimmeria) to Laurasia
in the north caused a fold-and-thrust belt (orogenic move-
ments) along this line, whereas epirogenic movements oc-
curred in the south along the northern shelf of the Neo-
tethys. ¢, Schematic cross section of the Sakarya Zone to
the Anatolite-Tauride Block during the Late Jurassic.
Breakoff of the Paleotethyan oceanic slab led to the gener-
ation of the parental melt of the Upper Jurassic basalts and
epirogenic upwelling in the southern side of the Sakarya
Zone (see text for details). A color version of this figure is
available online.



24 A. DOKUZ ET AL.

geometric forms, spatial patterns, geochemical char-
acteristics, and compositional range of the Upper
Jurassic magmatic rocks are consistent with those
generated by the processes of slab breakoff.

Time Gap between Two Jurassic Magmatisms.
In the literature (Yilmaz and Boztug 1986; Okay and
Sahinttrk 1997; Saintot et al. 2006; Ustadmer and
Robertson 2010; Adamia et al. 2011; Nikishin et al.
2012; Okay et al. 2014), the Sakarya Zone has been
defined as a paleomagmatic arc from the Carbonif-
erous through the Eocene. Northward subduction of
a southerly situated Tethys Oceanic crust beneath
Laurasia has been proposed by these authors for the
Late Paleozoic to Mesozoic magmatic evolution of
the Pontides, Caucasus, and Crimea. However, one
of the outstanding signatures of this arc is that mag-
matism has occurred intermittently, for example, in
the Late Carboniferous, Early Jurassic, Late Jurassic,
Late Cretaceous, and Early-Middle Eocene. Periods
of magmatic silence are much longer than the pe-
riods of magmatic activity. After a long intermit-
tence subsequent to the Late Carboniferous igneous
activity, the time span from 200 to 175 Ma (Early
Jurassic) recorded a second major phase of magmatic
activity (Sengor et al. 1993; Dokuz et al. 2006; Geng
and Tuystz 2010; Meijers et al. 2010; Okay et al.
2014). Except for one or two basic/intermediate in-
trusives and felsic extrusives, this magmatic phase
is characterized by pillow lavas and, to a lesser ex-
tent, by basaltic pyroclastic rocks and diabase dikes.
Other igneous activity in the Jurassic era is intensi-
fied between 155 and 145 Ma (Early Kimmeridgian—
Late Tithonian), corresponding to the early stages
of carbonate deposition in the Neotethys Ocean
(Nzegge et al. 2006; Dokuz et al. 2010; Evcimen et al.
2014, this study). However, throughout an ongoing
subduction, we cannot see any reason to switch to
such a magmatic silence after basic volcanism, par-
ticularly in such an extensional arc. We therefore
suggest that the above-mentioned time pattern of
the Late Jurassic magmatism is more consistent
with a slab breakoff.

Spatial Pattern of the Rocks. Recent inves-
tigations show that the Jurassic magmatism in the
Sakarya Zone is temporally intensified in two stages:
(1) the Early Jurassic and (2) the Late Jurassic. Both the
Early and the Late Jurassic magmatisms are mainly
recorded in the Senkdy Formation (Kandemir and
Yilmaz 2009), which is widespread particularly in
the southern part of the Sakarya Zone and con-
stitutes the lateral equivalent of the Sada Formation
(Okay et al. 2014) and the Mudurnu Formation
(Taystiz and Geng 2010) in the western and central
Sakarya Zone. In its outcrops farther west, the unit
is totally devoid of volcanism.

The Late Jurassic magmatism was first reported
by Yilmaz and Boztug (1986) from the Kastamonu
area in the central part of the Sakarya Zone (Nzegge
et al. 2006; Okay et al. 2014). Recent studies, in-
cluding the present study, reveal the presence of a
widespread Late Jurassic magmatism in the east-
ern part of the Sakarya Zone (Dokuz et al. 2010;
Evcimen et al. 2014). In contrast to the Lower Ju-
rassic magmatic rocks, which are commonly pillow
lavas (Sen 2007), the Upper Jurassic ones typically
occur in the form of intrusive bodies or stocks
mostly less than 10 km? (Dokuz et al. 2010), except
for a few flood-like pillow basalts that are the sub-
ject of this article. These intrusives are confined to a
long linear/arcuate zone aligned in an east-west
direction, especially along the southern flank of the
arc. Another distinguishing feature of the Upper Ju-
rassic rocks is that the intrusives are characterized
by a large compositional spectrum, for example,
from diorite to granite (Dokuz et al. 2010; Ustadmer
etal. 2013; Evcimen et al. 2014). In brief, short-lived
magmatic activity, large compositional spectrum,
small sizes of intrusive/extrusive outcrops, and their
linear distribution match well with the slab breakoff
mechanism, which predicts small volumes of melt
and a narrow linear zone of magmatism (Davies and
von Blackenburg 1995).

Stratigraphic and Sedimentologic Features of the
Upper Jurassic Rocks. The Upper Jurassic mag-
matic rocks are limited in volume compared with
the Lower Jurassic ones. Except for the rocks of this
study, there are a few small intrusive bodies (Dokuz
et al. 2010; Ustadmer et al. 2013). Nevertheless, in
the Lesser Caucasus (Armenia), the eastward con-
tinuation of the Sakarya Zone, Late Jurassic mag-
matic rocks are common (e.g., Mederer et al. 2013).
Similarly, such rocks are also widely documented in
the central Sakarya Zone to the west (Nzegge et al.
2006) and in the Crimea, Ukraine (Meijers et al.
2010). Might Late Jurassic magmatic rocks be more
common in the eastern Sakarya Zone? Our sugges-
tion is that the Late Jurassic magmatic rocks are
much more abundant than those known to date, but
there are some difficulties in the discrimination of
Early and Late Jurassic magmatic rocks in the field.
These difficulties can be summarized into two sub-
groups: (1) the nature and timing of the Late Jurassic
magmatism and (2) the similarities between the
Lower and Upper Jurassic sedimentary rocks.

One of the most prominent causes of failure is the
difficulty in distinguishing Late Jurassic magmat-
ism from earlier magmatism in this area. Magmatic
rocks intrusive into the Variscan crystalline base-
ment have been regarded as Carboniferous in age.
The Camlikaya granitoid complex in the eastern
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part of the Sakarya Zone can be given as an exam-
ple of this situation (Ustadmer et al. 2013; Evcimen
et al. 2014; A. Dokuz, unpublished data). This is
also the case for the extrusive member of the Late
Jurassic magmatism. As indicated by this study, it
is represented by basaltic rocks similar to those of
the Early Jurassic magmatism. Direct isotopic dat-
ing of these units has been difficult (Clineyt Sen,
Karadeniz Technical University, personal commu-
nication).

The second reason for the failure to identify Late
Jurassic magmatism is the similarities between the
Lower and Upper Jurassic sedimentary rocks. In the
distal portion of the basin, carbonate deposition
with a thickness up to 180 m was followed by accu-
mulation of ~250-m-thick coarse clastic sediments
(Dokuz 2000). By this, these carbonates form a pro-
nounced horizon traceable over long distances, en-
abling the separation of the Upper Jurassic clastic
sediments from those of the Early Jurassic in the
field. Such a separation is not possible for the clastic
sediments deposited in the proximal portion of the
basin, which corresponds geographically to the more
northern parts of the study areas. In these portions,
the Upper Jurassic sediments directly overlie the
heterogeneous Variscan basement and/or the Lower
Jurassic rocks. This is also the case for the Late Ju-
rassic basic volcanism. Therefore, almost all the
Upper Jurassic mafic rocks in this stratigraphic po-
sition, which are more common, have been accepted
as Early Jurassic.

This sharp transition from carbonate sedimen-
tation into coarse clastic sedimentation for a short
period is ascribed to the slab breakoff-related re-
gional uplift. Then carbonate sedimentation domi-
nated again in the basin throughout the Early Cre-
taceous (Pelin 1977), which is difficult without any
clastic input in a foreland basin over a subduction
zone. By contrast, such depositions seem to be
possible on the passive margin of a marginal basin.
Subsequent to the welding processes, a transition
from a tectonically active to inactive period has
been supplied in the northern shelf of the Neote-
thys, which was needed for the carbonate deposi-
tion throughout the Late Jurassic-Early Cretaceous.
The time interval corresponding to the deposition
of the first carbonate level, which separates the
Lower and Upper Jurassic clastic rocks from each
other, is thought to be short (15-20 m.yr.) but is
enough for the down-going oceanic slab to break off
from the bouyant continental lithosphere.

Epirogenic-Type versus Orogenic-Type Deforma-
tions. The generation of local disconformities in
the region (fig. 4¢, 4d) involve vertical movements.
Such vertical movements of a continent are identi-
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fied as epirogeny and are distinguished from orog-
eny by the absence of coeval shortening structures
in the same area. The causes of epirogeny are not
well known.

The Late Jurassic disconformities are close to
ophiolite vestiges of the izmir-Ankara-Erzincan su-
ture (fig. 1a) that lies ~50 km to the south. Accord-
ing to the northward-subduction model (Golonka
2004; Robertson et al. 2004; Okay et al. 2006, 2014,
Ustadmer and Robertson 2010), this suture repre-
sents one of the branches of the Tethys Ocean (Pa-
leotethys) that closed in the Early Cenozoic. Alter-
natively, the southward-subduction model (fig. 154)
suggests the welding of the Sakarya Zone (Cim-
meria) to the southern margin of Laurasia in the
MiddleJurassicand the openingof the Neotethysasa
backarc basin in the south of the Sakarya Zone
(Sengor and Yilmaz 1981; Sengor et al. 1984; Yilmaz
etal. 1997).In this case, the areas studied would have
been in a backarc setting, perhaps at least 200 km
from the line of collision. Slab breakoff after colli-
sion is an expected phenomenon. Our model re-
quires that slab breakoff occurred as much as 10-
15 m.yr. after collision (fig. 15b, 15¢; van Hunen and
Allen 2011). This event, in combination with up-
welling asthenosphere, leads to rapid isostatic uplift
since the dynamic subsidence caused by subduc-
tion is stopped and the orogen loses its large load
resulting from the oceanic slab (e.g., Davies and von
Blackenburg 1995). This type of uplift in the Late
Jurassic in the northern shelf of the Neotethys
could explain the rising of submerged topographic
highs vertically above sea level prior to deposition
of clastic sediments and the role of these highs as
sites of temporary erosion. Topographiclows are still
the sites of uninterrupted marine sedimentation.
Transformation of the upwelling asthenosphere into
mantle lithosphere based on cooling might cause
these eroded highs to again subside below sea level.
The beginning of clastic sedimentation at these
sites resulted in the formation of local disconfor-
mities. In brief, slab breakoff seems to be the main
cause of this short-lived epirogenic movement in
the Late Jurassic backarc basin, which resulted in
the formation of disconformities in the region.

Geodynamic Model

In the northward-subduction model, overall the
Late Jurassic or Cimmerian events—that is, mag-
matism, regional metamorphism, and structural
deformations—are associated with the welding of
small continental terrains to the southern margin
of Laurasia or to subduction-accretion processes
(Ustabmer and Robertson 2010; Topuz et al. 2013;
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Okay et al. 2014; Okay and Nikishin 2015). How-
ever, a mechanism for the exhumation of these
metamorphics, which are unconformably covered
by the Lower Cretaceous turbidites, has not been
presented.

In the preferred model, the Paleotethys Ocean
was to the north of the Sakarya Zone, which, at that
time, constituted a part of the northern margin of
Gondwana (fig. 15). Southward subduction of the
Paleotethys beneath Gondwana from the Permian
to the Middle Jurassic resulted in the opening of a
series of marginal basins at different times in front
of Gondwana. This subduction caused the Kara-
kaya backarc basin in the Sakarya Zone in the Early
Triassic to open (Sengér and Yilmaz 1981). This
short-lived basin closed at the end of the Triassic
(Sengor et al. 1984). Backarc extension in the Late
Triassic is suggested to have caused the breaking up
of the Sakarya Zone from the northern margin of
Gondwana and its drift to the north because of the
ongoing southward subduction. The result was the
opening of the Neotethys (fig. 154; Sengér and
Yilmaz 1981; Gortir et al. 1983; Yilmaz et al. 1997;
Dokuz and Tanyolu 2006). The Senkoy Formation
was deposited in the Early Jurassic during this rift-
ing period (Kandemir 2004; Kandemir and Yilmaz
2009). The closing processes of Paleotethys ended
in the Middle Jurassic by the soft collision of the
Sakarya Zone with the southern margin of Laura-
sia (Sengdr and Yilmaz 1981; Sengor et al. 1984,
Yilmaz et al. 1997; Dokuz et al. 2010). The Paleote-
thys suture would then be located along the north-
ern border of the Sakarya Zone (fig. 15b, 15¢). The
ophiolites that could be the remnants of the Paleo-
tethys have not yet been identified in the areas far-
ther east than Tokat. The easterly extension of the
Paleotethys remnants could be exposed along the
Great Caucasus and Transcaucasus ranges because
there is a continuous deposition from the Devonian
to the Late Jurassic (Dizi series). In addition, the ab-
sence of Variscan and Early Cimmerian (Triassic)
deformations in the Dizi series (Adamia et al. 2011)
is consistent with our predictions regarding the
Paleotethys.

By the Middle Jurassic collision, the Neotethys to
the south of the Sakarya Zone reached its maximum
dimensions, and a transition from a tectonically ac-
tive period to a more quiescent one characterized the
northern shelf of the Neotethys basin. After nearly
15-20 m.yr. of carbonate deposition over the Senkoy
Formation, the Paleotethys oceanic slab broke off
from the following continental portion, which was
also thinned and partly subducted (fig. 15¢). This
phenomenon led to a short-lived period of instabil-
ity in the basin and the source areas. This period was

recorded by the deposition of coarse clastic sediments
either directly over the carbonates or after a local
disconformity (see figs. 3¢, 4c, 4d) occurred in deeper
parts of the basin. In the coastal portion of the Neo-
tethys, these clastic sediments were deposited over
either Paleozoic basement rocks or the Senkdy For-
mation. Slab breakoff also led to the opening of a
window for ascension of asthenospheric components
to metasomatize the lithospheric mantle. Partial
melting of the metasomatized mantle yielded the
melts parental to the basaltic rocks of this study.
Advection of heat from the asthenosphere and mafic
magmatic underplating led to the melting of crustal
materials. Silicic melts later intruded the crust and
rose to Earth’s surface to form their extrusive equiv-
alents. This event provided a short break in the car-
bonate deposition in the northern passive margin of
the Neotethys. Subsequent to this short-lived tec-
tonic and magmatic activity, carbonate deposition
continued until ~95-90 Ma.

Conclusions

Recent studies reveal the occurrence of Upper Ju-
rassic magmatic rocks in the eastern part of the
Sakarya Zone, although outcropping areas are not
large. These areas crop out in small extrusive and
intrusive bodies and are represented by calc-alkaline
rocks. Basaltic flows of ~10-30 m thick occur within
the Upper Jurassic sedimentary rocks in the Alucra,
Guimiushane, and Olur areas.

These Late Jurassic rocks have moderate Dy/Yb
ratios with an average value of 1.8, implying par-
tial melting in the spinel-garnet transition zone at
depths around 70-100 km. Other geochemical sig-
natures are consistent with derivation from a man-
tle modified by subduction-related fluids. An OIB-
type component from the sublithospheric mantle
appears to be capable of producing the observed el-
emental and isotopic composition of Upper Juras-
sic basalts.

Late Jurassic magmatic rocks are exposed in
areas mostly less than 10 km? and display a wide
lithological range, that is, from gabbro to granite in
intrusives and basalt to rhyolite in extrusives. These
rocks form a west-to-east-trending curvilinear zone.
Geochemical characteristics, timing, and duration
of the Late Jurassic magmatism as well as rock di-
versity and their spatial pattern are consistent with
slab breakoff, which predicts a short duration of
magmatism after a short time gap from that of active
subduction, small volumes of melt, and a narrow
linear zone of magmatism.

The Upper Jurassic clastic sediments were depos-
ited either directly over a carbonate succession up to
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180 m thick or above a disconformity. Such short-
term clastic sediment deposition can be caused by
slab breakoff, as it would cause short-term epiro-
genic movements.

The preferred tectonic model involves the Paleo-
tethys Ocean in the north of the Sakarya Zone.
Southward subduction of the Paleotethys beneath
the Sakarya Zone at least from the Late Triassic to
the Middle Jurassic resulted in the opening of the
Neotethys as a marginal basin to the south of the
Sakarya Zone, which was located at the northern
margin of Gondwana. With the welding of the Sa-
karya Zone to the southern margin of Laurasia in
the Middle Jurassic, a transition in sedimentation
from volcaniclastics to carbonates was provided in
the northern shelf of the Neotethys. Approximately
15-20 m.yr. later, following carbonate deposition,
slab breakoff occurred. This event supplied suitable
conditions for the generation of magmatic rocks pos-
sessing collisional signatures (subduction related and
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intraplate type) and caused epirogenic movements
recorded by disconformities and deposition of clastic
sediments in the backarc basin.
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