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Abstract

U-Pb dating, Hf-isotope, and trace-element studies on two detrital zircon samples from sandstone interlayers in the Upper
Jurassic conglomerates of the Southern coast of the Mountainous Crimea provide new information on the primary crystalline
complexes from which those conglomerates were sourced. The U-Pb age spectra of studied zircons suggest that they were
most likely sourced from the (meta)sedimentary complexes of the Eastern and Western Pontides blocks and the Dobrogea
platform. In particular, a close similarity of the Precambrian age spectra with the detrital zircons from Late Neoproterozoic—
Late Paleozoic (meta)sedimentary complexes of the Dobrogea block provides strong supporting evidence for the affinity
between the Pre-Mesozoic basement of the Crimea and the Dobrogea platform. The zircons in the first sample were recycled
through Dobrogea sedimentary complexes and originated from terranes with Amazonia affinities, while zircons in the sec-
ond sample were recycled through the Taurides and originated from terranes related to northeastern Africa and Arabia. The
strong similarity of the Precambrian parts of the age spectra of the Dobrogea complexes and the sample K15-007 suggests
a resemblance of the Crimea’s Pre-Mesozoic foundation and the Dobrogea platform. Initial analytical data are provided in
Electronic Supplementary Materials A (ESM A). Descriptions of measurement parameters, methodologies, and constants
used to process primary analytical data and some processing results are reported in ESM B (Figs. B1-B8). Schemes of
locations within Balkans—Anatolia—Black Sea—Caucasus region the crystalline complexes with Jurassic, Triassic, Permian—
Carboniferous, as well as Late Neoproterozoic—Cambrian and Ordovician—Devonian ages are in ESM C (Figs. C1, C3-C5).
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Introduction

The Balkans—Anatolia—Black Sea—Caucasus region
(BABSC) is a segment of a gigantic Mesozoic—Ceno-
zoic collision zone—the Alpine—Himalayan fold-thrust
belt that formed as a result of convergence between the
northern Arct-Laurasian and southern Gondwanan conti-
nental masses (Fig. 1a). Geological (geodynamic, strati-
graphic, and geochronological data) and geophysical data
have allowed reconstructions of the main stages of the

Phanerozoic geodynamic evolution of this region (Stamp-
fli and Borel 2002; Stampfli et al. 2002, 2013; Murphy
et al. 2000, 20044, b, c; Cavazza et al. 2004; Saintot et al.
2006; Murphy and Nance 2008; Schmid et al. 2008; Stra-
chan et al. 2014; Samson et al. 2005; Stampfli et al. 2002,
2013; Stampfli and Kozur 2006; Okay et al. 2001, 2006,
2015, 2018; Linnemann et al. 2007, 2011, 2014; Nikishin
et al. 2011; Natal’in et al. 2012; Nance et al. 2013; von
Raumer et al. 2013, Gallhofer et al. 2015, 2016; Okay
and Nikishin 2015; and references therein). According
to these ideas, in the Early Neoproterozoic the Rodinia
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Fig. 1 a Main geological-tectonic structures of the Anatolia—Black
Sea—Caucasus region after Okay et al. (2001) with simplifications
and additions from Okay et al. (2013) and the Balkans—Moesian plat-
form region after Gallhofer et al. (2015), as well as locations of sam-
pling sites K15-007 and K15-003. TTZ, Teisseyre—Tornquist zone.
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Red ellipses and labels Z0-Z12 mark regions discussed in text with
data for detrital zircons from (meta)sedimentary rocks. b The geo-
logical setting of the Mountainous Crimea with magmatic areas after
(Solov’ev and Rogov 2010; Nikishin et al. 2015a) with simplifica-
tions and additions by the authors
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supercontinent had disintegrated with the complete isola-
tion of the Baltica paleo-continent, which is the Precam-
brian foundation of the Eastern European Platform (EEP).
Then, Baltica participated in the assembly of the northern
continental masses in Arct-Laurasia, occupying the mar-
ginal southern position in this new expanding continent. In
the Late Neoproterozoic and Paleozoic, the southern and
southwestern margins of Arct-Laurasia were bounded by
the Paleo-Tethys ocean, the lithosphere of which was sub-
ducted beneath the continent. Therefore, during Paleozoic
time, the southern margin of Baltica (or the Baltic part of
composite continents including Baltica) grew consistently
by the accretion of terranes with different origins: they
either were split off from Arct-Laurasia, or from various
parts of Gondwana (Hanseatic and Cadomic—Avalonian
terranes), or were initially formed as intra-oceanic forma-
tions—volcanic arcs, oceanic plateaus, and relics of ocean
basins (Galatian terranes). As a result, towards the end of
the Carboniferous (~ 300 Ma), the southern and southwest-
ern margins of the Baltica had grown by a wide band of
terranes (Fig. 2a). At the end of Permian and Triassic time,
a large strip-like fragment of the continental lithosphere
(Cimmerian terranes) had broken away from the northern

periphery of Gondwana and begun to drift towards Baltica.
This led to the closure of Paleo-Tethys and the opening
of Neo-Tethys (Fig. 2b) in Triassic—Early Jurassic time.
Relics indicative of the closure of this oceanic basin are
considered to be the following suture zones (Fig. 1a): on
the Anatolian Peninsula, Izmir—Ankara—Erzincan; in the
Balkans, Vardar; in the Caucasus, Sevan—Akera. The Bitlis
and Zagros sutures are Late Cenozoic zones marking the
collision of the Arabian Plate with Northern Eurasia (Okay
et al. 2010; Moghadam et al. 2012; Yilmaz et al. 2014;
Chiu et al. 2013). Those parts of the Cimmerian terranes
that were rifted from northeastern Africa, and possibly
part of Arabia, are now the foundation of southern and
eastern Turkey and are collectively called the Taurides (or
Anatolides—Taurides).

Available geochronological data, including ages of ophi-
olites and high-pressure and ultra-high-pressure complexes,
as well as stratigraphic correlations of radiolarians in ophi-
olites, constrain the lifetime of the Neo-Tethys ocean to an
interval from 255 to 65 Ma (Goncuoglu et al. 2008, 2012;
Galoyan et al. 2009; Rolland et al. 2009). The Intra-Pontides
suture is a relic of the closure of the Izmir—Ankara ocean
(or the Intra-Pontides ocean), which opened in the Early

\
™
/’\

B'a"ftici‘g edge

Fennoscandia

Sarmatia

es
gl R Thrusts

K15-003
location Faults
7 _-Geograph
' conturs

Terranes

[l calatian

-------------

ém?:o;’m%
souhern margin B
Pa,

!Iv.- 9
4% ) rﬁ";\_‘)

ot u stralia

Myceanian
Intra-Alpine
Iberian
Ligerian
Armorican
Han-Seatic

q

Fig. 2 Paleotectonic reconstruction for Balkans—Anatolia—Black Sea—
Caucasus region at~300 Ma a and~250 Ma b, based on (Stampfli
et al. 2013). Terranes docked to the southern margin of Arct-Lau-
russia: Pt—Pontides, GC—Greater Caucuses, Is—Istanbul-Zongul-
dak, Db—Dobrogea; Mo—Moesia. Baltica (Precambrian founda-

tion of East European Platform) elements: Us—Ukrainian shield;
VCM—Voronezh crystalline massif; DDB—Dnepr—Donetsk basin;
VSO—Volgo-Sarmatian (Volgo-Don) Orogen; VMRO—Volyn-Mid-
dle-Russian Orogen; VVP—Volyn Volcanic province. TTZ—Teis-
seyre—Tornquist Zone
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Triassic and closed, according to various estimates, from the
Early Cretaceous to the Early Paleogene (Celik et al. 2011;
Cavazza et al. 2012; Akbayram et al. 2013). The Pontides
are Triassic—Cretaceous complexes formed inside and on the
margins of the Izmir—Ankara ocean. Within the Pontides,
there are three different areas (terranes): Strandja (basement
of the Thrace basin); Istanbul-Zonguldak (or Istanbul); and
Sakarya (Okay and Tiiysiiz 1999).

During the Late Cretaceous and Cenozoic, the BABSC
was subjected to meridional stretching, accompanied by
large-scale faulting, folding and eruptive deformation, as
well as magmatism. As a result, the Black Sea marine basin
(Late Cretaceous—Eocene) formed with oceanic crust in
its deepest parts, known as the Western and Eastern basins
(Hippolyte et al. 2010; Georgiev et al. 2012; Nikishin et al.
2015b, ¢). The Istanbul block was detached from the Dobro-
gea—Moesia block and moved to the southern margin of the
Black Sea (Fig. 1a).

However, this comprehensive framework for the sequence
of main events in BABSC is still not generally accepted; its
stages and details of the evolution of individual regions are
still controversial. Recent studies argue that the Paleozoic
evolution of Tethys was much more complicated in space
and time than a simple closure of Paleo-Tethys and the open-
ing of Neo-Tethys due to the drift of the Cimmerian terranes
(Ustaomer et al. 2016; Avigad et al. 2016). After and during
accretion to the southern and southwestern margin of the
Baltica, terranes underwent the Caledonian, Variscan, Cim-
merian, and Alpean orogenies (Dokuz 2011; Kroner et al.
2008; Okay et al. 2015), as well as episodes of shearing and
extension (Nikishin et al. 2015b, ¢), which obscured the ulti-
mate origin of those terranes. Therefore, the primary nature
of some crustal blocks of the BABSC, the time frames for
the existence of individual volcanic arcs, the time of their
docking to the continent, the direction and slope of subduc-
tion zones, the locations and times of shear activity, and for-
mation of basins are still being refined (see, e.g., Linnemann
et al. 2004; Natal’in et al. 2012; Meinhold et al. 2013; Topuz
et al. 2013b). The exact position of the southern edge of the
Precambrian foundation of the EEP (Baltica) within BABSC
is also unclear. Usually, geophysical and indirect geological
data trace it from the Teisseyre—Tornquist zone (TTZ) in
Europe through the Odessa shelf, then along the neck of the
Crimea Peninsula and the southern edge of the Azov Sea
into the inner parts of the Scythian plate and further into the
northern Pri-Caspii region (Stampfli et al. 2013).

An integrated isotopic—geochemical study of detrital
zircons from sedimentary strata can help in solving the
question on the nature of the crystalline basement of the
Crimea, and provide more information on the paleogeo-
graphic depositional environment and provenance. A num-
ber of recent studies that applied this approach have been
able to correlate the basement blocks of the various regions
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surrounding the Black Sea essentially to different parts of
Gondwana (Henderson et al. 2016). The basements of the
Greater Caucasus, the Lesser Caucasus, and most of Eastern
Pontides have affinities to the Arabian—Nubian Shield and
Iran (Ustaomer et al. 2013; Moghadam et al. 2012, 2017).
The basement of Central and Western Pontides is related
to northern and northeastern Africa (Meinhold et al. 2011;
Avigad et al. 2016). The blocks forming part of the basement
of the Moesian plate (Moesia), the Serbo-Macedonian mas-
sif, Northern and Central Dobrogea (see insert in Fig. 3b),
and the Istanbul block are considered as a part of Amazonia
(Bozkurt et al. 2008; Okay et al. 2008, 2011; Meinhold et al.
2010; Ustaomer et al. 2011; Balintoni and Balica 2016).
Since the regions surrounding the Crimea such as the
Sarmatian part of the EEP (including the Ukrainian Shield),
the Dobrogea, the Caucasus, and the Pontides are now char-
acterized by sufficient geochronological data (dating of both
crystalline complexes, and detrital zircons from strata of
various ages) that the comparison of these data with similar
geochronological information on the Crimea would make
it possible to identify the similarities and differences in the
different structural units of the Crimea and compare their
provenance signals with those in the surrounding regions.
However, geochronological data for the Crimea are still very
scarce. This work aims to fill this gap, at least partly, by an
integrated isotopic—geochemical study of detrital zircons
from the Upper Jurassic conglomerates of the Mountainous
Crimea (MtCr) (samples K15-007 and K15-003, Fig. 1).

Geological settings of the mountainous
crimea

The geology of the MtCr has been well studied previously
(Nikishin et al. 2015a and references therein). Paleozoic
basement has been documented by drilling beneath Steppe
Crimea and supposedly underlies Upper Triassic to Lower
Jurassic sequences of the Crimean Mountains. However,
the question of the origin of the crystalline basement of the
Mountainous Crimea has not been solved, since there are
no geological outcrops or drill holes that have reached it.
In the paleotectonic reconstructions, Crimea falls into the
conjugation of terranes of different types. On one hand, the
geological correlations of the Mesozoic sedimentary com-
plexes of MtCr give grounds to correlate the MtCr with the
coeval strata of the Pontides. During the Mesozoic, before
the opening of the Black Sea depression, the complexes of
the MtCr and the Pontides were located near one another and
underwent similar geological evolution (Okay and Nikishin
2015). This provides indirect evidence that the basement of
the Crimea is similar to the Pontides basement. At the same
time, deep seismic studies indicate that the structures of the
Dobrogea basement can be traced from the west through
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the Odessa shelf to the MtCr (Starostenko et al. 2015), and
the structures of the Indolo-Kuban trough of the Cis-Cau-
casia—to the Steppe Crimea from the east (Adamia et al.
2011). Thus, indirect information allows us to consider that
the basement of the Crimea is related to the basements of
both the Central/Western Pontides, or the Dobrogea, or the
Greater Caucasus.

In the Middle and Late Jurassic, the Neo-Tethys Ocean
was closing and its lithosphere was subducting under the
southern edge of Arct-Laurasia. The position of the trench is
reconstructed along the southern edge of the Istanbul, Cen-
tral, and Eastern Pontides blocks of (Fig. 3a). The end of
the Jurassic is important in the geological evolution of the
BABSC, as it marked a change from the near-meridional
compression that accompanied the closure of the Neo-Tethys
ocean to the near-meridional extension that led to the forma-
tion of the Black Sea basin.

In Callovian—Early Oxford time (Fig. 3a)—the stage
immediately preceding the time of accumulation of the
Upper Jurassic conglomerates—the Istanbul block and the
Central and Eastern Pontides blocks still were uplifted and
being extensively eroded. In Kimmeridgian—Tithonian time
(Fig. 3b), during the accumulation of the Upper Jurassic
conglomerates, the Istanbul, Central, and Eastern Pontides
blocks began to subside and the crust began to extend, form-
ing the future Black Sea basin. At the time of the formation
of the Upper Jurassic conglomerates, the Istanbul, Central
and the most western Eastern Pontides blocks were below
sea level and a carbonate platform began to develop on the
former uplifts (Masse et al. 2009). Thus, the transport of
detritus from Pontides to the shelf of the Dobrogea—Crimea
Uplift from the southern side became impossible, but on
the contrary, the transport of the erosional products of the
Dobrogea—Crimea Uplift would have been intensified. If the
complexes of the Pre-Mesozoic foundation of the Crimea
within Dobrogea—Crimea Uplift were exhumed to the ero-
sional level at that time, then their erosional products could
contribute into the Upper Jurassic conglomerates. Thus, the
provenance signal of the Pre-Mesozoic Crimea had a chance
to survive in the Upper Jurassic conglomerates.

Sample collection

The conglomerates of Mt. Southern Demerdzhi are accepted
as a stratotype of the Upper Jurassic Demerdzhi Formation
due to their availability, good exposure, and access to the
outcrop. At the present time, two strata (upper and lower)
are distinguished within the Demerdzhi Fm., which are sepa-
rated by angular unconformity. Sample K15-007 was col-
lected from a lens of light gray sandstone situated at the base
of the section of the upper stratum of the conglomerates on
the western slope of Mt. Southern Demerdzhi (44°44'41.9"S;
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34°24'28.4"E). Sample K15-003 was collected from the lens
of light gray gravel sandstone located at the base of the rock
escarpment on the southeastern slope of Mt. Sepia of Bal-
aklava harbor (44°29'31.09"S; 33°37'16.69"E).

Analytical methods

The study was carried out using the TerraneChron®, ana-
lytical approach (Griffin et al. 2000, 2002, 2004, 2006,
2007; Belousova et al. 2002, 2006) developed at the CCSF/
GEMOC Center (Macquarie University, Sydney). The meth-
odology integrates in situ U/Pb age, trace element, and Lu/
Hf-isotope analyses on zircons. Such an integrated approach
makes it more reliably to identify the source rocks of detrital
zircons and to reconstruct the evolution of the supplying
provinces than can be done based on U/Pb ages of detrital
zircons only (Peytcheva et al. 2008). The analytical work
on detrital zircons was carried out using the LA-ICPMS
and LA-MC-ICPMS techniques. The CART classifica-
tion (Belousova et al. 2002) was used for the classification
of zircons in terms of the composition of their parental
magma. The granitoid rocks in this classification are sub-
divided according to their silica content into three groups:
low-Si0, (< 65%), intermediate (SiO,=65-75%), and high
(SiO,>75%). For the sake of briefness, these groups are
called, respectively, «diorite», «granite» and «leucogran-
ite» and corresponding zircons as «dioritic», «granitic», «leu-
cogranitic», etc. Initial analytical data are provided in ESM
A. Descriptions of measurement parameters, methodolo-
gies, and constants used to process primary analytical data
are reported in the previous studies and in ESM B (Figs.
B1-BS).

Analytical results
U-Pb age results

Sample K15-007. A total of 95 analyses were carried
out for this sample (Fig. B1). For 7 grains, strongly dis-
cordant age values (| D | >10%) were obtained and one
measurement (Nel0) showed a very large analytical error
— 2835+ 155 Ma. Those were rejected from further con-
siderations. The remaining 87 analyses were used to plot
the histogram and probability density curve (PDC) (Fig.
B2a). The five youngest ages on the concordia diagram
form a separate compact cluster S with a concordia age of
153.91 +£1.56 Ma (Fig. B1d, B2b).

The zircons were subdivided according to their age pat-
tern into 10 groups, referred as D1-D10. The most repre-
sentative—groups D2 and D3 (each is over a quarter of all
zircons) comprise zircons with Permian—Triassic ages. The
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zircons of cluster S together with another zircon of Ne147 of
similar age 164 +2 Ma (D =7%) form a group D1. Archean
and (Late- + Middle-) Paleoproterozoic zircons form distinct
groups D10 and D9, respectively. Zircons with overlapping
ages are combined into compact groups D4, DS, D6, and
D7, the remaining zircons (whose ages are scattered in the
interval 810-1550 Ma) are assigned to group D8. The age
interval of 2.15-2.55 Ga is not represented by any grain.

Sample K15-003. A total of 70 analyses were performed
for this sample. For 3 grains, strongly discordant analyses
(| D| > 10%) have been obtained (Fig. B3a). The remain-
ing 67 values were used to plot the age histogram and PDC
(Fig. B4a). The zircons were divided into 9 groups accord-
ing to their age distribution and designated as B1-B9. Zir-
cons younger than 500 Ma form the groups B1-B4, and
Cambrian—Neoproterozoic zircons—groups BS, B6, and B7.
Archean and (Late- + Middle —) Paleoproterozoic zircons
form the groups B9 and B8, respectively, separated by an
age gap between 2.15 and 2.35 Ga, in no grains are recorded.
The Mesoproterozoic age interval (1050-1700 Ma) is rep-
resented only by grain Ne59 with a near-concordant age of
1444 +42 Ma (D =3.9%). It shows no common-lead con-
tamination, and a normal trace-element content (e.g., P is
1049 ppm, Th/U =1.15). The poorly developed zoning in
the CL image (see the insert in Fig. B3) may suggest a non-
magmatic origin of this zircon.

Trace-element content and classification of zircons
by their parental rock types

The Th/U ratio commonly is used to distinguish zircons of
metamorphic (Th/U <0.1) and igneous (Th/U > 0.1) origin
(Teipel et al. 2004).

In sample K15-007, only one zircon (Ne2) showed a Th/U
ratio of less than 0.1 (Fig. B2b) and is classified as «meta-
morphic»; this is consistent with the absence of clear oscil-
latory zoning in its CL image (the insert in Fig. B2a).

In sample K15-003, two zircons showed distinctly low
Th/U ratios: Ne20=0.086 and Ne71=0.003 (Fig. B4b) and
were classified as «metamorphic». The CL image of zircon
Ne20 (the insert in Fig. B4b) is convincingly «metamor-
phic» —without any zoning, but the CL image for Ne71 (the
insert in Fig. B4a) displays a complex structure: an inher-
ited core with oscillatory zoning and relicts of older zircon
blocks in the center and a thin light-CL rim suggesting a
metamorphic overgrowth.

CART classification The CART algorithm (Belousova
et al. 2002) was not applied to grains of metamorphic ori-
gin (Fig. BS). Application of the CART classification to the
rest of the grains indicates that the parent rocks of the vast
majority of zircons in both samples were most likely «gran-
ites» and «diorites». Although the subdivision of granitoid
rock sources of zircons into «diorites» and «granites» is based

on their Yb content, zircons of these types could be also sta-
tistically well subdivided according to the total REE (separa-
tion value of ~ 1200 ppm) (Fig. B6) and Y contents (Y bor-
der value of ~ 1500 ppm) (Figs. B6a and B8a). The samples
differ significantly in the proportions of «granitic» and «dior-
itic» zircons: in the sample K15-007 they are approximately
equally divided (39 and 35), and in sample K15-003 «gra-
nitic» zircons are almost twice as abundant as «dioritic» ones
(38 vs 22). The most interesting result of the CART clas-
sification is the detection of zircons, the sources of which
were most likely specific or «exotic» rocks such as «car-
bonatite», «syenite/monzonite» and «leucogranite». The
three «carbonatitic» (Ne37, 51 and 123) and four «syenites-
monzonites» (Ne73, 93, 112, and 144) zircons in the sample
K15-007 have similar ages and were designated as clusters
C and S, respectively.

Lu-Hf-isotope analysis of the detrital zircons

Sample K15-007 The Lu—Hf-isotope composition was stud-
ied for 89 grains (Fig. 4a). For 3 zircons (Ne41, 49 and 71),
a strongly variable signal was recorded during the ablation,
indicating a significant isotopic heterogeneity of the ana-
lyzed material. The remaining 86 analyses produced stable
signals and homogeneous results. Zircons from this sample
recorded a spread of ey, values from about +13 (Ne4) to
— 20 (Ne83). Estimates of the crustal model age TSM range
from 0.58 (Ned44) to 3.44 (Ne6) Ga.

The three Middle Neoproterozoic zircons forming the D7
group have significantly negative ey values, including grain
Ne83 with the lowest ey of — 20.0+0.95, indicating the
involvement of the Archean crust (TSM, is about 2.7 Ga).
Such a cardinal difference between these zircons from the
near-coeval zircons of groups D8 and D6 is an additional
argument for isolating these three zircons into a separate D7
group, despite its statistical non-representativeness.

The group D1 of the youngest zircons is the most inter-
esting. It consists of 6 zircons: «dioritic» zircon Nel47
(164 Ma) and five zircons of cluster S with ages about
154 Ma. Cluster S includes four zircons (Ne 73, 93, 112
and 114) that are classified as «syenite/monzonitic», and
one as «dioritic» (N2 62). Both «dioritic» and «syenite/mon-
zonitic» zircons show negative e ranging from — 1.5 to
— 6.9 and TSM of 1.16-1.54 Ga suggest all zircons of cluster
S originated from a single local source. The Hf-isotope com-
position of zircon Ne147 with ey =2.5+0.9, 5, =1.05 Ga
is quite different from those of the zircons from cluster S,
indicating derivation from another source. In summary, the
zircons of cluster S were generated during an igneous event
around 154 Ma ago; their parental magmas were alkaline in
composition and derived from a protolith not younger than
Mesoproterozoic (T5,, =1.16-1.54 Ga).
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Fig.4 Diagram of ey vs U-Pb
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Sample K15-003. The Lu—Hf-isotope analyses were
done on 67 grains from this sample (Fig. 4b). In zircons
Ne80, 47 and 21, rather significant variations of Hf-iso-
topic composition were recorded during the analysis,
and these data are not considered further. The remaining
ey values for this sample range from +12 (Ne2) to — 12
(Ne55). Estimates of crustal model ages TSM range from
0.52 (Ne22) to 3.16 (Ne80) Ga.
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Discussion

In this section, first, the results from samples K15-007
and K15-003 are compared, and geodynamic constraints
on their possible primary sources are outlined. Then, pos-
sible sources are analyzed considering that the zircon can
be derived either directly crystalline complexes [primary
sources, see schemes of locations within BABSC the



International Journal of Earth Sciences

crystalline complexes with Jurassic, Triassic, Permian—Car-
boniferous, as well as Late Neoproterozoic—Cambrian and
Ordovician—Devonian ages in ESM C (Figs. C1-C4)] or
(meta)sedimentary complexes (secondary sources).

To constrain possible secondary sources, the characteris-
tics of detrital zircons from samples K15-007 and K15-003
are compared with published data available on the pre-Upper
Jurassic deposits of neighboring regions (their locations are
denoted Z1-Z4, Z6-Z8, and Z10-Z12 in Fig. 1), and data
for Lower Cretaceous and younger sediments of neighbor-
ing regions (their locations are denoted by Z0, Z5, and Z9
in Fig. 1) are explored. The latter could not be a source of
zircons for the Upper Jurassic conglomerates, since they are
younger, but the comparison is useful, because it provides
additional paleogeographic information.

Comparison of the results of studied detrital zircons
and constraints on the geodynamic nature of their
primary sources

In general, the detrital zircons from both samples studied
here (Figs. 4, 5) show many similarities, but also some signif-
icant differences. One major dissimilarity is the significantly
different proportions of the «granitic» and «dioritic» zircons:
in sample K15-007, where they are approximately equal
(43% and 41%), but in sample K15-003 «granitic» zircons
are almost twice as abundant as «dioritic» ones (39% vs
23%). At the same time, majority of «granitic» grains are
younger than 500 Ma in both samples.

Zircons in both samples were divided into groups labeled
D1-D10 for sample K15-007 and B1-B9 for sample K15-
003. The U-Pb age distribution patterns of zircons from both
samples show similarity in the broad time intervals from the
Jurassic to the Archaean and in the general characteristics
of the age spectra, including major Triassic and Permian
populations with a good match of age peaks on the PDC,
and minor populations of the Carboniferous age and older
with comparable individual age peaks.

However, there are quite significant differences in some age
groups, especially Archean zircons of groups B9 and D10.
In the D10 group, all ages are older than 2.9 Ga, while in the
group, B9 zircons with ages of 2.35-2.6 Ga are found, together
with zircons older than 2.9 Ga. The Hf-isotope composition
also records a small but certain difference. In the B9 group,
the Hf isotopes have more juvenile composition (>3, and
for Ne 83—even comparable to DM), than in the D10 group,
where zircons have mostly weakly positive ey, and for two
zircons, gy is as low as — 3. Since no zircons were found
that would show the presence of the oldest Palaeco-Archaean
material in the magma sources, the most probable sources of
Archean zircons from both samples are intra-oceanic arcs and
arcs started on rifted crust that was not older than Mesoar-
chaean. At the same time, the significant differences in U-Pb
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Fig.5 Comparison of age groups (a, b) vs ey (b, d) for detrital zir-
cons from samples K15-007 and K15-003 for ages less than 500 Ma.
Black bars and inscriptions B1-B4 and D1-D5 show the time inter-
vals of the identified groups in the samples. Gray semi-ellipses on A
and B mark groups showing good age resemblance
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age, Hf-isotope, and trace-element composition do not allow
us to assume a common source(s) for the Archean zircons from
samples K15-003 and K15-007.

The cardinal differences between the samples are in the
850-1500 Ma age interval. In the sample K15-003, only one
zircon Ne59 of Mesoproterozoic age was found, while in the
K15-007 sample, there were 7 zircons with the ages evenly
distributed along the Mesoproterozoic time interval, with no
peaks on the DPC. There are only 2 zircons of Early Neopro-
terozoic age in sample K15-007, and 5 in the sample K15-003
(B7). Parental rocks for all these zircons were distributed in
evenly between «granites» and «diorites», so specific source
rock types were not identified.

The compact groups of data points for zircons from groups
D4 and B3 (Carboniferous) are very uniform in U-Pb age
(with peaks at 334 and 333 Ma) and show only negative
eyr (— 2 to — 6), which indicates at least a Mesoproterozoic
(~1.3-1.5 Ga) age for the protolith. Such zircons are likely to
have an intra-plate origin, and originated from a single geo-
graphically restricted source.

The groups D3 and B2 have slightly different ages within
Permian interval, with the peaks at 306 Ma, and 289-285 Ma
being very well matched. One zircon in the B2 group has
slightly negative ey, while all the other zircons in both groups
have moderately juvenile (mostly positive and near-zero eyy)
Hf-isotope signatures.

Triassic—Permian zircons from groups D2 and B1 show
slightly different age intervals and PDC peaks at 225, 255,
273 Ma and 219, 243, 260 Ma, respectively, so that group B1
seems to be «shifted» by about 10 Ma relative to group D2. In
both groups, the «granitic» zircons dominate and show similar
Hf-isotope signatures.

The zircons of the well-defined groups D2, D3, and D4
in sample K15-007 and B1, B2, and B3 in sample K15-003
record episodes of magmatic activity in the BABSC, indicat-
ing that the products of destruction of the crystalline com-
plexes contributing to both samples. A significant part of the
zircons from groups D2, D3, B1, and B2 is definitely of a
local regional origin and was generated in the suprasubduction
structures or intra-oceanic arcs of the Neo-Tethys. At the same
time, the Hf-isotope results do not record any significant con-
tribution of crustal material that is older than Mesoproterozoic.

In the K15-003 sample, no zircons corresponding to zir-
cons from group D1 were found. This is an additional argu-
ment that the source of group D1 zircons was situated near
the K15-007 sampling site.

Late Jurassic rocks of Crimea and Pontides
as potential primary sources of zircons for cluster S
of sample K15-007

Magmatic complexes of Jurassic age are widely distributed
in the eastern part of BABSC (Fig. C1). Complexes with
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Middle—Early Jurassic ages are very widespread in the
Crimea, Central and Eastern Pontides and in the Greater
Caucasus. The Upper Jurassic complexes are less widely
represented, but nevertheless magmatic and metamorphic
complexes with Late Jurassic age are known in the Sredna
Gora and Central-Eastern Pontides.

Four areas with outcrops of magmatic rocks are known
within MtCr (Fig. 1b). Previous dating of magmatism in
the MtCr, mainly based on stratigraphic and field observa-
tions/relationships, described all of these magmatic rocks
as Jurassic or Cretaceous. However, new geochronological
data have appeared in recent years, and a summary of the
available results is presented in Fig. C2.

Late Jurassic magmatism, including an event at ca
154 Ma, is known both within the present-day MtCr, and
in the Pontides. Several magmatic areas in the Pontides
(Chamlikaya granites, meta-dacites of the Changaldag
complex, metamorphites of the Kunduz complex and pos-
sibly others) and in the MtCr (Mt. Karadag area) with
similar time intervals of magmatism might be considered
as potential sources for zircons of cluster S. However,
available data still do not allow us to identify the local
source for zircons of cluster S from sample K15-007.

Potential primary sources of Archean
and Paleoproterozoic zircons

The most logical primary source for the Archean and
Paleoproterozoic zircons from samples K15-007 and K15-
003 is the basement crystalline complexes of the ancient
crustal blocks presently closest to the Crimea— Sarma-
tian part of EEP, including the Ukrainian Shield (Us),
Voronegh Crystalline Massive (VCM) and the adjacent
territories. Archean ages have been found for crystalline
rocks of the VCM and Us basements, including the Podol-
sky and Azov domains (the latter is located close to the
Crimea, see Fig. 2) with crystallization ages up to 3.7 Ga
and model ages up to 3.9 Ga. Within the Sarmatian and
adjacent parts of the EEP, the Paleoproterozoic complexes
of accretionary collisional origin are known (Fig. 6a). A
summary of the ages and references for these formations
are given in ESM C (Fig. C5).

Recent studies of detrital zircons from Neoproterozoic
meta-sedimentary rocks of the Ukrainian Shield (Shumlyan-
skyy et al. 2015), allow a comparison the studied zircons of
the Crimea and the Us (Z10) (Fig. 6b). The most significant
differences between the data sets are as following:

e No zircons with ages over 3 Ga have been found either
in sample K15-007, or K15-003, while in the Us such
zircons are common, together with ages over 3.5 Ga that
otherwise are very rare around the world.



International Journal of Earth Sciences

A

Ages of cryctalline complexes of Ukranian shield and nelgbour areas of EEP

{g|_ VVP jenceed VMRO
# Ko, NM .
Crystalline complexes # dykes Ki
Bl Archean non-diferentiated ® OMO P;o Cito
@ accretionary-collisional orogens MKI\%B Azov
i intra-plate magmatism i _domams
: : Complexes of Us and VCM
B » Z4b Karakaya (West. Pontidcs)i
Z10 Ukranian shield (Us)
t Z11 Arabian-Nubian
10— shield (north part)
&
S
= 0 :
= ¥
2 H
‘2 :
=T 5
= ) :
-
.lustgr S O 0
-20 (o] :
: : : : Enderb1tes of
Crimea, samples K15-007 & K15-003 2" Dniester-Bug Series
o "diorite" and "granite" A "syenite/monzonite" -and metasediments of Azoy
O "carbonatite” X "leucogranite” : domain of Ukranian shield
|||||_II|IIII|II
0 500 1000 1500 2000 2500 3000 3500
U-Pb age (Ma)

Fig.6 Comparison of the results of U-Pb and Lu—Hf isotope study
of detrital zircons from samples K15-007 and K15-003 with analo-
gous data from neighboring regions of the BABSC. a U-Pb age
data of some crystalline complexes of the Ukrainian shield and
adjacent terrains (see refers in ESM C). Us—Ukrainian Shield,
VCM—Voronezh crystalline massif, VSO—Volgo-Sarmatian oro-
gen, VVP—Volyn volcanic province, OMO—accretionary orogen
Osnitsk -Mikashevichi (2.0-1.95 Ga), VMRO—Volyn-Middle-Rus-
sian orogen (1.8-1.75 Ga). Plutons: Ki-Kirovograd (2.06-2.03 Ga),
NU-Novoukrainskiy (2.04-2.03 Ga), KN-Korsun-Novomirgorodsky

e The 2.15-2.6 Ga age interval is not represented in
either of the studied samples, while zircons of such
ages are widely distributed in meta-sedimentary rocks
of the Us.

No Archean zircons with significantly negative ey have
been identified in samples K15-007 or K15-003. The
minimum value found during this work is about — 2,
while the e values are as low as — 15 for Archean zir-
cons of Us (Fig. 6b), thus corresponding to TSM model
ages older than 3.8 Ga, which are very rare around the
world.

(1.76-1.74 Ga), Ko-Korosten, 1.74-1.8. Dykes in the Kirovograd
massif—(1.81-1.77 Ga). b Comparison of the results of U-Pb and
Lu—Hf isotope study for detrital zircons from samples K15-007 and
K15-003 with analogical information on the detrital zircons from the
Neoproterozoic meta-sedimentary rocks of the Us (Z10) (Shumly-
anskyy et al. 2015) and the Karakaya complex of Western Pontides
(Z4b) (Ustaomer et al. 2016), as well as the crystalline complexes of
the Menderes massif (red oval, Avigad et al. 2016) and the northern
part of the Arabian—Nubian shield (Z11) (Morag et al. 2011)

Such significant differences in the zircon characteristics
suggest that there is a low probability of detrital products
supplied either directly from the Us crystalline basement or
from the ancient (meta)sedimentary strata of the Us to the
studied Upper Jurassic conglomerates of MtCr.

Potential primary sources of Mesoproterozoic
and (Early + Middle) Neoproterozoic zircons

Potential primary sources of the Mesoproterozoic and
(Early + Middle) Neoproterozoic zircons could be crystalline
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complexes of ancient platforms or crystalline complexes of
the basement of terranes docked to the Baltica in Mesozoic
(Cimmerian terranes) and in Paleozoic.

In the Sarmatian part of the EEP, which is adjacent to the
Crimea, no large-volume crystalline complexes with Meso-
proterozoic and (Early + Middle) Neoproterozoic ages are
known. Potential primary sources for such zircons trans-
ported from the EEP could only be complexes in its very
remote parts such as the Sveco-Finnish and the Sveco-Nor-
wegian regions of the Baltic Shield (Bogdanova et al. 2008).
However, their considerable remoteness and the separation
of the Crimea from the EEP by a sea strait at the time of for-
mation of the Upper Jurassic conglomerates means that their
detritus could contribute to the Late Jurassic conglomerates
only through the recycling process.

Another potential primary source of (Early + Middle)
Neoproterozoic zircons could be the Arabian—Nubian shield
(ANS), which is a collage of Neoproterozoic island arcs that
originated in the Mozambique ocean. In Cryogenian time,
they were packed together and then in the Ediacaran were
accreted to the Saharan metacraton (Avigad et al. 2016 and
references therein). However, the available geochronologi-
cal data indicate that the zircons from the northern part of
the ANS (Z11) have exclusively juvenile origin with sub-
stantially positive ey, while zircons from our samples show
predominantly negative ey, (Fig. 6b). It is impossible to
exclude the origin of some Neoproterozoic zircons from the
ANS by recycling into the Upper Jurassic conglomerates,
but the ANS zircons do not show the spectrum of e, values
recorded in the (Early + Middle) Neoproterozoic zircons of
samples K15-003 and K15-007.

Potential primary sources of Late Neoproterozoic,
Paleozoic and Triassic zircons

Late Neoproterozoic and Cambrian—Devonian complexes
(potential sources for groups D6—D5 and B5—B4) are widely
distributed in the BABSC (Fig. C3). Complexes with ages
of ~550-570 Ma are represented in the Sarmatian part of
the EEP, including the Volyn volcanic intra-plate province
(Fig. 2a). Large-scale rock complexes with Late Neoprote-
rozoic and Early Cambrian ages are known in the Brunovis-
tulian Domain, the Strandja massif, the Menderes massif,
Puturge array, the basement of Istanbul, the basement of
the Sakarya, the Dzirulla massif in the Caucasus, the Bitlis
massifin western Turkey, the Sandikli region, and others.
Ordovician—Devonian ages are much less common. Devo-
nian magmatism is known in the Pontides (Sakarya zone,
401-396 Ma granite stocks). Ordovician-age metagranites
are described from the Taurides, northwestern Turkey (dis-
cordant U-Pb ages of 330 +9 Ma for the Nelly granites, and
320+ 19 Ma for the Camlikaya pluton).
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Permian—Carboniferous complexes (potential sources for
groups D4-D3 and B3—-B2) Complexes with Permian—Car-
boniferous ages are widespread in the Balkans, Dobrogea,
Greater Caucasus, Eastern Pontides and Western Pontides
Fig. C4). Data available for the Derinoba and Kayadibi
granites from the Eastern Pontides provide with the best fit
for the characteristics of zircons in the D4-B3 groups. They
have yielded zircons with U-Pb ages of 304-317 Ma, and
whole-rock Nd model ages of 1.5-2.15 Ga.

Triassic complexes (potential sources for groups D2 and
B1) Triassic granite complexes are not known neither in the
Pontides nor in the Caucasus (Fig. C5). However, traces of
Triassic magmatic activity are known in the Steppe Crimea,
where quartz dolerites and quartz diorites of 210 Ma age
are known near the village of Severny. Triassic volcanism
is also known in the Eastern Cis-Caucasia. In the Pontides,
a Triassic magmatic province was defined by Genc (2004).
According to petrological evidence, Triassic seamounts and
oceanic islands have been recognised in Paleo-Tethys (Sayit
et al. 2010; Okay et al. 2015). Based on the geophysical and
indirect geological data, a Triassic magmatic belt is implied
in the northern part of the Crimea (see review in (Okay and
Nikishin 2015)), which is interpreted as the most significant
source of the Triassic-age zircons in BABSC.

Secondary sources of zircons from neighboring
regions

Dobrogea (Z1) The most complete summary of geochro-
nological results for detrital zircons from the Dobrogea
sandstones (26 samples, n=1833) is presented by Balintoni
and Balica (2016) (Fig. 7a). The summary contains data
on rocks of Late Neoproterozoic—Late Paleozoic age. Con-
sidering this, the comparison of the data is useful only for
ages > 300 Ma. This comparison shows a poor correspond-
ence between Dobrogea and sample K15-003, but a very
good resemblance between Dobrogea and sample K15-007
for ages >400 Ma. The most striking coincidences of the age
distribution are following:

e avery similar PDC in the Mesoproterozoic—Archaean
time interval, with correlation of all age peaks;

¢ no older Mesoarchaean zircons in both sets;

e a lack of zircons (Crimea) and «clear minimum of
PDC» (Dobrogea) in the interval 2.15-2.55 Ga,

e approximate correspondence of 600 Ma (Dobrogea) and
571 Ma (Crimea) age populations,

e good alignment of the 340 Ma (Dobrogea) and 334 Ma
(Crimea) age peaks.

This similarity of the PDC is a strong argument that the
sandstones of the Demerdzhi Formation contributed to the
source of the K15-007 sample during the erosion of the
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ancient Dobrogea (meta)sedimentary strata or their ana-
logs. In contrast, a lack of Mesoproterozoic zircons in sam-
ple K15-003 (with only a single zircon of this age), makes
contribution of the Dobrogea (meta)sediments to this sample
highly improbable.

Strandja (Z2) According to Sunal et al. (2008), terranes
comprising the Precambrian basement of the Strandja massif
were rifted from Africa and were docked to Arct-Laurasia in
vicinity of both the Armorica and Avalonia tectonic units of
Western Europe. Available detrital zircon data (Sunal et al.
2008; Natal’in et al. 2012) for Paleozoic (430-315 Ma) sedi-
mentary rocks sampling the Strandja basement record mixed

U-Pb age (Ma)

sources with a prevalence of Ediacaran and younger zircon
populations.

Only a few age peaks of the PDC from samples K15-007
(Figs. 7b, 9) and K15-003 (Fig. 7b) correlate with those in
the spectrum of the Paleozoic sedimentary rocks of Strandja
within the Cryogenic—Carboniferous time interval. Other-
wise, a general difference in the zircon age spectra makes it
unlikely that significant amounts of erosion products from
the Strandja Paleozoic sedimentary rocks contributed to the
Upper Jurassic conglomerates of the MtCr.

Istanbul (Z3) A study of detrital zircons from 4 Carbonif-
erous sandstones (Pontian flysch) from the eastern part of the
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Istanbul block (Okay et al. 2011) showed two major age pop-
ulations (Fig. 7b) Carboniferous (390-335 Ma) and Cam-
brian—Ediacaran (640-520 Ma). Only a few zircons have
Archean and Paleoproterozoic ages. Okay et al. (2011) sug-
gested that (1) one source of detritus for the Pontian flysch
was a Late Devonian—Early Carboniferous magmatic—meta-
morphic province formed on the Neoproterozoic basement
and (2) the Istanbul terrane correlates with the Avalonian
terranes of Central Europe, which collided with Armorican
terranes in Carboniferous time.

In samples K15-007 and K15-003 only a few zircons
of Carboniferous age were recorded (groups D4 and B3,
respectively). All these zircons have substantially negative
ey Which indicates a Mesoproterozoic age of the protolith,
at least 1.3 Ga. However, the zircons from the Pontian flysch,
have Neoproterozoic model ages. These two observations
make it unlikely that the Pontian flysch contributed signifi-
cantly to the K15-007 and K15-003 samples.

Western Pontides, basement (Z4a) The dissimilarity of
age distribution patterns of the detrital zircons from the
basement of the Western Pontides (Ustaomer et al. 2012;
Fig. 7b), excludes the Early Paleozoic schists of the Western
Pontides as a significant secondary source of zircons for the
K15-007 and K15-003 samples. However, minor contribu-
tions of their erosional products to the studied samples can-
not be excluded.

Western Pontides, Karakay complex (Z4b) The U-Pb
and Hf-isotope data for detrital zircons from 23 samples
representing 6 formations of the Permian—Triassic com-
plex of Karakay, which is treated as a Palaeo-Tethys sub-
duction—accretion complex (Ustaomer et al. 2016), show
an excellent correlation with zircons from samples K15-
007 and K15-003 (Figs. 6b, 7a) over the 220-400 Ma time
range. The zircons from the Karakaya complex with ages
300-500 Ma (including Carboniferous zircons) are charac-
terized only by negative (including substantially negative)
ey Since only the substantially negative ey (— 2 + — 7)
in our samples are in Carboniferous zircons from groups
D4 and B3, the Karakay complex and its analogs must be
regarded as a very possible secondary source of zircons in
the Upper Jurassic conglomerates of MtCr.

Eastern Pontides (Z6) Detrital zircons from the Middle
Devonian—Edarly Carboniferous Caragadi and Nallick shales
(Ustaomer et al. 2013; Fig. 7b) show dominant populations
with Late Neoproterozoic and Late Paleozoic ages and a
complete absence of zircons with ages in the range 1.0-1.5
and 2.2-2.4 Ga. The pattern of age distribution for these two
units varies somewhat in the age range of 0.6—1 Ga, but it
is well matched in ages over 1 Ga and younger than 0.6 Ga.
In general, for ages older than 500 Ma, there is a very good
coincidence with the age spectra of K15-003 sample, espe-
cially the Early Proterozoic peak. Thus, some complexes
in the Eastern Pontides with provenance signals similar to
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the Caragadi and Narlick shales represent a very plausible
secondary source of zircons from the K15-003 sample site
location.

The Greater Caucasus, Pre-Jurassic basement (Z7)
According to the current interpretation of the paleogeo-
graphic situation at the end of the Jurassic (Figs. 3, 7b), the
complexes of the Greater Caucasus could not be considered
as a secondary source of zircons from the Upper Jurassic
conglomerates of MtCr, since the products of their destruc-
tion could not reach the shelf of the Dobrogea—Crimea
Uplift. However, the zircon data reported for this region
by Somin (2011) are very important, since they recorded a
large number of Permian and Early Triassic zircons. Until
now, large-volume Triassic granite complexes have not been
known from the Pontides or the Caucasus, and the question
of the primary sources of Triassic zircons for BABSC is
still open. The finding of significant amounts of Triassic
zircons confirms the existence of a Triassic magmatic belt,
the position of which is inferred to be in the basement of the
Steppe Crimea and the Scythian platform (Fig. C5). The
sedimentary sequences of the Greater Caucasus might be
intermediate accumulators of Permian and Early Triassic
zircons.

The Greater Caucasus, eastern part, Bajosian sand-
stones (Z8) The comparison with detrital zircons from the
Bajosian sandstones in the eastern part of the Greater Cau-
casus (Fig. 7b) shows that there is no correlation between
the provenance signal Z7 from the pre-Jurassic basement of
the Greater Caucasus and the provenance signal of Z8. This
means that the studied Bajocian sandstones were derived
from sources distinct from those of the pre-Jurassic base-
ment of the Greater Caucasus, and are most likely prod-
ucts of the destruction of the Eastern Pontides. The Bajo-
sian sandstones had been formed only 10-15 Ma before the
accumulation of the Upper Jurassic conglomerates of MtCr.
They contain numerous Middle Jurassic zircons (magmatism
simultaneous with sedimentation) and a very prominent Late
Triassic peak in PDC.

Taurides (Z12) According to Avigad et al. (2016), the
Taurides block is underlain by the Late Neoproterozoic
Cadomian basement, the provenance signal of which differs
significantly from the Neoproterozoic Pan-African prov-
enance signal of northeastern Africa (Fig. 8). Like other
Cadomian terranes of Western Europe, the Taurides base-
ment includes a greywacke sedimentary sequence of Mid-
dle-Late Ediacaran age deposited in a back-arc basin on the
periphery of Afro-Arabia over a south-directed proto-Tethys
subduction zone. The greywacke complex was deformed
and metamorphosed to various degrees and was intruded
by Late Ediacarian—Cambrian granites (Cadomian orog-
eny). In contrast to the ~300 Ma Neoproterozoic crustal
evolution of Afro-Arabia, the Cadomian basement of the
Taurides developed rapidly, over only ~50 Ma. The entire
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Fig.8 Comparison of U-Pb and
Lu—Hf isotope data for detrital
zircons from samples K15-007
and K15-003 with analogous
data for the Taurides zircons
(Z12), according to (Avigad

et al. 2016)
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cycle of sedimentation, metamorphism, and magmatism in
the Taurides basement occurred in the Latest Ediacaran—
Cambrian, ending the formation of the Taurides basement.
The sedimentary and meta-sedimentary complexes of the
Taurides basement could be interpreted as an intermedi-
ate accumulator of the Mesoproterozoic and older zircons
of Gondwanan affinity and their secondary source for the
Pontides. In particular, the set of zircons from the Eastern
Pontides with Precambrian ages (Z6) corresponds well to
the provenance signal from the Menderes complex (Fig. 8).

Comparison with detrital zircons from the Late
Jurassic and younger sediments of Crimea, Greater
Caucasus, and Central Pontides

Crimea (Z0) U-Pb dating of detrital zircons from 9 samples
from the Middle Jurassic—Neogene sandstones of the South-
ern coast of Crimea (Nikishin et al. 2015a) defines 3 promi-
nent peaks with ages at 102, 170 and 280 Ma in PDC (total
of 602 analyses) (Fig. 9). The peak at 280 Ma corresponds
with peaks at 285 and 289 Ma obtained for samples K15-007
and K15-003, respectively. Secondary peaks in PDC formed
by smaller numbers of analyses are defined at 10, 150, 247
and 325 Ma. The age distribution pattern is very similar to
the K15-007 sample for data over 225 Ma, but significantly
different in the age range from 150 to 225 Ma. A strong peak
at~ 170 Ma recorded in the Nikishin et al. (2015a) dataset
corresponds to the ages of the Dzhidair intrusion and the
Pervomaysky stock (Fig. C2). In sample K15-003, Jurassic
zircons have not been identified, while in sample K15-007
they are represented only by the D1 group.
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Fig.9 Comparison of U-Pb ages of detrital zircons from the K15-
007 sample and summary data for 9 samples of the Middle Jurassic—
Neogene sandstones of the Southern coast of Crimea (Z0), according
to (Nikishin et al. 2015a), as well as for the Strandja basement (Z2)
according to (Sunal et al. 2008)

Central Pontides (Z5) Thirteen samples (1194 analyses)
of detrital zircons from the Early Cretaceous turbidites of
the Central Pontides (Okay et al. 2013; Akdogan et al. 2017)
characterize in detail the arrival of detritus to the Early Cre-
taceous Caglayan basin (Fig. C7). In the Early Cretaceous
this basin was located directly southward of the present-day
MtCr (Figs. 1, 3), and its formation is certainly related to
the initial stages of the subsidence of the Black Sea basin.
The shelf where the conglomerates of the MtCr formed in
the Upper Jurassic was the northern part of this basin at its
earliest stages of development.

The provenance signals in the eastern and western parts
of the basin are very different: in the eastern part, Archean

@ Springer



International Journal of Earth Sciences

and Paleoproterozoic zircons prevail in the detritus (61%),
while Neoproterozoic and Carboniferous zircons (68%)
dominate in the western part. According to Akdogan et al.
(2017), detrital zircons in the central part of the basin show
spectra resembling a mixture of zircons from the western
and eastern parts. In addition, the central part of the basin is
characterized by the presence of two very significant Late
Triassic-age peaks (Fig. C7b), which are not manifested in
the eastern, nor in the western part of the basin. These fea-
tures of the age spectra of zircons from different parts of the
Early Cretaceous Caglayan basin indicate extremely isolated
and significantly different sources for the different parts of
the Caglayan basin, and little mixing of the material in it.
This situation is common in extensional structures at the ini-
tial stages, when systems of linear ridges and isolated graben
basins are formed, as into the Basin and Range Province in
the southwestern part of USA.

There are no Early Cretaceous or Jurassic zircons in the
western part of the Caglayan basin (Fig. C7b) and this is
similar to the K15-003 sample. However, in the central and
eastern parts of the basin, Jurassic and Early Cretaceous
zircons constitute about 2% of the total number of zircons,
which is interpreted as reflecting the absence of simultane-
ous sedimentation and magmatism in the region (Akdogan
et al. 2017). This distribution is also similar in sample
K15-007. The Jurassic and Lower Cretaceous zircons were
most likely from small-volume local sources; they possibly
originate from short-lived magmatic/metamorphic events
(including underwater), confined to the walls of grabens.

The Greater Caucasus (Z9) The detrital zircon data from
the Early Oligocene sandstones of the Maikop (Fig. C7) are
presented as an evidence of the Permo-Triassic and Jurassic
zircons in the BABSC.

Implications for paleogeographic
reconstructions

Since the Us (and Sarmatian part of the EEP) is excluded as
primary source and EEP as a secondary source of Archaean
zircons, then the EEP also cannot be a source of Paleopro-
terozoic and Mesoproterozoic zircons. The latter are present
in a limited amount in sample K15-007, but only a single
zircon grain was found in sample K15-003. Since Mesopro-
terozoic zircons are rare in the Pontides deposits (where only
single grains are found), but very common in the Late Neo-
proterozoic—Late Paleozoic complexes of Dobrogea (Z1),
the most probable secondary source of the Mesoproterozoic
zircons in the Upper Jurassic conglomerates in the sample
K15-007 is the Dobrogea complexes. We pointed out that
the Dobrogea complexes of the Late Neoproterozoic—Late
Paleozoic age contain not only Mesoproterozoic zircons, but
also Neoproterozoic, Paleoproterozoic and Archean zircons
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with ages that compare well to those found in the K15-007
sample (Fig. 7¢). Recycling of detritus from the Late Neo-
proterozoic—Late Paleozoic Dobrogea complexes to the sam-
ple K15-007 can explain the zircons with Precambrian ages
observed in this sample.

The age distribution of the Precambrian zircons from
sample K15-003 is characterized by presence of the Early
Neoproterozoic peak in PDC, of the Precambrian zir-
cons from the sample K15-003 are perfectly comparable
with those of the provenance signal Z6, Eastern Pontides
(Fig. 7b).

Early and Middle Jurassic magmatism is widely mani-
fested in the exposed rocks of the MtCr and the Pontides
and actually, numerous Jurassic zircons of various ages are
present in the younger sedimentary units of the Crimea
(repeated recycling of zircons) as demonstrated previously
(Nikishin et al. 2015a), where age peaks at about 150 and
170 Ma are evident (Fig. 9). In sample K15-007 Jurassic
zircons are represented by only 5 grains at about 154 Ma
(cluster S) and one with an age of 164 Ma (collectively—
group D1). The next older zircon of 225 +4 Ma (D=4.78%)
is already Triassic. In sample K15-003, the mean age of the
two youngest zircons is~215 Ma; this is also much older
than the stratigraphic age of the Upper Jurassic conglomer-
ates, which is at least 155 Ma. Thus, despite the wide repre-
sentation of Jurassic magmatism in the MtCr and the Pon-
tides, their detrital products are not recorded in the studied
samples, except for the 6 zircons of group D1 in the sample
K15-007. This definitely shows that the zircons of cluster S
originated from a very proximal and specific local source,
which from all possible primary sources of Jurassic zircons
only appeared in sample K15-007, while from other Jurassic
sources of the MtCr and Pontides, zircons made it neither
into K15- 007, nor into K15-003. Together with other very
significant characteristics in the analysed detrital zircons,
this implies that at the very end of Jurassic time the Upper
Jurassic conglomerates, at least at the sampling sites, were
situated along the paleo-coastline of the Dobrogea—Crimea
Uplift.

The Upper Jurassic conglomerates at the K15-007 sam-
pling site definitely could not be formed due to erosion of a
single crustal block or a single stratum. In the conglomer-
ates, zircons record a contribution of a closely located Late
Jurassic magmatic complex (cluster S) and the erosion prod-
ucts of the Archean, Paleoproterozoic and Mesoproterozoic
complexes from distant primary sources. This could occur
only due to repeated recycling.

Paleogeographic reconstructions (Fig. 3), together with
the analysis of the distribution of the crystalline complexes
of different ages in the BABSC (Figs. C1-C6) allow us to
conclude that the first-cycle zircons could only be grains
from a nearby local source (group D1), and less likely, Tri-
assic zircons (or some of them) from relics of magmatic/
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metamorphic rocks of the proposed Triassic magmatic belt,
which might be a part of the eroding Dobrogea—Crimea
Uplift. If the crystalline complexes of the pre-Upper Juras-
sic basement of Crimea were brought to the erosion surface
at the Dobrogea—Crimea Uplift in Upper Urassic time, the
products of their erosion could have reached the shelf of
the Dobrogea—Crimea Uplift and thus be incorporated into
the Upper Jurassic conglomerates. All remaining zircons are
definitely recycled grains.

To explain the presence of the observed zircons in sample
K15-007, it is sufficient to mix the erosional products of
the Late Neoproterozoic—Late Paleozoic meta-sedimentary
complexes of Dobrogea (Z1) and Permian—Triassic sand-
stones of the Karakay complex or its analogs (Z4b), and to
add 6 zircons from the local source (for group D1). Since
the provenance signal of the Western Pontides (Z4b) con-
tains minimal amounts of pre-Ordovician zircons, the total
signal will retain all the features of the Z1 age spectrum for
pre-Ordovician ages. The signal (Z4b) will provide groups
of zircons with Ordovician—Late Triassic ages. Since in the
sample K15-007 the number of Triassic—Ordovician and all
older zircons is approximately the same, then when mixed,
the total amount of zircon from Dobrogea (Z1) should
roughly correspond to the total number of all zircons from
the Western Pontides (Z4b). Thus, the recorded distribu-
tion of zircon in sample K15-007 can be explained by a
single mixing episode with approximately equal proportions
of zircons from the secondary sources of Dobrogea (Z1)
and Western Pontides (Z4b) with the addition of 6 zircons
(6dZr) from the local source (D1):

K15—007 ~= 50%(Z1) + 50%(Z4b) + 6dZr(D1)

To explain the distribution of the observed zircon in the
sample K15-003, it is sufficient to mix the detrital mate-
rial of the Eastern (Z6) and Western (Z4b) Pontides. How-
ever, since there is no clear separation in age between the
provenance signals of the Eastern and Western Pontides,
as between Dobrogea and the Western Pontides, we cannot
estimate in what proportions mixing should occur. Thus,
the recorded features of zircon in sample K15-003 can be
explained by mixing zircons in some proportions from the
secondary sources of the Eastern (x) % and (100 — x) %
Western Pontides:

K15 — 003 ~= x%(Z6) + (100 — x)%(Z4b)
The proposed model for mixing zircons from these

sources reproduces the following features of the zircon
populations in the samples K15-007 and K15-003:

1. Representation of all populations of detrital zircons
recorded in samples.

2. Differences in age groups in samples K15-007 and K15-
003 for ages over 500 Ma and the similarity of age spec-

tra for zircons younger than 400 Ma (in the time interval
of the Triassic—Carboniferous).
3. Quantitative proportions between the Triassic—Ordovi-
cian and the rest of older zircons in sample K15-007.
4. Evolved Hf-isotope composition (negative ey) of zir-
cons with ages younger than Devonian.

In the proposed model, all zircons older than Late Neo-
proterozoic ultimately are not Baltic, but Gondwanan in ori-
gin. They have contributed to the Upper Jurassic conglom-
erates due to recycling from (meta)sedimentary complexes
of terranes docked to Baltica at different times. At the same
time, zircons in sample K15-007 originated from terranes
with Amazonia affinity (recycled through Dobrogea), and
zircons in sample K15-003 from terranes related to north-
eastern Africa and Arabia (recycling through Taurides).

The proposed model for mixing of the erosional products
of complexes of the Crimea—Dobrogea Uplift and Pontides
is consistent with the reconstructed change in the Late Juras-
sic paleogeographic situation within the BABSC (Fig. 3).
In the Middle Jurassic basin, the detritus from the Pontides
accumulated (Fig. 3a), while the products of the destruction
of the Caucasus, the EEP and complexes in the MtCr that
contain Lower and Middle Jurassic magmatic rocks, were
not supplied to the basin. At places proximal to the future
sampling sites K15-007 and K15-003, the detritus of the
Western Pontides (signal Z4b from the Karakaya complex
or its analogs) had arrived. At the K15-003 site the products
of the destruction of the Eastern Pontides (signal Z6 from
Karadag Paragneises and Nallik shales or their analogs)
were also available.

Then, at the very end of the Jurassic, the subsidence of
the Pontides began (Fig. 3b). This inevitably caused an
increase in the steepness of the shelf at the southern slope
of the Dobrogea—Crimea Uplift and led to new influx of
detritus from the Dobrogea—Crimea Uplift, starting to reach
the interior regions of the basin more remote from the land.
This made it possible to mix older and younger inputs. At
the same time, paleotectonic reconstructions show that in the
Latest Jurassic (Tithonian) the Central and Western Pontides
ceased to erode and new detritus from Pontides most likely
could not contribute to the sampling sites.

The small size of the Dobrogea—Crimea Uplift excludes
the existence of a large river. Most likely a small river flowed
in the intermontane valley, which was a continuation on land
of the Sudak—Western-Caucasian turbidite trough. The river
carried the erosional products of the Uplift to the nearest
shelf areas. The sedimentary structures of the Upper Jurassic
conglomerates suggest that the Demerzhi Fm. (near K15-007
sample site) accumulated on the shelf in the delta region of
a small mountain river. This suggestion is supported by the
fact that in the sample K15-007, the products of destruction
of a specific magmatic body with an age of about 154 Ma
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were found, the magmatism of which was actually coeval
with the formation of the conglomerates. The sampling site
K15-003 was most likely located outside the unloading zone
of the small river streams of the Dobrogea—Crimea Uplift, so
the zircons from the Dobrogea—Crimea Uplift were not sup-
plied to this site, where only recycling of the Jurassic depos-
its from the nearest local uplifts and mixing of the prov-
enance signals Eastern and Western Pontides had occured.

The existing paleogeographic reconstructions do not con-
tradict paleotectonic reconstructions, according to which the
Jurassic volcanic arcs existed in the Eastern (Sen 2007; Rol-
land et al. 2009; Topuz et al. 2013a, b) and Central (Okay
et al. 2014) Pontides. Relics of the Late Jurassic ophiolites
and island arc granitoids are known in the Southern Apuseni
Mountaintes (Gallhofer et al. 2016). In the Crimea, Lower
and Middle Jurassic magmatism also is widely distributed
(Fig. C5). Highly likely, these arcs were parts of the large
complicated Jurassic—Cretaceous arc magmatic belt, whose
relics are traced now from the Western Europe throughout
northern parts of the Anatolian Peninsula and Lesser Cauca-
sus into the northern Iran (Gallhofer et al. 2015).

In the Late Jurassic, the future Black Sea region under-
went subsidence and stretching, accompanied by small-scale
and short-duration magmatic/metamorphic events, while
in the area of the Central Pontides, the uplifting quickly
switched to subsidence, initiating the formation of the Lower
Cretaceous Caglayan basin. However, there was no inversion
in the most eastern parts of the Jurassic arc and elevated
crustal blocks continued to exist. This is confirmed by the
fact that in the Lower Cretaceous samples in the eastern part
of the Caglayan basin, the proportion of ancient Precambrian
detritus increased (Okay et al. 2013; Akdogan et al. 2017),
suggesting that larger areas of the ancient basement or its
cover complexes were brought up to the erosional surface.
In the Early Cretaceous time, detritus supplied to the eastern
part of the Caglayan basin contained substantial quantities of
Paleoproterozoic and Archean zircons, but no Mesoprotero-
zoic or Early Neoproterozoic material. However, this detritus
did not reach the western part of the Caglayan basin, and
Paleozoic detritus still dominated there.

Of course, the proposed model is idealized and represents
an attempt to explain the results obtained for the samples
K15-007 and K15-003 in the simplest possible way. How-
ever, the Mesozoic geodynamic history of the BABSC was
extremely complex in space and time, and it is obvious that
in reality a multi-stage and more complex scheme for the
formation of provenance signals recorded in studied sam-
ples from a larger number of sources cannot be disregarded.
A small part of the detritus in both samples, for example,
could be recycled from the Strandja (Z2), Greater Caucasus
(Z7) and/or the Central Pontides (Z5). Some of the zircons
could be sourced not directly from the above-mentioned geo-
logical domains, but firstly into the Crimea Triassic flysch
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(Taurika Group or its analog) and from there into the shelf
of the Dobrogea—Crimea Uplift. However, the established
provenance from Dobrogea (Z1), Western (Z4b) and East-
ern (Z6) Pontides in the samples K15-007 and K15-003 is
beyond doubt.

Such a strong similarity of the Precambrian parts of the
age spectra of the Dobrogea complexes (Z1) and the sam-
ple K15-007 cannot be a coincidence. Therefore, supported
also by paleogeographic reconstructions, we believe that the
products of erosion of the Dobrogea—Crimea Uplift com-
plexes have contributed to the sample K15-007. The simi-
larity of the provenance signals of the Precambrian parts of
the K15-007 age spectra with the synthesis of data for 26
samples from the rocks of Late Neoproterozoic—Late Paleo-
zoic age of Dobrogea indicate that in the Crimean part of
the Dobrogea—Crimea Uplift (meta)sedimentary complexes,
rather a crystalline basement, were predominantly eroded,
because they have an identical provenance signal with the
Dobrogea complexes. This is a strong evidence that in the
Late Neoproterozoic and Paleozoic, (meta)sedimentary
complexes, whose erosional products are present in sample
K15-007, were formed uniformly and from similar feeding
provinces and were part of the same complexes that now
compose the Northern and Central Dobrogea. This in turn is
an argument in favor of the similarity between the Crimea’s
Pre-Mesozoic foundation and the Dobrogea platform.

Conclusions

Comparison of the obtained geochronological results for zir-
cons from samples K15-007 and K15-003 with known ages
of the crystalline complexes of the BABSC and the available
data for detrital zircons from (meta)sedimentary strata of
different ages of the BABSC, reveal significant limitations
on the interpretation of sources of zircons from the Upper
Jurassic conglomerates of the MtCr.

A local source of rock types of alkaline affinities with
U-Pb age of ~154 Ma and an at least Mesoproterozoic
(TgM =1.1-1.6 Ga) model age has been established for
one of the samples The probability of input of detritus from
crystalline complexes of Sarmatian part of EEP into Upper
Jurassic conglomerates, even through repeated recycling, is
very insignificant. The zircons of the first cycle could only
be from a local source and less likely the Triassic zircons
(or some of them) from relics of the Triassic magmatic belt,
which were part of the Dobrogea—Crimea Uplift at that time
and thus could be eroded. The remaining older zircon popu-
lations are definitely recycled grains.

In the proposed model, all zircons from the studied sam-
ples that are older than Late Neoproterozoic have ultimately
not Baltic, but Gondwanan origin. They have been intro-
duced into Upper Jurassic conglomerates via recycling from



International Journal of Earth Sciences

the (meta)sedimentary complexes of terranes docked to the
Baltica at different times (and then to Arct-Laurasia, when
Baltica became a part of this supercontinent). The zircons
in sample K15-007 were recycled through Dobrogea and
originated from terranes with Amazonia affinity, and zircons
in sample K15-003 were recycled through the Taurides and
originated from terranes related to northeastern Africa and
Arabia.

To explain the main isotopic (U-Pb and Hf isotopes)
characteristics of the observed zircon populations in sam-
ple K15-007, it is sufficient to mix the erosional products of
the Late Neoproterozoic—Late Paleozoic (meta)sediments of
Dobrogea and Permian—Triassic Karakay complex or its ana-
logs from Western Pontides, with the addition of some grains
from a local source. In the sample K15-003, the contribution
of the erosional products of Dobrogea—Crimea Uplift is very
unlikely; the main supplying province apparently was the
complexes of the Western and Eastern Pontides.

The strong similarity of the Precambrian parts of the age
spectra of the Dobrogea complexes and the sample K15-
007 suggests a resemblance of the Crimea’s Pre-Mesozoic
foundation and the Dobrogea platform.
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