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Abstract The newly recognized Upper Cretaceous (~87 Ma) olistostrome belt in central Turkey west of
Ankara extends for more than 112 km subparallel to the Izmir-Ankara suture with a width of 10 km. The
Alacaath Olistostromes are stratigraphically underlain by a Triassic basement, and are up to 2 km thick.
Over 80% of the blocks in the olistostromes consist of pelagic limestones, which reach up to 300 m in size;
other blocks include basalt, chert, serpentinite, tuff, and sandstone. The limestone blocks are Jurassic

and Cretaceous in age with micropaleontology documenting the presence of Callovian-Oxfordian,
Tithonian, Berriasian, Aptian, Albian, Cenomanian, and Turonian stages. The flows are separated by
intrabasinal sediments of shale, siltstone, and volcaniclastic sandstone with Albian (108-101 Ma) detrital
zircons. The olistostromes show minor tectonic deformation, and are unconformably overlain by
Santonian pelagic limestones. The deposition of the Alacaath Olistostromes was followed by arc magmatism,
which started in the Campanian (~78 Ma) after a period of shortening and uplift, and the region became a
fore-arc basin with deposition of shale and volcaniclastic sandstone with Campanian (78-72 Ma) detrital
zircons. A number of peculiar features of these olistostromes including rapid uplift and erosion before the
creation of a deep, short-lived (89-86 Ma) ephemeral basin, dominance of deep marine limestone blocks,
and inception of arc magmatism approximately 9 Myr after their deposition indicate a major tectonic event
involving the disruption of the continental margin prior to the onset of arc magmatism. This event is
interpreted as a change from transform margin to subduction.

1. Introduction

Olistostromes or mass transport complexes are common in the geological record, form in a variety of tectonic
environments, and show a very wide variation in size and geometry (e.g., Festa et al., 2016; Moscardelli &
Wood, 2016). They form through the destabilization of continental margins either through oversteepening
by thrusting or folding, or through external factors such as earthquakes or tsunamis. Their age, stratigraphic
position, internal composition, and geological setting provides information on the tectonic processes
affecting the continental margins. Here we describe a newly recognized, very large olistostrome belt with
a stratigraphic thickness of up to 2 km, which extends for more than 110 km along strike in central
Turkey. To understand the origin, age, and emplacement of the Alacaatli Olistostromes, we studied its
stratigraphic position, internal structure, block types, and ages southwest and north of Ankara, and
established for the first time its wide extent in the central Anatolia, and put forward a model for its origin.
The deposition of the olistostromes signifies a major tectonic event involving the whole-scale disruption
of the continental margin prior to the onset of arc magmatism. Using constraints from biostratigraphy,
geochronology, and geology, we show that this event is probably related to a change from transform margin
to subduction.

2. Tectonic Setting and Stratigraphy of the Ankara Region

The olistostrome belt is located in the Pontides, which constituted part of the Mesozoic continental margin
of Eurasia (Okay & Nikishin, 2015). The Pontides consist of three terranes: the Sakarya and Istanbul zones
and the Strandja Massif (Okay & Tiysiiz, 1999). The basement of the Sakarya Zone is mostly made up of
Triassic subduction-accretion complexes of deformed turbidites and basalts, called the Karakaya
Complex. The Karakaya Complex is unconformably overlain by a 2-km-thick Jurassic-Cretaceous

OKAY ET AL.

960


https://orcid.org/0000-0003-2398-5386
http://dx.doi.org/10.1029/2018TC005076
http://dx.doi.org/10.1029/2018TC005076
http://dx.doi.org/10.1029/2018TC005076
http://dx.doi.org/10.1029/2018TC005076
http://dx.doi.org/10.1029/2018TC005076
mailto:okay@itu.edu.tr
https://doi.org/10.1029/2018TC005076
https://doi.org/10.1029/2018TC005076
http://publications.agu.org/journals/

Tectonics 10.1029/2018TC005076

Moesia

Balkanides
P

g
S
£
o3

Thrace Basin
43

)

kd
Bigg/ - A,
Peninsula s

—-37°

St \/ “
G,
a.iw'f
- > —

Marmara Sea

“e N B\ Y . Massif
Y 2] -
ANATOLIDE - TAURIDE BLOCK . \_ % /
30° \
\ =)

~ ) A 3

o 3

e AQ ) N\
= e %, Sosr \

YoN ;
o7 BLACK SEA %

:."‘"‘.bi 7 = 11/{
Istanbul -

Olistostrome
belt

d! l-<u:§ehir

ANATOLIDE - TAURIDE 3¢+
BLOCK

34°
l L | \ \ | |
|:|istanbu] Zone | Sakarya Zone Strandja Massif Kirsehir Massif Anatolide-Tauride Block

- Upper Cretaceous volcanic rocks and granites - Upper Jurassic -Lower Cretaceous carbonates
- Upper Cretaceous ophiolitic melange and ophiolite

|:| Lower Cretaceous subduction-accretion complex | |

0 200 40? km

Figure 1. Tectonic map of the Circum-Black Sea region showing the location of the Late Cretaceous olistostromal belt. Modified from Okay and Altiner (2016).

sedimentary and volcanic sequence, which is well exposed in the central Sakarya Basin in northwest Turkey
(Figure 2; Altiner et al., 1991; Ocakoglu et al., 2018).

In the central Pontides, the Istanbul and Sakarya zones were amalgamated before the Late Jurassic, as
shown by a common Upper Jurassic-Lower Cretaceous carbonate cover (Figure 1; Okay et al., 2018),
whereas an oceanic embayment continued to exist between these zones in northwest Turkey along the pre-
sent North Anatolian Fault (Figure 1). This oceanic embayment is represented by the Intra-Pontide suture
(Sengdr & Yilmaz, 1981), which is marked by Cretaceous ophiolitic mélanges and metamorphic rocks
(Akbayram et al., 2013); in the east it joins to the large Cretaceous subduction-accretion complexes of the
central Pontides (Figure 1).

The Sakarya Zone is bordered in the south by the Anatolide-Tauride Block and the Kirsehir Massif along the
Izmir-Ankara suture (Figure 1). The Izmir-Ankara suture represents the major Tethyan ocean with docu-
mented episodes of northward subduction during the Late Triassic (210-200 Ma), Jurassic (172-158 Ma),
Early Cretaceous (110-100 Ma), and Late Cretaceous (e.g., Okay & Nikishin, 2015). The Black Sea opened
as an oceanic back-arc basin during the Santonian, and led to the separation of the Pontides from Eurasia
(e.g., Nikishin et al., 2015). The episodes of documented subduction were separated by periods of quiescence;
most notably in the Late Jurassic-Early Cretaceous (157-130 Ma) when carbonates were deposited through-
out the Black Sea region with no evidence of active subduction (e.g., Vincent et al., 2018). Oceanic subduc-
tion under the Pontides ended in the latest Cretaceous to Paleocene when the Pontides collided with the
Anatolide-Tauride Block leading to the north-vergent deformation of the Pontide margin.

The Anatolide-Tauride Block shows a similar stratigraphy to the Arabian Plate, from which it was separated
during the Permo-Triassic with the creation of the Eastern Mediterranean-Bitlis Ocean (Sengtr & Yilmaz,
1981). The northwestern promontory of the Anatolide-Tauride Block was subducted in the Late
Cretaceous in an intraoceanic subduction zone, leading to ophiolite obduction, HP-LT metamorphism,
and deformation of the continental margin at 90-80 Ma as seen in the Tavsanli Zone in northwest Turkey
(Figure 1; Okay & Whitney, 2010).

The Kirsehir Massif, located between the Pontides and the Anatolide-Tauride Block, consists of high-grade
metamorphic rocks with Late Cretaceous metamorphic ages (91-83 Ma) and dismembered ophiolites
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Figure 2. Generalized stratigraphic section of the Ankara region and the central Sakarya Basin. The yellow stars indicate the block types found in the Alacaath

Olistostromes.

intruded by Late Cretaceous granites (85-70 Ma; Figure 2; e.g., Whitney & Hamilton, 2004; van Hinsbergen
et al., 2016). It was a continental platform, with affinities to the Anatolide-Tauride Block, which underwent
metamorphism under an obducted Cretaceous ophiolite followed by the construction of a magmatic arc
during the Late Cretaceous; the collision of this Kirsehir arc with the Pontides occurred in the late
Maastrichtian-Paleocene and produced the arc-shaped geometry of the central Pontides (Figure 1; Meijers
et al., 2010) and the present-day triangular shape of the Kirsehir Massif, which is a result of folding of the
originally north-south trending Kirsehir magmatic arc (Lefebvre et al., 2013).

The Ankara region lies in the Sakarya Zone close to the Izmir-Ankara suture (Figure 1). The area is well
known for mélanges since the early work of Bailey and McCallien (1950) and Bailey and McCallien
(1953). Subsequent work showed that the mélanges around Ankara are of different types and ages
(Batman, 1978; Boccaletti et al., 1966; Kogyigit, 1991; Unalan, 1981). The most widespread is the
Karakaya Complex with exotic blocks of Carboniferous, Permian, and Triassic limestone in a strongly
sheared greywacke-shale matrix, which also constitutes the lowest stratigraphic unit in the Ankara region.
The Karakaya Complex is now regarded as Triassic trench sediments of the Paleo-Tethys (e.g., Okay &
Gonctiioglu, 2004). It crops out along a 20-km-wide and 180-km-long belt east of Ankara (Figure 3), where
it is unconformably overlain in a few places by a Lower-Middle Jurassic fluviatile to shallow marine clastic
sequence with horizons of red nodular limestone, which have yielded Lower and Middle Jurassic ammonites
(Alkaya & Meister, 1995; Bremer, 1966; Deli & Orhan, 2007; Kogyigit, 1987; Kuznetsova et al., 2003; Varol &
Gokten, 1994). Higher in the stratigraphic sequence are Upper Jurassic-Lower Cretaceous shallow marine
carbonates, which crop out in the Haymana area west of Ankara (Figure 3); these are unconformably over-
lain by deep marine Cretaceous limestone sequences (Figure 2, Okay & Altiner, 2016).

The second type of mélange in the Ankara region is the ophiolitic mélange, which mainly crops out in a
15-20-km-wide belt east of the Karakaya Complex and extends for more than 250 km from Cankiri to the
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Salt Lake (Figure 3). The ophiolitic mélange consists of basalt, radiolarian chert, serpentinite, and limestone,
with lesser amounts of gabbro, diabase, shale, and sandstone (Capan & Buket, 1975; Dangerfield et al., 2011;
Rojay, 2013; Sarifakioglu et al., 2014; Tankut et al., 1998). It includes semiintact ophiolite bodies (Uner et al.,
2014; Uysal et al., 2016) with Jurassic ages (Celik et al., 2013; Dilek & Thy, 2006). The cherts in the ophiolitic
mélanges have yielded Triassic, Jurassic, and Lower Cretaceous radiolarian ages (Sarifakioglu et al., 2014;
Bortolotti et al., 2018), and some of the pelagic limestones associated with pillow lavas are Lower
Cretaceous (Barremian; Rojay et al., 2004). The presence of Lower Cretaceous (Barremian) cherts and
limestones suggests that the ophiolitic mélange represents an Upper Cretaceous accretion complex
resulting from the subduction of a Mesozoic Tethyan ocean. The contact between the Karakaya Complex
and the ophiolitic mélange defines the Izmir-Ankara Suture between the Pontides and the Kirsehir Massif
(Figures 1 and 3).
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The third type of blocky unit, which forms the subject of this study, consists of Jurassic and Cretaceous lime-
stone and locally ophiolitic blocks in a largely undeformed silty-marly matrix. It crops out along an up to
10-km-wide and 112-km-long zone west of the Karakaya belt (Figure 3). It was first described as a distinct
Cretaceous stratigraphic and sedimentary unit in the Alacaath region southwest of Ankara by Batman
et al. (1978), who mapped the olistostromes as the Alacaath mélange. Unalan (1981) recognized the olistos-
tromes from the Baglum region north of Ankara as the “unit with limestone blocks.” Kogyigit (1991), Deli
and Orhan (2007), and Rojay (2013) described the olistostromes as a “sedimentary mélange.”

3. Methods

We used geological mapping, micropaleontology, and geochronology to constrain the stratigraphic position
of the olistostromes, the source of the blocks, the age of the intrabasinal sediments, and the inception of arc
magmatism in the Ankara region. The geological mapping was carried out on 1:25,000 scale topographic
maps. The UTM grid on the European 1979 datum is used in the maps and in the location of the outcrops
and the samples. Over 250 samples collected during mapping were studied in thin section for micropaleon-
tology to find the age of the blocks and to constrain their source. Information on the size, age, and locality of
the blocks are given in Table S3; the sample numbers in the table are linked to those in the geological maps
in Figures 6, 7, and 9. Benthic and planktonic foraminifera and calpionellids, which are important for dating,
have been identified based on Altiner (1991), Altiner and Ozkan (1991), and Premoli Silva and Verga (2004).
Photomicrographs of identified Mesozoic foraminifera and calpionellids are given in Figures S1, S2, and S3.

For geochronology we used zircon U-Pb and biotite Ar-Ar techniques. Zircon and biotite were separated
from rock samples in Istanbul Technical University using standard mineral separation procedures. The zir-
cons were picked under a stereographic microscope and mounted in epoxy and were polished and analyzed
using laser ablation-inductively coupled plasma mass spectrometry (LA-ICPMS) at the University of
California, Santa Barbara (Kylander-Clark et al., 2013). For the details of the method employed, see Okay
et al. (2014). Long-term reproducibility in secondary reference materials is <2%, and as such, should be used
when comparing ages obtained within this analytical session, to ages elsewhere. Biotites were dated using
the Ar-Ar single-grain fusion method at the Open University in the UK. For the details of the method see
Okay et al. (2014). The U-Pb and Ar-Ar analytical data are given in Tables S1 and S2, respectively.

4. Alacaath Olistostromes: Mass Flows With Pelagic Limestone Blocks

The Alacaath Olistostromes consist of very poorly sorted, chaotic breccias with angular, subangular,
rounded blocks in a silty, marly matrix (Figures 4 and 5). Over 90% of the blocks are pelagic limestone;
the rest consist of green tuff, red radiolarian chert, Jurassic shallow marine limestone, greywacke, shale,
and siltstone (Figure 5). Ophiolitic blocks are restricted to certain regions and are generally not mixed with
limestone blocks. The size of the clasts ranges from millimeters to several hundred meters, and is principally
controlled by the mechanical strength of the blocks. The 100-m-sized blocks are generally made up of
strongly lithified clay-free limestones of Callovian-Oxfordian or Tithonian-Berriasian ages; they tend to be
concentrated in the lower stratigraphic levels of the olistostromal sequence. Disregarding the large blocks,
the clast size in the olistostromes in a typical outcrop ranges from millimeters to tens of meters with most
of the clasts in the range of 5 to 25 cm (Figures 5a and 5b). Olgun and Norman (1993) made a study of the
clast size and shape of the outcrop-scale olistostromes using photo-grid method. They found that the average
block size in an outcrop ranges between 6 and 50 cm, the sorting is very poor, and the clasts are angular to
subangular. The clasts are predominantly matrix-supported; the matrix to block ratio is 20:80 and the matrix
commonly shows no penetrative deformation. The blocks generally do not show any preferred orientation
(Olgun & Norman, 1993); their shape is generally tabular or equant (Figures 5a and 5b). The thickness of
individual olistostromal horizons ranges from ten meters to over 50 m. Individual olistostromal flows are dif-
ficult to distinguish in outcrop unless separated by intrabasinal sediments (Figure 4a), which consist of mud-
stone, siltstone, and sandstone; some of the thicker intrabasinal horizons are shown in the geological map in
Figure 6. The lateral continuity of the intrabasinal sediments are commonly disrupted by the arrival of the
younger mass flows.

There is no cleavage or lineation in the matrix of the olistostromes; the contacts between the blocks and the
matrix are sedimentary (Figure 5). The only deformation observed is rare drag folds and shear zones likely
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basal part of the sequence. (c) Olistostromes with a 150-m-large block of Berriasian pelagic limestone (cf. Figure 10).

induced during sliding into the basin. Postdepositional penetrative deformation and compaction of the
olistostromes are insignificant.

We studied the olistostromes in the Alci and Alacaath areas southwest of Ankara and Baglum and Mira
regions north of Ankara (Figure 2). In the Alci area the olistostromes crop out over an area of 10 km by
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5 km and dip at moderate angles under the Campanian rudist-limestones, which indicates a strati-
graphic thickness of ~2 km (Figures 4a and 6). In the Baglum area, the Alacaath Olistostromes form iso-
lated outcrops due to later tectonics and have a preserved stratigraphic thickness of about
700 m (Figure 7).
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The map is based on our mapping and on Rojay and Stizen (1997).
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4.1. Stratigraphic Base

The base of the Alacaatli Olistostromes is well exposed in the Baglum region, where the olistostromes lie
stratigraphically with a subhorizontal contact over the Karakaya Complex or over the Lower Jurassic sand-
stones (Figures 7 and 8). The Karakaya Complex in the Baglum region consists of highly deformed grey-
wacke, siltstone, and shale. In the north, close to the Radar Tepe (Figure 7), the greywackes contain
shallow marine limestone blocks, several tens of meters across. The limestones contain Middle Triassic
(Anisian-Ladinian) foraminifera Trochamina almtalensis and Endotriadella wirzi, which confirm the Late
Triassic age of the Karakaya complex.

North of the Yakacik village in the Baglum area, the olistostromes lie stratigraphically over a Lower Jurassic
sequence of calcareous sandstone, siltstone, and conglomerate with red limestone horizons, which itself lies
unconformably over the Karakaya Complex (Figure 7; Unalan, 1981). The Jurassic sequence has a rich
ammonite and brachiopod fauna of Sinemurian-Pliensbachian age (Ager, 1959; Vo6ros, 2014), and we have
also determined Involutina liassica and Agerina martana in the calcareous sandstone (14 in Figure S1),
which confirms the Early Jurassic age.

4.2. Sedimentary Blocks and Ages

4.2.1. Upper Triassic Greywacke

In the Baglum area there are lenses of breccia and pebbly sandstone at the basal levels of the olistostromes
(Figure 7). This clastic sequence is up to 50 m thick and consists of very poorly sorted, angular greywacke
clasts, 1 to 40 cm across, in an undeformed silty sandy matrix. Apart from the dominant greywacke clasts,
derived from the underlying Karakaya Complex, there are also rare clasts of well-rounded granite, common
in the Lower Jurassic conglomerates, and pelagic limestone, the latter may reach 5 m in size. One such large
limestone block (11230A) contains an early Berriasian fauna of Calpionella alpina (spherical forms) and
Tintinopsella carpathica. Another smaller limestone block (11230C) is of Middle-Upper Jurassic
(Callovian-Oxfordian) age based on the abundance of Globuligerina gr. oxfordiana. The presence of the
Cretaceous and Middle-Upper Jurassic limestone clasts shows that this clastic sequence, previously mapped
as Lower Jurassic, represents the basal part of the Alacaath Olistostromes.

4.2.2. Middle-Upper Jurassic Oolitic Limestone

These blocks are made up of massive, white to light gray, and commonly oolitic limestones, which are com-
monly larger than 40 m across; they are found in the Baglum, Alacaatli, and Mira areas (Table S3). Fourteen
samples from these blocks yielded a Callovian-Oxfordian foraminifera fauna including Globuligerina gr.
oxfordiana, Palaeomiliolina strumosum, Globochaete alpina, and Reophax sp. (12, 14-17, 22-23 in Figure
S1). Autochthonous limestone sequences of similar facies and age are known from the western Sakarya
Zone, where they lie stratigraphically above the Lower Jurassic clastic rocks and form the basal part of
the Bilecik Group carbonates (Altiner, 1991).

4.2.3. Uppermost Jurassic-Lower Cretaceous Pelagic Limestone and Calciturbidite

By volume and number the uppermost Jurassic-Lower Cretaceous pelagic limestone form the largest popu-
lation of blocks in the Alacaatl Olistostromes with blocks ranging from a few millimeters to several hundred
meters in size (Rojay & Stiizen, 1997). They also form the largest blocks in the Alci and Alacaatl regions.

Uppermost Jurassic-Lower Cretaceous blocks consist of thinly to medium-bedded white, light gray
radiolaria-bearing micritic limestone with gray chert nodules, and minor shale and calciturbidite beds.
Overall 75% of the sequence consists of radiolarian biomicrite, 17% of calciturbidite, and 7% of gray chert
nodules and lenses. The large blocks preserve their internal stratigraphy. One such block, which is well
exposed south of Alci has a stratigraphic thickness of 200 m (Figures 5c and 6). Stratigraphically the basal
parts of this block, named as the Balc1 block, consists of radiolarian biomicrites intercalated with calciturbi-
dite beds and laminated turbiditic calcareous sandstones. Four samples from this part contain Saccocoma
sp., Belorussiella sp., and Globochaete alpina (20, 21, 12 in Figure S1). This assemblage corresponds to the
Tithonian Saccocoma zone of Altiner (1991). The bulk of the Balc1 block consists of thin- to medium-bedded
radiolarian biomicrites intercalated with marly limestone (Figure 5c). Samples from this part contain
Tithonian-lower Berriasian foraminifera and calpionellids including Calpionella alpina, Crassicollaria mas-
sutiniana, C. parvula, Crassicollaria sp., and Spirillina sp. (24-30, 46-50 in Figure S1). The fauna corre-
sponds to the upper Tithonian A and lower Berriasian B calpionellid zones described by Altiner and
Ozkan (1991) from the central Sakarya Basin. A sample taken from the topmost part of the Alci Block
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Figure 8. The subhorizontal stratigraphic contact between the Alacaath Olistostromes and the underlying Upper Triassic
greywackes of the Karakaya Complex in Google Earth image and in the field. The arrows point the contact.

(sample 10234) contains a middle Berriasian (calpionellid C zone) fauna of Calpionella alpina and
Calpionella elliptica (24-30, 33-35 in Figure S1). Thus, the 200-m-thick Balci Block is of Tithonian-
Berriasian age and preserves the Jurassic-Cretaceous transition.

Over 40 blocks of uppermost Jurassic-Lower Cretaceous pelagic limestone and calciturbidites were sampled
in the Alc1, Baglum, and Alacaatli areas (Table S3). Tithonian blocks are generally rare and are characterized
by the abundance of radiolaria and the pelagic crinoid Saccocoma. Most of the blocks are early Berriasian in
age (Calpionellid B zone) with Calpionella alpina (spherical forms), Crassicollaria parvula, C. brevis, and
Remainella ferasini with some middle Berriasian (Calpionellid C zone) with Calpionella alpina, C. elliptica,
Tintinopsella carpathica, and Crassicollaria parvula and upper Berriasian (Calpionellid D zone) with
Calpionellopsis oblonga, Calpionellopsis simplex, Tintinopsella carpathica, T. longa, and Remaniella cadischi-
ana limestone blocks (24-30, 36-45, 49-50 in Figure S1 and Table S3). Many of the pelagic limestone blocks
in the Alc1 area contain only radiolaria, which in some of these blocks are dated to the late Valanginian
(Mekik, 2000).

The calciturbidite beds in the Tithonian-Berriasian limestone blocks measure from a few centimeters to a
few meters in thickness; they show graded bedding and flute casts and consists predominantly of transported
shallow marine limestone clasts; and the clasts contain Kimmeridgian-Berriasian benthic foraminifera and
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Figure 9. Geological map of the Alacaatli region. For location see Figure 3. The map is based Batman et al. (1978), Deli and Orhan (2007), and on our mapping.

algae including Protopeneroplis ultragranulata, P. striata, Mohlerina basiliensis, Belorussiella sp. , Charentia
sp., Nauticulina sp., Lenticulina sp., Reophax sp., and Crescentiella morronensis (1-9, 18-19 in Figure S1 and
Table S3). The source of the calciturbidites was a coeval shallow marine carbonate platform of the Bilecik

Group, which crops out in the Haymana region and in the central Sakarya Basin (Altiner et al., 1991;
Okay & Altiner, 2016).

Uppermost Jurassic-Lower Cretaceous limestone blocks also crop out widely in the Alacaath area (Batman
et al., 1978), where some of the larger blocks were considered autochthonous (Bragin & Tekin, 1999; Deli &
Orhan, 2007). However, wherever exposed, the blocks lack stratigraphic continuity and are surrounded by
olistostromes (Figure 9; Batman et al., 1978). Bragin and Tekin (1999) describe radiolaria and foraminifera
from a 130-m-thick pelagic limestone block of Oxfordian to Valanginian age.
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The uppermost Jurassic-Lower Cretaceous pelagic limestone sequence from which the blocks were derived
must have been at least 200 m thick. Altiner and Ozkan (1991) and Mekik et al. (1999) have measured thick-
nesses of 400 to 770 m in the autochthonous uppermost Jurassic-Lower Cretaceous (Tithonian-Berriasian)
pelagic limestone sequences in the central Sakarya Basin (Figure 3), and Tunc (1993) described 285 m of
Tithonian-Valanginian pelagic biomicrites overlying Kimmeridgian shallow marine limestones northwest
of Kizilcahamam (Figure 2).

4.2.4. Upper Jurassic-Lower Cretaceous Shallow Marine Limestone

In the central Sakarya Basin and in the Haymana area the Upper Jurassic-Lower Cretaceous shallow marine
carbonates, ascribed to the Bilecik Group, form sequences over 600 m thick (Figure 2; Altinli, 1976; Altiner,
1991; Altiner et al., 1991; Okay & Altiner, 2016). However, such limestones make up less than 2% of the
blocks in the Alacaath Olistostromes; they are generally less than a few meters in size and consist of grain-
stones with abundant algae and intraclasts. The benthic foraminifera in two sampled blocks in the Alc1 area
include Protopeneroplis ultragranulata, Crescentiella morronensis, Crescentiella sp., Charentia sp., and
Neotrocholina sp. (3-4, 6, 8-11 in Figure S1 and Table S3) and indicate a middle Tithonian-Berriasian age
range. They are more common as clasts in the calciturbidites in the uppermost Jurassic-Lower Cretaceous
pelagic limestone blocks.

4.2.5. Lower Cretaceous Marly Limestone, Calciturbidite, and Breccia

Aptian blocks are rare but occur in the Alci, Baglum, and Alacaath areas; they consist of gray, pink marly
limestone. A 10-m-large marly limestone block (sample 9637), associated with ophiolitic blocks south of
Alci, contains a Late Aptian fauna of Globigerinelloides ferreolensis, Hedbergella infracretacea, Hedbergella
sp., and Globigerinelloides sp. (51-54, 63-68, 73, and 77-90 in Figure S1). Another smaller limestone block
from the same region also contains late Aptian foraminifera of Globigerinelloides algerianus, Hedbergella tro-
coidea, and Hedbergella sp. (55-57 and 69-72 in Figure S1).

A variety of deep marine facies ranging from radiolarian biomicrite, marly limestone, marl, calciturbidite,
and breccia are found in the Albian blocks, which are recorded in the Alci, Alacaatli, and Baglum areas.
More than 10 Albian blocks have been paleontologically determined in the Alci area (Table S3). An 8-m-
large block consists of calciturbidite and breccia. A sample from the calciturbidite horizon (9615) contains
Albian foraminifera Ticinella roberti and Muricohedbergella planispira (74-76 and 80-81 in Figure S1) as
well as clasts of the Bilecik Limestone with Protopeneroplis ultragranulata, Coscinoconus delphinensis, and
Mohlerina basiliensis (3-5, 13 in Figure S1). The Albian foraminiferal fauna in the other Albian blocks
includes Ticinella roberti, T. praeticinensis, T. raynaudi, Ticinella sp., Muricohedbergella delrioensis, M. pla-
nispira, M. rischi, Macroglobigerinelloides ultramicrus, and Lenticulina sp. (74-83 in Figure S1).

Autochthonous Albian sequences are known from the Haymana region and from the central Sakarya Basin
(Figure 3; Okay & Altiner, 2016). In the Haymana region the Albian-Cenomanian sequence consists of marl,
marly limestone, calciturbidite, breccia, and sandstone, which rests unconformably over the Bilecik and
Sogukcam limestones. In the central Sakarya Basin Albian is represented by volcanogenic sandstone and
limestone (Figure 3; Yilmaz, 2008).

4.2.6. Cenomanian Marly Limestone, Radiolarian Biomicrite

The Cenomanian blocks in the Alacaatli Olistostromes are made up of gray, greenish gray, pink marly lime-
stone and marl. In contrast to the Albian blocks there are no calciturbidite and breccia beds in the
Cenomanian blocks. Cenomanian blocks are generally 10 to 40 cm across, smaller than the Lower
Cretaceous blocks; however, rare 20-m-large Cenomanian blocks are recorded in the Alci area.
Cenomanian blocks are found in the Alci, Baglum, and Alacaath areas. Foraminiferal fauna from nine
Cenomanian limestone blocks in the Alci area and two from the Baglum area (Table S3) include
Rotalipora cushmani, Rotalipora sp., Thalmanninella deecki, T. greenhornensis, T. reicheli, T. globotrunca-
noides, T. appenninica, T. balernaensis, Praeglobotruncana stephani, P. delrioensis, Heterohelix moremani,
Whiteinella  praehelvetica, Whiteinella sp., Muricohedbergella planispira, M. delrioensis, and
Macroglobigerinelloides sp. (84 in Figure S1; 1-12, 21-23, 37, and 41-42 in Figure S2; and Table S3).

4.2.7. Turonian Marly Limestone, Radiolarian Biomicrite

Turonian limestone blocks are widely distributed in the Alci area with a preferred occurrence near the
ophiolitic blocks (Figure 6); they are also found in the Alacaathh and Baglum regions (Figures 7 and 9).
They constitute the youngest blocks in the Alacaatl Olistostromes. The Turonian blocks consist of light gray,
cream, light pink marly limestone with a rich fauna of planktonic foraminifera. Turonian foraminifera have
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been found in 13 sampled blocks in the Alci area (Table S3); the block size ranges from a few tens of centi-
meters up to 20 m (Figure 5d). Three samples from a 10-m-long marly limestone block in the Alc1 area (9638,
10746) contain Marginotruncana pseudolinneiana, M. coronata, M. renzi, M. marginata, Dicarinella primi-
tiva, Whiteinella paradubia, Whiteinella aprica or baltica, Whiteinella spp., Muricohedbergella flandrini, M.
planispira, and Heterohelix globulosa (26-32, 47-49, 53, and 56-58 in Figure S2 and 9-14, 21-22 in Figure
S3). The presence of Dicarinella primitiva (age range latest Turonian-Coniacian) together with Whiteinella
paradubia (late Cenomanian-middle Coniacian) indicates a latest Turonian to middle Coniacian age
(approximately 90-88 Ma) for this block. Another marly limestone block (9635) contains
Marginotruncana pseudolinneiana, Marginotruncana sp., Dicarinella primitiva, D. algeriana, and
Heterohelix moremani (50-51 and 54-58 in Figure S2 and 13-14 in Figure S3). The presence of Dicarinella
primitiva (age range latest Turonian—-Coniacian) together with Whiteinella paradubia (latest
Cenomanian-Turonian) indicates a latest Turonian age for the block. A pinkish gray marly limestone block
(sample 11435), 1.5 m across, from the Alacaatli area also yielded a similar late Turonian fauna of
Marginotruncana  pseudolinneiana, M. coronata, M. renzi, Dicarinella  primitiva, and
Helvetoglobotruncana helvetica.

Lower-Middle Turonian blocks are common in the vicinity of the ophiolitic blocks. Nine such marly lime-
stone blocks, ranging from 2 to 20 m across, were sampled. The foraminifera in the blocks include
Helvetoglobotruncana helvetica, Marginotruncana renzi, M. pseudolinneiana, M. cf. sinuosa, M. schneegansi,
M. sigali, Whiteinella praehelvetica, W. archaeocretacea, Whiteinella sp., Dicarinella canaliculata, Heterohelix
globulosa, H. wmoremani, Muricohedbergella planispira, M. delrioensis, Muricohedbergella spp.,
Macroglobigerinelloides sp., Praeglobotruncana gibba, Praeglobotruncana sp., and Archaeoglobigerina creta-
cea (13-25, 33-34, 38-42, 50-51, 53, and 59 in Figure S2 and 7-10, 13-14, 18-20 in Figure S3). The fauna
belongs to the helvetica zone of the Lower-Middle Turonian.

Autochthonous Cenomanian-Turonian sequences are known from the central Sakarya Basin and from the
Haymana region (Figure 2; Yilmaz, 2008; Okay & Altiner, 2016; Ocakoglu et al., 2018), where they are repre-
sented by a less than 100-m-thick sequence of pelagic limestone, marl, and shale.

4.2.8. Tuff, Radiolarian Chert, Sandstone, Siltstone, and Shale

These lithologies make up less than 6% of the blocks in the Alacaath Olistostromes. Most common are vol-
canogenic sandstone, siltstone, and shale blocks, which represent intrabasinal sediments reworked into the
olistostromes during their emplacement. Green tuff blocks, 5 cm to 1 m across, consist of altered volcanic
glass and form the most common noncarbonate blocks (Figure 4c); based on the zircon U-Pb dating of
the intrabasinal volcanogenic sandstones, the tuffs are probably Albian in age (see section 4.4). Red
radiolarian chert blocks, generally a few meters across, are widely distributed (Figure 5d); they also form
an important component of the ophiolitic blocks.

4.3. Ophiolitic Blocks

The major ophiolitic mélange belt in the Ankara region is located east of the Karakaya Complex, where it
defines the Izmir-Ankara Suture (Figure 2). There is also a narrower and discontinuous second belt west
of Ankara, where it is in contact with the Alacaatli Olistostromes. This second belt was studied in the Alci
and Baglum areas.

4.3.1. Ophiolitic Blocks in the Alc1 Area

In the Alc area the ophiolitic blocks crops out over a lens-shaped area between the Alacaath Olistostromes
and the Campanian sequence (Figure 6; Kocyigit, 1991; Rojay & Siizen, 1997). The blocks consist, in order of
decreasing abundance, of red radiolarian chert, pelagic limestone, basalt, and rare blocks of phyllite and
shallow marine limestone. Previous studies have interpreted the contact between the “ophiolitic mélange”
and the underlying Alacaath Olistostromes as a thrust fault (Kogyigit, 1991; Rojay, 2013; Rojay & Siizen,
1997). However, the following lines of evidence indicate that the ophiolitic mélange represents sedimentary
mass flows, and has a depositional contact with the underlying Alacaatl Olistostromes: (a) no clear-cut tec-
tonic contact can be mapped in the field between the ophiolitic mélange and the Alacaath Olistostromes.
The contact is irregular with an increase in the red radiolarian chert blocks toward the ophiolitic
mélange, as seen in the Google Earth image in Figure 10a. (b) Red radiolarian chert blocks, which are the
dominant ophiolite block type, also occur in the Alacaath Olistostromes; alternatively, radiolarian biomicri-
tic limestones are common as block types in the ophiolitic mélange. There is a mixing of the two block types
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Figure 10. Alacaath Olistostromes, the ophiolitic mélange, and the Santonian sequence in the Alci region. (a) Google Earth image of the ophiolitic mélange (red)
and the surrounding Alacaatli olistostromes (white). Note the irregular, interfingering boundary between the two units, which excludes a thrust contact. (b) Field
photo of the contact zone between the Alacaatli Olistostromes and the ophiolitic mélange. Note the mixing of the limestone (white) and ophiolitic (red) blocks,
location 9293. The double arrow indicates the location of the photograph in the Google Earth image. (c) Google Earth image of the unconformable boundary
between the Alacaath Olistostromes and the overlying Santonian red limestones and shale. Note the truncation of the flow lines in the Alacaath Olistostromes by
the Santonian sequence. (d) Santonian red shales over the olistostromes. For locations see Figure 6.
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in the contact zone (Figure 10b). (c) Within the area mapped as ophiolitic mélange, there are breccias with
clasts, 5-20 cm across, of red radiolarian chert and red limestone. We interpret the contact between the
ophiolitic mélange and the Alacaath Olistostromes as stratigraphic and the ophiolitic mélange as sedimen-
tary mass flows with ophiolitic blocks.

4.3.2. Ophiolitic Mélange in the Baglum Area

Ophiolitic mélange in the Baglum area crops out over a large area and is stratigraphically overlain by the
Campanian turbidites (Figure 7; Gokten et al., 1988; Kogyigit et al., 1988; Kogyigit, 1991). It consists of basalt,
radiolarian chert, shale, serpentinite, and limestone. Basalt makes up about 70% of the outcrops, followed by
red radiolarian chert and red mudstone (15%), serpentinite (8%), and limestone (7%). In the field a block-
matrix relation is not obvious; rather, the different lithologies are juxtaposed without an all-encompassing
matrix. In places the ophiolitic mélange has a rough internal fabric defined by the parallel alignment of
the limestone blocks. Compared to the Alci region the olistostromal character of the ophiolitic mélange in
the Baglum area is generally less obvious. However, there is no evidence of faulting (e.g., cataclasis or mylo-
nitization) along the well-exposed 2-km-long contact between the Alacaath Olistostromes and the ophiolitic
mélange (Figure 7).

In the north the ophiolitic mélange is overlain unconformably by the Campanian turbidites. In this region
the ophiolitic mélange is clearly olistostromal with blocks of basalt, chert, and limestone in a sandy-silty
matrix (Kogyigit, 1991). Based on these observations we interpret the ophiolitic mélange in the Baglum area
also as olistostromes.

Bragin and Tekin (1996) described a small outcrop of ophiolitic mélange, about 100 m across, surrounded by
Neogene sediments west of Baglum (Figure 2). The outcrop revisited during this study consists of microgab-
bro, radiolarian chert-mudstone, and pelagic limestone blocks in a silty-sandy matrix. Within this small out-
crop Bragin and Tekin (1996) describe individual radiolarian chert blocks of Late Triassic (Norian), Early
Jurassic, Late Jurassic (Kimmeridgian-Tithonian), and Cretaceous (Albian-Turonian) ages. The mixing of
radiolarian cherts of different ages points to a sedimentary origin of this ophiolitic mélange since in a typical
subduction-accretion complex one would expect a younging toward the trench but uniform ages in
small areas.

4.4. The Matrix of the Alacaath Olistostromes

The blocks in the Alacaatli Olistostromes are surrounded by silt, clay, fine sand, and marl. The matrix makes
up about 15-20% of the olistostromes and the blocks are generally matrix supported. Using sieve analysis
Olgun and Norman (1993) found the matrix in the Alc1 area to be sand-sized with a range of 0.2-0.5 mm.
Most of the matrix is derived from the diminution of the incompetent blocks, including marls and marly
limestone, and intrabasinal sandstone, siltstone, and shale beds. No cleavage or lineation is observed in
the matrix.

4.5. Intrabasinal Sediments

Olistostrome flows are separated by intrabasinal sequences of medium-bedded to thinly bedded mudstone,
shale, siltstone, sandstone, and marl, which makes up about 15% of the Alacaath Olistostromes (Figure 11).
The thickness of such horizons ranges from a few meters to over hundred meters; some of the thicker intra-
basinal horizons are shown in the geological maps in Figures 6 and 9. The dominant and distinctive lithology
in the intrabasinal sediments is laminated red, purple mudstone, and siltstone (Figure 11). The lateral con-
tinuity of the intrabasinal sediment horizons was disrupted by the arrival of new mass flows, which erode
these less cemented sediments and incorporate them as the matrix to the olistostromes. A stratigraphic sec-
tion was measured in the thickest intrabasinal horizon (Figure 14b). The sequence consists of shale, mud-
stone, and siltstone horizons a few ten meters thick, which are intercalated with turbiditic volcaniclastic
sandstone-shale horizons of similar thickness. Petrographically sandstone beds (9843B, 11266) consist of vol-
canic (70% of the clasts) and micritic limestone (30%) clasts. The carbonate clasts include Lower Cretaceous
(Berriasian) limestones with Calpionella alpina, Tintinopsella carpathica, and Calpionellopsis sp., and Upper
Cretaceous (Turonian-Santonian) clasts with Marginotruncana pseudolinneiana, M. renzi, M. marginata,
and Muricohedbergella delrioensis (sample 9845C, 9-10, 13-14, and 20-21 in Figure S2). The mudstones
contain, beside abundant radiolaria, Muricohedbergella planispira, Heterohelix moremani, and
Muricohedbergella hoelzli (41, 44-45, and 50-51 in Figure S2), which indicate a Turonian and older Late
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Figure 11. Intrabasinal sediments and their detrital zircon ages in the Alc1 area. (a) The 1-m-thick layer of carbonate mudstone and siltstone separating two
olistostrome horizons. Note the drag fold which indicates northward (10°) movement. (b) The thickest horizon of intrabasinal sediments. (c) Histograms showing
detrital zircon U-Pb ages from the intrabasinal volcaniclastic sandstones. For analytical data see Table S1.
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Cretaceous age. Apart from this measured section, 21 samples from the intrabasinal mudstones and
calcareous mudstones were studied to establish the age of the Alacaatli Olistostromes. The samples are
poorly fossiliferous; apart from widespread radiolaria they contain Muricohedbergella planispira,
Heterohelix moremani, and Muricohedbergella hoelzli. One sample contains Muricohedbergella holmdelensis
(43 in Figure S2), whose first occurrence is known from the Coniacian.

Detrital zircons from volcaniclastic sandstone beds in the intrabasinal sediments were dated using U-Pb
single-grain laser ablation technique to constrain the age of magmatism. Two of the samples (11266 and
11267) come from the thickest intrabasinal horizon (Figure 6); they are composed mainly of andesite clasts
and minor carbonate grains including macrofossil fragments. Zircons from these samples are Albian with
peaks at 107.9 =+ 2.2 and 103.6 + 2.1 Ma (Figure 11c and Table S1). The other sample (11269) comes from
a stratigraphically higher intrabasinal horizon (Figure 6). It is composed of micritic limestone and volcanic
clasts in equal proportion. One of the limestone clasts contains Marginotruncana sp., indicating a Turonian
and younger depositional age. Zircons from this sample show a more heterogeneous age distribution
(Figure 11c); Albian zircons are again dominant but are accompanied by Jurassic, Triassic, Carboniferous,
and Neoproterozoic zircons. Significantly one zircon grain has yielded a Coniacian age of 87 + 3 Ma
(Table S1) in line with the age of the olistostromes.

Albian volcaniclastic sandstones are reported from the central Sakarya Basin (Yilmaz, 2008); however,
Albian magmatic rocks are not known from the Pontides (Akdogan et al., 2017). The virtual absence of
Cenomanian to Coniacian zircons in the intrabasinal sediments indicates lack of contemporaneous magma-
tism, which is in keeping with the stratigraphic sequence in the central Sakarya Basin, where magmatism
starts in the Campanian.

4.6. Volume and Transport Direction of the Olistostromes

The Alacaath Olistostromes crop out discontinuously for 112 km along strike from Derekdy in the south to
the Mira mountain (Figure 2). The outcrops most likely form a continuous belt under the Neogene cover.
The maximum outcrop width is 10 km, as observed in the Alacaath region; this would give a minimum
surface area of 1,120 km? The maximum stratigraphic thickness of 2 km is observed in the Alc1 region,
which would indicate a volume of 2,240 km?; this would be a minimum value since the olistostromes extend
northwest under the Campanian turbidite sequence (Figures 4 and 7). Submarine mass flows of similar and
larger dimensions are described from several present-day continental margins (e.g., Torelli et al., 1997;
Hjelstuen et al., 2007; Moscardelli & Wood, 2016) but are rare in the geological record.

Direct data on the transport direction of the debris flows are rare. Soft sediment structures include rare drag
(slump) folds of the intrabasinal sediments (Figure 11a), and they generally indicate transport toward NNE
in present coordinates (Figure 6). The wide and continuous belt of Upper Triassic Karakaya basement to the
east of the olistostromes presently devoid of the Jurassic-Cretaceous cover (Figure 2) is a probable source of
the Jurassic-Cretaceous limestone blocks. The ophiolitic blocks must also have been derived from the
southeast (in present coordinates), where the Tethyan ocean was located in the Coniacian.

5. Santonian Sedimentation and Campanian Deformation

In the Alc1 area the Alacaath Olistostromes are disconformably overlain a thin sequence of red micritic lime-
stone and red shale (Figures 6 and 10d). The red limestone-shale sequence is about 15 m thick and crosscuts
the flow lines in the underlying Coniacian olistostromes (Figure 10c). Eight samples from the red limestones
contain planktonic foraminifera characteristic for the middle-late Santonian: Dicarinella concavata, D. asy-
metrica, Marginotruncana pseudolinneiana, M. coronata, Globotruncanita elevata, G. bulloides, G. linneana,
G. arca, G. lapparenti, Macroglobigerinelloides bollii, Muricohedbergella flandrini, Heterohelix globulosa, and
H. reussi (46 in Figure S2 and 1-6, 11-17, and 23-25 in Figure S3). The Santonian limestone-shale sequence
passes up into red, bluish gray shale and mudstone with thin sandstone beds. The sequence, which has a
minimum thickness of 65 m, has been dated to the latest Santonian to early-middle Campanian
(Globotruncanita elevata zone) by planktonic foraminifera (Sariaslan & Altiner, 2017).

After the deposition of the Santonian sequence the region was deformed by folding, uplifted and eroded. The
folding is recorded in the Santonian limestone and shale sequence, which forms NNE trending anticlines

OKAY ET AL.

977



nnnnnnnnnnnnnn
'AND SPACE SCiENCE

Tectonics 10.1029/2018TC005076

and synclines (Figure 6). This period of contractional deformation was followed by the deposition of a
Campanian sequence.

6. Campanian Sequence

In the Alci area the folded Alacaatli Olistostromes and ophiolitic mélange are unconformably overlain by
an Upper Cretaceous sequence (Figure 6; Kocyigit, 1991; Kocyigit & Liinel, 1987; Rojay & Siizen, 1997).
The sequence starts with a fluviatile red mudstone, siltstone, and conglomerate, up to 20 m in thickness,
which are overlain by bluish gray shale and siltstone with bivalves, brachiopods, gastropods, and corals of
the type Cyclolites sp.; ostracods from these clastic rocks indicate a Santonian-Campanian age range
(Gizli, 2017). The shale and siltstones pass up into argillaceous limestones and then into thickly bedded,
massive white to light gray limestones with abundant rudists. The rudist-bearing massive limestones, 6 to
30 m in thickness, can be followed as a marker horizon 11 km along strike (Figure 6). They are regarded
as Maastrichtian (Kocyigit, 1991; Kogyigit & Liinel, 1987; Rojay & Siizen, 1997); however, we found the
Campanian benthic foraminifera Pseudosiderolites sp. along with Orbitoides sp. in the rudist-limestones
(samples 10059 and 10738B). Toward the top of the sequence the rudist-limestones contain clasts of
biotite and feldspar. Fresh biotites from a 1.5-m-thick impure limestone bed (sample 9647) produced an
Ar-Ar age of 76.8 + 1.9 Ma (Figure 12d and Table S2), which is compatible with the Campanian age
of the rudist-limestones.

The rudist-limestones in the Alci area are overlain by a 750-m-thick sequence of volcaniclastic sandstone,
siltstone, shale, tuff, and agglomerate with lenses of rudist-limestone, which is regarded as Paleocene in
age (Kogyigit & Liinel, 1987; Figure 13). However, zircons from two volcaniclastic sandstones close to the
base of the sequence produced identical Campanian ages of 76.5 + 1.5 and 76.3 + 1.5 Ma (based on 45
and 75 coherent zircon ages from the samples 9648 and 9824, respectively; Figure 13 and Table S1).

The Alc1 volcaniclastic sequence has a similar age as the widespread Campanian-Maastrichtian fore-arc tur-
bidites, the Haymana formation, which crops out in the Haymana and Baglum regions, and in the central
Sakarya Basin (Figures 2 and 3; Unalan et al., 1976; Ozcan & Ozkan-Altiner, 1997; Ocakoglu et al., 2018).
To test the correlation of the Alci and Haymana formations and to establish the age of arc magmatism,
we dated detrital zircons from two sandstone samples from the Haymana formation, 20 and 50 km south
and southwest of the Alci region, respectively (Figure 2). One-hundred-two detrital zircons out of 107 from
a sandstone sample from east of Polath (sample 10301) gave Campanian ages (79-72 Ma; Figure 14 and
Table S1); the peak age is 73.5 Ma and the oldest Cretaceous zircon is 79 + 2 Ma. One-hundred-four detrital
zircons were analyzed from the sandstone sample from the Haymana region, of which 28 are Cretaceous zir-
cons, which are largely in the range of 75-72 Ma (Figure 14). Zircons from the Alci and Haymana formations
show a similar Cretaceous age pattern dominated by late Campanian (78-72 Ma) zircons and contain no
Santonian zircons. Detrital zircon data suggest that the arc magmatism started in the Campanian, which
is compatible with the virtual absence of Coniacian zircons in the intrabasinal sandstones of the
Alacaatlh Olistostromes.

In the Baglum area the Campanian-Maastrichtian turbidite sequence, more than 800 m in thickness, lies
above the ophiolitic mélange, above the Alacaath Olistostromes, and above the Upper Triassic Karakaya
Complex (Figure 7; Gokten et al., 1988; Kocyigit et al., 1988; Kogyigit, 1991). At the base of the turbidites
there are red laminated silty biomicrites and calciturbidites, 5 m in thickness. Calciturbidites contain an
abundance of volcanic detritus (samples 10432A, B) and locally a rich planktonic foraminifera fauna of
Globotruncana bulloides, G. linneiana, G. cf. ventricosa, Radotruncana cf. calcarata, Heterohelix globulosa,
and Muricohedbergella spp. (15-16 and 26-27 in Figure S3). Of these Radotruncana cf. calcarata is a late
Campanian form, whereas Globotruncana ventricosa is a zone fossil for the middle-late Campanian. Thus,
the paleontological data confirm the late Campanian basal age of the turbidite sequence (Gokten et al.,
1988; Kogyigit et al., 1988), and show it to be of the same age as the volcaniclastic sequence in the
Alc area.

The Campanian-Maastrichtian turbidites of the Alc1 and Baglum areas constitute part of major fore-arc
basins along the western margin of the Kirsehir Massif, which includes the Haymana, Tuz Golii, and
Ulukisla basins (Gortir et al., 1998; Giirer et al., 2016). They have formed by east-west extension between
the Kirsehir-Paleo-Galatian magmatic arcs and a west dipping subduction zone.
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Figure 12. (a) Campanian red basal clastic rocks and rudist-limestones overlying unconformably the Alacaath Olistostromes and the ophiolitic mélange. (b) The
unconformable contact between the red continental clastic rocks and the underlying Alacaath Olistostromes. This Campanian unconformity (82-77 Ma)
corresponds to a phase of contractional deformation. (c) Photomicrograph in plane-polarized light of a limestone with rudist fragments, fresh feldspar (fd) and
biotite (bio) clasts. Biotites from this sample (9647) produced an Ar-Ar age of 76.8 + 1.9 Ma, which is shown in (d). For analytical data see Table S2.

7. Campanian Beypazari Granite : Paleo-Galatian Magmatic Arc

A large Upper Cretaceous pluton, the Beypazari Granite, with a geochemistry compatible with a magmatic
arc setting (Figure 1; Oztiirk et al., 2012; Speciale et al., 2014), crops out northwest of the Alacaath
Olistostromes (Figures 1 and 3). The extent of the Late Cretaceous magmatism west of Ankara is obscured
by the young cover; however, a small inlier of Campanian volcanic rocks (approximately 76 Ma), south of
Kizilcahamam (Figure 2; Kogyigit et al., 2003), and andesites (approximately 73 Ma) northwest of
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Figure 13. Alc1 formation. (a) Volcaniclastic sandstone and shale of the Alci formation lying above the rudist-limestones. (b) Photomicrographs of two dated
sandstone samples (9648 and 9824) from the Alc1 formation consisting of andesite clasts (an), feldspar (fd), hornblende (hbl), biotite (bio), and pyroxene (px) grains.
(c and d) Zircon U-Pb ages and zircon cathodoluminescence (CL) images from the same samples. For analytical data see Table S1.
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Figure 14. Zircon U-Pb data for Cretaceous arc magmatism. (a) Histograms of Cretaceous detrital zircons from the Campanian-Maastrichtian forearc sandstones
(Haymana and Alc1 formations). (b) U-Pb concordia diagrams and CL images of zircons from the Beypazari granite. For location of the samples see Figure 3,
and for the analytical data see Table S1.
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Kizilcahamam (Keller et al., 1992) suggest that the Late Cretaceous magmatic belt, interpreted as a
magmatic arc by Kogyigit (1991), extends northeast subparallel to the Izmir-Ankara suture. This Paleo-
Galatian magmatic arc, not to be confused with the Miocene Galatian volcanic province (e.g., Varol et al.,
2014), is separate and highly oblique to the east-west trending Pontide magmatic arc (Figure 1).

Helvaci et al. (2014) provided 75 + 2-Ma U-Pb zircon ages from four samples of the Beypazar1 Granite,
whereas ion microprobe U-Pb zircon dating in thin section produced a wide range of ages from 92 down
to 62 Ma for the same pluton (Speciale et al., 2014). To solve this apparent anomaly, we have dated zircons
from two samples of the Beypazar1 Granite using laser ablation ICP-MS technique. The results, based on over
30 individual zircon ages from each sample, are 74.8 + 0.4 and 73.8 + 0.4 Ma (Figure 14). Out of 81 individual
concordant zircon ages obtained, 76 were between 72 and 76 Ma, and none were older than 80 Ma. The new
zircons ages overlap with those from Helvaci et al. (2014) over a narrow range. It is also geologically
implausible that parts of the Beypazar1 Granite, which is a medium-sized, homogeneous pluton, cooled
below 800-1,000 °C (the zircon closure temperature) at 92 Ma, and other parts 30 million years later at
62 Ma, as the data of Speciale et al. (2014) would imply. Therefore, we conclude that the Beypazari
Granite crystallized at 74 + 2 Ma in the Campanian in line with the ages obtained from the volcanic rocks
(Keller et al., 1992; Kogyigit et al., 2003).

The best record for the onset and duration arc magmatism lies in the fore-arc basins (e.g., Sharman et al., 2015).
The Campanian-Maastrichtian fore-arc turbidites west of Ankara contain detrital zircons with ages ranging
from 78 to 72 Ma (Figure 14), which indicates that the arc magmatism was initiated at approximately 78 Ma.
The virtual lack of Cenomanian to Coniacian detrital zircons in the intrabasinal sediments of the Alacaatl
Olistostromes (Figure 11) is a further support for the initiation of the arc magmatism in the Campanian.

8. Discussion

8.1. Olistostromes as Mass Flows

The chaotic internal structure and very poor sorting the Alacaatli Olistostromes, the dominance of matrix
supported blocks, and lack of any tectonic deformation indicate that the Alacaatli Olistostromes were pro-
duced by mass flows. The lack of preferred orientation of the blocks and absence of syndepositional planar
fabrics in the matrix, such as slump folds, indicate that the shear stress within the debris flows did not exceed
the yield strength of the debris (Middleton & Hampton, 1973), which is in keeping with the large thicknesses
of individual flows.

8.2. Age of the Debris Flows and the Origin of the Blocks

The youngest blocks in the Alacaath Olistostromes are late Turonian (92-90 Ma); the olistostromes are
unconformably overlain by Santonian pelagic limestones (86-84 Ma). The youngest foraminifera and young-
est zircon in the intrabasinal sediments is Coniacian (90-86 Ma); these data indicate that the Alacaath
Olistostromes formed in the Coniacian (90-86 Ma).

Over 90% of the blocks in the Alacaath Olistostromes are limestone. Paleontological determinations show
the presence of Callovian-Oxfordian, Tithonian, Berriasian, Valanginian, Aptian, Albian, Cenomanian,
and Turonian limestone blocks. The blocks can be unambiguously assigned to the distal parts of the auto-
chthonous Jurassic-Cretaceous sequence of the Sakarya Zone as exposed in the central Sakarya Basin and
in the Haymana area (Figures 2 and 3; Rojay & Siizen, 1997). Over 95% of the limestone blocks are of pelagic
character characterized by planktonic foraminifera. This indicates that the deep marine Jurassic-Cretaceous
sequence of the Sakarya Zone was detached and transported into the Coniacian debris flows.

8.3. Constraining Features

There are a number of features of the Alacaatli Olistostromes, which have a bearing on their tectonic setting
and mechanism of their generation:

1. Uplift and erosion prior to the deposition of the olistostromes. The Alacaatli Olistostromes lie stratigra-
phically above a substratum consisting of the Upper Triassic Karakaya Complex or over the Lower
Jurassic sandstones. An intervening 2-km-thick pelagic carbonate sequence of Jurassic-Cretaceous age
is missing. This Jurassic-Cretaceous section, which is well developed in the neighboring Haymana region
and the central Sakarya Basin (Figure 3), must have been stripped before the deposition of the Alacaatl
Olistostromes.
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2. Older blocks at the base. If a stratigraphic section is going to be reworked into olistostromes, one would
expect the debris flows with the youngest blocks to occur in the base of the olistostromal sequence.
However, in the Alacaath Olistostromes there is a general tendency for the older blocks to be in the lower
stratigraphic levels, as for example the breccias with the greywacke clasts at the base of the Alacaath
Olistostromes in the Baglum area, or the large Tithonian-Berriasian limestone blocks close to the base
of the Alacaatl Olistostromes in the Alci area.

3. Mixing of small blocks of different ages. Among the smaller blocks, there is a mixture of block ages even
in a single outcrop. For example, an outcrop in the Alci region just below the Santonian limestones has
limestone blocks of Tithonian-Berriasian (sample 10267B), Albian (10267D), Cenomanian (10267C), and
late Turonian (10266) ages. The 100-m-long ophiolitic mélange outcrop described by Bragin and Tekin
(1996) has radiolarian chert and mudstone blocks of Late Triassic, Jurassic, and Early Cretaceous ages.
This suggests that mixing of the blocks occurred before their final deposition possibly due to more than
one phase of transport.

4. Subsidence during deposition. The Turonian-Santonian pelagic carbonate section in the Haymana region
has a thickness of 60 m (Okay & Altiner, 2016), whereas the Alacaatli Olistostromes with a narrower age
range have a stratigraphic thickness of 2 km. This indicates tectonically induced crustal subsidence
during the deposition of the mass flows.

5. Trend parallel to the suture. The Alacaatli Olistostromes form a belt subparallel to the Izmir-Ankara
suture (Figures 1 and 2), which suggests a genetic connection between the trend of the continental
margin during the Coniacian and the generation of the olistostromes. The 112-km-long belt of the
olistostromes also indicates that the source was linear.

6. Rapid erosion followed by redeposition. The youngest blocks in the Alacaatli Olistostromes are upper-
most Turonian (approximately 90 Ma) pelagic marly limestones with no evidence of syndepositional tec-
tonics. The youngest zircon in the intrabasinal sediments is Turonian-Coniacian (87 + 3 Ma). The
olistostromes are unconformably overlain by middle-late Santonian (85-84 Ma) pelagic limestones.
These data indicate that erosion and redeposition of the Mesozoic sequence occurred in a few million
years in the Coniacian to possibly earliest Santonian (89-86 Ma) involving quick uplift and erosion of
the deep shelf-slope sequence followed by rapid subsidence.

7. Arc magmatism follows olistostrome deposition. There is no evidence for coeval magmatism during the
deposition of the olistostromes; the intrabasinal volcaniclastic sandstones contain predominantly Albian
zircons. Upper Cretaceous sequences in the Haymana region and in the central Sakarya Basin are also
free of volcanic detritus until the Campanian (Okay & Altiner, 2016) and the Campanian-
Maastrichtian fore-arc turbidites contain Campanian zircons (Figure 14). Therefore, magmatism in the
Paleo-Galatian arc started in the Campanian (approximately 78 Ma) approximately 9 Myr later than
the deposition of the olistostromes (Coniacian; 89-86 Ma).

8.4. Tectonic Trigger for the Alacaath Olistostromes

The Alacaath Olistostromes and the ophiolitic mélange were deposited in a single short tectonic event in the
Late Cretaceous (Coniacian; 89-86 Ma) before the onset of Paleo-Galatian (approximately 78 Ma) arc mag-
matism. The absence of arc magmatism during the deposition of the olistostromes could be related to shal-
low subduction or to the absence of subduction. Shallow subduction commonly creates shortening in the
overriding plate, which is not compatible with the presence of deep marine Cenomanian-Santonian
sequences in the Ankara region. Arc magmatism starts when the sinking slab reaches a threshold depth
(e.g., England et al., 2004; Stern, 2002). Age data from the Beypazari granite and zircons from the fore-arc
sandstones indicate that the Paleo-Galatian arc magmatism started at approximately 78 Ma. Assuming an
average slab dip of 40°, trench-normal convergence rate of 2 cm/year, and an average 124-km slab depth
below the volcanic arc (Stern, 2002), the initiation of subduction will be predate arc magmatism by approxi-
mately 9 Myr, and will overlap the deposition of the Alacaath Olistostromes at 89-86 Ma. Hence, we suggest
that the Alacaath Olistostromes were formed during subduction initiation.

Late Cretaceous of Anatolia witnessed arc magmatism, opening of the West Black Sea basin, closure of the
Intra-Pontide Ocean and continental subduction; the temporal and spatial relation between these events and
the relation of the different plates are complicated and controversial. Especially, the Late Cretaceous loca-
tion of the Kirsehir Massif and the relation of the Kirsehir Cretaceous magmatic arc to the subduction
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Figure 15. Paleogeography, plate boundary configuration, and cross sections of the Pontide realm and Tethys showing preferred mode of olistostrome generation
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zones, discussed above, are uncertain. The Kirsehir Massif is either regarded as an independent
microcontinent in the Tethyan Ocean (e.g., Sengor et al., 1982; Whitney & Hamilton, 2004) or as part of
the Anatolide-Tauride Block (e.g., Gonciioglu et al., 1997; van Hinsbergen et al., 2016). A paleogeographic
position of the Kirsehir Massif, east of the Tavsanli Zone, as suggested by van Hinsbergen et al. (2016),
would explain the Late Cretaceous ophiolite obduction observed in the Kirgehir Massif. However, recent
paleotectonic models of van Hinsbergen et al. (2016) and Giirer et al. (2016) do not incorporate the Late
Cretaceous closing of the Intra-Pontide Ocean and the opening of the oceanic West Black Sea basin, and
envisage an east dipping subduction zone east of the Kirsehir Massif. Such a subduction configuration is
not compatible with Late Cretaceous arc magmatism and high-temperature-low/intermediate-pressure
metamorphism observed in the Kirsehir Massif. A paleotectonic model, which accounts for some of these
features, is shown in Figure 15. A new feature in this reconstruction is the sharp bend of the Sakarya
Zone at the central Pontides with the western Sakarya Zone oriented NNE. There are two lines of
evidence for such an orientation: (a) the east-west trending Istanbul Zone and the eastern Sakarya Zone
were amalgamated before the Late Jurassic in the central Pontides (Okay et al., 2018), whereas an oceanic
embayment, the Intra-Pontide Ocean, existed between the Istanbul Zone and the western Sakarya Zone
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until the latest Cretaceous; this necessitates a bend between the western and eastern Sakarya zones. (b) The
arc magmatism in the western Sakarya Zone starts in the Campanian (approximately 78 Ma; e.g., Aysal et al.,
2018). In contrast, there is ample evidence for earlier arc magmatism in the eastern Sakarya Zone (Eastern
Pontides, 91-72 Ma; e.g., Aydingakir, 2016; Eyuboglu, 2015; Kaygusuz et al., 2014; Liu et al., 2018; Ozdamar,
2016). We suggest that the eastern margin of the western Sakarya Zone formed a transform fault (Figure 15),
which linked the subduction under the Eastern Pontides to an intraoceanic subduction zone, which was
initiated in the Turonian (approximately 93 Ma; Plunder et al., 2016). Such a configuration would explain
the absence of arc magmatism, and hence subduction, during the Santonian in the Ankara region, when
there was overall NNE-SSW convergence between Eurasia and Africa (Dewey et al., 1989; Rosenbaum
et al., 2002; van Hinsbergen et al., 2016).

In the Santonian the northern promontory of the Anatolide-Tauride Block was pulled down in the intraocea-
nic subduction zone and underwent deformation and HP-LT metamorphism (Figure 15b). The continental
subduction eventually blocked the intraoceanic subduction zone, and this most likely led to rejuvenated sub-
duction or increased rate of subduction of the Intra-Pontide Ocean south of Istanbul Zone (Figure 15b). We
suggest that subduction of the Intra-Pontide Ocean around a rotation pole located in the central Pontides,
and rotational opening of the Western Black Sea basin led to a change from transform motion to oblique sub-
duction along the eastern margin of the western Sakarya Zone (Figure 15b). The formation of the Alacaath
Olistostromes is linked to this change from transform motion to oblique subduction. Subduction can initiate
when a fracture zone or transform fault is under moderate compression (e.g., Hall et al., 2003; Stern & Gerya,
2018). During the Santonian-Campanian the proposed subduction geometry in the {zmir-Ankara ocean was
similar to the present-day Japanese islands (e.g., Taira, 2001) with three subduction zones meeting at a triple
point in the central Pontides.

Observations from Cenozoic subduction zones in the Pacific, such as the Puysegur trench (House et al.,
2002) and geodynamic modeling (Gurnis et al., 2004), indicate that subduction initiation along a preexisting
fault will induce uplift followed by subsidence in the overlying plate (cf. Stern, 2004). Modeling by Toth and
Gurnis (1998) show a broad uplift of 1-2 km in the upper plate over a distance of 150 km away from the inci-
pient trench. The wavelength of the uplift decreases to less than 70 km within a few million years but persists
in regions close to the trench for over 10 Myr with a decreasing amplitude. The amount of rock uplift will be
larger because of erosion leading to isostatic rebound not included in the model (Toth and Gurnis, 1998). The
zone of uplift is bordered on the continent side by a rapidly subsiding trough reaching several kilometers in
depth (cf. Figure 5a of Toth & Gurnis, 1998). In the case of the Western Sakarya margin the initial zone of
broad uplift would be the 65-km-wide Triassic belt west of the Izmir-Ankara suture (Figure 2). In this belt
the Jurassic to Late Cretaceous sedimentary cover is eroded probably in the early Coniacian. Later but still
in the Coniacian, zone of uplift is reduced to 40 km bordered in the northwest by a rapidly subsiding trough,
which received the Alacaath Olistostromes. The gradual decrease in the wavelength of uplift and increased
subsidence inland of the uplift would have two consequences: (2) the regions of former uplift will receive
sediments and debris flows from the uplift close to the trench and (b) some of the material will be
retransported southeast.

By the late Santonian (84 Ma), the subduction system was relaxed with the deposition of pelagic carbonates
and shales; this corresponds to a stage when the subduction becomes self-sufficient because of the negative
buoyancy of the subducting oceanic lithosphere (e.g., Hall et al., 2003). The shortening and uplift at the
beginning of the Campanian (approximately 80 Ma), a few million years before the start of arc magmatism
(76 Ma), are difficult to explain, and may be related to the first large-scale generation of melts in the mantle
wedge. A similar episode of uplift and shortening are observed before the start of the Pontide magmatism in
the Cenomanian in the Eastern Pontides (Okay & Sahintiirk, 1997). With the start of arc magmatism later in
the Campanian (76 Ma), a wide fore-arc basin developed receiving volcanic detritus from the Paleo-
Galatian arc.

9. Conclusions

A major mass flow event in central Anatolia occurred in a short interval in the Late Cretaceous (89-86 Ma),
approximately 9 Myr before the start of the arc magmatism. It led to the deposition of olistostromes up to
2 km thick, which can be followed for more than 112 km along strike. The olistostromes consist of
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Jurassic-Cretaceous pelagic limestone and subsidiary ophiolitic blocks in a clastic matrix; the pelagic lime-
stone blocks have been derived from the Pontide continental margin. We ascribe the formation of mass flows
to the destabilization of the continental margin associated with a change from transform motion to subduc-
tion. A number of peculiar features of the mass flows including the dominance of pelagic limestone blocks,
uplift, and erosion before the deposition indicate shortening of the continental margin followed by the crea-
tion of a deep ephemeral basin. Shortening perpendicular to trench is caused by a change from transform
margin to subduction. Subduction along this western Sakarya margin led to the formation of the northeast
trending Paleo-Galatian magmatic arc, distinct from the east-west trending Pontide arc. Age data from the
Beypazari Granite, volcanic rocks, and from the detrital zircons data from the fore-arc sequence indicate that
the Paleo-Galatian arc became active in the Campanian (approximately 78 Ma) later than the Pontide arc.
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