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Taurides

The Tauride fold-thrusts belt formed during ~S-N convergence between Africa and Eurasia since
Cretaceous time. The western end of the central Taurides strike NW-SE, highly obliquely to the overall
convergence direction, and connect to the NE-SW Beydaglari-Lycian Nappe flank of the western Taurides,
forming the so-called ‘Isparta Angle’. In Neogene time, the western and central Taurides and the
inner part of the Isparta Angle became overlain by Neogene sedimentary basins including Manavgat,
Kopriicay and Aksu, characterized by marine clastics and carbonates. The eastern limb of the Isparta
Angle experienced multidirectional Miocene to Present extension, whereas E-W shortening affected
the marine sedimentary basins in the heart of the Isparta Angle. To quantitatively reconstruct the
Neogene kinematic evolution of the Taurides, towards restoring the subduction system accommodating
Africa-Eurasia convergence, we paleomagnetically assess if and when vertical axis rotations affected the
Manavgat, Kopriigcay, and Aksu basins in Early Miocene to Pliocene times. We show that the northern
Kopriicay Basin rotated ~20-30° clockwise, the Manavgat Basin underwent ~25-35° counterclockwise
rotation, and the Aksu Basin underwent no rotation since the Early-Middle Miocene. It was previously
shown that the Beydaglari region underwent a post-Middle Miocene ~20° counterclockwise rotation.
These results show that the prominent oroclinal salient geometry of the western Taurides thus acquired,
at least in part, since Miocene times, that the Kopriicay Basin rotated relative to the Aksu Basin along
the Aksu thrust, and that the Beydaglar1 platform rotated relative to the Aksu Basin along the Bucak
thrust, which must have both been active until Late Neogene time. This synchronous E-W shortening
in the heart of the Isparta Angle, and multidirectional extension in its eastern limb may be explained
by relative westward retreat of an eastward dipping subducting Antalya slab that has previously been
imaged by seismic tomography and a Benioff zone. The Neogene Bucak thrust west of the Aksu Basin
may represent the most recent surface expression of the Antalya subduction zone.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

daglar1 platform to the southeast (Fig. 1b). The carbonate thrust
slices of the Central Taurides in the east are overlain by (meta)sedi-

The Isparta Angle (IA) is a triangular-shaped morpho-tectonic
structure defined by the change in strike of the Tauride fold
and thrust belt in southern Turkey, containing regionally exten-
sive Mesozoic platform carbonate sequences. It was first defined
by Blumenthal (1963) and is located at the intersection of the
southward-convex Aegean and Cyprus arcs (Fig. 1a). The thin-
skinned Central Tauride fold-thrust belt forms the eastern limb and
overthrusts the autochthonous Beydaglari platform to the west.
The Lycian Nappes form the western limb and overthrust the Bey-
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mentary nappes and ultimately, ophiolites. Thrusting occurred con-
tinuously or intermittently from Late Cretaceous to Neogene time
(Sengdr and Yilmaz, 1981; Hayward, 1984; Collins and Robertson,
2003; Poisson et al., 2003; van Hinsbergen, 2010).

After thrusting and folding, the Central Taurides became over-
printed since Miocene times by multi-directional extension with
major basin-bounding faults accommodating (N)E-(S)W extension
(Kog et al, 2012, 2015). Interestingly, this occurred contempo-
raneously with E-W shortening accommodated by N-S striking
folds and thrusts in the heart of the Isparta Angle (Poisson et
al., 2003; Ciner et al., 2008; Hall et al.,, 2014). Here, marine sed-
iments are exposed that were accumulated in basins known as
the Aksu, Kdpriicay and Manavgat basins (Fig. 1c), which uncon-
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Fig. 1. (a) Simplified structural map and major tectonic zone of Turkey overlain on an SRTM topographic image. (b) Major tectonic structures and units in the Isparta Angle.
(c) Simplified geological map of the study area, numbers indicate the paleomagnetic site locations. (d) 3-D diagram of the segmented geometry of the subducting African
lithosphere beneath Anatolia inferred from tomographic model (modified from Biryol et al. (2011)). NAFZ: North Anatolian Fault Zone, EAFZ: East Anatolian Fault Zone, EFZ:

Ecemis Fault Zone, BHH: Beysehir-Hoyran-Hadim Nappes.

formably cover the Tauride carbonates. The Aksu Thrust delim-
iting the eastern margin of the Aksu Basin exemplifies Miocene
to Pliocene E-W to NE-SW directed thrusting in the core of the
Isparta Angle (Glover and Robertson, 1998; Poisson et al., 2003;
Deynoux et al., 2005; Flecker et al., 2005; Ciner et al., 2008) and
together with its offshore equivalents in the Bay of Antalya indi-
cates that the youngest compressional tectonic event in the heart

of the Isparta Angle lasted until the Pliocene (Poisson et al., 2003)
or even into the Quaternary (Hall et al., 2014) (Fig. 1a and 1b).
E-W Miocene thrusting is restricted to the heart of the Is-
parta Angle, and is not prominent elsewhere in south Anatolia.
Previous workers postulated a causal relationship between com-
pression in the Isparta Angle and westwards motion of Anato-
lia relative to Eurasia (Sengor et al., 1985; Deynoux et al., 2005;
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Glover and Robertson, 1998; Hall et al., 2014), as distinctly shown
in GPS-derived velocity fields (Reilinger et al., 2006, 2010). This
shortening is thought to be closely related to the Arabia-Eurasia
collision in eastern Turkey (Sengor et al., 2003; Faccenna et al.,
2006; Hiising et al., 2009; Okay et al., 2010). Linking shortening
in the heart of the Isparta Angle to a push from the east, how-
ever, is problematic in the light of evidence for the synchronous
E-W extension component deforming the eastern limb of the Is-
parta Angle (Kogyigit et al., 2000; Schildgen et al., 2012a, 2012b;
Kog et al., 2012, 2015). The present-day tectonic regime as por-
trayed by active seismicity, earthquake focal mechanism solutions,
field data, including fault slip data and GPS measurements show
that the northern apex and eastern limb of the Isparta Angle expe-
rience extension (Kocyigit and Ozacar, 2003; Reilinger et al., 2006;
Kalyoncuoglu et al., 2011; Kog et al., 2012, 2015). The >21 km high
topography formed by thrusted carbonates of the Central Taurides
is flanked by Neogene continental basins. These formed in an over-
riding plate setting of the present-day subduction zone consuming
the African plate, and are characterized by thick accumulations
of continental sediments and volcanics (Ko¢ et al,, 2012, 2015).
Fault slip mechanism solutions of moderate-size earthquakes in-
dicate regional extension (Taymaz et al., 2004; Ergin et al., 2009;
Tiryakioglu et al., 2013; Poyraz et al., 2014), with range and basin-
bounding major normal faults accommodating multiple directions
of extension in tri-axial strain conditions. Similarly, paleostress in-
version studies on the Altinapa and Yalvag basins from the eastern
limb and the northern tip of the Isparta Angle, respectively, show
that multi-directional extension prevailed since Middle Miocene
times (Kogyigit et al., 2000; Schildgen et al., 2012a, 2012b; Kog
et al.,, 2012, 2015).

Here we provide results of an extensive paleomagnetic sur-
vey constraining vertical axis rotations in the Aksu, Képriicay and
Manavgat basins since the Neogene to explore how extension and
contraction at short distances in the Isparta Angle area can kine-
matically be linked and what could be the common cause of this
complex deformation in the region. Then, we will discuss these
results within the context of the dynamics of subducted slabs of
African lithosphere that were previously imaged by seismic tomog-
raphy below southwestern Turkey (Biryol et al., 2011), immediately
below the study area (Fig. 1d).

2. Geological setting

Intense deformation in Anatolia occurred in response to long-
lived and ongoing convergence between Africa and Eurasia. Today,
Anatolia is located in the overriding plate of a complex subduc-
tion system with curved trenches forming the Aegean and Cyprus
arcs (Fig. 1a). The junction between these arcs forms the so-called
Isparta Angle (Blumenthal, 1963), which is characterized by a long-
term polyphase deformation history (Glover and Robertson, 1998;
Poisson et al., 2003; Robertson et al.,, 2003; Van Hinsbergen et
al., 2010a, 2010b; van Hinsbergen and Schmid, 2012). The lowest
structural unit exposed in the Isparta Angle area is the Beydaglari
platform, overthrusted from the northwest by the Lycian nappes
(i.e. the western Tauride fold-thrust belt), and from the east by the
Central Tauride fold-thrust belt (Fig. 1b). The deformation history
of the Isparta Angle is further complicated by the so-called Antalya
and Alanya Nappes (Fig. 1b) that overthrust the Taurides from the
south in late Cretaceous time (Poisson et al., 2003). These nappes
comprise a series of Paleozoic and Mesozoic passive margin sedi-
ments, volcanics and ophiolites (Robertson and Woodcock, 1982),
that after their emplacement in the late Cretaceous became pas-
sive riders on the Tauride autochthon, and became incorporated in
the west-verging fold-thrust belt of the Central Taurides since the
Eocene (Ozgiil, 1984).

The final emplacement of the Lycian Nappes over the Beydaglari
platform occurred during the Early Miocene (Hayward, 1984; Okay,
1989; Collins and Robertson, 2003; van Hinsbergen et al., 2010a;
van Hinsbergen, 2010), after which they together underwent ~20°
counterclockwise rotation (Kissel and Poisson, 1987; Morris and
Robertson, 1993; Van Hinsbergen et al., 2010a, 2010b), kinemat-
ically linked to oroclinal bending and back-arc extension in the
Aegean region (van Hinsbergen and Schmid, 2012).

The Central Taurides fold-and-thrust belt developed from the
Late Cretaceous until after the Middle Eocene, as shown by the
youngest deposits within the belt on the structurally lowest plat-
form sequence units known as the Geyikdagi unit (Fig. 1b). This
unit is generally considered as the thrusted equivalent of the Bey-
daglar1 unit (Ozgiil, 1976) (‘para-autochthon’). It is overthrusted
from the east by higher nappes (Beysehir-Hoyran-Hadim nappes)
that include Upper Paleozoic-Upper Cretaceous platform carbon-
ates, marginal and deep marine sediments and volcanics, and
eventually ophiolites and related mélanges (Ozgiil, 1984; Andrew
and Robertson, 2002). A paleomagnetic study by Kissel et al. (1993)
and later Meijers et al. (2011) showed that some of these nappes
underwent clockwise rotation of about 40° since the Eocene.

Thrusting in the heart of the Isparta Angle did not stop in
the Eocene, but either continued, or was reactivated, in the Mid-
dle Miocene to Pliocene, as constrained from marine sediments in
the Aksu Basin (Fig. 1c). These are overthrusted along the Aksu
Thrust by Geyikdagi and overlying Antalya Nappes rocks (Glover
and Robertson, 1998; Poisson et al., 2003; Deynoux et al., 2005;
Flecker et al., 2005; Ciner et al., 2008). Shortening is evident
from strong folding and thrusting of the Lower to uppermost
Miocene stratigraphy in the Aksu and Képriicay basins (Glover and
Robertson, 1998; Poisson et al., 2003; Karabiyikoglu et al., 2005;
Ciner et al., 2008), alongside major slumping.

3. Paleomagnetic sampling and analysis
3.1. Paleomagnetic sampling

In total, 520 oriented cores were sampled at 40 sites dis-
tributed within Miocene-Pliocene marine sedimentary rocks from
the basins in the heart of the Isparta Angle. We sampled fresh out-
crops of sedimentary rock away from brittle faults to minimalize
measuring rotations reflecting local deformation. Nineteen sam-
pling sites were located in the Aksu Basin (Fig. 1c) and twenty-one
sampling sites are distributed within the Képriicay and Manav-
gat basins (Fig. 1c) in Lower to Upper Miocene sediments. Sam-
ples were taken from limestone, silt and claystone, and few sand-
stones, deposited in marine environments. Samples were drilled
using a gasoline powered motor drill and sample orientations were
measured with a magnetic compass. Sample orientations as well
as bedding attitudes were corrected for present day declination
(44.5°). At least 10 standard oriented cores were collected from
each site after removing the weathered surface of the outcrop. In
the laboratory, samples were cut into standard specimens, provid-
ing in most cases two or more specimens per core (referred to as
A and B specimens, for deeper and shallower parts of the core, re-
spectively).

3.2. Paleomagnetic analyses

To determine magnetic carriers of the ChRM in the samples,
thermomagnetic runs were carried out in air (Fig. 2), using a mod-
ified horizontal translation type Curie balance, with a sensitivity of
~5x 1079 Am? (Mullender et al., 1993). Approximately 50-100 mg
of powdered rock sample (depending on the magnetic intensity
of the sample) was put into a quartz-glass sample holder held in
place by quartz wool. The measurement procedure consists of a
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Fig. 2. Thermomagnetic curve generated with the segmented heating protocol (Mullender et al., 1993) for representative samples. The final cooling segment is indicated with
thicker black line. A noisy appearance is indicative of a weak magnetic signal. See for text for explanation of the thermomagnetic behavior.

number of heating and cooling cycles up to a maximum 700°C
with 10 °C/min rates.

A total of 534 specimens were demagnetized (Table 1). Ther-
mal (TH) stepwise demagnetization of 169 specimens (in 10-20
steps from room temperature up to 400-680 °C depending on the
maximum unblocking temperature) was performed to verify the
reproducibility of alternating field (AF) demagnetization performed
on 365 specimens (16 steps from 0 to 100 mT). AF demagnetiza-
tion was carried out in an in-house developed robotized 2G DC
SQUID magnetometer (noise level 3 x 10~'2 Am?), which provides
significantly better results on samples with low natural remanent
magnetization (NRM) intensity. As a rule, specimens were heated
to 150°C to remove possible stress caused by weathering (van
Velzen and Zijderveld, 1995).

Stepwise demagnetization of the NRM is displayed in orthog-
onal vector diagrams (Fig. 3) (Zijderveld, 1967). Magnetization
components were determined using principle component analy-
sis (Kirschvink, 1980) on approximately five to seven successive
temperature or AF steps in the majority of the specimens. A great
circle approach (McFadden and McElhinny, 1988) was used when
the samples yielded directions intermediate between those of two
(different) components with overlapping temperature or coercivity
spectra (Fig. 3). This method iteratively determines the direction in
the plane (great circle) that lies closest to the mean direction of

well-determined NRM directions (set points) and great circle solu-
tions.

Site mean directions according to statistical procedures detailed
in Deenen et al. (2011), virtual geomagnetic poles (VGP) and their
statistical properties were calculated from the ChRM directions
(Fig. 4). A fixed cut-off (45°) was applied on the VGP distributions
and corresponding directions were rejected. The error in declina-
tion (ADy) and inclination (Aly) were calculated separately from
Ags (the 95% cone of confidence of VGPs) following Butler (1992);
minimum and maximum values of Ags that are consistent with
secular variation are according to Deenen et al. (2011) (Fig. 4).

To assess whether two distributions have a common true
mean direction (CTMD), we used the reversal test developed by
McFadden and McElhinny (1990) and their classifications (A, B,
C and indeterminate). The classifications are based on the criti-
cal angle y. and the angle y between the means. As a rule, we
used (Monte Carlo) simulation, thereby effectively applying the
Watson (1983) statistic test. We performed the test on the VGP
distributions because those are more Fisherian than the ChRM dis-
tributions (Deenen et al., 2011) (Fig. 4). To test the primary origin
of the ChRM, fold tests at 95% confidence interval were performed
on the regional datasets by combining site-mean directions from
several paleomagnetic sites within a general area and age window
(Tauxe and Watson, 1994).



Table 1

Table showing all paleomagnetic data from this study.

Lat Long Age N ChRM directions - in situ Strike/Dip ChRM directions - tilt corrected
N45 D 1 ADX AIX k [07:11 K A95min < A95 < N45 Dec Inc ADX AIX k (0711 K A95 min < A95 <
A95 max AQS max

Aksu Basin (AB-Pliocene)
AKO09 36.9715 30.8199 Pliocene 10 10 8.2 374 97 131 300 90 293 48<9.1<19.2 000/00
AK10 371161 30.8073 Pliocene 13 13 1709 —-423 100 12.0 170 104 218 43<9.1<16.3 000/00
AK11 371595 30.7902 Pliocene 15 15 1812 —443 19 22 5996 1.6 4835 1.7 < Agsmin (41) 000/00
AK12 371925 30.7945 Pliocene 15 15 3570 51.7 41 3.7 1873 28 1255 3.4 < Agsmin (41) 000/00
AK18 371210 309107 Pliocene 14 13 1850 -564 125 95 291 78 184 43<99<163 000/00
Mean (N) 30 29 0035 50.1 58 55 335 47 301 31<50<98
Mean (R) 37 36 1763 —-440 40 46 389 39 450 29<36<86
Mean (N + R) 67 65 3593 46.8 35 37 34 31 342 23<31<59
Aksu Basin (AB-North)
AKO1 37.5609 30.7550 Miocene 15 15 9.6 439 6.3 72 477 56 469 4.1<56<149 101/18 15 8.8 619 104 63 477 56 266 4.1<76<149
AK02 375364 30.7680 Miocene 15 15 3458 53.8 66 56 876 41 498 4.1<55<149 200/14 15 3334 44.6 55 6.2 877 41 614 41<49<149
AKO03 375195 30.7651 Miocene 15 15 14.0 54.4 32 27 3240 26 2096 2.6<Agsmin (41) 275/18 15 115 36.6 22 31 3245 21 3349 2.1 < Agsmin (41)
AK04 37.5054 30.7552 Miocene 13 13 1788 —414 69 85 431 64 438 43<63<16.3 230/07 13 1754 35.8 62 87 431 64 509 43<59<163
AKO5 374791 30.7629 Miocene 14 14 32 48.2 71 72 420 62 424 42<6.2<156 230/07 14 3579 43.5 65 76 420 59 464 41<59<15.6
AK06 374631 30.7691 Miocene 14 14 3593 54.5 75 6.2 714 47 432 42<6.1<156 235/04 14 3564 512 69 64 715 47 471 42<59<156
AKO7 374414 30.7850 Miocene 15 15 135 50.4 55 52 1003 38 680 4.1<47<149 300/23 15 18.2 281 39 62 1002 3.8 1056 3.7 < Agsmin (41)
AKO08 374119 30.7934 Miocene 13 12 3327 51.8 92 83 491 63 325 44<7.7<17.1 300/16 12 3459 41.6 76 93 492 63 397 44<70<17.1
Mean (N) 97 96 000.7 52.3 33 29 443 22 284 19<28<46 97 359.1 45.3 39 43 219 31 180 19<35<46
Mean (R) 16 16 1833 -39.7 67 85 366 62 369 40<62<143 16 179.7 -347 60 86 369 62 430 40<57<143
Mean (N + R) 113 112 1.2 50.5 30 28 385 22 279 18<26<42 113 359.2 438 35 40 223 29 192 18<31<42
Aksu Basin (AB-South)
AK13 373429 30.8080 Miocene 15 15 2170 -750 190 53 56,6 51 19.7 4.1<8.8<149 256/21 15 1880 575 85 62 567 51 335 41<6.7<14.9
AK14 372857 30.8110 Miocene 13 13 3440 529 62 54 905 43 658 43<51<16.3 190/36 13 3185 293 39 61 904 44 1247 3.7 <Aogsmin (4.3)
AK15 37.2560 30.8104 Miocene 10 10 1822 —4538 82 89 632 61 452 48<73<19.2 000/00 10 1822 —458 82 89 632 61 452 48<73<192
AK16 371577 30.8550 Miocene 13 13 004.7 55.4 65 52 1175 38 625 43<53<163 098/08 13 3.9 63.4 83 47 1177 38 506 43<59<163
AK17 371900 30.8697 Miocene 15 15 141 53.6 62 53 782 44 564 41<51<149 286/21 15 14.7 32.6 41 178 782 44 971 3.9 < Agsmin (4.1)
AK19 371072 30.9468 Miocene 9 9 2161 —423 9.0 108 396 83 403 5.0<82<205 166/26 9 1904 -586 143 100 395 83 229 5.0<11.0<205
Mean (N) 41 41 0015 54.6 50 41 525 31 313 27<41<79
Mean (R) 34 33 2031 -579 105 76 158 65 103 3.0<82<91 34 1865 -—544 57 47 430 38 287 29<47<89
Mean (N + R) 75 73 105 56.1 56 44 236 35 145 22<45<55
Kopriicay Basin (KB-North)
MNO1 374772 313124 Miocene 10 10 229 547 112 91 350 83 291 48<9.1<19.2 275/14 10 187 41.2 81 101 350 83 430 48<7.5<19.2
MNO02 374394 312122 Miocene 7 7 2179 -494 89 87 765 69 63.0 55<7.7<24.1 290/20 7 2134 -302 64 100 767 69 974 55<6.1<24.1
MNO03 374109 31.2392 Miocene 9 9 85 512 135 125 340 9.0 211 5.0<11.5<20.5 071/14 9 205 630 190 109 339 90 156 5.0<13.5<20.5
MNO04 373992 312589 Miocene 11 11 1763 -624 90 53 987 46 509 46<6.5<18.1 354/25 11 2142 -527 72 63 986 46 581 4.6<6.0<18.1
MNO05 373778 312562 Miocene 12 12 190 431 48 57 852 47 995 4.4=Ags5min (44) 163/18 12 1.5 51.5 58 53 850 47 788 44<49<17.1
MNO06 373469 31.2342 Miocene 12 12 121 293 76 119 349 75 365 44<73<17.1 000/00 12 121 29.3 76 119 349 75 365 44<73<17.1
MNO07 373329 312307 Miocene 10 10 0.2 38.0 71 95 46.7 71 539 48<6.6<19.2 140/08 10 354.8 429 77 91 467 71 486 48<7.0<19.2
Mean (N) 53 53 122 429 44 52 256 39 251 25<40<6.7 52 008.0 44.8 47 53 226 42 226 25<42<638
Mean (R) 18 18 1959 -591 116 80 276 67 161 38<89<133 18 213.8 —-44.0 6.1 70 336 61 404 38<55<133
Mean (N + R) 71 71 129 470 44 47 221 37 197 22<39<56 71 152 454 46 51 196 39 176 22<41<56
Kopriicay Basin (KB-South)
MN19 37.0349 31.2489 Miocene No Reliable Result 002/53 No Reliable Result
MN20 37.0860 312329 Miocene No Reliable Result 120/24 No Reliable Result
MN21 371179 31.2146 Miocene No Reliable Result 105/32 No Reliable Result
Manavgat Basin (MB-West)
MN16 36.9295 31.2501 Miocene No Reliable Result 242/25 No Reliable Result
MN17 36.9535 31.2743 Miocene No Reliable Result 239/20 No Reliable Result
MN18 36.9565 31.3262 Miocene No Reliable Result 302/24 No Reliable Result

(continued on next page)
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Table 1 (continued)

Strike/Dip ChRM directions - tilt corrected

ChRM directions - in situ

Nys

N

Age

Long

Lat

Ag5min < Ags <

Q95

Dec Inc ADy Aly k

Nys

Ag5min < Ags <

Q95

Aly  k

ADy

Ag5 max

Ags max

Manavgat Basin (MB-Mid)

MN10
MN11

585 5.0<6.8<20.5

6.1
14.6

731

8.0
17.7
13.6

7.8
229

48.0
—56.0

9 345.0

9

170/02
128/32
128/12

56.7 5.0<6.9<20.5
156 5.0<13.5<20.5
26.5 5.0<10.2 <205

539 59<9.2<265

731 6.1

8.1
217

7.9
141

481
-30.7

9 3473
9

9
10
9
6

ocene
ocene
ocene
ocene
ocene
ocene

9.0 5.0<18.2<20.5
213 5.0<11.4<20.5
593 59<8.8<26.5

134 146 168.2 134

188.2

10.7

24.2

13.0

474
459

9 3399
6 3454
No Reliable Result

242 107

14.0

40.2

9 3492
6 3549

89.2

10.7

204/10

109 100 894

515

140/21

No Reliable Result

12
33
13
46
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error; k, estimate of the precision parameter determined from the ChRM directions; «gs, cone of confidence determined from the ChRM directions; K, precision parameter determined from the mean virtual geomagnetic pole (VGP)

direction; Ags, cone of confidence determined from the mean VGP direction. Agsmin and Agsmax correspond to the confidence envelope of Deenen et al. (2011). If Ags falls within this envelope the distribution likely represents
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Site contains both normal and reverse polarity.

*

4. Paleomagnetic results

Thermomagnetic curves obtained by Curie Balance measure-
ments are shown in Fig. 2. The low magnetization of samples A,
D and G suggest that the paramagnetic fraction is predominant.
Sample B, E and C confirm the presence of pyrite, which is the
most stable, yet not magnetic, iron sulfide. Above 400 °C, pyrite
transforms to magnetite during thermal demagnetization (Passier
et al,, 2001) and it creates spurious NRM direction. Therefore, the
NRM direction at high temperatures (above ~400°C) is not re-
liable. The slightly more hyperbolic shape of the heating curves
(sample F, H and I) with highest temperature around 580 °C point
to the presence of magnetite. The magnetite may occasionally be
cation deficient (maghemite) as shown by maximum temperature
of ~620°C, or a small contribution of hematite (Fig. 2I).

In many samples, a small viscous component is removed at
low temperatures (100°C) or at low alternating fields (~10 mT).
A secondary component with present-day field direction is gen-
erally removed at temperatures around 200-240°C (Fig. 3). De-
magnetization analysis supports that in many cases the princi-
pal magnetic carrier of the ChRM in samples is carried by mag-
netite (530-580°C), although formation of magnetite from pyrite
often obscures the results above 400°C due to spurious magneti-
zations.

Equal area projections of the ChRM directions of all sites are
displayed in Fig. 6. Details per site and locality are given in Fig. 5
and Table 1. The sampled sites can be divided into three main do-
mains: 1) Aksu Basin (AB), 2) Kopriicay Basin (KB) and 3) Manavgat
Basin (MB). The magnetic analyses were firstly done on a per site
basis, and then the individual directions from sites were combined
to obtain mean directions for 8 localities (Fig. 5 and Fig. 6). These
are Aksu-North, Aksu-South (both Miocene) and Aksu_Pliocene,
Kopriicay-North, Manavgat-Mid and Manavgat-East. The two local-
ities of Kdpriicay-South (MN19-21) and Manavgat-West (MN16-18)
did not yield reliable results and are not further used (see Fig. 5
and Table 1).

4.1. Aksu Basin (AB)

The results for the Miocene localities from the Aksu Basin (AK-
North and AK-South, see Table 1 for details) show coherent direc-
tions with small uncertainty (Fig. 6). The locality Aksu-North con-
sists of eight sites and shows both normal and reverse polarities.
All normal sites gave good results and their mean direction shows
a small scatter before tilt correction (K = 28.4, Ags = 2.8) while
it displays a slightly higher scatter after tilt correction (K = 18,
Ags = 3.5). On the other hand, the reverse polarity site-mean di-
rection became slightly better clustered after tilt correction (K =
36.9, Ags =6.2; K =43, Ags =5.7). This may be caused by some
normal sites still being affected by a present day field overprint
which is indistinguishable from the ChRM. We applied the rever-
sal test to the mean direction of the locality before tilt correction,
which was negative (y =12.7 > y. = 6.8). This is primarily caused
by the higher inclination of the normal (I = 52.3°) versus the re-
versed (I = —39.7°) mean direction. The reversal test was also
performed after tilt correction and although it gave a slightly bet-
ter result, it was still negative, (y = 10.6 > y. = 6.8). The normal
polarity site-mean declination (359°) and reversed mean declina-
tion (180°) are identical, but the lower inclination of the reversed
direction still causes the reversal test to be negative. Nevertheless,
it is evident that locality Aksu-North shows no rotation, even if we
refer only to the reversed mean direction.

The Miocene results of locality Aksu-South also showed both
normal and reversed polarities (Fig. 6). In-situ, normal directions
are well clustered (with D =002 £ 5.0, K = 31.3) while the re-
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versed directions are more scattered (K = 10.3). After tilt correc-
tion, the reversed directions are well clustered (D = 186° £+ 5.7,
K = 28.7), but the normal polarity directions become scattered. For
this reason, the normal polarity directions provided a negative fold
test, while the reversed directions yielded a positive fold test result

(Fig. 6). Hence, the normal polarity samples acquired their NRM
after tilting, and likely represent a present-day magnetic field. The
inclination of the mean reversed direction (I = 54.4°) after 100%
unfolding is consistent with the expected geocentric axial dipole
field direction at the site latitude (Fig. 6). Hence, we consider the
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directions.

reversed samples to represent of the primary paleomagnetic di-
rection, and conclude that the Aksu-South region underwent a
barely significant vertical axis rotation of 6.0 £5.7° since the Early
Miocene sediments.

The Aksu Basin has five sites of Pliocene age (Fig. 6), of which
2 have normal and 3 have reversed polarity (Table 1 and Fig. 6).
The reversed mean inclination (—44°) is slightly lower than the
normal mean inclination (50.1°) suggesting that a (recent) over-
print has not been fully removed: it causes reversed ChRM direc-
tion to be shallower and normal ones to be slightly steeper. It
causes the reversal test applied to these site mean directions to
be negative (y = 7.8 > y. = 6.0). Both normal and reversed mean
directions show no significant vertical rotation since the Pliocene.
The mean of the combined normal and reversed data for this lo-
cality therefore shows no net rotation (Fig. 6).

4.2. Képriicay Basin (KB)

The Képriicay Basin has eight Miocene sites (KB-North, see Ta-
ble 1 and Fig. 6) with both normal and reversed polarities. Mean
directions of normal sites show similar scatter before (K = 25.1,
Ags = 4.0) and after tilt correction (K = 22.6, Ags = 4.2). There is
also no significant difference between normal mean directions be-
fore (012°/42.9°) and after tilt corrections (008°/44.8°), pointing
to a small clock-wise vertical rotation. On the other hand, reverse
polarity site-mean directions became significantly better clustered
(K =16.1, Ags = 8.9; K =40.4, Ags = 5.5) after tilt correction. The
mean inclination of the reverse site-mean before tilt correction is
steep (I =59.1°), more than the expected geocentric axial dipole
field direction at the site latitude (I = 56°). After tilt correction,
the mean inclination is more realistic (I = —44°) lower than the
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expected geocentric axial dipole inclination (I = 56.4°) due to in-
clination shallowing.

The reversal test applied to in-situ data is negative (y =16.4 >
¥c = 9.5). The normal mean direction differs from the reversed
mean direction, in particular because of the different inclinations
of the normal (42.9°) and reversed (59.1°) sites. The reversal test
was also performed after tilt correction and it was again negative
(y = 18.4 > y. = 6.7), showing that normal and reverse polar-
ity data are not antipodally distributed. This time, however, there
is no large difference between the mean normal and reversed
inclinations, but the reversed mean direction (214°/—44) is sig-
nificantly different from the normal mean direction (008°/44.8°)
after tilt correction. We can only explain this by assuming that
the normal polarity directions were produced from a mixture of
the present-day magnetic field and the primary paleomagnetic di-
rection. Additionally, we applied a fold test to both normal and
reversed polarity directions and it indicates an optimal clustering
at ~40% of untilting. When we applied the fold test to only the
reversed directions, the best clustering of the paleomagnetic data
occurs at 80% unfolding (given in supplementary data) and within
error we consider this fold test as positive. Given the widespread
evidence for large-scale slumping, followed by folding, we sug-
gest that the first phase of folding (e.g., Ciner et al.,, 2008) likely
reflects soft-sediment deformation prior to acquisition of the mag-

netization, and that the second phase represents tectonic defor-
mation. If we consider the reversed samples as more reliable and
indicative of the primary paleomagnetic direction, the Kopriicay
Basin underwent vertical axis rotation of 33 &+ 5.5° since the Early
Miocene. Alternatively, we may suggest a conservative average of
normal and reversed pointing to ~20° clockwise vertical rota-
tion.

From the southern part of the Ko&priicay Basin, KB-South
(MN19, 20 and 21 in Table 1 and Fig. 5), we did not record re-
liable data. Results from Site MN19 shows only a normal polarity
direction clustered around the geocentric axial dipole field direc-
tion before tilt correction. After tilt correction, the directions are
scattered and hence the normal polarity samples acquired their
NRM after tilting, and thus the signal likely represents a present-
day magnetic field. Site 20 and 21 both show reversed polarity,
but only great circle solutions are possible without any set points.
This does not create a reliable result for determining vertical axis
rotations.

In summary, we find a minimum of ~20° CW rotation in
Kopriicay Basin since the Middle Miocene. However, we consider
the ~33° clockwise (CW) rotation shown by the reversed polar-
ity data most reliable because they cannot have been mixed with
present-day field normal overprinted directions.
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4.3. Manavgat Basin (MB)

The results for the Miocene localities from the Manavgat Basin
are divided into three localities (see Table 1 and Fig. 6 for details)
of which two (MB-Mid and MB-East) show coherent directions.
Similar to KB-South, MB-West (MN16, 17 and 18) did not give re-
liable results. Both localities are in the intensely deformed area
(Fig. 7). Site MN16 shows reversed directions; for this site only
great circle solutions are possible, but without any set points. Site
MN17 and MN18 represent normal directions and are highly scat-
tered in-situ while after tilt correction the inclination of these sites
is extremely steep.

The locality MB-Mid consists of six sites. One of them (MN14)
did not yield reliable results, because before tilt correction it cor-
responds to the present-day magnetic field, whereas after tilt cor-

rection, the inclination of this site is too steep for a primary
ChRM direction. The locality shows both normal and reversed po-
larities. Mean directions of normal sites show the same statisti-
cal properties before (K = 49.3, Ags = 3.6) and after (K = 49.2,
Ags = 3.6) tilt correction. On the other hand, reversed polarity
site-mean directions show higher scatter, both before (K = 13.0,
Ags = 12.5) after tilt correction (K = 15.1, Ags = 12.2). A re-
versal test was applied to the in-situ data, which was negative
(y =16.5 > Y. = 13.6) mainly due to the large difference in incli-
nation. The mean declination of the reversed site-mean before tilt
correction is much shallower (I = —34.5°) than the inclination of
normal mean (I =49.7°). However, the reversal test performed af-
ter tilt correction is positive (y =5.1 < y. = 12.9, classification C)
pointing to reliable pre-tilt directions for both polarities. Typically,
inclinations are shallower (by >10°) due to compaction and in-
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clination shallowing. Additionally, we applied a fold test to both
normal and reversed polarity and it indicates an optimal clustering
at ~80% of untilting (given in supplementary data), with large un-
certainties (95% confidence level, untilting between 41 and 98%),
but we consider it is positive because the reversal test is also posi-
tive. The result of the five sites on average shows a robust counter-
clockwise vertical rotation of 15° + 4.5 since the Late Miocene.

The locality MN-East consists of two Middle Miocene sites, one
is normal (MN8) and one is reversed (MN9). The normal site
gave good results and its mean directions with a small scatter
(K =96.6, Ags =4.7) is well clustered at 352 £ 5.0, but its mean
inclination (I = 37.6°) is quite low with respect to the expected
inclination at the site latitude before tilt correction. Similarly, the
mean of the reversed site is also well clustered at 173 £+ 6.9, also
with a small scatter (K = 124.3, Ags = 6.0), which is very close
to declination of normal site, but the inclination (I = 47.2°) is
significantly different from the normal site by 10°. This caused
the reversal test before tilt correction to be negative (y =9.7 >
yc = 7.4). After tilt correction, normal directions are slightly more
scattered (K =59.9, Ags = 5.9), but still well clustered at 343°
+ 7.2. Reversed directions are also well clustered at 146 + 9.1
with a small scatter (K = 83.4, Ags = 7.4). The tilt correction
causes the inclinations to be very similar (I =53.6° and I =55.5°,
respectively). The reversal test after tilt correction was also neg-
ative (y =10.2 > y. = 8.9), because now the mean declinations
of the normal and reversed sites are significantly different. Likely,
we have not sufficiently removed a present-day field overprint. To
average out its influence on normal and reverse direction, we con-
clude that a conservative average of normal and reverse points to
a ~25° counter-clockwise (CCW) vertical rotation. The mean di-
rection of the normal and reverse data from this locality provides
clear evidence that the Manavgat Basin underwent a net counter-
clockwise rotation of 25+8.1°. If we consider the reversed samples
as indicative of the primary paleomagnetic direction, the Manavgat
Basin was subjected to a counter-clockwise vertical axis rotation of
34 +9.1° since the Middle Miocene.

5. Discussion
5.1. Orocline formation and restoration

Our new paleomagnetic results of basins within the Isparta
Angle show that each basin recorded different and independent
rotations, and they can be considered paleomagnetically coherent
structural entities since the Early Miocene. The Aksu Basin has un-
dergone only very minor rotations during and after the Miocene,
consistent with previous results of Kissel and Poisson (1986). The
paleomagnetic data from Kopriicay and Manavgat basins show
20-30° clockwise and counter-clockwise rotation, respectively. The
rotation angle between these basins appears to be proportional
to the strikes of their modern eastern basin margins and general
strike of its tilted beds. The orocline test (Schwartz and Van der
Voo, 1983; Eldredge et al., 1985) (Fig. 8) was carried out based on
the paleomagnetic directions from the Miocene. Local structural di-
rections derived from local bedding strike (Table 1) and regional
fold axis directions obtained from geological maps (1/100.000
scale) produced by the General Directorate of Mineral Research and
Exploration (MTA). The result of the test yields a slope of the re-
gression line of m = 0.56 + 0.16; between m =1 (100% positive
orocline test) and m = 0 (negative orocline test). This slope and
its error suggests that on average some 50-70% of the curvature
of the Central Taurides was acquired by the end of the Miocene,
while the remaining 30-50% of the curvature was acquired after
the Miocene. In Fig. 7, we use the observed rotation pattern and
give a possible restoration by back-rotation of the Képriicay and
Manavgat basins. The restored configuration shows that the two
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Fig. 8. Paleomagnetic declination deviations for 14 Miocene sites (after tilt correc-
tion) relative to strike of the orocline. D is the observed paleomagnetic declination
at a site, and Do is the mean (reference) declination value. S is the observed
orocline strike (obtained from bed measurement or fold axis). S is the mean (ref-
erence) strike of the orocline. Error bars for declination data and «gs confidence
level of the regression line are also given in the graph.

basins were largely collinear in ~N(NW) direction, and essentially
parallel to the orientation of Aksu Basin. This structural configu-
ration may indicate that the Aksu, Koépriicay and Manavgat basins
developed on top of moving thrust sheets as piggy-back basins, as
a part of a larger foreland basin system at the western front of
the Central Tauride fold-thrust belt. Subsequent oroclinal bending
reflected by the vertical axis rotations shows that horizontal dis-
placements vary laterally and are maximum at the intersection of
the Kopriicay and Manavgat basins (Fig. 7).

Our results shed a new light on the kinematic evolution of
the junction between the Aegean and Cyprus arcs. Previous pale-
omagnetic studies showed that the Beydaglar platform and the
Lycian nappes in the western limb of the Isparta Angle underwent
~20-30° post-Early Miocene CCW rotation (Kissel and Poisson,
1987; Kissel and Laj, 1988; van Hinsbergen et al., 2010a). Van
Hinsbergen et al. (2010a) and van Hinsbergen (2010) proposed
a scenario in which the counterclockwise rotating Beydaglari block
was bounded in the east by the Aksu thrust and the Kirkkavak
fault, widely presumed to have a strike-slip component that would
partition right-lateral transpression. That scenario implied that the
Aksu Basin was part of the rotating domain of Beydaglari. Our new
data convincingly demonstrate that this cannot be the case, how-
ever, and therefore we need to re-evaluate the kinematic history
of the region.

First, van Hinsbergen et al. (2010a) concluded that the rota-
tion of Beydaglar1 should have ended before the Pliocene (5 Ma),
based on paleomagnetic results of Kissel and Poisson (1986) from
the Aksu Basin. We now show that the Aksu Basin was not part
of the same tectonic domain as the Beydaglar1 platform, and the
rotation of Beydaglar1 may thus have continued into the Pliocene.
Second, the rotation of Beydaglari cannot have been bounded by
the Aksu thrust, but must be bounded by a structure to the west
of the Aksu basin. The most likely candidate for this structure is
the Bucak thrust, which emplaced Mesozoic limestones and overly-
ing Antalya nappes that constitute the basement of the Aksu Basin
over Miocene and older sediments of Beydaglari (Fig. 9). Farther
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Fig. 9. Present-day (top panel) and middle Miocene (bottom panel) basin and thrust configurations in SW Anatolia based on the paleomagnetic results collected in our study.

to the south, the Antalya Nappes thrust over Miocene sediments
that cover Beydaglar1 (Hayward and Robertson, 1982). We tenta-
tively suggest that the Bucak Thrust may connect southward to this
structure (Fig. 9), and accommodated a total Miocene displacement
of several tens of kilometers. In addition, we can conclude that also
the Aksu thrust must have played a significant role, but now in ac-
commodating 20-30° vertical axis rotation difference between the
Kopriicay and Aksu basins together with up to tens of kilometers
of convergence.

Whereas the Miocene oroclinal bending in the heart of the Is-
parta Angle is accompanied by E-W shortening, resulting in area
loss, to the east it is accompanied by area gain due to exten-
sion (Fig. 9). Kog et al. (2012, 2015) showed that the Altinapa and

Yalvag basins, restricted continental basins located approximately
100 km N and NE of the study area, are extensional basins. This ex-
tension remains active today and started at least during the middle
Miocene, and was multi-directional in nature. Where the N-S com-
ponent of extension may be explained by some southward retreat
of the Cyprus slab relative to Anatolia (Flecker et al., 2005), the
E-W component of the extension that formed most of the range-
bounding structures may be kinematically linked to the oroclinal
bending constrained here.

From Early-Middle Miocene to at least Pliocene times, E-W
shortening along the Aksu thrust (Poisson et al., 2003; Ciner et al.,
2008) and likely along the Bucak thrust in the Isparta Angle is puz-
zling in the context of the N-S plate convergence between Africa
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and Eurasia. Similarly, Hall et al. (2014) documented offshore con-
tinuation of this N-S striking thrust system in the Bay of Antalya.
Given the widespread evidence for westward escape of Anatolia
relative to Eurasia and Arabia, previous authors have suggested a
kinematic link between the Aksu Thrust and westward Anatolian
escape (Sengdr and Yilmaz, 1981; Glover and Robertson, 1998;
Poisson et al., 2003; Deynoux et al., 2005; Hall et al., 2014). As
recently pointed out by Koc et al. (2015), the E-W extension com-
ponent in the eastern limb of the Isparta Angle, as well as the E-W
to NE-SW extension in central Anatolia (Kocyigit and Ozacar, 2003)
makes a connection to push from the east unlikely.

Koc¢ et al. (2015) recently connected the contemporaneous E-W
shortening in the center and the E-W extension component in the
eastern limb of the Isparta Angle to previously published seismo-
logical observations from the mantle underlying the Central Tau-
rides. Seismic tomographic images of Biryol et al. (2011) (Fig. 1d),
and a study focused on earthquake hypocenters in the mantle be-
low the study area (Kalyoncuoglu et al., 2011) have shown that
there are two separate slab segments below southern Turkey:
1) the Cyprus slab, a northwards dipping slab below Cyprus, which
in most of the upper mantle can be tomographically discerned
from 2) the Antalya slab (sensu Ko¢ et al, 2015), an eastwards
dipping, N-S striking slab with an associated Benioff zone under
the Central Taurides,. This Antalya slab (Fig. 1d) is clearly sepa-
rated from the Aegean slab along a transform fault (STEP fault,
sensu Govers and Wortel, 2005) as shown in seismic tomographic
images of van Hinsbergen et al. (2010c), and Biryol et al. (2011).
Westward retreat of this subduction zone relative to Central Ana-
tolia would give way to simultaneous contraction (in the fore-arc
region in the west) and extension (towards the back-arc region in
the east) within the overriding plate. Seismicity patterns, geolog-
ical studies, and seismic profiles (e.g., Hall et al., 2014) have so
far not shown that E-W contraction is still active today and that
the Antalya slab has no known connection to the surface. If the
slab has entirely broken off, it must have done so recently so as
to still generate a Benioff zone, and not generate a visible gap in
the tomography. We propound that it was the lateral propagation
of break-off of the Antalya slab sensu Wortel and Spakman (2000)
that focused its surface expression on an increasingly narrow re-
gion experiencing trench retreat relative to Central Anatolia, with
the Miocene oroclinal bending documented in this paper as a re-
sult.

Our study highlights that the subduction zone configuration
consuming the African plate below Anatolia until times as young
as the Quaternary or even today, may have been more complex
than generally assumed. The modern subducted lithosphere con-
figuration has been accurately portrayed by seismic tomographic
images (Fig. 1d) (Biryol et al., 2011), and segmentation of the sub-
ducting plate into separate slabs may have lead to strong regional
variations in tectonic history and styles, including the progres-
sive orocline formation documented in this study. Several authors
(Deynoux et al., 2005; Cosentino et al., 2012; Schildgen et al,,
2012a, 2012b, 2014) have recently explored the effects that sep-
arate slabs below SW Anatolia may have had on asthenospheric
flow between the slabs and possible dynamic topographic effects.
In addition to these studies, our study indicates that the deforma-
tion history, and perhaps even active tectonics, may be strongly
affected by these complex slab configurations. Our study further
provides evidence that E-W shortening in the heart of the Is-
parta Angle is a subduction-driven process and not a local space
problem associated with Anatolian escape. Since the subducting
Antalya slab still has a Benioff zone (Kalyoncuoglu et al., 2011)
and the overriding plate undergoes active extension (Kog et al.,
2012, 2015), we highlight the urge to study the heart of the Isparta
Angle for recent and active tectonics, e.g. through tectonic geomor-

phology and GPS campaigns, to assess whether the area poses an
underappreciated seismic hazard.

6. Conclusions

In this paper, we provide a paleomagnetic study of Miocene
marine sediments in the heart of the Isparta Angle in southwest
Turkey, to evaluate to what extent vertical axis rotations accompa-
nied well-documented Neogene contraction. Our main findings can
be summarized as follows:

Three different rotational domains are distinguished east of the
Beydaglari platform that was previously shown to have rotated 20°
CCW: (1) The Képriicay Basin in the north recorded ~20-30° CW
rotation, (2) the Manavgat Basin in the south shows ~25-35° CCW
rotation and (3) the Aksu Basin in the west shows no significant
rotation since at least Middle Miocene. The restored original con-
figurations of Kopriicay and Manavgat basins show that they were
essentially aligned in ~N(NW) direction at an early stage of their
history, and parallel to the orientation of the Aksu basin.

The rotation domains are separated by major thrust faults that
may have accommodated some tens of kilometers of Miocene con-
traction. The rotation of Beydaglari relative to the Aksu Basin was
likely accommodated along the Bucak Thrust. The rotation of the
Kopriicay relative to the Aksu basin was accommodated along the
Aksu thrust. In addition, oroclinal bending was likely accommo-
dated in the east by the E-W dominated multidirectional extension
documented previously (Ko¢ et al., 2012, 2015) in the east of the
Central Taurides.

We explain oroclinal bending in the context of a recently real-
ized complex subduction zone configuration of SW Turkey. Ko¢ et
al. (2015) recently explained contemporaneous E-W shortening in
the heart of the Isparta Angle and multidirectional extension in the
eastern limb of the Isparta Angle to result from westward retreat
of a narrow, ~N-S trending Antalya slab below the Isparta An-
gle. This slab, which still has a Benioff zone and is well imaged by
tomography, has no known active surface connection, which may
indicate that it has very recently broken off. The westward retreat
of the Antalya slab during lateral propagation of break-off would
focus its surface expression to an increasingly narrow zone, which
could explain oroclinal bending. The Bucak thrust may form the
most recent surface connection of the Antalya slab.

Recent studies explored how a complex slab configuration of
the subducting African plate may affect asthenospheric upwelling
and dynamic topography. Our study highlights that the Neogene
deformation history, and perhaps even active tectonics, may be
strongly affected by these complex slab configurations in SW
Turkey.
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