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ABSTRACT

Reconstructing surface uplift rates in active orogens is critical for understanding how
deep Earth processes shape topography, but such estimates require both rapid uplift and
preservation of young marine deposits. The southern margin of the Central Anatolian Pla-
teau (CAP) in Tiirkiye provides an exceptional example, preserving Upper Miocene and
late Middle-Pleistocene marine deposits at ~2.2 km and ~1.1 km of elevation, respectively,
indicating multiphase uplift. We investigated the TOL-1 section in the Mut Basin, which
preserves late Middle-Pleistocene (Marine Isotope Stage 7) marine deposits at 1177 m above
mean sea level (amsl); the highest in the world. The section records two key calcareous nan-
nofossil bioevents: the last occurrence of Pseudoemiliania lacunosa (0.46 Ma) and the first
occurrence of Emiliania huxleyi (0.26 Ma). Foraminiferal biostratigraphy, marked by the
consistent presence of Globigerinella calida from the base, indicates that deposition began
after ca. 0.53 Ma. Ostracod assemblages reveal a transition from upper epibathyal to litto-
ral environments, with a shallowing-upward trend beginning at ca. 0.40 Ma. Paleomagnetic
data indicate normal polarity, consistent with deposition during the current normal polarity
Brunhes Chron. By integrating biostratigraphy, paleobathymetric reconstructions (~50 m
below mean sea level), and sea-level estimates at 0.23 Ma (~—18 m), we calculated a mean
uplift rate of ~5.2 m/k.y. This exceptionally high rate may be attributed to slab break-off of
the still-subducting eastern Cyprus slab combined with mantle flow from the Arabian slab
window at the Eastern Anatolian collision zone. These findings provide a rare high-resolution
temporal benchmark for linking stratigraphic records of marine deposition with deep-seated
processes and rapid surface uplift in active convergent margins.

INTRODUCTION

Orogenic plateaus such as Tibet, the Alti-
plano-Puna (South America), and Anatolia
(Turkiye) provide natural laboratories for
investigating how deep Earth processes shape
surface evolution (e.g., Garzione et al., 2017;
Gogiis et al., 2017; Zhang et al., 2021). Situated
within the Africa—Eurasia convergence zone, the
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Central Anatolian Plateau (CAP) exemplifies a
tectonic setting where uplift reflects complex
mantle-driven processes, including slab segmen-
tation, break-off, lithospheric dripping, conti-
nental underthrusting of the African margin,
and delamination by peeling (Cosentino et al.,
2012; Schildgen et al., 2012, 2014; McPhee
et al., 2022; Aykut et al., 2025).

The CAP interior is a low-relief surface sur-
rounded by high-relief margins, most promi-
nently the Central Taurides to the south. In this
fold-and-thrust belt, post-thrusting extension

followed by marine sedimentation (preserved
in the Antalya, Mut, and Adana basins) records
multiple phases of uplift (Cosentino et al., 2012;
Schildgen et al., 2012, 2014; Ogretmen et al.,
2018). Notably, marine sedimentation persisted
in several sub-basins, and recent micropaleon-
tological studies demonstrate that the youngest
marine units in the Aksu (Kanbur and Ogretmen,
2022), Manavgat (Sar et al., 2026), and Mut
(Yildiz et al., 2003) basins extend into the Qua-
ternary (Fig. 1A).

In the Mut Basin (Fig. 1B), high-elevation
marine deposits have been recently reinterpreted
as Lower to Middle Pleistocene (Ogretmen
etal., 2018). Those authors established the Giil-
nar East section (983 m above mean sea level
[amsl]) as Lower Pleistocene (from 1.73 Ma to
1.10 Ma), and the TOL section (1087 m amsl)
as Middle Pleistocene (from ca. 0.61 Ma to
ca. 0.46 Ma), implying mean uplift rates of
3.2-3.4 m/k.y. These findings highlight rapid
Quaternary surface uplift of the CAP southern
margin, which continues today at rates of 0.9—
1.5 m/k.y. as constrained by late Holocene sea-
level markers (Liberatore et al., 2022).

We present new biostratigraphic, paleo-
magnetic, and paleobathymetric data from the
TOL-1 section, located ~0.4 km from the TOL
section of Ogretmen et al. (2018), at 1177 m of
elevation (Fig. 1B). The section records marine
deposition until ca. 0.23 Ma, demonstrating
that marine conditions along the southern
CAP margin persisted longer than previously
recognized. We aim to (1) refine the timing
and magnitude of the Middle Pleistocene uplift
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Figure 1. (A) Simplified
regional tectonic map
of Anatolia (Tirkiye)
showing the locations
of Quaternary marine
records and Ocean
Drilling Program (ODP)
Site 967. CAP—Central
Anatolian Plateau; EAP—
Eastern Anatolian Plateau;
WAP—Western Anatolian
Province; NAF—North

Anatolian fault; EAF—

East Anatolian fault;

10
1

CA—Cyprus arc; ASK—
Anamur-Silifke-Kozan
fault. (B) Geological map
of the southern margin of
the CAP showing the loca-
tion of the TOL-1 section
(modified after Racano
et al., 2021).
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along the CAP southern margin, (2) place the
CAP’s Middle Pleistocene marine record into a
global framework by comparing it with coeval
stratigraphic sections from other tectonic set-
tings, and (3) hypothesize possible geodynamic
processes responsible for this rapid surface
response.

METHODS

The TOL-1 section (36.385225°N,
33.424114°E; 1177 m amsl) is in the Mut
Basin of southwestern Tiirkiye (Fig. 1B). This
~71-m-thick succession comprises a shallow-
ing-upward marine sequence of marls, clayey
marls, and interbedded calcarenites (Fig. 2).
We collected 68 bulk samples for micropale-
ontological, geochemical, and paleomagnetic
analyses. We quantitatively analyzed calcareous

nannofossils using smear slides on a per-unit-
area basis (Backman and Shackleton, 1983). To
improve the detection of the coccolithophore
Emiliania huxleyi, the uppermost 23 samples
(labeled TOL-1A 1-23) were processed using
the concentration techniques of de Capoa et al.
(2003). Results were classified according to
the biostratigraphic scheme of Di Stefano et al.
(2023). We qualitatively studied planktonic
foraminifers to support biostratigraphic dating,
following the biostratigraphic zonation of Lirer
et al. (2019). Ostracod assemblages were ana-
lyzed quantitatively using Bray—Curtis similarity
cluster analysis and the unweighted pair-group
method with arithmetic mean to constrain paleo-
bathymetry. We performed oxygen stable-iso-
tope analyses (6'%0) on planktonic foraminifer
Trilobatus trilobus. We picked between 10 and

15 specimens of 7. trilobus from 30 samples and
performed the analyses using a Thermo Delta V
Advantage mass spectrometer at the Geochemi-
cal Laboratory of the Earth Science Department
of Sapienza University (Rome, Italy). Calibra-
tion to Vienna Peedee belemnite (VPDB) was
carried out following NBS-19 limestone stan-
dards (Coplen et al., 1996). We compared the
results with reference formanifer Globigerinoi-
des ruber 60O data from Ocean Drilling Pro-
gram (ODP) Site 967 (Grant et al., 2022). We
collected a total of 67 oriented samples for mag-
netostratigraphy. Alternating field demagnetiza-
tion (up to 100 mT) was performed with a 2G
SQUID cryogenic magnetometer at the National
Institute of Geophysics and Volcanology (INGV;
Rome, Italy) to isolate the characteristic rema-
nent magnetization (Butler, 1992).
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Figure 2. (A) Stratigraphy of the TOL-1 section in Tiirkiye (location shown in Fig. 1) showing the abundance of selected calcareous nanno-
fossil and planktonic foraminiferal marker taxa and the 'O record from Trilobatus trilobus compared with §'*0 from Globigerinoides ruber
of Ocean Drilling Program (ODP) Site 967 (Grant et al., 2022). Green dots indicate sampling locations for the paleomagnetic analyses, black
dots represent the samples collected for the micropaleontological analyses, and red dots indicate the samples processed using the concen-
tration technique to detect Emiliania huxleyi. Purple horizontal lines indicate correlations between interglacial peaks; 5'°0 age tie-points are
shown on the right. a—sedimentary structures; b— fossil components; c—biostratigraphic events; LO—Ilast occurrence; FO—first occurrence;
VPDB—Vienna Peedee belemnite; MIS—marine isotope stage. (B) Microphotographs of calcareous nannofossils of the TOL-1 section. (1a, 1b)
Pseudoemiliania lacunosa (TOL-1 6). (2a, 2a.1) Medium Gephyrocapsa (TOL-1 21, TOL-1 28). (3a, 3b) Small Gephyrocapsa (TOL-1A 12). (4a, 4b, 5a,
5b) Emiliania huxleyi (TOL-1 65, TOL-1A 21). “a” indicates crossed nicols; “b” indicates parallel nicols. Scale bar is uniform across all images.

RESULTS

Calcareous nannofossil assemblages are
dominated by long-range and reworked taxa,
whereas marker species (E. huxleyi, Gephy-
rocapsa spp., and Pseudoemiliania lacunosa)
are scarce (Fig. 2A). Long-range forms occur
consistently, while reworked taxa comprise
~30% on average, locally reaching ~60% of
the total assemblage (Figs. S1 and S2 in the
Supplemental Material'). Gephyrocapsa spp.
and E. huxleyi rarely exceed 1%—2%. Two bio-
events were recognized: the last occurrence
(LO) of P. lacunosa (0.46 Ma), and the first
occurrence (FO) of E. huxleyi (0.26 Ma). Iso-
lated P. lacunosa specimens above its LO are
interpreted as reworked.

'Supplemental Material. Supplemental figures
and tables include calcareous nannofossil, forami-
niferal, and ostracod distribution data, oxygen iso-
tope (81*0) measurements, paleomagnetic analyses,
and a compilation of the elevation and ages of MIS
7 marine deposits worldwide used for comparison in
this study. Please visit https://doi.org/10.1130/GEOL
.S.33170276 to access the supplemental material; con-
tact editing @ geosociety.org with any questions.

The planktonic foraminifers in the TOL-1
section are generally poorly to moderately
preserved and moderately diversified, result-
ing in several indeterminate specimens. The
assemblage includes Globigerinodes quadri-
lobatus, Globigerinodes obliquus obliquus,
Trilobatus trilobus, Globigerinella calida,
Globoturborotalita rubescens, Globigerinita
glutinata, Neogloboquadrina pachyderma, N.
incompta, N. dutertrei, Globigerinoides ruber
(white), Globigerinoides tenellus, Orbulina
universa and Globigerina bulloides (Table S1;
Fig. S3). Globigerinella calida consistently
occurs from the base of the section, constrain-
ing ages younger than ca. 0.53 Ma (FO of G.
calida; Fig. 2A). Although this age would typi-
cally coincide with the common presence of
Globorotalia truncatulinoides and frequent N.
pachyderma, G. truncatulinoides is not observed
and N. pachyderma occurs only sporadically in
the studied section.

We detected 36 reworked and 49 autoch-
thonous ostracod species (Tables S2 and S3).
The latter are included in three different paleo-
ecological groups: littoral, epibathyal/bathyal,

Geological Society of America | GEOLOGY | Volume XX | Number XX | www.gsapubs.org

Downloaded from pubs.geoscienceworld.org/gsa/geology/article-pdf/doi/10.1130/G55209.1/8194887/955209.pdf by guest on 23 August 2026

and eurybathic species. The paleoenvironmen-
tal analysis of ostracods (Fig. 3; Table S3; Fig.
S5) indicates that the deposition of the TOL-1
section started in a littoral (dominance of the
species Aurila convexa), vegetated environment
that deepened along the section down to the
upper epibathyal environment (co-dominance
of the epibathyal species Bythocypris producta,
Cytherella robusta, and Henryhowella sarsi pro-
funda), and became shallow littoral again (at
~50 m of depth for the presence of Hemicy-
therura defiorei) at the top of the section.

Planktonic foraminiferal 8'*0 of TOL-1
ranges from —2.23%o0 to —0.96%0 (Fig. 2A;
Table S4).

Based on our biostratigraphic age con-
straints, we determined different sedimenta-
tion rates: >0.41 m/k.y. at the base, 0.16 m/k.y.
between the LO of P. lacunosa and FO of E. hux-
leyi, and ~0.45 m/k.y. in the uppermost ~5 m
(Fig. S6). Consequently, the top of the TOL-1
section is dated at ca. 0.23 Ma (Fig. S6).

Forty-seven (47) of the 51 isolated character-
istic remanent magnetization (ChRM) directions
point down to the north, indicating normal mag-
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Figure 3. Ostracod assemblages and paleobathymetric reconstruction of the TOL-1 section in Tiirkiye (location shown in Fig. 1). Left: Percent-
age of autochthonous versus reworked ostracods. Center: Percentage distribution of littoral (in red), eurybathic (in green), and epibathyal (in
blue) taxa. Right: Reconstructed paleobathymetric curve based on ostracod assemblages.

netic polarity consistent with deposition during
the current normal polarity Brunhes Chron (Fig.
S7). The remaining ChRM directions, from the
lower part of the section, point down to the south
and may record short-lived geomagnetic excur-
sions. Because the top of the section (1177 m
amsl) was deposited at ~50 m below msl, as
inferred from ostracod assemblages, and given
a late Middle-Pleistocene sea-level position at
~18 m below the present mean sea level (Anto-
nioli et al., 2021), we calculated a mean uplift
rate of ~5.2 m/k.y.

DISCUSSION
Biostratigraphic and Paleoenvironmental
Signals

Despite the evident reworking, we identified
two robust calcareous nannofossil bioevents that
fix the age of the TOL-1 marine succession.
Importantly, the FO of E. huxleyi (Fig. 2) near
the top of TOL-1 allows us to extend the marine
conditions in the Mut Basin up to ca. 0.23 Ma.

Planktonic foraminifers provide independent
support for the Middle Pleistocene age for the
TOL-1 section. The presence of Globigerinella
calida from the base of the section indicates
marine deposition began after 0.53 Ma (Fig. S3).
Notably, color variant Globigerinoides ruber
pink was not observed in the section, although
it is commonly reported during interglacial
periods elsewhere in the Mediterranean (e.g.,
Marine Isotope Stage [MIS] 11 in the east, MIS
9 in the west, and Holocene/MIS 5e in the west;
Pérez-Folgado et al., 2004; Numberger et al.,

2009). A proposed FO at ca. 0.33 Ma in the east-
ern Mediterranean (Lirer et al., 2019) remains
uncertain due to the lack of published support-
ing evidence. Its sporadic distribution suggests
ecological factors may influence its occurrence.

Based on the calcareous plankton bioevents,
we propose a possible correlation between the
8180 T trilobus of the TOL-1 section with the
80 G. ruber of ODP Site 967. This correla-
tion allows us to constrain the study section to
between MIS 14 and MIS 7 (Fig. 2A).

Ostracod assemblages show a progressive
shallowing from ~400 m to ~50 m water depth,
consistent with uplift-related environmental
changes initiating at ca. 0.40 Ma (Fig. 3; Fig.
S2). This trend is consistent with regional geo-
morphological and geochronological evidence
for accelerated uplift and river incision begin-
ning at ca. 0.45 Ma (Racano et al., 2020, 2021;
Aykut et al., 2025), while increased reworking
of calcareous nannofossils of the TOL-1 section
further supports enhanced uplift and/or erosion
during this interval (Fig. S2).

Implications for the Uplift History of the
CAP Southern Margin

The southern margin of the CAP records a
multiphase uplift history, preserving Upper Mio-
cene and Middle Pleistocene marine sediments
at ~2.2 km and ~1 km of elevation, respectively
(Schildgen et al., 2012; Ogretmen etal., 2018).
The youngest previously dated marine sedi-
ments (ca. 0.45 Ma), deposited at paleodepths of
~400-500 m and now exposed at ~1 km eleva-

tion, imply uplift rates of ~3.2-3.4 m/k.y., peak-
ing between ca. 0.5 Ma and 0.2 Ma (Ogretmen
etal., 2018; Racano et al., 2020). Our age model
from TOL-1 demonstrates that marine condi-
tions persisted until at least ca. 0.23 Ma, and
indicates even higher uplift rates of ~5.2 m/k.y.,
suggesting more intense and rapid uplift than
previously recognized.

Previous studies linked uplift of the south-
ern CAP to slab break-off beneath the Cyprus
subduction zone and associated mantle upwell-
ing (Cosentino et al., 2012; Schildgen et al.,
2012, 2014; Duretz and Gerya, 2013), whereas
McPhee et al. (2022) additionally proposed
underthrusting of the African continental margin
beneath southern Anatolia at ca. 0.45 Ma based
on the youngest marine deposits identified by
Ogretmen et al. (2018).

However, the partitioning of vertical motions
within the Cyprus subduction system allows us
to rule out any contribution of the underthrust-
ing process to the late Middle-Pleistocene uplift
of the CAP southern margin. Above the under-
thrusting zone of the Cyprus subduction sys-
tem (Fig. 4), MIS 7 deposits occur at 8—11 m
amsl (south of the Kyrenia thrust) and 40 m
amsl (north of the Kyrenia thrust) (Palamak-
umbura et al., 2016), in contrast to the 1177 m
elevation of TOL-1, ~230 km farther from the
Cyprus trench. This different elevation was
likely accommodated by the still-active Anamur-
Silitke-Kozan (ASK) fault system (Ozel et al.,
2007), which mechanically decoupled the
Cyprus arc from the CAP southern margin.
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Figure 4. Cartoon illustrating the uplift of the world’s highest late Middle-Pleistocene marine
deposits (Marine Isotope Stage [MIS] 7) at the CAP southern margin as a consequence of
multiple interacting mantle flow systems (see text for additional explanations). amsl—above

mean sea level.

Globally, late Middle-Pleistocene (MIS 7)
marine deposits are generally preserved at rela-
tively low elevations (<60 m on passive margins,
and commonly <300 m even in tectonically active
settings), making TOL-1 deposits at 1177 m
exceptional outliers (Table S5; Fig. S8). The
uniqueness of the uplift of MIS 7 from the TOL-1
section within a global context is likely related
to the complex geodynamic setting of the collid-
ing Anatolian, Arabian, and African plates, which
exhibits multiple interacting mantle flow systems
(e.g., Faccennaetal., 2014; Confal et al., 2018). In
this scenario, the return flow of the Hellenic slab
beneath Anatolia (Faccenna et al., 2014), com-
bined with the northward-directed mantle flow
from the Arabian slab break-off at the Eastern
Anatolian collision zone (Afar mantle flow; Fac-
cenna et al., 2013) and the asthenosphere upwell-
ing through the eastern Cyprian slab window (e.g.,
Biryol et al., 2011; Portner et al., 2018; Aydin
et al., 2022) after the collision of the Eratosthenes
Seamount with the Anatolian plate (Robertson,
1998), define one of the most complex examples
of mantle circulation, which, in our opinion, is
responsible for the recent strong uplift rate and
volcanism at the CAP southern margin.

CONCLUSIONS

Along the southern margin of the CAP,
Middle Pleistocene (post—0.53 Ma) marine sedi-
ments of the TOL-1 section occur higher than at
any place on Earth (~1177 m amsl). Integration

of calcareous nannofossil and planktonic fora-
miniferal biostratigraphy, ostracod-based paleo-
bathymetric reconstruction, §'*O stratigraphy,
and paleomagnetic data indicates that marine
deposition in the Mut Basin persisted until at
least ca. 0.23 Ma, implying a mean surface uplift
rate of ~5.2 m/k.y. along the southern CAP mar-
gin. This exceptional rate of uplift might be
explained by multiple interacting upper-man-
tle flow systems following the opening of the
eastern Cyprian slab window as a consequence
of the collision of the Eratosthenes Seamount
with the Anatolian plate. Our findings provide
an important temporal constraint linking marine
stratigraphy with deep-seated processes and
rapid surface uplift in active convergent margins.
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