
Ian Bastow, Chris Ogden, Thomas Merry, Rita Kounoudis, Rebecca Bell, Saskia Goes, 
Jenny Jenkins, Laurence Jones, Beth Grant, and Charles Braham

Anatolian Plateau Uplift Mantle Flow: Evidence  From 
Broadband Seismology

✦  Central & Eastern Anatolian plateau 
high elevation: maintained isostatically, or 
do other processes (e.g., dripping & slab 
break-off) also play a role? 

✦  Mantle flow field below Anatolia often 
considered relatively simple.  But is it?

•  A new Moho depth map for Anatolia. 

•  Insight from seismic anisotropy & 
mantle tomography.
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Figure 1.1: The geology and tectonics of the Eastern Mediterranean. Tectonic units are from
Advokaat et al. (2014). Pink stars: possible locations of asthenospheric flow and/or dynamic
mantle support beneath; western Anatolia (e.g. Paul et al., 2014; Confal et al., 2018; Merry
et al., 2021), central Anatolia (e.g. Schildgen et al., 2014; Bartol and Govers , 2014; Göğüş et al.,
2017; Confal et al., 2020) and eastern Anatolia (e.g. Şengör et al., 2003; Göğüş and Pysklywec,
2008; Bartol and Govers , 2014). Black arrows with white text indicate plate velocities relative
to Eurasia in mm/yr (Reilinger et al., 2006). Heavy black lines: plate boundaries, major
regional faults. Dashed lines: suture zones. CAP: Central Anatolian Plateau. CAVP: Central
Anatolian Volcanic Province. EAP: Eastern Anatolian Plateau. IA: Isparta Angle. MM:
Menderes Massif. NAF: North Anatolian Fault. EAF: East Anatolian Fault. TGB: Tuz Golu
Basin. KR: Karasu Rift.
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Figure 1.2: a) Seismograph stations and networks used in this study. Red line is the COntinent-
COntinent COllision wide-angle seismic refraction profile (Feld et al., 2017). b) Mean crustal
thickness estimates compiled from previous receiver function studies across the Eastern Mediter-
ranean (including Alkan et al., 2020; Karabulut et al., 2019; Schi↵er et al., 2019; Abgarmi et al.,
2017; Kahraman et al., 2015; Frederiksen et al., 2015; Vanacore et al., 2013; Tezel et al., 2013;
Özacar et al., 2010; Zhu et al., 2006; Zor et al., 2006, 2003). c) Range of crustal thickness es-
timates where multiple studies have constrained Moho depth. Stations with only one previous
study are mauve. Plate boundaries and faults (black lines) are as per Figure 1.1.

Ogden et al., (GJI, 2021)

✦  Previous receiver function studies of 
Anatolian crustal structure find Moho depths 
increase west to east. 

✦  However…..big discrepancies exist 
(sometimes >10km) between studies.
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Station: BLCB (38.39°N, 27.04°E, 150m), RFs=39, Fmax=2.0Hz

Mean: H=29.8±1.1km, K=1.703±0.016, ACE=5.27, IDVAR=92.3, CCC=0.70
Cluster: H=29.9±0.5km, K=1.689±0.024, F=1.8Hz, VP=6.5km/s, Phase, w=(0.6,0.1,0.3)
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Figure 5.2: Caption follows on the next page.
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Figure 1.3: A seismogram is recorded when a teleseismic earthquake occurs in the 30-
90°epicentral distance range. The horizontal components are rotated along the great circle
path (GCP) to produce radial and tangential seismograms. Deconvolution of the vertical from
radial component seismogram produces a receiver function. For a simplified crustal structure,
the receiver function has clear Moho P-to-S converted phases.

H-K stacking

Previous H-  stacking in Anatoliaκ



H-  stacking only works well when 
the crust is simple and the Moho a 
sharp boundary.


Problems arise when the Moho is 
no t an abrup t wave speed 
boundary and/or when crustal 
structure is complex.

κ

A new H  Strategy & Application to Anatolia−κ
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Figure 5.3: Unreliable H- result for station AT58 in central Anatolia, at 2Hz frequency.
Despite low numerical errors associated with the single, cluster analysis selected result, exam-
ination of the full parameter space returns a broad range of H and  results. See Figure 5.4
for an improved result with reduced receiver function frequency content. Figure panel details
(a–i) are as per Figure 5.2.
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Ogden et al., (GJI, 2019)

Ogden et al., (GJI, 2021)
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Figure 5.2: Caption follows on the next page.



A New Crustal Model for Anatolia (ANATOLIA-HK21)

✦  Moho depths constrained at 582 
stations, including 100 for which H  
stacking results have never before been 
presented.


✦ 182 previously-analysed stations 
abandoned for H  stacking.


✦  Crust ∼45 km below uplifted Eastern 
Anatolian Plateau; ∼25 km below western 
Anatolia.


✦  But… changes sometimes occur on 
quite short length-scales.


✦  Moho depth correlates poorly with 
elevation.


−κ

−κ

Crustal structure of the Anatolian Plate 1053

Figure 8. (a) Number of criteria passed for each station. Squares indicate best H–κ result for a station was achieved with 2 Hz receiver functions. Circles
indicate best H–κ result for a station was achieved at limited frequencies. White/black crosses indicate stations which did not have six acceptable receiver
functions and therefore were not analysed. (b) Best estimate of crustal thickness from this study, taken to be the mean crustal thickness for a station. Squares
are stations where crustal thickness has been determined at 2.0 Hz receiver function frequency, circles are where crustal thickness has been determined using
limited frequencies. (c) Best (mean) estimate of κ from this study. Symbols are as in (b). Black arrow on key indicates 1.768, the global average VP/VS ratio
of continental crust (Christensen 1996). Yellow triangles are volcanoes. Plate boundaries/faults (black lines) and tectonic zones (black dashed lines) are as
per Fig. 1. CAP, Central Anatolian Plateau; CAVP, Central Anatolian Volcanic Province; EAP, Eastern Anatolian Plateau; IA, Isparta Angle; MM, Menderes
Massif; NAF, North Anatolian Fault; EAF, East Anatolian Fault; TGB, Tuz Golu Basin and KR, Karasu Rift.

analysis (Table 1), result quality is highest in western Anatolia and
the Arabian Plate (Fig. 8a). The same first order patterns of crustal
thickness found by these earlier works are identified (Fig. 2b): Moho
depth is ∼25 km in the Aegean and coastal SW Turkey, increas-
ing to ∼45 km beneath the East Anatolian Plateau (Fig. 8b). Mean
VP/VS ratio (Fig. 8c) across the Anatolian Plate is generally elevated

compared to the global mean of 1.768 (Christensen 1996) but shows
some internal variability. Result plots for all stations directly men-
tioned in the text can be found in Supporting Information (Figs
S1–27) and a summary of station quality verdicts from this study
in comparison to estimates from previous studies can be found in
Table S3.
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Fichtner et al. 2013; Papaleo et al. 2017, 2018; Portner et al. 2018;
Kounoudis et al. 2020). Fichtner et al. (2013), for example, im-
ages the NAF zone as a narrow (50–100 km wide), low-velocity
band extending to ∼100 km depth; they interpret this anomaly as
a structurally weak zone, corresponding to Tethyan sutures that
formed 60–15 Ma during Africa–Eurasia convergence, and along
which the ≤10 Ma NAF has developed subsequently. Alternatively,
Kounoudis et al. (2020) reveal a south-to-north transition from
slow wave speed asthenosphere beneath Anatolia to fast wave speed
Eurasian lithosphere at 100 km depth across the NAF. They suggest
that this transition may mark the northern limit of heated, weakened,
partly delaminated Anatolian mantle lithosphere with contrasting
colder, stronger Eurasian lithosphere to the north. Furthermore,
shear-wave splitting measurements from stations near the NAF, dis-
play backazimuthal dependence and short-length-scale variations
that require fault-imparted lithospheric anisotropy (Merry et al.
2021). We therefore contend it is mantle lithospheric, not crustal,
heterogeneity that has likely governed the development of the NAF.

4.3 Implications for uplift in Anatolia

Corroborating previous studies (e.g. Vanacore et al. 2013; Abgarmi
et al. 2017; Karabulut et al. 2019), we find that Anatolian crustal
thickness is generally relatively normal (Fig. 8b) compared to, for
example, the 68–84-km-thick crust observed beneath western Ti-
bet (e.g. Gilligan et al. 2015). Yet the Central and East Anatolian
plateaus are elevated by 1–2 km. The plateaus must therefore be
compensated either isostatically by low-density mantle (Karabulut
et al. 2019) or thin lithospheric mantle roots (e.g. Artemieva &
Shulgin 2019); they may also be uplifted dynamically by astheno-
spheric flow (e.g. Komut 2015). Our new Moho depth map for
Anatolia (which in places reveals significant differences compared
to previous studies) allows us to re-evaluate the contribution of the
crust in maintaining broad plateau elevation, and shorter length-
scale variations in topography across the plate.

If crustal thickness and Airy isostasy prevails in the contribution
towards high elevated topography, then a strong correlation between
the two is expected, as has been asserted by Karabulut et al. (2019)
for the region 37◦N–41◦N, 27◦E–42◦E (which excludes the south-
ernmost Taurides and much of the central Pontides). Abgarmi et al.
(2017) also suggest a strong relationship between elevation and
crustal thickness for the Taurides. However, for a similar region
as examined by Karabulut et al. (2019), we see only a weak posi-
tive correlation (R2 = 0.32) between crustal thickness and elevation
(Fig. 9). Indeed, for stations with elevations of 1–1.25 km, we con-
strain crustal thicknesses between 27 and 47 km. With the caveat
that variations in crustal density may explain some of the scatter
in results, the poor correlation shown in Fig. 9 suggests that while
crustal thickness may have some control over plateau elevation and
local high/low elevations, it is not the only factor at play.

Residual topography (εres), the difference between observed ele-
vation (ε) and the elevation expected from crustal buoyancy alone
(Hc − Ho; Lachenbruch & Morgan 1990; Gvirtzman & Nur 2001;
Gvirtzman et al. 2016), is a direct indicator of how much the mantle
lithosphere contributes to the observed elevation:

εres = ε − (Hc − Ho),

Hc =
(ρa − ρc

ρa

)
H, (5)
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Figure 9. Crustal thickness versus topography for the region 37◦N–41◦N
and 27◦E–45◦E. The blue dashed line is the least squares best fit to
our data, h = (T − 30.5)/5.5, where h is elevation and T is crustal
thickness, which has an associated R2 of 0.32. For reference, the dot-
dashed red line is the h = (T − 26)/9.4 best-fitting line found for a sim-
ilar geographical region by Karabulut et al. (2019); the dot-dashed ma-
roon lines indicate the 95 per cent prediction intervals from Karabulut
et al. (2019).

where Hc is the contribution of crustal buoyancy to surface to-
pography, and H is the crustal thickness. ρc and ρa are the den-
sities of the crust and asthenosphere, respectively. We calculate
εres assuming densities of 3200 and 2840 kg m−3 (average crustal
density for continents: Christensen & Mooney 1995; Karabulut
et al. 2019) for asthenosphere and crust, respectively. Residuals
were reduced to a mid-ocean ridge reference level using the refer-
ence factor, H0 = 2.4 km, where the lithospheric mantle is known
to be extremely thin (∼5.5 km, Lachenbruch & Morgan 1990).
Following Yu et al. (2016) and Kounoudis et al. (2020), we de-
fine the residual topography expected from 35-km-thick continen-
tal crust under isostatic equilibrium at zero elevation, a common
reference for Airy isostasy. For 100 per cent crustal buoyancy,
this reference crust would have a negative residual topography
of –1.5 km, implying a 96 km thick, negatively buoyant (assum-
ing a density of 3250 kg m−3) mantle lithosphere is needed to
maintain the surface at sea level (Kounoudis et al. 2020). More
negative values of residual topography imply a thicker mantle
lithosphere and/or a downward pull by flow; more positive val-
ues imply a thinner lithosphere and/or a component of dynamic
uplift.

Residual topography is most negative (–1 to –2 km) to the north
of the North Anatolian Fault in a region spanning the Istanbul–
Zonguldak Zone in the west and the easternmost central Pontides
(Fig. 10). These values indicate that the lithosphere is isostatically
balanced in the central Pontides. Consistent with this observation,
mantle seismic tomographic models reveal coincident fast wave
speeds to ≤200 km depth (Fichtner et al. 2013; Portner et al. 2018;
Kounoudis et al. 2020), which are readily interpreted as relatively
cold, thick mantle lithosphere to the north of the Anatolian Plate.
Similar correlations between markedly negative residual topography
and fast wave speeds are found in the NW tip of the Arabian Plate
(Fig. 10).

Across most of Anatolia, however, residual topography is in the
range –0.25 to –0.75 km (Fig. 10). It is closest to zero (and in
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Residual topography (ϵres)

✦  Residual topography calculations 
confirm the requirement for a mantle 
contribution to plateau uplift.


✦ Localized asthenospheric 
upwellings in response to slab break-
off and/or lithospheric dripping/
delamination example candidate 
driving mechanisms.


1058 C.S. Ogden and I.D. Bastow

Figure 10. New estimates of residual topography according to the methodology of Gvirtzman & Nur (2001). Red triangles are Quaternary volcanoes (Global
Volcanism Program 2013). Stars are stations with positive residual topography. Plate boundaries/faults (black lines), tectonic zones (dashed lines), and volcanoes
(red triangles) are as per Fig. 1. CAVP, Central Anatolian Volcanic Province; EAP, Eastern Anatolian Plateau; NAF, North Anatolian Fault. a: Kounoudis et al.
(2020), b: Portner et al. (2018), c: Göğüş & Pysklywec (2008), d: Bartol & Govers (2014), e: Paul et al. (2014), f: Merry et al. (2021), g: Confal et al. (2018),
h: Schildgen et al. (2014), i: Confal et al. (2020), j: Göğüş et al. (2017).

some cases positive), in the western Kirsehir block, south-western
Turkey and the East Anatolian Fault. This implies that a large
proportion of Anatolia has a thinned and/or buoyant lithosphere
and/or that asthenospheric processes are contributing to the ob-
served elevations. We see no obvious changes in residual topog-
raphy across internal terrane boundaries. However, our calcula-
tions do not account for lateral changes in crustal and lithospheric
density, so we cannot rule out variations in physical properties
associated with different tectonic units contributing to observed
elevation differences. Similarly, from our results alone, we can-
not preclude the possibility that a low density lithospheric mantle
also contributes to some areas of plateau uplift (e.g. Karabulut
et al. 2019).

However, corroborating an asthenospheric plateau uplift hypothe-
sis, the aforementioned mantle tomographic models generally reveal
slow wave speeds at ≤100 km depth below the Anatolian Plate (e.g.
Berk Biryol et al. 2011; Fichtner et al. 2013; Portner et al. 2018;
Confal et al. 2020) that are considered too slow to be interpreted as
mantle lithosphere (e.g. Delph et al. 2015; Kounoudis et al. 2020).
Beneath the CAVP, coincident small (and often-null) SKS splitting
delay times found by Merry et al. (2021) are consistent with a ver-
tical, and thus potentially buoyant, mantle flow-field. In a similar
vein, recent, rapid uplift in the Taurides has been attributed by some
workers (e.g. Cosentino et al. 2012; Schildgen et al. 2014; Öğretmen
et al. 2018) to be the product of recent slab break-off and resulting
return flow of buoyant asthenosphere through a slab window. When
reviewed in light of petrologically derived elevated mantle potential
temperatures below the region (∼1400 ◦C, McNab et al. 2018) and
seismically derived elevated temperatures (1600–1700 ◦C at 100 km
depth: Kounoudis et al. 2020), Anatolia’s slow shallow mantle wave
speeds are therefore interpreted best as buoyant, partially molten as-
thenosphere below lithosphere that is constrained by S-to-P receiver

functions (e.g. Kind et al. 2015) and basalt geochemistry (e.g. Mc-
Nab et al. 2018; Reid et al. 2019) to be ∼60–100 km thick. This
hypothesis is particularly appealing where areas of highest residual
topography (e.g. central Anatolia) correspond to sites of potential
slab break-off and tearing (e.g. Schildgen et al. 2014; Öğretmen
et al. 2018; Portner et al. 2018; Confal et al. 2020; Kounoudis
et al. 2020) and/or putative recent lithospheric dripping (e.g. be-
low the Kirsehir Block; Göğüş et al. 2017) and delamination (e.g.
Bartol & Govers 2014)—all mechanisms that are expected to result
in buoyant asthenospheric upwellings and, in some cases, young
volcanism (e.g. Gall et al. 2021). Additionally, positive residual to-
pography in southwestern Anatolia may be associated with buoyant
asthenospheric flow through a separate slab tear, between the Hel-
lenic and Cyprus slabs: a geodynamic scenario that is consistent
with SKS splitting studies (e.g. Paul et al. 2014; Merry et al. 2021),
and which has been replicated in some geodynamic models (Confal
et al. 2018).

Regardless of the precise causes of uplift in Anatolia (which we
emphasize our study of crustal structure alone cannot resolve un-
ambiguously), it is instructive to highlight the significant impact
uncertainties in Moho depth can have on even the simplest of to-
pographic calculations (e.g. eq. 5). For example, at station EATA
on the East Anatolian Plateau (Fig. 8), previous Moho depth es-
timates have ranged from 39.9 km (Tezel et al. 2013) to 57 km
(Vanacore et al. 2013). Following the above-mentioned density as-
sumptions, the lower bound would produce a residual topography
of εres ≈ 700 m and thus a clear case for a mantle contribution to
plateau uplift. On the other hand, the larger crustal thickness esti-
mate would yield εres = –1.3 km, a value very much in the range
of that expected for a crustal shortening hypothesis for plateau el-
evation. Our crustal thickness of 48.4 km at EATA is intermediate
between the values presented by Tezel et al. (2013) and Vanacore
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ka-Afyon-Isparta volcanic fields that are proposed to be related to the development of the Cyprus-Aegean 
slab gap (Dilek & Altunkaynak, 2009; Karaoğlu & Helvaci, 2014), which is clearly present at the southern 
edge of this region (Figure 10). Thus, the strong anisotropic signal is likely to be an expression of the devel-
opment of this tear and subsequent lateral mantle flow.

Splitting results in the forearcs of the Cyprus and Aegean subduction zones are highly variable and back-
azimuth-dependent (Figure 10; see Figure S48 for an example at station CSS in Cyprus). This may reflect 
differing subslab, intraslab and supraslab anisotropy, combined with localized features such as the layer 
of serpentinized mantle suggested in the Aegean forearc by Olive et al. (2014). Resolution of such details, 
however, is best achieved in conjunction with high-resolution seismic images as in Olive et al. (2014), or 
other data with greater vertical resolution than XKS studies, including local earthquake shear-wave splitting 
(e.g., Evangelidis, 2017), so we do not explore these stations further here.

5.5. Implications for Asthenospheric Flow and Anatolian Plate Driving Forces

The rapid westward motion of Anatolia has been attributed by some to a toroidal asthenospheric flow field: 
northward through western Arabia, westward through Anatolia and then southwestward in the Aegean 

Figure 10. Observed SKS, SKKS, and PKS splits in southern Anatolia, projected onto their 150 km depth piercing 
point, against a 150 km depth slice of the S-wave tomographic model of Kounoudis et al. (2020). Red triangles are 
Quaternary volcanoes and pink transparent polygons are Neogene volcanic fields. Locations of seismograph stations 
ISP and IKL are marked with a purple triangle. Fast wavespeed anomalies associated with the Aegean and Cyprus slabs 
are indicated. Inset: Average uplift rate since 4 Ma according to the river profile inversion model of McNab et al. (2018). 
The dashed box marks the limits of the main figure. The pink star in both the main figure and inset indicates the 
approximate location of raised marine platforms indicating 3 mm/yr uplift in the last 0.5 Myr (Öğretmen et al., 2018).

✦  Anisotropy consistent with asthenospheric 
flow through slab gaps, and driven by 
Hellenic trench retreat. 

✦   Evidence for westward mantle flow 
driving Anatolian plate motion is lacking.


✦  Small t/nulls in central Anatolia suggest 
vertical mantle flow patterns (e.g., 
lithospheric dripping/asthenospheric 
upwelling).


✦  Lithospheric anisotropy beneath the North 
Anatolian Fault is consistent with a mantle 
shear zone deforming coherently with the 
surface. 

δ

Mantle wave speeds from Kounoudis et al., (G3, 2020)

Shear wave splitting data from Merry et a.., (G3, 2021)
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