
Article https://doi.org/10.1038/s41467-024-53435-7

Crustalmelting and continent uplift bymafic
underplating at convergent boundaries

Zhipeng Zhou 1,2,3, Hans Thybo 1,2,3 , Irina M. Artemieva 1,3,4 ,
Timothy Kusky 3,5 & Chi-Chia Tang 6

The thick crust of the southern Tibetan and central Andean plateaus includes
high-conductivity, low-velocity zones ascribed to partial melt. The melt origin
and effect on plateau uplift remain speculative, in particular if plateau uplift
happens before continental collision. The East Anatolian Plateau (EAP) has
experienced similar, more recent uplift but its structure is largely unknown.
Here we present an 80 kmdeep geophysicalmodel across EAP, constrained by
seismic receiver functions integrated with interpretation of gravity data and
seismic tomographic, magnetotelluric, geothermal, and geochemical models.
The results indicate a 20 km thick lower crustal layer and a 10 km thick mid-
crustal layer, which both contain pockets of partial melt. We explain plateau
uplift by isostatic equilibration followingmagmatism associated with roll-back
and break-off of the Neo-Tethys slab. Our results suggest that crustal thick-
eningby felsicmelt andmafic underplate are important for plateauuplift in the
EAP, Andes and Tibet.

The presence of partial melt within the crust of the southern Tibetan
and central Andean plateaus is inferred from lowseismic velocities and
low electrical resistivity1–9. Despite similarity in geophysical observa-
tions, the origin and dynamics of the crustal partial melt are attributed
to different processes in the two plateaus. Models include partial
melting due to crustal thickening in the Tibetan Plateau2 and by
intrusion of asthenospheric material in the central Andes10. The timing
and cause of plateau uplift and crustal thickening remain con-
troversial, and non-uniqueness of interpretations of crustal structure
has contributed to competing geodynamic models. The rise of the
Tibetan Plateau has been attributed to underthrusting of Indian lower
crust11, oblique subduction of lithospheric blocks within the plateau12,
and lateral crustal flow13,14. In the central Andes, the removal of dense
mantle lithosphere and the addition ofmagma to the lower andmiddle
crust are proposed to promote plateau uplift10,15.

The uplift of the Gangdese Arc in the Lhasa Block of the Tibetan
Plateau began >60 Ma16,17, predating continent-continent collision18,
and the central Andean Plateau has been uplifting for 23 Myr19. The

long uplift history of these plateaus introduces challenges in inferring
their deep structure at the onset of uplift. Therefore, processes leading
to the initiation of plateau uplift may better be studied at young col-
lisional plateaus. The uplift of the East Anatolian Plateau (EAP) in
Turkey with a topography of ~1.5–2.0 km began around 12Ma in rela-
tion to the collision between the Arabian Plate and Eurasia20 with a
current convergence rate of 20–30mm/yr21.

The EAP has very low Vs anomaly (around −6 to −9% with respect
to regional average) in the uppermost mantle22,23, low Pn velocity
(generally Vp < 8.0 km/s and some zones have Vp < 7.8 km/s)24,25, and
high lithosphere temperature (800–900 °C at Moho)26. It is broadly
covered by Neogene to Quaternary volcanic rocks27,28. Dynamic sup-
port of the plateau by upwelling asthenosphere has been proposed29

based on the assumption of a 38–46 km thick crust, as indicated by
low-frequency (f ≈0.72Hz) Receiver Function (RF) studies, which
interpret a strong P-wave converter as theMoho under the assumption
of constant average crustal Vp/Vs = 1.73 throughout the region30. This
assumption of constant Vp/Vs ratio contradicts seismic tomography
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models which include significant low-velocity bodies, especially in the
active volcanic provinces22,23, suggesting the presence of intra-crustal,
partially molten zones. These zones would require high crustal Vp/Vs
and should also produce strong P-RF converters at their base, which
easily would be mistaken for the seismic Moho.

Hereweapply a refinedmethod31 for imaging the crustal structure
of the EAP by seismic RF. We combine data from a temporary
deployment of seismic stations at ~50 km interval32 and permanent
stations from the Kandilli Observatory across the EAP (Fig. 1 and
Supplementary Table 1). Our 450 km long RF profile extends fromN to
S across the EAP in its central part with abundant volcanic fields, the
Bitlis Suture, and the northern part of the Arabian Plate. We image
strong and weak P-RF converters, and we apply a new gravity-based
interpolation method to identify the Moho (Methods)31. We demon-
strate that the base of the zone that includes partially molten bodies
was earlier interpreted as the Moho30. To reduce the bias in our
interpretation of the RF results, we constrain the upper 80 km of the
lithosphere by integrating the RF results with regional seismic
tomography22,23,33,34, magnetotelluric35, geothermal26 and geochemical
models27.

Results
Crustal receiver function profile
Our P-wave RF model (Fig. 2a) shows the following:
1. The Arabian Plate has a crustal thickness of 35–40 km, as identi-

fied by a strong converter in an otherwise non-converting
environment.

2. Shallow positive converters close to the margin of the Arabian
Plate mark a main detachment which we interpret as the Main
Bitlis Thrust (MBT) at a depth of 10–15 km. This blind thrust36

shares strong similarity to the Main Himalaya Thrust in
Nepal11,37,38.

3. The Bitlis Massif to the south of the Muş Suture has a crustal
thickness of ~40km, with a gradually N-dipping Moho converter
(M2) to ~50 km depth in the EAP.

4. The EAP includes two positive converters:M1 at ~30 km andM2 at
~50km depth (Fig. 2a and Supplementary Table 1). Typically, M1
has larger amplitude thanM2 (SupplementaryFig. 1). Additionally,
weobserve a strongnegative converter TLwhich is located ~10 km
shallower than M1 within the EAP. These sub-horizontal con-
verters are observed on all stations within the EAP and are not
identified outside the EAP.
The crustal layer between TL andM1 has a very high Vp/Vs ratio of

~2.0 and a low Vs velocity ranging from 2.9 to 3.1 km/s based on cal-
culations of synthetic RFs (Fig. 2b and Supplementary Fig. 2). Results
from inverting the RFs for velocities also suggest a low Vs of 2.96-
3.33 km/s except for station CMCY in northern EAP (Fig. 3a, Supple-
mentary Figs. 3 and 4). The lower layer between M1 and M2 has a high
P-wave velocity (Vp~7.2 km/s) and a high Vp/Vs ratio (~2.0) in its lower
part (Fig. 2b).

Other geophysical observations
We use the long-wavelength filtered Bouguer anomaly for resolving
the density contrast across the Moho and for regional scale isostatic
calculations, whereas the resolution of the gravity data (~9 km
laterally39) may be too low to model the dimensions of individual melt
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Fig. 1 | Topographic map and tectonic setting of the East Anatolian
Plateau (EAP). Main map: regional topography; grey transparent shading—Neo-
gene to Quaternary volcanics; inverted triangles—seismic stations used in this
study, red inverted triangles—stations used for illustrated receiver functions with
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pockets. A body wave travel time tomographic velocity model33 shows
that the crustal layer betweenM1 andM2 (30–50km depth) in the EAP
has a Vp velocity between 6.6 and 7.2 km/s (Fig. 3f). Gravity modeling
(Supplementary Fig. 5b) suggests that the layer between M1 and M2
has a high density of 3.05 g/cm3, assuming a density of 3.20 g/cm3 in
the hot uppermost mantle at 50-70 km depth (Fig. 2c). This layer also
includes several bodies with low electrical resistivity of 10–30
Ωm35 (Fig. 3g).

The low-velocity anomaly between TL and M1 (20–30 km depth)
cannot be clearly resolved by body wave tomography due to vertical
resolution limitations33. It is, however, observed in Rayleigh wave data
at a period of 30 s22. Strong low-density (2.60 g/cm3, Fig. 2 and Sup-
plementary Fig. 5b) and low-resistivity (~1 Ωm) zones35 (Fig. 3g) are
unique for the EAP in the study region. The converters TL, M1, and M2
along with magnetotelluric anomalies are only observed in the volca-
nic province of the EAP, which has 0.5–1.0 km higher topography than
neighboring blocks (Fig. 3).

Crustal converters and the presence of magma
The parameters of the layer between TL and M1 ( ~ 1Ωm electric
resistivity35, Vs~3.0 km/s22, and Vp/Vs ratio ~2.0 at 20–30 kmdepth) are
similar to a layer containing crustal silica melt observed in the central
Andes, where joint inversion of surface wave dispersion and RF con-
strains Vs = 1.9-3.1 km/s40, with average Vs~3.1 km/s from RF synthetic
modelling3, and electric resistivity lower than 1Ωm7,41. The Vp/Vs value
of ~2.0 between TL andM1 indicates a distinct Vs decrease in this layer
which may be caused by the presence of either fluids or partial melt.
Considering the young magmatic activity in the EAP (Fig. 4a) and the
temperature close to the felsic solidus at 30 km depth (Fig. 4b), the
presence of pockets with felsic partial melt is the most likely expla-
nation for this depth interval at 20–30 km. Heat flow data are absent
along our profile, but the 12–18 km deep Curie temperature depth

indicates high heat flow26. For a dihedral angle of 20–40° in the equi-
librium geometry model, with an aspect ratio of 0.10–0.1542, we esti-
mate themelt volume fraction by a forwardmodel for partialmelting43

to be between 3 and 13% for a Vs value between 2.96 and 3.33 km/s
(Supplementary Fig. S6a).

The MT model (Fig. 3g) indicates the presence of three major,
individual melt bodies in the EAP separated by ~70 km, but the reso-
lution of the available data is insufficient to provide measures of their
dimensiondue to leakage of the low-resistivity in themodel. The depth
to the top of these bodies (~20 km) corresponds to the top (TL) of the
upper low-velocity zone (LVZ), which extends continuously across the
EAP (Fig. 3c), and the LVZ thicknessmay indicate the vertical extent of
the melt pockets. The receiver functions and the seismic tomographic
models have insufficient resolution to outline the individual partially
molten bodies, but the recurrent low-velocity zone at all stations in the
EAP indicates that thematerial between TL andM1 generally is close to
the solidus44, also outside the bodies containing partial melt.

Previous RF interpretations selected M1 as the Moho30,45 because
it is the strongest converter in the RF section. By the new method31

basedon long-wavelength gravity-interpolation of converters from the
Arabian Plate we, instead, find that the strong converter represents the
strong contrast between the low-velocity partiallymolten layer and the
high-velocity (Vp~7.2 km/s) and high-density (~3.05 g/cm3) lower crust,
most likely withmafic composition (Supplementary Fig. 5b). The lower
part of this layer has a Vp/Vs of ~2.0 and an electric resistivity of 10–30
Ωm35 which indicates the presence of a, not yet fully solidified, mafic
magmatic material. High Vp of ~7.2 km/s is typical for mafic rocks at
1.4 GPa and 900 °C ( ~ 50km depth in the EAP)43. This Vp value is lower
than in the underplated lower crust with Vp = 7.4-7.6 km/s at the Baikal
Rift Zone46, but it is similar to other underplated layers like in the Kuril
Arc, the Norwegian-Danish Basin and the Donbas Basin47. It is unlikely
that this layer may represent the underthrusted Neo-Tethys oceanic
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slab, since tomographic images and geochemical results indicate that
the oceanic slab has broken off27,34.

Geodynamic evolution and magmatism
Most of the recent magmatism28 along the profile is concentrated in
the EAP with variable magma composition ranging from felsic tomafic
and a clear pattern of north to south younging of the onset of mag-
matic activity since 12Ma (Fig. 4a and Supplementary Fig. 7). The
occurrence of very young magmatism, with age less than 1Myr, sug-
gests the presence of magma chambers and partially molten bodies
within the crust that can still be detected using geophysical data. The
predicted geotherms26 intersect the experimental wet mafic rock
solidus48 at depths of ~30–50 km and cross the wet felsic solidus49 at a
depth of ~30 km (Fig. 4b). This indicates that the mafic lower crust
betweenM1 andM2 at 30 to 50kmdepth, especially its lower part with
high temperature,may still be partiallymoltenwhich is consistentwith
the Vp/Vs of ~2.0. Further, the low velocity zone between TL andM1 at
20–30 km depth probably includes partial melt of felsic composition,
considering that the estimated temperature of ~600 °Cat a depthof 30
km26 is below the wetmaficmelting solidus, the high Vp/Vs of ~2.0 and
the low resistivity of ~1 Ωm.

We explain the lateral change of magmatism from 12Ma to 3Ma
by spatial changes in subduction dynamics and geometry. Assuming

that the subducting Neo-Tethys slab induces melting of the mantle
wedge at a depth of ~70 km (Fig. 4c), and observing themagmatism of
various ages at distances of 345 ± 15 km (~12Ma), 295 ± 36 km (~5Ma),
230 ± 21 km (~3Ma), the subduction angle would have steepened from
20± 1.5° (~12Ma) to 26± 6° (~5Ma). Alternatively, the magmatism
might have been caused by delamination of the lithospheric mantle
and lower crust28,50, but this mechanism does not explain the clear
southward younging of magmatism initiation. We propose that
underplating47 (addition of mafic magma to the lower crust or below
the original Moho) led to magma fractionation and that the accom-
panying release of fluid and heat initiated melting of preexisting con-
tinental crust, which may explain the presence of the mid-crustal
partially molten bodies.

Slab roll-back and break-off in the EAP have earlier been proposed
based on geochronology, geochemistry and seismic tomography27,34.
We extend this interpretation by our geophysical model (Fig. 4d),
which suggests that the magmatism moved laterally from north to
south due to slab roll-back and steepening followed by slab break-off,
and that this evolution caused intensive addition of mafic magma to
the lower crust and intra-crustal partial melting.

Discussion
The free air gravity anomaly difference between the Arabian
plate and EAP, of about 30-40 mGal, implies that the topography is
mainly controlled by isostatic buoyancy (Supplementary Fig. 8).
Compared to the Arabian plate, the EAP has an additional elevation
of ~0.75 km. Selecting the 1 km topography in the Arabian plate as
reference, our new seismic-densitymodel (Fig. 2c) explains the actual
topography of the EAP by isostasy for a density of 3.3 g/cm3 in the
mantle lithosphere and 3.2 g/cm3 in the asthenosphere (Fig. 5a,
Supplementary Fig. 8a).

The presence of a 20 km thick layer containing high-velocity,
mafic material in the EAP is not unique. A similar size (~200 km long
and ~20 km thick) high-velocity lower crust has been also mapped by
RF below the central Andean plateau3,10 (Fig. 5b) and in parts of the
Lhasa Block of the Tibetan plateau11 (Fig. 5c). The free air gravity
anomalies in the central Andean plateau and the Lhasa block are up to
~90 mGal and ~40 mGal, respectively. We calculate the isostatic
topography by adding the necessary small corrections for the isostatic
equivalent of the free air anomalies (Fig. 5bc, Methods and Supple-
mentary Fig. 8). The results indicate that isostasy is the primary cause
of the topography.

In the central Andean Plateau, our model predicts the observed
topography with the same densities of 2.60 g/cm3 for the layer with
partially molten bodies and 3.05 g/cm3 for the underplated lower crust
as in the EAP. For the southern Tibetan Plateau, two end-member
models for the thickness of the upper to middle crustal layer with
partially molten bodies have been proposed: either (1) it is thick and
the continuation of a seismic “bright spot” downward to the top of
mafic lower crust2 or (2) it is limited to only 10 km thickness11. Although
model 1 now appears unrealistic, we consider both models for the
Tibetan Plateau, where the observed topography may be fit by den-
sities of 3.30 g/cm3 or 3.15 g/cm3 in the lower crust for the two end-
member models, respectively (Fig. 5c). This indicates that the mafic
lower crust may be partially metamorphosed into eclogite: Eclogiti-
zationmay be caused by the very deep level of the lower crust in Tibet
(70–80 km)51–53.

Our observations of the crustal structure of three plateaus in
collisional settings with different topography and uplift duration
(12Ma in EAP, 23Ma in Altiplano, and 60Ma in Tibet) indicate
that (Fig. 6):
1. the high-density, high-velocity mafic lower crust has comparable

thicknesses of ~20 km in all three plateaus;
2. the thickness of a mid-crustal layer containing bodies of felsic

melt has key influence on plateau elevation, and this thickness
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below 30 km depth (blue layer). Line P: for peridotite with small amount of C-H-
O69,70 which implies mantlemelting below 70 km depth (purple layer). c Temporal
change of subduction slab dip (thick grey lines) from 20° to 26° due to roll-
back27,34. Blue arrows illustrate migration of fluids andmafic melts extracted from
the mantle wedge into the lower crust. Upward migration of fluids and felsic
magma together with partial melting due to heat flux (red arrows) create partially
moltenmaterial in mid-crustal layer (pink color) in the EAP. d Geodynamic sketch
of the tectonic evolution (from right to left). Colored circles at surface show ages
of volcanism. Magma composition27 is illustrated at depth by colors. Converters
M1 (black dotted line) and M2 (black solid line) bound the 20 km thick under-
plated mafic layer, the red layer above M1 is the zone containing pockets with
felsic partial melt.
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appears positively correlated with the duration of uplift and the
present plateau elevation.

3. crustal thickness increases through the growth of the mid-
crustal layer.
The case of the central Andes shows that continent-continent

collision is not required for plateau uplift, and the uplift of the Alti-
plano plateau is consistent with the recent observation of pre-
collision uplift of the Gangdese Arc in southern Tibet18. For a thin
overriding plate, like the Japanese Arc with a ~15 km thick upper
crust, neither plateau uplift nor intra-crustal partial melting is
observed, but a ~15 km thick mafic lower crust may be present54. We
speculate that underplating may occur, but the thickness of the
continental crust may be insufficient to generate large volumes of
felsic magma by crustal melting. However, we find that plateau uplift,
where the overriding plate is continental, generally can be explained
by mafic underplating in association with intra-crustal partial melt-
ing. The final high plateau is built by inflating the weakened, low
viscosity continental crust containing bodies of partial melt, while

the uplift-induced regional climate change may affect the high
topography and vice-versa55,56.

Our observations of the physical state of the lithosphere during
the initial stage of plateau uplift provide a quantitative framework for
the factors that lead to the formation of bodies of a partially molten
material within the crust, and their buoyancy effects on continental
plateaus are enhanced by mafic underplating of new lower crust17,57.
Our revised geodynamic understanding of continental uplift explains
topographic change at pre-collisional stage18. Our results indicate that
subduction below continental lithosphere is a necessary condition for
collisional thickening by underplating, intra-crustal melting and rela-
ted plateau uplift, and the process is independent of the nature of the
subducting plate.

Methods
Receiver functions (RF)
The (radial) Ps RF is calculated by time domain iterative deconvolution
by ITERDECON58 with a Gaussian filter of 2.5, which corresponds to a
cut off frequency of ~1.24Hz. RFs were processed for epicentral
distances of 30–90° and each RF from each station has been manually
inspected (Supplementary Fig. 9). RFs with a large difference from
the overall characteristics of other RFs were rejected in the final
RF results. We manually picked the P-wave arrival time of each RF
(Supplementary Fig. 9c). For some seismic phases with weak ampli-
tude, we also used the multiple-taper correlation (MTC)59 to estimate
the RFs (Supplementary Fig. 9d); a comparison of the RF results from
different deconvolution methods ensures recognition that the weak
seismic phases are not noise artifacts. Synthetic RF tests were calcu-
lated by the IRFFM (Interactive Receiver Function Forward Modeller)
software60.

Assuming a single-layer medium, the crustal thickness H and the
crustal average κ = Vp/Vs are determined by H-κ stacking61 of the
converted Ps wave and the reflected multiples from the Moho inter-
face. We use weight parameters of 0.6, 0.3, 0.1 for the Ps, PpPs, PsPs
+PpSs phases to stack the peak amplitudes (Supplementary Fig. 1b).
The sensitivity of the results to the assumed constant Vp=6.3 km/s is
insignificant within uncertainty (Supplementary Fig. 10). We record all
possibleH-κ pairs, and use the gravity field data to determine the final
H-κ values according to a new method31 (see details in the section on
Gravity interpolation of RF results).

RFs were migrated into the depth domain (Figs. 2a, 3b) based on
the assumed crustal P-wave velocity of 6.3 km/s, and the Vp/Vs ratio
(Supplementary Table 1) retrieved from the H-κ stacking with appli-
cation of gravity interpolation of the RFs (Supplementary Fig. 11). The
final RF and velocity profiles are obtained by applying a moving aver-
age filter with a radius of 30 × 2 km (horizontal × vertical) to the
migrated RF rays and the inverted Vp and Vs profiles.
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Velocity inversion of RFs
We estimate vertical P- and S-wave velocity profiles from the RFs by
applying three different methods: linear RF inversion62, non-linear RF
inversion by the transdimensional Markov-chainMonte Carlo (MCMC)
algorithm63 and the Neighborhood Algorithm (NA)64,65. The results of
thenon-linear algorithmsare similar, including the identification of the
low-velocity zones in the middle crust. The first algorithm assumes a
constant Vp/Vs = 1.73. We first check that this method leads to similar
results as an earlier application for the EAP30, when constrained to the
upper 40 km of the crust. Application of the same method to more
realistic depths of 50 and 56 km for detecting the Moho, produces
results that include the pronounced low-velocity zone between 20 and
30 km depth as well as a Moho at around 50–60 km depth (Supple-
mentary Fig. 3a). By extending the covered depth interval, the visual fit
between calculated and observed RF is substantially improved (Sup-
plementary Fig. 3a).

The non-linear transdimensional MCMC inversion algorithm63

estimates both Vp and Vs profiles (and thereby Vp/Vs). Given the
strong variation in Vp/Vs along the EAP profile, this method provides
better resolution of depth and velocity variation, and it leads to a
betterfit between calculated andobservedRF (Supplementary Fig. 3b).
The results identify a clear Moho transition in addition to a strong
velocity contrast at the base of the mid-crustal layer with partially
molten bodies. The determined vertical velocity profiles for individual
stations correlate very well between each other along the profile as
documented by the velocity profiles (Fig. 3c, e). The resulting vertical
Vs profiles also correlate with the occurrences of high-conductivity
bodies in the MT model (Fig. 3g). The NA inversion64,65 identify the
same low-velocity zones beneath stations within EAP although the
results are less detailed as the NA is restricted to 6 layers in themodels
(Supplementary Fig. 12). Each inversion included 1000 iterations with
20models generated at each iteration and 10 Voronoi cells re-sampled
at each iteration. The results are consistent with results from the
MCMC inversion which confirms that the inverted Vs profiles are
robust.

As the inversion was carried out independently for each station,
the strong lateral continuity of the resulting vertical velocity profiles
testifies to the presence of anomalous bodies (melt pockets) in the
same depth interval along the profile, and it justifies the horizontal
interpolation of the results between the stations.

Gravity calculations
The horizontal resolution of ~9 km and the amplitude accuracy of ~9
mGal of the EIGEN-6C4 gravity data39may be insufficient formodelling
the individual molten bodies in the crust with unknown size. Instead,
we use the long wavelength gravity signal for calculation of the iso-
static topography and for resolving the density contrast across the
Moho. The 2-D gravity forward calculations aremadewith the FastGrav
software. The Bouguer gravity anomaly is calculated for the EIGEN-6C4
gravity data39 and the ETOPO1 topography data66, assuming a crustal
density of 2.67 g/cm3. To model the gravity signal from a deep Moho,
the short-wavelength Bouguer anomaly fluctuations, originating from
the shallow crust, are removed with a Gaussian filter of 500 km31.

Model 1 (Supplementary Fig. 5b) explains the observed gravity
anomaly and is consistent with the RF profile. It includes the crustal
layer with partially molten bodies (with bulk layer density of 2.60 g/
cm3, Vs~3.0 km/s, Vp~6.0 km/s) and the mafic underplated layer (den-
sity of 3.05 g/cm3, Vs of 3.6-4.1 km/s, Vp~7.2 km/s) for an astheno-
sphere density D1 of 3.2 g/cm

3. Model 2 without the mid-crustal low-
velocity layer and the underplated lower crust (Supplementary Fig. 5c)
cannot fit the gravity data unless the density of the asthenosphere
beneath the EAP22 is unrealistically high (>3.3 g/cm3, cf. green line) or
the density of the lower crust is high (≥2.95 g/cm3, cf. black line),
corresponding to an underplated lower crust, which supports the
presence of an underplated lower crustal layer.

Gravity interpolation of RF results
We apply a new method31 for regional determination of Moho depth
variation byminimizing the differencebetween the longperiodgravity
signal and potential Moho depths along the profile, selected from the
results ofH-κ stacking31. Themethod selects the optimumMoho depth
at each seismic station from several possible candidates derived from
the H-κ stacking by testing the crustal models against gravity. We
adopt an empirical correlation between regional long-wavelength
(>248 km) Bouguer gravity anomaly (ΔgB) andMoho depth (D), so that
a lower value of the Bouguer gravity anomaly corresponds to a deeper
Moho: ΔgB = a + bD, where a and b are empirical regional parameters.
For a knownΔgB, weminimize the difference between theMoho depth
obtained as (ΔgB–a)/b and multiple Moho candidates from the regio-
nal RFs by scanning the a, b parameter space. This procedure31

determines the approximate Moho depth for any given ΔgB value, and
allowsus to select the closest RFMohodepth (Supplementary Fig. 11)31.

Predicted topography
To calculate the predicted topography in the three plateaus, we
assumeregional isostasywith pressure equilibriumat adepth of 80km
below the different tectonic units. The Arabian Plate is close to iso-
static equilibriumwith a free air (FA) gravity anomaly of ~20mGal, and
we adopt it as reference model. The lithostatic pressure is Pref =
toρo+Σhiρi, where to and ρo are thickness and density of the material
above sea level, hi and ρi are thickness and density of different layers
from sea level to 80 km depth. Isostatic topography for other tectonic
units is therefore tiso = (Pref - Σhiρi)/ρo. The predicted free air gravity
anomaly is FA = 2πG(toρo+Σhiρi). At full isostatic equilibrium (and
neglecting lithosphere flexure) FA should be near-zero, but the central
Andes and Tibet have FA anomalies of ~90 mGal and ~40 mGal,
respectively. We assume that the extra ΔFA anomaly originates from a
non-isostastic topography component of Δt =ΔFA/2πG/ρo in addition
to the isostatically predicted topography, tiso,with the Arabian Plate
adopted as reference. This non-isostatic correction allows for includ-
ing the observed FA into the isostatic calculation.

Quantitative comparison with tomography and MT models
Age data of magmatic rocks in Eastern Anatolia28 within a ± 100 km
wide corridor is projected onto the profile (Fig. 4; Supplementary
Fig. 7). The absolute P-wave and S-wave velocity profiles33 are located
along the RF profile. The MT model35 is smoothed by parameters of
alpha = 1, tau = 335, to compare to the RF result, as these parameters
provide the smallest misfit between the magnetotelluric data and the
resistivity model35.

We calculate the P-wave and S-wave velocities at different melt
fraction, pressure and temperature by forward modeling43 of seismic
velocity and electrical conductivity and compare with the absolute P-
and S-wave velocity profiles33 and the smoothed resistivity model35

along the RF profile (Fig. 3; Supplementary Fig. 6).

Data availability
All data used in this contribution are available as referred to in the
main text, supplementary material, source data, and references. The
interpreted broadband seismic data originate from the Eastern Tur-
key Seismic Experiment (ESTE)32 (available at Incorporated Research
Institutions for Seismology, IRIS: https://ds.iris.edu/ds/nodes/dmc)
and from Kandilli Observatory, Bogazici University (available at
AFAD: https://tdvms.afad.gov.tr/continuous_data) (Supplementary
Table 1). Source data are provided with this paper.

Code availability
The programs used in this research are available online. Programs for
RF analysis include: Rftn.Codes packages for time-domain deconvo-
lution and linear inversion of RFs (http://eqseis.geosc.psu.edu/
cammon/HTML/RftnDocs/thecodes01.html); Recfunk21 program for
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multitaper spectral correlation (https://github.com/RUseismology/
Recfunk21); hk1.3 program for H-κ analysis (https://www.eas.slu.edu/
People/LZhu/home.html); IRFFMpackage for visual forwardmodelling
of RF and NA package for RF neighbourhood inversion (http://www.
iearth.edu.au/codes); and RF_INV packages for transdimensional Mar-
kov‐chain Monte Carlo inversion (https://github.com/akuhara/RF_
INV). Program used for rock velocity analysis - SEFMO_20210417
(https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2021JB022307);
program used for gravity forward modelling - FastGrav (http://
fastgrav.com/).
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