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ABSTRACT
Understanding volcanic processes including eruption mechanisms depends on knowledge of temperature and chemical compo-
sition (thermochemical structure) of the crust and the upper mantle. This study applies an integrated geophysical-petrological
modeling constrained by available seismic information to study the crustal and upper mantle thermochemical heterogeneities in
two active volcanoes, Nemrut and Suphan (East Anatolia). The results reveal significant assemblage of basalts at depth beneath
Nemrut and Suphan volcanoes. The assemblage of basalt is correlated with considerable lithospheric thinning/disappearance.
Predicting geoid height anomaly and fitting gravity data including free-air and Bouguer anomalies supports the presence of the
basaltic body as well as the modeled thermochemical structure. This study also implies that the crustal density structure can
be biased in the presence of the significant sub-lithospheric heterogeneities. The temperature of the Moho is ~1118 °C, while the
temperature of the underlying asthenosphere exceeds 1420 °C, beneath Nemrut and Suphan. The intense seismicity and focal
mechanism type (strike-slip and thrust) suggests the magma differentiation and ascent of multiple magma intrusions beneath
Nemrut and Suphan, which is supported by asthenospheric and extensional tectonics. Magmatism in East Anatolia is likely to
be associated with a low-degree of anhydrous melting of the asthenosphere while hydrous melting is unlikely.

KEYWORDS: Compositional heterogeneities; Thermal structure; Melting model; Seismic data; Potential field; Geoid
height; Nemrut and Suphan.

1 INTRODUCTION
Lithospheric mantle-asthenosphere interactions are funda-
mental in triggering magma ascent. Seismicity can be an indi-
cator of magmatic processes but do not indicate the chem-
ical processes or physical properties of the active magma.
Among others, one essential criterion for the characteriza-
tion of magma evolution and for monitoring of magmas is
the temperature of the magma at depth. Another challenge
is determination of the composition of the deep-seated ma-
terial, e.g. in the uppermost mantle and the lower crust,
which appears to be the main originating source for erupted
magma in the early phases of differentiation. Temperature is
often approximated by seismic tomography [Goes et al. 2000;
Cammarano et al. 2003; Priestley and McKenzie 2006; Ho et
al. 2016; Kumar et al. 2022] and determination of isotherms,
e.g. Lithosphere Asthenosphere Boundary (LAB) and/or Curie
point depth (580 °C). However, determination of temperature
at depth requires careful attention as the information from
lower crust and uppermost mantle cannot be directly mea-
sured. The chemical composition of magma at depth is es-
timated using lab analysis of geochemical data from erupted
lava which is relatively accurate compared to thermal estima-
tion. Understanding of the nature of magmatism depends on
knowledge of lithospheric processes which are characterized
by simultaneous thermal and compositional (thermochemical)
properties.
Density and seismic velocity are functions of both temper-
ature and composition. Therefore, we can apply geophysical
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modeling to determine the density and accordingly to quantify
the composition and temperature at depth. The modern ap-
proach to calculate the density structure takes place through
the calculation thermochemical structures within the inte-
grated geophysical-petrological modeling [Fullea et al. 2009].
This approach allows the constraint of density models by
geochemical, geophysical, and seismological data. Accord-
ing to McKenzie [1968, 1977], in the absence of mantle flow,
the upper mantle thermal heterogeneities explain the density
changes which have distorting effects on the measured gravity
data. At the same time, density structure plays a crucial role
in the calculation of surface topography through consideration
of the hydrostatic pressure equilibrium [Molnar et al. 2015].

East Anatolia is known as an active seismic system which
is evidenced by recent seismicity. Although seismicity does
not necessarily equate to volcanism (it could be simply from
the accumulation of strain in the elastic regime), earthquakes
can show volume change (non-double couple component in
the moment tensor/focal mechanism) which can be used to
trace magmatic activity. According to the USGS earthquake
catalogue [United States Geological Survey 2024] (Figure 1B),
two mega-earthquakes with magnitudes greater than 7 Mw,
together with a large number of earthquakes with magnitudes
greater than 5 (Mw, Mb, and Ms), have occurred in the vicin-
ity of Nemrut (Nemrut Dagi) and Suphan (Süphan Dağ) volca-
noes (Figure 1A). Nemrut and Suphan are composite stratovol-
canoes with activity during Pleistocene and Holocene. Suphan
volcano is the second highest volcano in Turkey. Nemrut and
Suphan have been erupting since 1.0 Ma and 2–0.1 Ma, re-
spectively. The most recent activity of Suphan dates back to

https://orcid.org/0000-0002-1863-4867
mailto:moosavi.naeim@gmail.com


Lithospheric geotherm and basalt assemblage beneath Nemrut and Suphan volcanoes Mousavi 2025

10 ka in contrast to the recent eruptive activity of Nemrut
during the fifteenth and sixteenth centuries (1441, 1597, and
1692 CE) [Yılmaz et al. 1998; Karakhanian et al. 2002; Ulusoy
2008]. In addition to the recent eruptions, analysis of geochem-
ical modeling, volcano seismicity, and gas emissions [Çubukçu
2008; Ulusoy 2008; Ulusoy et al. 2012; Schmincke and Sumita
2014; Ekinci et al. 2020] evidence the ongoing magmatic activ-
ities beneath Nemrut and Suphan.
Several problems have remained unsolved with respect to
East Anatolia and about the magmatic system under Nemrut
and Suphan volcanoes. First, there is no local thermochemical
structure of the crust and upper mantle to be used for esti-
mating the density structure in East Anatolia. Second, crustal
and upper mantle thermal and compositional heterogeneities
under Nemrut and Suphan have not been determined. The
temperature of the Moho and the asthenosphere beneath the
volcanic system in East Anatolia has not been extensively stud-
ied. Third, the available studies on the density structure have
been performed focusing on crustal heterogeneities in the ab-
sence of the deep thermochemical inference of the density.
This leads to biased estimates of the density values which are
influenced by distribution of the entire mass from the surface
down to, in theory, the core. Fourth, the relation between deep
volcano seismicity, crustal heterogeneities, and lithospheric
processes in East Anatolia, in particular under Nemrut and
Suphan volcanoes, is unknown. Finally, most density mod-
els based on fitting gravity data ignore asthenosphere hetero-
geneities. It has not been quantified how important this sim-
plification could be in determination of crustal heterogeneities.
This study aims to provide a model of the crust and up-
per mantle thermal and compositional (thermochemical) het-
erogeneities beneath East Anatolia with a focus on Nemrut
and Suphan volcanic systems. A comprehensive set of seis-
mic data (receiver function, tomography, and velocity profiles)
is applied to image the crust and upper mantle initial structure
(the depth to intra-crustal layers, Moho depth, and LAB depth)
and temperature. The composition is constrained based on
local and global geochemical data. Integrated geophysical-
petrological modeling allows consideration of thermal hetero-
geneities in the sub-lithosphere [Fullea et al. 2015; Mousavi et
al. 2023b]. In light of the presentation of this constrained ther-
mochemical structure, the physical properties of the model in-
cluding density and velocity are revealed. The asthenosphere
heterogeneity is validated based on seismic velocity profiles
and prediction of the observed geoid anomaly and gravity
data. The obtained model for heterogeneities is discussed in
terms of volcano seismicity and lithospheric processes related
to magmatism.

1.1 Geological background

GPS velocity vectors illustrate the westward escaping tectonic
regime in West Anatolia, while the East Anatolian plate is
moving northward [Reilinger et al. 2010]. The study profile
is located where the direction of the plate motion varies (Fig-
ure 1C). Variation of the plate motion directionality is associ-
ated with an extensional regime, which is known to be the
governing tectonic setting in East Anatolia [Göğüş and Pyskly-
wec 2008; Şengül Uluocak et al. 2021]. To the north of East

Anatolia, on the southern boundary of the Eurasian plate, com-
pression tectonics formed the Caucasus ranges (Figure 1A).
The Izmir-Ankara-Erzincan-Sevan-Akera suture (IAESA) di-
vides the Caucasus ranges from East Anatolia. A better under-
standing of tectonic activities in East Anatolia requires a deep
insight into the seismic tomography. Additionally, qualitative
knowledge of upper mantle temperature comes from seismic
tomography. In general, fast anomalies are interpreted as cold
and warm zones are interpreted from slow anomalies.
The tectonics of East Anatolia are characterized by transi-
tion from subduction to continental collision. The former is
explained by the detached or partially fragmented slab of the
Neotethys oceanic slab or the delaminated lithosphere [Pearce
et al. 1990; Lei and Zhao 2007; Bartol and Govers 2014; Sko-
beltsyn et al. 2014; Portner et al. 2018; Kounoudis et al. 2020].
The age of termination of subduction and transition to delam-
ination and post-collision is approximated between ~10 Ma
[Keskin et al. 1998] and ~13 Ma [Rabayrol et al. 2019]. The
tearing in slab or removal of lithosphere triggers astheno-
sphere upwelling which has caused the vast ongoing magma-
tism (Late Miocene-Quaternary) in East Anatolia. The pres-
ence of slow/warm anomalies is demonstrated by tomography
models. In particular, very low (<7 kms−1) Pn anomalies in-
dicate the ultra-thinning and warm geotherm in East Anatolia
[e.g. Gök et al. 2003; Al-Damegh et al. 2004; Al-Lazki et al.
2004; Koulakov et al. 2012].

2 METHODOLOGY
In order to calculate the density and velocity from temper-
ature and chemical composition, this study applies a finite
difference technique and a series of equations including: 1)
equation of state for material type to solve for the mineral
phase equilibria in thermodynamic framework, 2) the coupled
equation of pressure and density, and 3) equation of geopoten-
tial from density structure. These equations are solved and
summarized as part of the integrated geophysical-petrological
methodology known as LitMod3D [Fullea et al. 2009]. It must
be noted that LitMod solves the equation of heat transfer for
temperature distribution, but this study applies a different ap-
proach for calculation of temperature, described in detail in
Section 2.1. LitMod has been applied for modeling the ther-
mochemical structure of the Iranian plateau and surrounding
area [Mousavi et al. 2022; 2023a; b]. This software applies a
forward modeling approach where the fit to geophysical ob-
servables is achieved by modification of the input parameters
(composition, temperature, and geometry) through a trial-and-
error process. The modeling approach involves conducting a
2.5D model along a 670-km-long profile in the south–north
(S–N) direction in East Anatolia. The selection of this profile
is based on the availability of seismic data (seismic data refers
to receiver functions, seismic velocity profiles, and seismic to-
mography.) and geochemical data that enables us to constrain
the crustal and lithospheric structure. In practice, a 3D model
with a lateral grid step of 3 km along the profile and a vertical
resolution of 2 km is constructed. The bottom of the model
is at a depth of 400 km as LitMod aims to perform modeling
in Cartesian coordinates excluding the Earth’s curvature. As-
suming the bottom of the model at greater depths (>400 km)
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Figure 1: [A] Tectonic domains in the Arabian-Anatolian-Eurasian convergence system. North Anatolian Fault (NAF) and South
Anatolian Fault (SAF) are the main active boundaries in the west Anatolia while Izmir-Ankara-Erzincan-Sevan-Akera suture
(IAESA) separates East Anatolia from Caucasus ranges in the southern margin of the Eurasian plate. The Bitlis-Zagros Suture
zone is at the margin of the Arabian plate collision with Anatolian plate-NW Iranian plateau. The undersea regions are Black Sea
(NW) and Caspian Sea (E) surrounding Eastern Anatolia. Numbers in the inset refer to: 1) Eurasian plate, 2) Anatolian plate, and
3) Arabian plate. Letters a to c stand for: a Nemrut volcano, b Suphan volcano, and c Kars plateau. [B] Distribution of earthquake
depths from the USGS earthquake catalogue (U.S. Geological Survey, 2024) in Anatolian plate and surrounding. Colored circles
present the magnitudes of earthquakes: above 7 Mw (red), between 6 and 7 Mw (blue), and between 5 and 6 with types of Mb,
Ms and Mw (black). [C] GPS velocity vectors taken from Reilinger et al. [2010]. [D] Location of volcanoes. Purple line shows the
study profile which was chosen based on availability of receiver function, geochemical data, and location of volcanoes.

leads to modeling in larger areas where the modeling must be
performed in spherical coordinates to account for the Earth’s
curvature. In addition, one has to include the effects of olivine
to wadsleyite and ringwoodite transitions. The study profile
passes through locations of existing geochemical data (Kars
Plateau) and crosses Nemrut and the area adjacent to Suphan
volcano (Figure 1A). In order to focus on the composition pa-
rameter, geometry is taken from seismic studies and kept fixed
during modeling. The readers are referred to Section Crustal
and upper mantle structure for complete description of the
characteristics and quality of the referenced seismic studies.
The value of density and of seismic velocities in the litho-
spheric, mantle, and asthenosphere is computed as a function
of temperature, pressure, and bulk composition (Figure 2).
Here, the composition is determined using the major oxide
system NCFMAS (Na2O-CaO-FeO-MgO-Al2O3-SiO2), which
is expressed in weight percent (wt.%). Once the major oxides
are defined, stable mineral assemblage is calculated by mini-
mization of the Gibbs free energy. The thermodynamic infor-
mation of all composition types is defined using Perple_X soft-
ware [Connolly 2005]. The stable mineral assemblages in this
study are calculated based on the thermodynamic database

developed by Holland and Powell [1998]. The stable mineral
phase provides the density and velocity in the desired P-T
conditions. The bulk density in the model is initially obtained
based on phase equilibria and is updated by assumption of
lithostatic pressure to include the compression effects by a
column of mass above each cell point. Following the creation
of the density structure, calculation of the gravity effects and
geoid height anomaly is straightforward. The readers are re-
ferred to the technical paper by Fullea et al. [2009] for more
details about the algorithms and equations for calculation of
geopotential fields. In the current version of LitMod (version
3.0), density of the crust is calculable based on chemical com-
position and Gibbs energy minimisation in the crust which
allows employing the local constraints for geochemical data
[e.g. Keskin 2007].

In this study, the preferred density model is constrained
based on fitting the observed gravity anomaly data and geoid
height as well as fitting available seismic velocity profiles. In
addition, the density structure for the crust is constrained by
using geochemical data, while the deep density structure is
derived based on tomography-derived thermal structure. Fig-
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ure 2 summarizes the workflow of the integrated geophysical-
petrological modeling in this study.

2.1 Thermal structure

Due to the presence of hot asthenosphere beneath volcanic
regions, assuming a steady-state thermal condition seems in-
appropriate [Mousavi et al. 2023a; b]. Consequently, we can-
not solve for a steady-state heat transfer to obtain the upper
mantle geotherm in this study. Temperature distribution is
taken from tomography following Cammarano et al. [2003]
where 0.75 ± 0.15% variation in ΔVp anomaly corresponds
to a temperature change of 100 °C at a depth of 200 km (as-
suming an adiabatic mantle temperature of 1300 °C). The ref-
erence tomography is from Vp perturbation [Koulakov 2011]
which has been successfully used to explain sub-lithospheric
heterogeneities in the Middle East in previous applications
[e.g. Mousavi et al. 2022; 2023b]; in particular in East Ana-
tolia [Şengül Uluocak et al. 2021]. The temperature anomalies
obtained from the velocity anomaly by Koulakov [2011] must
be converted to absolute temperature.
For calibration of the obtained temperature anomalies, a
reference temperature profile is calculated from application of
heat transfer equations by LitMod. LitMod solves for the heat
transport based on Drichlet thermal boundary condition (the
temperature at surface is 12 °C rising nonlinearly to 1330 °C at
LAB depth and reaching to 1520 °C at the bottom of the model
following the mantle adiabatic thermal gradient 0.5 °Ckm−1).
Solving the heat transfer equation requires assumption of heat
production rate in the lithosphere and the values for thermal
conductivities for the crust. The crustal thermal conductivity
is considered 2 Wkm−1 at the upper layer increasing with
depth to the middle crust (2.3 WKm–1) and degrades towards
the bottom of the crust (2 Wkm−1). The heat production rate
is assumed ~1 µWm−3 for the crust and 0.01 µWm−3 for
the lithospheric mantle. The final temperature model is solely
based on conversion of seismic velocity anomalies to temper-
ature anomalies and calibration using the reference tempera-
tures for both crust and sub-crustal layer. However, the crustal
temperature is mainly inferred from reference temperature as
the thermal anomalies in crust are small (up to ~ 50 °C) while
they exceed 200 °C in the sub-crustal part. It must be noted
that the accuracy of the final temperature profile is validated
by comparing the obtained value with the reference seismic
studies [e.g. Pesicek and Ryberg 2024].
The derived temperature profile is modified to have the fol-
lowing conditions: the temperature is 12 °C at the surface, is
~1290 °C at the LAB, and the mantle adiabatic thermal gra-
dient is 0.5 °Ckm−1 lead to temperature of 1512 °C at the
bottom of the model at depth 400 km. Additionally, the tem-
perature in the model should not exceed ~1527 °C, neither
at the bottom of the model nor elsewhere [e.g. Turcotte and
Schubert 2002]. The accuracy of the converted absolute tem-
perature is examined by the following tests: 1) the first crite-
rion is that the depth to 1330 °C isotherm in the final temper-
ature structure and the seismic LAB depths from independent
studies [e.g. CAM2016 Angus et al. 2006; Koulakov 2011;
Ho et al. 2016] representing 1330 °C isotherm must match.
If not, the reference thermal profile must be modified, in a

trial-and-error procedure, in order to achieve 1330 °C at LAB
(summation of temperature change obtained from tomogra-
phy (e.g. (ΔTtomography = 40 °C) and the reference temper-
ature profile (TRef = 1290 °C)). 2) Another criteria is that the
final temperature at the bottom of the model must not ex-
ceed 1527 °C after addition of tomography-derived thermal
anomaly (ΔTtomography = 15 °C) to the absolute value at the
reference temperature profile (TRef = 1512 °C). Within the
lithosphere, temperature in the reference profile is calculated
by solving the heat transport equation as a default option for
calculating temperature distribution by LitMod.

3 DATA
3.1 Crustal and upper mantle structure

The sedimentary cover is taken from Artemieva and Shulgin
[2019] which was originally constructed based on Artemieva
and Thybo [2013] and Gürbüz and Evans [1991]. The sedi-
mentary cover rises in the central-northern part of the profile
in consistency with the receiver functions [Angus et al. 2006]
(Figure 3B). The sedimentary thickness is slightly decreased
in the Arabian plate. A short length interface appears to de-
pict the upper-lower crust boundary at ca. 20 km. Also, S-
wave receiver functions show the bottom of the lower crust
(Moho depth), which is in agreement with receiver functions
by Karabulut et al. [2013] and Vanacore et al. [2013]. The es-
timated Moho depth in this study is shallow in the southern
part of the profile (Arabian plate) while increasing toward the
north in East Anatolia and again shallowing in the Black Sea.
Receiver function analysis indicates the crustal thickness ex-
ceeds 45 km towards the north in East Anatolia [Angus et al.
2006; Karabulut et al. 2013; Vanacore et al. 2013; Artemieva
and Shulgin 2019].
There is an assemblage of considerably low velocity anoma-
lies at depths ranging 70 to 130 km. According to CAM2016
[Ho et al. 2016], the LAB is located at the average depth of
70 km. It means the warm zone in tomography (Figure 3C)
represents the hot asthenosphere. There is an estimation of
lithospheric thickness by modeling gravity data [Mahatsente
et al. 2018] showing a gradual decrease of lithospheric thick-
ness from 94 km in the south to 66 km in the north. The S-
wave receiver function presents important interfaces includ-
ing LAB depth [Angus et al. 2006]. According to Angus et
al. [2006], there are two interfaces at depths between 50 and
75 km which coincides with the bottom of the high velocity
zone (lithospheric mantle-asthenosphere boundary) identified
by Koulakov [2011] (Figure 3C). According to several tomog-
raphy models, the presence of a fast seismic anomaly (rem-
nant of Neo-Tethyan slab) located at depths between 250 and
350 km at the center of the profile beneath East Anatolia is ob-
vious [Lei and Zhao 2007; Koulakov 2011; Portner et al. 2018].
The top of the low velocity zone in East Anatolia is located at
a depth of ~150 km. Almost all of the abovementioned refer-
ences highlight the presence of a high velocity zone at depths
ranging from 150 to 350 km.
Figure 3A represents a compilation of available surface heat
flow estimates [Artemieva and Shulgin 2019; Mousavi and
Tatar 2024] and measurements (International Heat Flow Com-
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Figure 2: Workflow diagram summarizing the methodology used in this study.

mission) in East Anatolia. The heat flow values are above 60
mWm−2 with a maximum of ~90 mWm−2 in the vicinity of
Nemrut and Suphan volcanoes. The high value of heat flow
is associated with lithospheric thinning in East Anatolia indi-
cating a regional high lithospheric temperature.
Presence of mantle density heterogeneities, either high ve-
locity zones at asthenosphere or slow/warm velocity zones,
can be associated with residual topography. The surface uplift
has partially compensated the crustal root in East Anatolia, but
the calculated residual topography of −1.5 to −1.7 km high-
lights further density heterogeneity within the mantle [Memiş
et al. 2020; Şengül Uluocak et al. 2021]. Mahatsente et al. [2018]
suggested dynamic supports for −1.7 km residual topography
in East Anatolia. They added that the observed high heat flow
in East Anatolia is related to upward asthenosphere flow trig-
gered by lithospheric delamination and slab break-off.

3.2 Crustal and upper mantle composition

Crustal composition is defined based on XRF analysis of the
major oxides from local samples. An average of 5 samples of
basaltic rocks [Pearce et al. 1990] represents the basalt compo-
sition in East Anatolia (Table 1). The average composition for

basalt is depleted (by partial melting) in MgO (5.5 wt.%), indi-
cating the high degree of . Accordingly, in the presence of low
MgO and high FeO (11.7 wt.%) the Magnesium Number (Mg#)
is significantly lower (45.7) compared to average composition
for East Anatolia (52.4; Table 1). A general representative com-
position of the entire crustal composition in East Anatolia can
be derived from study by Keskin (2007) where all (nine sam-
ples) crustal major oxides from Kars plateau are summarized
[Pearce et al. 1990; Buket and Temel 1998; Keskin et al. 1998]
(Table 1). It must be noted that the sedimentary cover is not
characterized by composition and is defined by user-defined
depth-varying density.

Our understanding of the upper mantle composition be-
neath East Anatolia is limited due to the lack of mantle xeno-
lith samples. Hence, an average Phanerozoic-type garnet peri-
dotite composition (Table 1, [Griffin et al. 2009]) is selected
for the young/refertilized lithospheric mantle of East Anato-
lia. The selected composition is depleted in Na2O and Al2O3,
while the SiO2 and FeO contents are comparable to that of the
primitive upper mantle PUM (Table 1). The primitive upper
mantle (PUM, Table 1) represents the sub-lithospheric part of
the model [McDonough and Sun 1995].
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Figure 3: Vp tomography model by Koulakov [2011]. [A] Estimates of surface heat flow by Artemieva and Shulgin [2019] and
Mousavi and Tatar [2024], aswell asmeasurements taken from the International Heat FlowCommission. Pink background shows
the locality of the volcanic region. [B] A zoomed-in section of the tomography down to 100 km depth. Sedimentary cover, intra-
crustal interface, Moho depth, and LAB depth are characterized by S-receiver function [Angus et al. 2006]. Receiver functions
by Karabulut et al. [2013] and Vanacore et al. [2013] image the Moho depth. Solid purple line represents the Moho depth in this
study. The sedimentary cover is based on Artemieva and Shulgin [2019] and references therein. [C] Tomography down to the
depth of 400 km. Green line represents the location of the preferred LAB modified after CAM2016 which is indicated by dashed
dark green line. The white dashed line distinguishes the low velocity zone from the remaining asthenosphere approximated after
Artemieva and Shulgin [2019]. Figure 1A displays the location of the profile.

3.3 Geophysical data

The free-air gravity anomaly and geoid height anomalies are
taken from the satellite-based global 2 arc-min (~4 km) Earth
model XGM2019, which covers a high degree of resolution

up to order and degree 2190 [Zingerle et al. 2020]. Regard-
ing surface topography, this study applies the 1 arc-minute
global relief model ETOPO1, developed by Amante [2009],
which provides accurate representations of Earth’s surface
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Table 1: Chemical composition (wt.%) of crust, lithospheric mantle, and asthenosphere from global and local estimates (beneath
East Anatolia).

Global average for
continental crust

[Christensen and Mooney 1995]

Local average
Kars plateau∗
[Keskin 2007]

Basalt
Kars plateau†

[Pearce et al. 1990]

Garnet
Peridotite

[Griffin et al. 2009]
Asthenosphere∗∗

[McDonough and Sun 1995]

SiO2 61.7 54 48 45 45
Al2O3 14.7 16.5 17.1 3.9 4.5
FeO 5.1 7.8 11.7 8.1 8.1
MgO 3.1 4.8 5.5 38.7 37.8
CaO 5.7 7.9 8 3.2 3.6
Na2O 3.6 4 4 0.28 0.36
Mg#‡ 52 52.4 45.7 89.5 89.3
∗ Based on nine samples from Pearce et al. [1990], Buket and Temel [1998], Keskin et al. [1998], and Keskin [2007].
† Based on five samples from Pearce et al. [1990].
∗∗ Primitive Upper Mantle based on Peridotite, komatiites, and basalts.
‡Mg# stands for Magnesium number which is defined as Mg# = 100*MgO/(MgO+FeO).

features. Bouguer gravity anomaly is calculated applying a
simple Bouguer reduction to the free-air gravity anomaly by
XGM2019. Geoid height anomalies are more sensitive to the
deep mantle density distribution compared to gravity anoma-
lies because of 1/r versus 1/r2 dependence of geoid and gravity
anomalies, respectively. Geophysical observables support the
modeled temperature, density, composition, and seismic ve-
locity distribution. In the absence of high resolution seismic
profiles at deep parts to constrain the density/velocity model,
application of geoid anomaly is an important constraining ob-
servable. The geoid anomaly is filtered to remove the degrees
smaller than 10 from the main signal [e.g. Le Stunff and Ri-
card 1995], which ensures the sensitivity of geoid anomaly
only to the upper mantle above the ~410 km transition zone
in East Anatolia. The error of free-air and Bouguer anomalies
as well as geoid height is provided by calculating standard de-
viation of observations at surrounding data points located in
one-degree diameter of each data point.
In addition to fitting geophysical observables, in order to
validate the obtained density and velocity, two global mod-
els of the Earth including PREM [Dziewonski et al. 1981] and
AK135 [Kennett et al. 1995] are considered in this study. It
must be noted that these models represent a general change
of density/velocity within the Earth and the obtained values
from this study can deviate from them as they reflect the lo-
cal features. Therefore, PREM and AK135 are only applied to
control the main trend in the calculated density and velocity
structures in the upper mantle.

4 RESULTS
Model A4 (as the most constrained and preferred model in this
study) applies a heterogeneous crustal composition and the
sub-crustal thermal heterogeneities based on local geochem-
ical data and tomography, respectively. Alternative models
(Model A1–A3) are also conducted to explain the geophysi-
cal observables and independent seismic profiles. It must be
noted that the interfaces including Moho and LAB depths are
based on seismic studies (receiver functions described in sec-
tion Section 3) and kept fixed during the modeling. First, the

effects of asthenosphere thermal structure on geophysical ob-
servables (mainly geoid anomaly) and fitting seismic data are
examined (Model A1). Model A2 has a tomography-based
thermal structure which can explain the sub-crustal seismic
structures as well as geoid height anomaly. In order to fit
Bouguer and free-air gravity anomaly, crustal composition
based on geochemical data is subject to modification (Mod-
els A3). A complete description of Models A1–A4 and the
reasons for the choice of input parameters is provided in the
discussion section.
Figure 4 presents the modeled temperature and density
structure in the preferred model (Model A4, Section 5 sec-
tion) for East Anatolia. The preferred model is able to explain
the observed free-air gravity, Bouguer gravity anomalies and
the geoid height anomaly (Table 2; Figure 4). Thus, it appears
that the density structure in the crustal and lithospheric parts
as well as the upper mantle is appropriately defined. The pre-
ferred model suggests the presence of a basaltic layer at the
lower crust beneath volcanic regions and deeper in the north.
The assemblage of basalt is correlated with the lithospheric
thinning and location of Nemrut and Suphan. The density
of sedimentary cover is on average 2450 kgm−3, the average
crustal density is ~2900 kgm−3, and the average density of
the basalt layer is ~3160 kgm−3 beneath East Anatolia. As
shown in Figure 4, the density change in the asthenosphere
is reversely proportional to temperature variations. This im-
plies that the thermal heterogeneities derived from tomog-
raphy control the density and velocity structure in the sub-
lithospheric part. Fitting geoid height anomaly which is sen-
sitive to deep density structure as well as predicting seismic
profiles (e.g. Vp from Koulakov [2011]) ensures the appropriate
density structure and correct choice of thermal structure.

4.1 Crustal physical properties

Thermal structure and physical properties (density and seis-
mic velocity) of crust and lithospheric mantle beneath Nemrut
and Suphan volcanoes is presented in Figure 5. Both volca-
noes are characterized with a similar geotherm except the tem-
perature under Suphan is a little higher. The thermal structure
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Table 2: Statistics of Models A1–A4 including the quality of fit to free-air gravity data, Bouguer anomaly, and geoid anomaly.
Misfits are modeled data minus the observed ones. Std stands for standard deviation.

Model name Model A1 Model A2 Model A3 Model A4 (Preferred Model)

Crustal composition Homogeneous (Global) Homogeneous (Global) Homogeneous (Local) Heterogeneous∗
Upper mantle composition∗∗ Phanerozoic Peridotite (Lithospheric mantle) and PUM
Sub-lithospheric
heterogeneities No Yes Yes Yes
Sediment density (kgm−3) ρ = (1 + α𝑧)†

Mean Std Mean Std Mean Std Mean Std

FA (mGal) 62 39 60 29 55 28 18 16
Bouguer (mGal) 59 39 61 28 56 28 15 16
Geoid (m) 7.6 4.3 4.7 3.1 4.2 2.7 0.7 0.5
∗ Heterogeneous composition is based on the average local and addition of basalt described in Table 1.
∗∗ Lithospheric mantle composition and sub-lithospheric composition are described in Table 1, respectively.
† ρ0 = 2450 kgm−3 is the initial density for sediments, 𝑧 is the depth, and α is the compression coefficient set to 0.001. The density
increases to 2700 kgm−3 at the bottom of the sedimentary cover.

in the crust is consistent with previous study on lithospheric
geotherm of East Anatolia [Artemieva and Shulgin 2019]. On
top of the asthenosphere (depths 60–80 km), the temperature
exceeds the solidus temperature [Katz et al. 2003]. In the next
section, the possibility of melting under East Anatolia is fur-
ther explored. The calculated Vp velocity is in agreement
with an average velocity for volcanic regions [Pesicek and Ry-
berg 2024]. Similarly, the obtained density in this study is in
agreement with the velocity-to-density conversion made us-
ing an empirical relation by [Mousavi et al. 2022]. The Vs
velocity varies between 3.75 to 4 kms−1 in crust under Nem-
rut and Suphan (Figure 5). The crustal composition plays an
important role in predicting average velocity value for vol-
canoes [Pesicek and Ryberg 2024] as using an average com-
position for continental crust [Christensen and Mooney 1995,
Table 1] leads to smaller velocity values than expected (~6.5
versus ~7 kms−1).

4.2 Sub-crustal density, velocity and melting

In the sub-lithospheric part, the resulting density and velocity
structure are in general agreement with global models PREM
and AK135. The obtained model is additionally constrained
based on Vs velocity model CAM2016 [Ho et al. 2016]. In
addition, the predicted Vp derived from tomography-based
geotherm [Koulakov 2011] can explain the lithospheric low ve-
locity and asthenosphere high velocity zones (Figure 6). The
geotherm changes along the profile due to sub-crustal hetero-
geneities like presence of slab and warm upwelling. There
is a good agreement between the predictions and reference
velocity (Vp and Vs) and density models along the profile.
This indicates that the thermal and consequently density dis-
tribution in the sub-lithospheric part is appropriate. As the
asthenosphere constitutes almost 80% of the density column
(~70 km lithosphere out of 400 km upper mantle column), its
density is a crucial parameter in fitting gravity data and geoid
anomalies. Figure 6 illustrates that the model without man-
tle’s thermal heterogeneities (neglecting the presence of cold
bodies in the asthenosphere) for East Anatolia fails to predict
the velocity profiles.

The asthenosphere temperature (depth 71 km) at 380 km
distance from the origin of the profile is 1472 °C while the
solidus temperature is 1332 °C (dT= +140 °C). Regardless
of the melting mechanism (hydrous or anhydrous), the melt
inclusion affects the seismic velocity. The expected veloc-
ity change due to presence of melt is ΔVP = −1.9𝐹 and
ΔVS = −2.4𝐹 where 𝐹 is melt fraction [e.g. Clark and Lesher
2017]. Figure 6 shows that the predicted velocity does not de-
viate considerably (< 0.2 kms−1) from references: CAM2016
[Ho et al. 2016] and Vp [Koulakov 2011], while presence of
melt causes significant reduction of the calculated velocity. In
the absence of significant low velocity in the reference seismic
profiles, extensive anhydrous melting is unlikely.

Kaislaniemi et al. [2014] suggested that at least 200 ppm
water is required to form a noticeable volcanic layer from as-
thenosphere melting even for long durations of magmatism (>
40 Myr). One possible way to introduce melt in the Perple_X
is inclusion of water in the material [Connolly 2005]. For in-
stance, presence of 22% melt in the harzburgite is accompa-
nied by 0.64 wt.% water [Shaw et al. 2018] which leads to
significant velocity and density reduction in 1200 °C using
Perple_X [Mousavi et al. 2023b]. Assuming only 100 ppm
(0.01 wt.%) water in the asthenosphere has limited effects on
density and velocity. Thus, hydrous melting is unlikely in the
presence of only ~100 ppm water in the asthenosphere be-
neath East Anatolia.

Quantifying the exact amount of melt is outside the scope of
this upper mantle-scale study which requires high resolution
velocity profiles and consideration of many more experiments
on young rock samples. It must be noted that the presence of
melt reduces the density which can be observed by gravity
observations. Currently, the density model suggests a very
dense crust and that the lithospheric mantle is highly fertile
and anhydrous to compensate for the mass deficiency due to
asthenosphere thermal heterogeneities. Therefore, while we
expect low density for molten regions, only a low-degree of
anhydrous melting might presently occur under Nemrut and
Suphan. Further studies are required to quantify the exact
amount of melt using high resolution seismic velocity profil-
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Figure 4: Fitting geophysical observables including geoid [A], and free-air gravity and Bouguer gravity anomaly [B] by the preferred
model. Cross sections of the preferred model showing calculated density [C] and temperature [D], which is derived from topog-
raphy by Koulakov [2011]. Light green line in density and temperature cross sections represents the LAB depth from CAM2016
and was modified using receiver function and considering the bottom of the low velocity zone in the reference tomography by
Koulakov [2011]. The figure shows the consistency between the 1330 °C isotherm (yellow line) and seismic LAB (light green).
Grey vertical line is the location of vertical profiles shown in Figure 5 and 6 which is selected based on the location of lithospheric
thinning.

ing, temperature profiles, or experiments on the hydration of
crustal and lithospheric rocks.
The density profiles shown in Figure 7 are the relative den-
sity variations at representative distances from the origin (200,
300, etc) which are calculated by division of density values by
values from the reference density profile at 100 km distance
from the origin of the profile. Figure 7 presents the density
variation due to sub-lithospheric thermal heterogeneities along
the cross section. The warm zones are interpreted as density
deficiencies and the density excess is related to decrease of
the temperature. The density excess is limited to ~5 kgm−3

due to the transition from average to cold zone in the presence
of slab remnant, meaning the slab is heated and there is no

significant thermal contrast suggested by tomography. The
significant reduction of density up to ~-18 kgm−3 represents
crossing the warm region within the asthenosphere. It must
be noted that these values are relative density changes and the
absolute density of the asthenosphere is shown in Figure 6.

5 DISCUSSION
5.1 Gravity and geoid anomaly responses of sub-lithospheric

(thermal) and crustal (compositional) heterogeneities:
sensitivity tests

Different tests are conducted to elaborate the geophysical ef-
fects of crustal and upper mantle heterogeneities along the
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Figure 5: Vertical profiles of crustal temperature [A], Vs velocity [B], density [C], and Vp velocity [D] under Nemrut and Suphan
volcanoes.

East Anatolia cross section (Figure 1). The first model (Model
A1) aims to assess the geophysical effects of thermal hetero-
geneities in the upper mantle. This model applies a homoge-
nous geotherm by solving the heat transfer equation assuming
steady-state heat transfer and Drichlet thermal boundary con-
dition (see Section Thermal structure for more details). There-
fore, there are no lateral or vertical thermal heterogeneities

(Figure 8A). Model A1 fails to fit geoid anomalies as well as
the observed gravity data indicating the inappropriate temper-
ature and corresponding density structure in the deep part of
the cross section (Figure 9). This test indicates the need for
thermal heterogeneities within the asthenosphere (Figure 6).
The crustal composition in this test is simple and homoge-
nous and taken from global averages [Table 1; Christensen
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Figure 6: Vertical profiles of subcrustal (lithosphere and asthenosphere) temperature [A], Vs velocity [B], density [C], and Vp
velocity [D] at the center of the study profile. The location of profile is shown in Figure 4 as a grey line at 380 km distance from
the origin of the profile.

and Mooney 1995] to put emphasis mainly on the thermal
structure of the model. It must be noted that the lithosphere
is thin and non-existent in some parts beneath East Anatolia;
hence the choice of composition for the lithosphere has lim-
ited effects on the density model and the fit to geophysical
observables. The lithospheric mantle composition is a fertile
Phanerozoic type as described in Table 1. The composition
of the asthenosphere is set according to the Primitive Upper
Mantle PUM (Table 1) in all models.

Model 2 applies the geotherm based on the preferred up-
per mantle tomography [Koulakov 2011, Figure 8B] and using
a homogenous composition for the crust as described in model
A1. The fit to geoid and gravity data significantly improves
in Model A2, indicating an appropriate thermal and den-
sity structure for the asthenosphere (Figure 9A–9C, Table 2).
As shown in Figure 6, using tomography-based geotherm in
Model A2 provides a better fit to seismic velocity profiles [e.g.
Koulakov 2011; Ho et al. 2016] compared to Model A1, which
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Figure 7: Lateral variation of density along profile due to
tomography–based geotherm. Reference density profile is
taken from the vertical profile at 100-km distance from the ori-
gin, and each relative density profile at different distances from
the origin (200, 300, etc.) is calculated by division of the den-
sity profile by the reference density profile at 100 km distance
from the origin of the profile.

has steady-state thermal structure and homogenous astheno-
sphere (Figure 8A and 8B).
Model A3 applies the crustal composition based on geo-
chemical data in Kars plateau [Table 1; Keskin 2007] instead
of using the average composition from global databases. Ac-
cording to statistics presented in Table 2, application of av-
erage composition from local samples does not lead to sig-
nificant improvement in fitting geophysical observables (Fig-
ure 9). However, it is preferred to use local samples for con-
straining composition in the crust. A noticeable low in the
calculated gravity data in Models A2–A3 highlights the lack
of mass in the central part of the crust (Figure 9). Model
A4 (the preferred model) includes a basalt composition at the
lower crust mainly in the central and northern parts of the
profile (Figure 3). The intra-crustal interface by receiver func-
tion demonstrates the crustal heterogeneity and is applied to
define the boundary between the depleted and basalt crustal
layers (Figure 3). The composition of basalt is taken from the
samples in Kars plateau [Table 1; Pearce et al. 1990]. The
best fit to geophysical observables is provided by Model A4
(Table 2). Model A4 also predicts the average velocity (Vp)
profile for volcanic regions provided by Pesicek and Ryberg
[2024] and estimated crustal density by conversion of the av-
erage Vp velocity to density using the empirical conversion
method represented by Mousavi et al. [2022] (Figure 5).

5.2 Temperature dependence of basalt density

Figure 10 represents the density change of basalt (the com-
position is defined based on Kars plateau; Table 1) as a func-

tion of temperature. In general, the density increases with
decreasing temperature with one exception of an extremely
warm geotherm with Moho temperature of 1412 °C where
the density is not lower than the case of a colder geotherm
associated with Moho temperature of 1327 °C. The density
change is not linear with depth, and several reductions occur
at depths ~15 km, ~25 km, and ~45 km. It seems that there
is a pattern for the density drop, as it occurs at shallower
depths in warmer geotherms. The deepest density reduction
belongs to a test with Moho temperature of 946 °C (blue line
at Figure 10). This density reduction in the lower crust (depth
~ 45 km) occurs for the Moho temperature band of ~890—
~1075 °C considering that the density is also dependent on
the composition of the basalt. The above-mentioned temper-
ature band is very close to the preferred temperature (981 ±
52 °C) at which mafic to intermediate melts reside [Higgins
and Caricchi 2023]. In the case of Nemrut and Suphan volca-
noes, the Moho temperature is about 1118 °C and the modeled
crustal thermal structure and application of basalt composition
from Kars plateau (Table 1) does not lead to such reduction in
the density profile. However, Mousavi et al. [2023b] observed
such a density reduction under the Damavand volcano (sup-
ported by Vs velocity profiles) where the Moho temperature
is ~1070 °C.

5.3 The effects of lithospheric-mantle interactions, geotherm
and plate motions on East Anatolia volcanism

Presence of hot asthenosphere beneath the lithosphere of East
Anatolia has been qualitatively reported by previous studies
[e.g. Keskin et al. 1998; Keskin 2003]. The Vp/Vs in East
Anatolia is high indicating the presence of magmatic activity
above 100 km depth [e.g. Fichtner et al. 2013; Vanacore et al.
2013; Zhu 2018]. Figure 11A shows the correlation between
the slow velocity zone [e.g. Koulakov 2011], high temperature,
and the location of volcanism. The dominant explanation for
the emplacement of hot asthenosphere beneath lithosphere is
the lithospheric delamination or detachment [e.g. Şengör et al.
2003; Lei and Zhao 2007; Göğüş and Pysklywec 2008; Bartol
and Govers 2014; Skobeltsyn et al. 2014; Portner et al. 2018;
Rabayrol et al. 2019; Reid et al. 2019; Kounoudis et al. 2020].
However, a recent study by Hua et al. [2023] illustrates that
the asthenosphere assemblage beneath East Anatolia is fed
by the far-field flow originated from the Afar plume. It ap-
pears that the mechanism for the assemblage of the hot as-
thenosphere (Figure 11B) might not be thoroughly understood
yet and future studies are required to revisit the impact of
the asthenosphere and lithospheric mantle in the production
of melts under Nemrut and Suphan volcanoes. Lithosphere-
asthenosphere interaction beneath Suphan is well-established
[Özdemir and Güleç 2014] while this interaction reaches to the
maximum beneath Nemrut [Güleç et al. 2002]. According to
Özdemir and Güleç [2014], the contribution of asthenosphere
melting in production of Suphan volcanic magma is relatively
limited compared to the contribution of the melting degree
within the lithospheric mantle during the Miocene-Pliocene.
The high temperature at the bottom of the crust indicates
the heating system is fed by the hot underlying asthenosphere.
Moho temperature beneath East Anatolia has been approxi-
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Figure 8: [A] The geotherm is defined based on solving the steady-state heat transfer equation using fixed temperature at surface,
LAB, and the bottom of the model. [B] Tomography-based upper mantle geotherm. Green line represents the seismic LAB depth.
Yellow contour line is the isotherm of 1330 °C.

mated to be 900 °C [Artemieva and Shulgin 2019]. This Moho
temperature is in agreement with the temperature from other
young volcanic regions, for example from the western United
States, which has Moho temperature greater than >800 °C
with an extreme value of 1160 °C [Schutt et al. 2018]. Based
on the obtained thermal structure in this study, the tempera-
ture of Moho is ~1118 °C, while the temperature of underlying
asthenosphere assemblages exceeds 1490 °C, beneath Nem-
rut and Suphan. According to Çubukçu [2008] the magma
reservoir temperature in 4–5 km depth under Nemrut is up
to 1050 °C. This means that the temperature of ascending
magma slightly decreases while ascending through the crust.
Moho and asthenosphere temperatures are between 1070—
1130 °C and between 1230—1130 °C in Damavand volcano
(North Iran), respectively [Mousavi et al. 2023b].
Geodynamic modeling indicates the synconvergent exten-
sion in eastern Anatolia after lithospheric mantle delamina-
tion [Göğüş and Pysklywec 2008; Şengül Uluocak et al. 2021].
Considering the direction of plate motions by GPS velocity
vectors, the study profile is located at the boundary between
northward and westward moving plates (Figure 1C). Different
directions for plate motions, which is associated with the ex-
tensional regime in East Anatolia, can support the magmatism
by lithospheric thinning and asthenosphere suction.

5.4 Seismicity and focal mechanisms under Nemrut and
Suphan volcanoes

Earthquake hypocenters unveil the activities at depth along the
study profile. According to the German volcano monitoring

website Volcano Discovery∗, since 1900 a total number of 543
and 457 quakes have occurred beneath Süphan Dağ volcano
and Nemrut Dagi volcano, respectively. Ulusoy [2008] sug-
gested that the location of the magma chamber beneath Nem-
rut is around the depth of 4–5 km. Figure 12A represents the
location of earthquake hypocenters compared to crustal inter-
faces (basement and top of the basalt). There is a clear correla-
tion between the location of volcanoes, lithospheric thinning,
upwelling of basaltic layers, and the clusters of earthquakes.
There are more earthquakes under Nemrut, and the depths
of the earthquakes are larger compared to Suphan. Addition-
ally, the earthquakes are continuously spread from the lower
crust up to the sedimentary cover. In the study cross section,
seismicity under Suphan appears to be limited at great depths.
However, the events from the eastern side of the Suphan are
absent in this cross section (Figure 12B).
The seismicity noted by USGS is significant (magnitude
>5.0), and the Harvard Centroid Moment Tensor catalogue
(CMT) Program [Dziewonski et al. 1981; Ekström et al. 2012]
provides fault plane solutions (full seismic moment tensor)
from which one can calculate the non-double couple com-
ponents (closest double couple defined from the moment ten-
sor). Most focal mechanisms in East Anatolia are strike-slip
with very limited thrust or reverse fault types [Örgülü et al.
2003]. Depiction of CMT plate solutions (1976—2024) under
Nemrut presents a concentration of thrust earthquakes that oc-
curred mainly in 2011. Eruptions of Miake-shima, Tori-shima
(Japan), and Beerenberg (Jan Mayen Island) volcanoes have
∗https://www.volcanodiscovery.com
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Figure 9: Comparing calculated anomalies geoid [A], Free-air gravity [B], and Bouguer anomaly and observations for Model A1–
A4. The composition setting is described in Table 1 while the structure is depicted in Figure 3. The statistics of the modeling
procedure are summarized in Table 2.

been associated with the strike-slip earthquakes [Zobin 1972].
Terakawa et al. [2016] also recognized a one-to-one relation
between eruption in Mount Ontake volcano and pre-eruption
strike-slip and thrust earthquakes, while reverse earthquakes

were dominant after eruption. Presence of thrust earthquakes
might warn of pre-eruption volcanic activity at Nemrut and
Suphan. These thrust earthquakes might be associated with
the activity of Bitlis-Zagros main fault. Even in the case of no
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Figure 10: [A] Different geotherms of the crust. The grey zone shows the temperature band at which density reduction at ~45 km
depth takes place. [B] Density profiles of the basalt corresponding to the assumed geotherms in [A]. Grey bands represent the
observed reduction in density profile based on different geotherms: Pink (~15 km), red (~25 km) and blue (~45 km).

Figure 11: [A] The horizontal slice of seismic velocity Vp pertur-
bation at depth 70 km from tomography by Koulakov [2011]. [B]
LAB depth from CAM2016 [Ho et al. 2016]. Purple line depicts
the location of study profile and red triangles are the location
of volcanoes in East Anatolia.

relation between magma movement and thrust earthquakes,
presence of strike-slip earthquakes still indicate the possible
activity of the magmatic system beneath Nemrut and Suphan.

According to Julian et al. [1998], volcanic regions are ex-
pected to have strong non-double couple mechanisms. Most
strike-slip solutions from full seismic moment tensor are mod-
ified after imaging the closest double couple defined from the
moment tensor for earthquakes under Nemrut and Suphan
(Figure 12C and 12D), while thrust events remain unchanged.
The difference between focal mechanisms derived from full
seismic moment tensor and the closest double couple repre-
sents the possible non-double couple component.
There are earthquakes which occur in the deep crust (30 <
depth < 50 km) under Nemrut and Suphan where the tem-
perature reaches ~ 1100 °C. This is an extraordinary obser-
vation as earthquakes (elastic release of energy) are limited
to <600—700 °C at lower crustal depths. The shallow earth-
quakes (<30 km) occur where the temperature is less than
~700 °C. One possible explanation is that the lower crust has
not molten yet, and the temperature has been increased re-
cently. The lack of focal mechanism of deep earthquakes
(>30 km) in global databases (e.g. CMT) and local studies [e.g.
Bulut et al. 2012] limits comprehensive insights into the deep
earthquake mechanism under Nemrut and Suphan. There-
fore, the deep mechanism of earthquakes possibly caused by
volume change in magma plumbing systems remains to be
discovered.

6 CONCLUSIONS
This study presents the physical properties (temperature, den-
sity, and velocity) of the crust and upper mantle in East Ana-
tolia, adding further constraints on the melting system, evo-
lution, and dynamics (which can be associated with eruption
and seismic activity) of the Nemrut and Suphan volcanoes.
In order to achieve the above-mentioned goals, the crustal
and upper mantle thermal and compositional system (well-
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Figure 12: [A] Classification of earthquakes, volcanism, basalt assemblage, and lithospheric thinning along the study cross
section. Yellow rectangle is the location of the cross section shown in [B]–[D]. [B] Temporal and spatial distributions of the
earthquakes under Nemrut and Suphan volcanoes. The colored circles are earthquake depths from the USGS database (1913–
2023), and empty circles are from CMT (2007–2021). [C] Focal mechanism solutions of full seismic moment tensor. [D] Focal
mechanism solutions imaging possible non-double couple. Fault plane solutions are taken from the CMT program [Dziewonski
et al. 1981; Ekström et al. 2012]. The color in the background of plots at [B]–[D] represents temperature.

known as thermochemical structure) is modeled using inte-
grated geophysical-petrological approach where constraints
from seismic studies (receiver functions, velocity profile, and

tomography) and geochemical data on the composition of the
rocks are applied. Comparison of the predicted velocity with
values from independent seismological models and the fitting
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of geophysical observables are used as benchmarks to accept
the modeled thermochemical structure. The density change
due to the thermal heterogeneities in the asthenosphere is not
very big (up to 18 kg/m3) at each 2-km-thick model cell in
the asthenosphere. However, cumulative effects of the almost
300-km-thick column of the asthenosphere (composed of 150
vertical 2-km-thick cells), provides significant effects in the
calculated gravity signal and geoid height anomaly, which is
comparable with the gravity and geoid effects of the crust and
the lithosphere. More importantly, geoid anomaly data is sen-
sitive to deep parts of the model. Therefore, fitting the ob-
served geoid height ensures the appropriateness of astheno-
sphere heterogeneities. Application of multiple geophysical
datasets with altering depth of penetration and sensitivities to
density structure ensures the accuracy of the obtained ther-
mochemical structure.
The results of this study improve our knowledge of the
magmatic system under Nemrut and Suphan. The main out-
comes of this study are as follows:

1. As the temperature of the asthenosphere exceeds the
solidus temperature, melting can occur at depth under Nem-
rut and Suphan volcanoes. The results of this study represent
a warm geotherm for the crust. The obtained crustal velocity
under Nemrut and Suphan is comparable with average veloc-
ity profile for volcanic areas. Regarding the absolute value of
the low velocity (>4 kms−1), there might be only a low-degree
of anhydrous melting.

2. Hydrous melting is unlikely to take place in the pres-
ence of insufficient amounts of water in the asthenosphere
(~100 ppm [Hua et al. 2023]). While presence of considerable
amounts of melts or water reduces the density of the bulk rock,
fitting geoid data suggests nearly dry asthenosphere and grav-
ity data (Bouguer and free-air), which contradicts presence of
water/melt in the crust under Nemrut and Suphan. Similarly,
the derived model for crustal (chemical) heterogeneities (based
on the receiver function and local geochemical data, as well as
fitting geophysical data and seismic velocity profiles) suggests
the presence of dry/dense basalt under these volcanoes.

3. Regarding the characteristics of the magmatic system
beneath Nemrut and Suphan, the considerable lithospheric
thinning correlates very well with the modeled basaltic up-
welling and location of the volcanoes. Although the obtained
basalt assemblage is in the solid phase, the intense seismic-
ity and focal mechanism type (strike-slip and thrust) suggests
the magma differentiations and ascent of multiple magma in-
trusions beneath Nemrut and Suphan. More importantly, the
seismicity beneath Nemrut extends from the shallow zone to
depth meaning the active magmatic system is likely fed by the
asthenosphere. The presence of strike-slip and thrust earth-
quakes can be associated with pre-eruption magmatic activi-
ties.

4. The ongoing extension regime evidenced by different di-
rections of plate motion (e.g. GPS velocity vectors) seemingly
plays a very important role in magmatic activity in East Anato-
lia, while neither hydrous nor anhydrous melting seems very
significant in the magma production.

5. Synthetic tests indicate that the density/velocity of the
deep crust (~45 km depth) is significantly reduced when the
Moho temperature is between 890—~1075 °C. The Moho tem-
perature beneath Nemrut and Suphan exceeds ~1118 °C; so,
such a reduction in physical properties is not visible. The
density/velocity reduction occurs at shallower depths (~15
and ~25km depths) where the crust is warmer (~1200 and
>1300 °C).
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