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SUMMARY
In this paper, I analyse Vp, Vs and Vp/Vs ratio for the crust and uppermost mantle of Anatolia
in EU60, a recently developed 3-D tomographic model for the European continent. Beneath
volcanic fields in the Central and Eastern Anatolia, pronounced reductions in isotropic Vs
are observed in the crust and uppermost mantle, reflecting high temperature associated with
Neogene–Quaternary magmatism in the study region. These slow wave speed anomalies
correlate well with high Vp/Vs ratio in model EU60. By analysing relative perturbations in
Vp and Vs at different depths, I observe a distinct pattern for grid points associated with
volcanic and non-volcanic regions. The linear regression results of volcanic grid points are
characterized by high δlnVs/δlnVp slopes in comparison with non-volcanic grid points. Grid
points with linear fitting slopes greater than 2.2 are observed around 50–60 km beneath volcanic
provinces. These observations suggest the presence of partial melt in the crust and uppermost
mantle beneath volcanoes in the Central and Eastern Anatolia. Comparisons between seismic
observations with theoretical single phase partial melting calculations suggest the presence of
cracks filled with a few volume per cent of melt in the upper and lower crust. Less than 1 per cent
melt-filled inclusions with aspect ratio smaller than 0.001 might exist in the uppermost mantle.
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1 INTRODUCTION

The Anatolian Plate is located along the Alpine–Himalayan oro-
genic belt. Its tectonic evolution involved complex interactions
among surrounding plates, including the Eurasian, African and Ara-
bian Plates (McKenzie 1972; Dewey et al. 1986). The recent tec-
tonics of the Anatolian Plate is mainly controlled by the northward
motion of the Arabian Plate, the westward extrusion and counter-
clockwise rotation of the Anatolian Plate (Reilinger et al. 1997), the
Aegean trench retreat resulted from the slab rollback of the African
Plate (Wortel & Spakman 2000). The counterclockwise rotation of
the Anatolian Plate is accommodated by the North and East Anato-
lian Fault Zones (McKenzie 1972; Şengör et al. 1985), making the
Anatolian Plate one of the most seismologically active regions in
the world (Fig. 1).

Based on different deformation styles, Şengör et al. (1985) sub-
divided the Anatolian Plate into four major tectonic provinces: the
East Anatolian contractional, the Central Anatolia, the North Ana-
tolia and the Western Anatolian extensional province (Fig. 1a).
The East Anatolian contractional province was created by young
north–south continental collision between the Arabian Plate and
the Eurasian Plate along the Bitlis–Zagros Suture Zone (BZSZ),
leading to the uplift of the East Anatolian Plateau (EAP). Within
the EAP, the young Miocene–Holocene Eastern Anatolian Vol-
canic Field (EAVF) spreads from the Arabian foreland basin to

the Caucasus region. Isotope and trace element analysis suggested
the source of this volcanism might be derived from the lower por-
tion of the lithospheric mantle (Pearce et al. 1990). Geophysical
surveys revealed thin lithosphere beneath the EAP (Sandvol et al.
1998; Ozacar et al. 2008). Some studies proposed that this active
volcanism and the high elevation of the EAP (around 2 km) were
produced by hot upwelling asthenosphere after the detachment of
the subducting Arabian slab (Lei & Zhao 2007; Biryol et al. 2011).
In addition, the EAP is characterized by reduced Bouguer grav-
ity anomaly (Fig. 1c), reflecting its mass deficiency in comparison
with surrounding regions (Ates et al. 1999). The Central Anatolia
is bounded by the North Anatolian Fault (NAF) to the north and
the East Anatolian Fault (EAF) to the southeast. In contrast to high
elevation and reduced Bouguer gravity anomaly in the EAP, the
Central Anatolia involves a flatter topography and moderate gravity
anomaly. The central part of the Central Anatolia is characterized
by several post-collision related volcanic fields, including the Cen-
tral Anatolian Volcanic Field (CAVF) and the Kirka–Afyon–Isparta
Volcanic Field (KAIVF; Fig. 1b). Geochemical signatures of basalt
in the Central Anatolia suggested contributions from a subduction-
related component and mantle asthenosphere (Reid et al. 2017).
The North Anatolian province is dominated by right-lateral strike-
slip motion along the NAF, which extends from the Karliova Triple
Junction (KTJ) in the Eastern Anatolia to the Sea of Marmara. The
NAF involves high seismic activity and recurrent major earthquakes
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Figure 1. Geological map and geophysical measurements for the Anatolian Plate. Panel (a) shows a simplified geological map for the Anatolian Plate, modified
from Delph et al. (2015). Blue vertical bars (from left to right) separate the Western Anatolian Extensional Province (WAEP), Central Anatolian Province
(CAP) and Eastern Anatolian Contractional Province (EACP; Şengör et al. 1985). Red lines are fault zones in the study region: NAFZ, North Anatolian Fault
Zone; EAFZ, East Anatolian Fault Zone; DSFZ, Dead Sea Fault Zone. Major tectonic structures include, ATB, Anatolide–Tauride Block; KB, Kirşehir Block;
KTJ, Karliova Triple Junction; BZSZ, Bitlis-Zagros Suture Zone; IZ, Istanbul Zone. Panel (b) shows the distribution of volcanoes (red triangles) in Anatolia
and Aegean. EAVF, Eastern Anatolian Volcanic Field; CAVF, Central Anatolian Volcanic Field; KAIVF, Kirka–Afyon–Isparta Volcanic Field; VA, Volcanic
Arc. Panels (c) and (d) show Bouguer gravity anomaly from WGM2012 (http://bgi.omp.obs-mip.fr/data-products/Grids-and-models/wgm2012) and Moho
depth from EPCrust (Molinari & Morelli 2011).

(M >7). The Western Anatolia is influenced by volcanic arcs along
the Aegean Trench, which are related to the rollback of the African
lithosphere over the past 15 Myr (Wortel & Spakman 2000).

Studying the subsurface signatures of the Anatolian volcanic
fields enables us to better understand the magmatism and Neo-
tectonics of the Anatolian Plate. In this paper, I use Vp, Vs and
Vp/Vs results from a recently available tomographic model EU60 to
detect potential partial melt beneath volcanic provinces in Anato-
lia. EU60 is a tomographic model for the entire European continent
built based on adjoint tomography, an advanced imaging technique
taking complicated wave physics into account, including wave front
healing, finite-frequency and multipathing effects. It is closely re-
lated to full waveform inversion in exploration seismology (Lailly
1983; Tarantola 1984; Virieux & Operto 2009). In comparison to
classical traveltime tomography, adjoint tomography enables us to
better estimate seismic parameters in the subsurface, and produce

high-resolution and high-fidelity tomographic images. Adjoint to-
mography has been utilized to simultaneously constrain subsurface
variations in wave speeds, attenuation, as well as radial and az-
imuthal anisotropy (Zhu et al. 2013; Zhu & Tromp 2013). Jointly
analysing these seismic parameters allows us to better interpret to-
mographic results and reduce ambiguity in inferring variations in
physical factors, such as temperature, water content, partial melt
and composition. For instance, joint interpretation of 3-D variations
in Vp, Vs and Vp/Vs ratio allows us to detect the presence of partial
melt, especially underneath volcanic areas, such as Japan (Nakajima
et al. 2001) and Hawaii (Lin et al. 2015). In this study, I compare
seismic observations with theoretically calculated Vp and Vp/Vs for
a composite with melt-filled inclusions. These comparisons enable
me to quantitatively estimate the amount of melt as well as the
shape of inclusions beneath volcanoes in the Central and Eastern
Anatolia.
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Figure 2. Distributions of earthquakes and stations used for the construction of model EU60. Panel (a) shows the distribution of 190 earthquakes used in the
inversion. Panel (b) shows the location of earthquakes in Anatolia, colour represents the depths of earthquakes. Panel (c) shows the distribution of seismographic
stations in Anatolia and Aegean used in the inversion.
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Figure 3. Horizontal cross-sections of the approximated diagonal Hessian at depths ranging from 40 to 200 km. The diagonal Hessian reflects ray density
coverage for the inversion. Warm colour suggests good resolution in comparison with cool colour.

2 PREVIOUS SE I SMIC STUDIES

To date, the crust and upper-mantle structures of the Anatolian
Plate have been investigated using a variety of seismic techniques.
For instance, large scale earthquake tomographic models (Spakman
et al. 1993; Piromallo & Morelli 2003) suggested the Anatolian up-
per mantle is dominated by prominent slow wave speed anomalies.

These upper-mantle features were refined later by regional body
wave tomography (Lei & Zhao 2007; Biryol et al. 2011). For in-
stance, slab break off was identified beneath the Cyprean Trench
and the EAP. Hot asthenosphere was observed rising to the base
of the lithosphere (Biryol et al. 2011), which might be induced
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Figure 4. Point-spread functions at the Central (top) and Eastern Anatolia (bottom). Left panels show input perturbations in Vs. Middle and right panels are
point-spread functions for Vs and Vp, respectively.

by the slab break off. Fichtner et al. (2013) used waveform inver-
sion to investigate crustal and mantle signatures related to the NAF.
Their results suggested that the rheologically weak fault zone might
extend down to the base of the lithosphere.

The crustal structure of the Anatolian Plate has been explored
using Pn tomography (Hearn & Ni 1994; Al-Lazki et al. 2003;
Gans et al. 2009), local earthquake tomography (Koulakov et al.
2010), receiver functions (Zor et al. 2003; Vanacore et al. 2013),
refraction profiles (Karabulut et al. 2003) and ambient noise tomog-
raphy (Warren et al. 2013; Delph et al. 2015). Overall, the Anatolian
crust is characterized by slow Vs anomalies (Delph et al. 2015). A
sharp wave speed contrast across the Central Anatolian Fault Zone
(CAFZ) was identified in both Pn (Gans et al. 2009) and ambient
noise tomographic models (Warren et al. 2013). Based on receiver
function analysis, Vanacore et al. (2013) reported elevated Vp/Vs
ratio beneath the Anatolian volcanic regions. Gök et al. (2000) ob-
served highly attenuated Sn and Lg phases across the EAP, which
were used to infer the rheology of the lithospheric mantle. Normal
Moho depth and slow crustal wave speed anomalies were observed
beneath the EAP from both Pn and receiver function analysis (Al-
Lazki et al. 2003; Zor et al. 2003), which were used to distinguish
among different geodynamics models for the high elevation and
negative Bouguer gravity anomalies of the EAP (McKenzie 1972;
Dewey et al. 1986).

3 DATA AND METHODS

EU60 is a 3-D crust and upper-mantle model for the European con-
tinent (Zhu et al. 2015), constructed based on adjoint tomogra-
phy (Tromp et al. 2005; Tape et al. 2009, 2010; Liu & Gu 2012).
One ‘cubed sphere’ chunk of a global mesh (Komatitsch & Tromp
2002) is used for the development of model EU60. The total number
of elements is 4 692 600, and the average spacing between Gauss–
Lobatto–Legendre (GLL) interpolation points is around 10 km on

the Earth’s surface. The minimum period can be resolved by a for-
ward calculation is around 12 s. EPcrust (Molinari & Morelli 2011),
a European crustal model with 0.5o × 0.5o resolution, is chosen as
the starting crustal model. S362ANI (Kustowski et al. 2008), a
global radially anisotropic shear wave speed model, is chosen as the
3-D starting mantle model. Both crustal and mantle structures are
simultaneously updated during the inversion, allowing us to avoid
the crustal corrections (Lekic et al. 2010; Panning et al. 2010) and
minimize trade-offs between crustal and upper-mantle signatures.

60 pre-conditioned conjugate gradient (Fletcher & Reeves 1964)
iterations were used to constrain 3-D variations in elastic wave
speeds, anelastic attenuation and azimuthal anisotropy beneath Eu-
rope. 190 earthquakes and 745 seismographic stations were uti-
lized to illuminate the study region (Fig. 2), producing 123 919
frequency-dependent measurements. Of these stations, 101 stations
were collected from the Kandilli Observatory network, which com-
prised the major data set for constraining the crust and upper-mantle
structures of the Anatolian Plate. In the inversion, three-component,
short-period body waves and long-period surface waves were com-
bined to simultaneously constrain deep and shallow structures. A
three-stage inversion strategy was used during the construction of
model EU60. In stage one, only frequency-dependent phase dif-
ferences between observations and predications were utilized to
invert for radially anisotropic model parameters, including horizon-
tally propagated, vertically and horizontally polarized shear wave
speeds (Zhu et al. 2012a,b). In stage two, both phase and amplitude
measurements were combined to simultaneously constrain elastic
wave speeds and anealstic attenuation (Zhu et al. 2013). In stage
three, we only used three-component, long-period surface waves
(25–100 s) to map azimuthally anisotropic variations at depths shal-
lower than 250 km (Zhu & Tromp 2013). Details about the design
and evolution of misfits as well as improvements on phase and
amplitude measurements can be found in Zhu et al. (2015).
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Figure 5. Comparisons for three-component, observed (black) and predicted (red) seismograms for a magnitude 6.1 earthquake occurred at a depth of 14.6 km
beneath the Aegean Trench. Panel (a) shows the distribution of earthquake and stations used in comparisons. Panel (b) compares vertical (left), radial (middle)
and transverse (right) component seismograms, which are arranged according to epicentre distances.
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Fig. 3 presents several horizontal cross-sections of the approxi-
mated diagonal Hessian, that is, the second derivative of the mis-
fit with respect to Vs, from 40 to 200 km around Aegean and
Anatolia. The approximated diagonal Hessian is computed using
cross-correlations between forward and adjoint acceleration wave-
fields (Luo et al. 2013). It is a good proxy for analysing ray density
coverage. With the current distributions of earthquakes and sta-
tions ( Fig 2), there is a relatively good data coverage for the entire
Anatolian Plate at depths shallower than 200 km. To further investi-
gate the resolution of model EU60 in Anatolia and analyse potential
trade-offs between Vp and Vs, I compute point-spread functions
at 80 km depth for the Central and Eastern Anatolia (Fig. 4). The
point-spread function represents a sampled column of the Hessian
matrix at a specific location, which can be computed using a finite
difference approximation (Zhu et al. 2016). In these two examples,
a Gaussian anomaly with half width about 100 km and 1 per cent
perturbation is used as an input Vs perturbation. I compute the ac-
tion of the Hessian with this input anomaly for both Vp and Vs.
The computed point-spread functions for the Central and Eastern
Anatolia are shown in Fig. 4. There is relatively good resolution for
the Central and Eastern Anatolia. Trade-offs between Vp and Vs are
relatively weak since there are small leakages from Vs to Vp. These
tests suggest the robustness of Vp/Vs features in model EU60 for the
Anatolian Plate.

Furthermore, in Fig. 5, I compare three-component, observed
and predicted seismograms from model EU60 for a magnitude
6.1 earthquake at a depth of 14.6 km beneath the Aegean Trench
(CMTSOLUTION 200907010930A). Seismograms from 22 sta-
tions are selected in this comparison, which are sorted based on
their epicentre distances and filtered between 25 and 100 s. Pre-
dicted seismograms from the current model EU60 can fit most ob-
served P and S waves, as well as Rayleigh and Love waves. There
are still some mismatches between observations and predictions, es-
pecially for long distance, transverse component Love waves. These
remaining residuals might come from the underestimation of radial
anisotropy and can be utilized as input data for future regional scale
investigations.

4 RESULTS

In Fig. 6, I compare relative perturbations in Vs (left) and the
absolute values of Vp/Vs ratio (right) for the Anatolian Plate in
model EU60. 1-D starting model STW105 is used as the reference
model to calculate these relative perturbations. The average val-
ues of isotropic Vs in model EU60 at depths ranging from 60 to
200 km are consistent with global means 4.4–4.5 km s−1 from mod-
els IASP91 and AK135 (Kennett & Engdahl 1991; Kennet et al.
1995). They are slightly higher than the estimate of 4.2–4.3 km s−1

from Fichtner et al. (2013). This disagreement might come from
different treatments of shear attenuation during inversion and mod-
eling. Global average Vp/Vs ratio is 1.74 within the crust and 1.79
within the uppermost mantle (Kennet et al. 1995), which are consis-
tent with results in Fig. 6. More horizontal cross-sections for Vp, Vs
and Vp/Vs ratio from 20 to 200 km can be found in Supplementary
Information Fig. S1– S3. Horizontal comparisons of Vs and Vp/Vs
ratio for the starting model S362ANI (Kustowski et al. 2008) can
be found in Supplementary Information Fig. S10.

At shallow depths (40 and 60 km), localized slow Vs anomalies
are observed beneath volcanoes in the Central Anatolia, including
the CAVF and KAIVF. In addition, very prominent slow Vs anoma-
lies (around −10 to −15 per cent) are mapped beneath the EAP and

KTJ. A band feature with slow Vs extends from east to west along
the NAF at these depths. This slow band feature is bounded to the
north by the Istanbul and Sakarya zones, which are characterized
by fast anomalies. Overall, there is an absence of strong wave speed
contrast across the NAF, which is consistent with observations from
Pn tomography (Gans et al. 2009).

An intriguing observation at shallow depths is the negative cor-
relation between high Vp/Vs ratio with slow Vs anomalies beneath
volcanoes and fault zones. For instance, at 60 km, the EAP and
CAVF are characterized by high Vp/Vs ratio (1.9–1.95). Further-
more, along the forearc of the Aegean Trench, there is an arc like
feature with localized high Vp/Vs ratio and slow Vs from 40 to
60 km, reflecting the volcanic arc related to the subduction of the
Hellenic slab. A similar negative correlation pattern between slow
Vs and high Vp/Vs ratio persists down to 100 km and dominates
the entire Anatolian Plate. Regions with the slowest Vs (−4 to
−6 per cent) and the highest Vp/Vs ratio (1.85–1.9) are still local-
ized beneath the CAVF and EAP. In contrast, the Hellenic slab is
characterized by fast Vs (4–6 per cent) and low Vp/Vs ratio (1.65–
1.75) along the Aegean Trench. At 200 km, the magnitudes and
sizes of slow Vs and high Vp/Vs anomalies reduce significantly in
comparison with shallower depths.

In Figs 7 and 8, I present Vs and Vp/Vs for several vertical cross-
sections across the Anatolian Plate. The west portion of the cross-
section A-a corresponds to the Hellenic slab with fast Vs and low
Vp/Vs ratio. To the east of the Hellenic slab, there is a vertical slow
anomaly (−3 per cent) with high Vp/Vs ratio (around 1.9) ascending
from 200 km to the surface. The location of this anomaly suggests its
relation to the CAVF. The eastern part of A-a (44oE–48oE) involves
anomalies with slowVs and highVp/Vs ratio, which are related to the
KTJ. In cross-section B-b, the entire Anatolian Plate is dominated
by pronounced slow Vs (−3 to −15 per cent) and elevated Vp/Vs
ratio (1.83–1.95) at depths shallower than 200 km. The slowest Vs
(<−6 per cent) and the highest Vp/Vs ratio (>1.89) are imaged
beneath the KAIVF, CAVF and EAP.

Vertical cross-sections E-e to H-h are selected along the sub-
duction strikes of the Hellenic and African slabs (Fig. 8). In cross-
section E-e, the Hellenic slab is imaged subducting towards north,
which is characterized by fast Vs (6–8 per cent) and low Vp/Vs ratio
(around 1.7). The mantle wedge above the slab is characterized by
slowVs (−3 per cent) and highVp/Vs ratio (1.86). It might be caused
by partial melt induced by the dehydration of sediments and oceanic
crust during subduction (Maruyama & Okamoto 2007). An anomaly
beneath the CAVF can be easily identified in vertical cross-section
F-f, where a vertical upwelling with large ‘volcanic head’ at shallow
depths is imaged down to 150 km. In cross-sections G-g and H-h,
massive anomalies with slow Vs (−6 per cent) and high Vp/Vs ratio
(1.86–1.95) are mapped beneath the EAP from surface to 200 km.
More vertical cross-sections for Vp, Vs and Vp/Vs ratio across the
Anatolian Plate can be found in Supplementary Information Figs
S4–S9. Similar cross-sections for the starting model S362ANI can
be found in Supplementary Information Figs S11–S12.

5 MODEL INTERPRETATION

Prominent slow Vs anomalies at 40 and 60 km in the Central Ana-
tolia (Fig. 6) correlate with the locations of a number of Neogene–
Quaternary volcanoes in Turkey, Armenia, Azerbaijan and Geogia
(Fig. 1b). Similar slow apparentPnwave speeds (<7.8 km s−1) were
observed in the uppermost mantle beneath the Central and Eastern
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Figure 6. Horizontal cross-sections of relative perturbations in Vs (left) and absolute values of Vp/Vs ratio (right) for model EU60 at 20, 40, 60, 100 and 200 km.
White lines are iso-value contours for Vs and Vp/Vs ratio. Average isotropic Vs at different depths are used as references to calculate relative perturbations.
Numbers on the right bottom sides are the average Vs and Vp/Vs ratio at each depth.

Anatolia (Al-Lazki et al. 2003; Gans et al. 2009), which were in-
terpreted as the presence of partial melt beneath these regions. By

analysing waveform signals, Gök et al. (2000) observed highly at-
tenuated Sn and Lg phases for ray paths across volcanic regions in
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Figure 7. Vertical cross-sections of relative perturbations in Vs (left) and absolute values of Vp/Vs ratio (right) for model EU60. Panel (a) shows the locations of
these vertical cross sections. Red triangles denote Neogene–Quaternary volcanoes in Anatolia. Panel (b) presents vertical cross-sections A-a–D-d. Topographic
variations from ETOPO1 (https://www.ngdc.noaa.gov/mgg/global/) are shown on top of each vertical cross-section.

the EAP. Receiver functions also revealed the presence of low wave
speed anomalies in the EAP (Zor et al. 2003). Since normal crustal
thickness (45 km) was report for the EAP (Zor et al. 2003), its high
elevation (2 km) and negative Bouguer gravity anomalies (−100
to −150 mgl) might reflect slow wave speed anomalies within the

mantle lithosphere. In addition, the slow band feature at 40 and
60 km might be indicative of rheologically weak materials within
the fault zone, induced by the strike-slip motion of the NAF over
the past 5–10 Myr (Fichtner et al. 2013).
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Figure 8. The same setting as Fig. 7 except for vertical cross-sections E-e–H-h.

The negative correlation between slow Vs and high Vp/Vs ra-
tio at 60 km (Fig. 6) is consistent with previous receiver function
analysis (Vanacore et al. 2013), which also reported high Vp/Vs
ratio (>1.85) around the Moho depth beneath these regions. Slow
Vs combined with high Vp/Vs ratio might be indicative of partial
melt in these areas (see the Section 6). The observations of slow Vs
and high Vp/Vs ratio beneath the KAIVF, CAVF and EAP (vertical
cross-sections B-b in Fig. 7, and F-f, H-h in Fig. 8) suggest that
there might be massive magma supports for volcanoes in the Cen-
tral and Eastern Anatolia. In vertical cross-section C-c and D-d, the
volcanoes in the EAP are characterized by prominent slow Vs and
high Vp/Vs ratio, which might relate to the uplift of the EAP.

6 D ISCUSS ION

Based on the horizontal and vertical cross-sections in Figs 6–8, I find
a negative correlation between Vs and Vp/Vs ratio beneath volcanic
fields in Anatolia. The magnitudes of slow Vs beneath volcanoes
are so large (−6 to −15 per cent) that temperature and composition
should play important roles. In particular, partial melt may be an

important contribution considering high Vp/Vs ratio (1.85–1.95) in
comparison with global average values (1.74–1.79; Kennet et al.
1995).

To further analyse the correlation between Vs and Vp/Vs ratio
and diagnose the presence of partial melt, in Fig. 9, I plot rela-
tive perturbations in Vp and Vs for model grid points associated
with volcanic and non-volcanic regions. The volcanic model grid
points are selected based on the locations of volcanic centres shown
in Fig. 1(b). For instance, GLL points within a radius of 100 km
around the volcanic centres are considered as the volcanic model
grid points. The crustal thickness in EPcrust (Molinari & Morelli
2011) is shown in Fig. 1(d), which ranges from 40 to 60 km in
Anatolia. The linear fitting slope of δlnVs/δlnVp should be around
1.2–2 if the physical cause of velocity variations mainly comes from
temperature (Anderson et al. 1992; Goes et al. 2000).

At shallower depths (50–60 km), the linear regression slopes of
δlnVs/δlnVp for non-volcanic grid points are around 1.49–1.71,
which are slightly lower than the measurements of the western US
(1.8) from Schmandt & Humphreys (2010). But they are consistent
with theoretical prediction for thermal variations (1.6). The slopes
of volcanic grid points are greater than 2.24 and some samples
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Figure 9. 2-D correlation diagrams for δlnVs and δlnVp at different depths. Different panels show correlations between δlnVs and δlnVp from 50 to 160 km.
Blue crosses are samples for non-volcanic areas and red dots are samples from volcanic provinces. Magenta and black lines are the best linear fits for volcanic
and non-volcanic samples, respectively. Red and blue numbers on the bottom left side of each panel are the linear regression slopes of δlnVs/δlnVp for volcanic
and non-volcanic samples, respectively.

involve Vs slower than −10 per cent, suggesting the presence of
partial melt (Hammond & Humphreys 2000). A similar steep slope
(2.33) has been reported beneath Yellowstone and the Snake River
Plain in the western US (Schmandt & Humphreys 2010).

Below the Moho (greater than 60 km in Fig. 1d), the slopes of
δlnVs/δlnVp for both volcanic and non-volcanic grid points are
reduced. For instance, the slope of the non-volcanic samples reduces
to normal values around 1.44–1.49, and the volcanic samples still
involve relatively steep slopes around 1.7. Decompression induced
partial melt during the ascent of mantle might be the major cause
of these observations.

In Fig. 10, I compare Vp and Vp/Vs in model EU60 with theo-
retical single-phase calculations from Yamamoto et al. (1981) and
Nakajima et al. (2001). Their method computes effective elastic
constants for a composite with cracks filled with different volume
fractions of melt (0–10 per cent). In their cases, the melt is dis-
tributed in randomly oriented spheroidal inclusion with a specified
aspect ratio. Three different aspect ratios (0.001, 0.01 and 0.1) were
taken into account in their computations. In this paper, I only com-
pare results at 20, 40 and 60 km, representing the upper crust, lower
crust and uppermost mantle of the Anatolian Plate, respectively.
Samples from volcanic regions are shown as solid stars in Fig. 10.
Within the upper crust (Figs 10 a and b), tomographic results follow
the melt curve with aspect ratio of 0.1. The volume fraction curve
suggests the presence of 4-6 per cent of melt accumulation within
the upper crust. In the lower crust (Figs 10 c and d), tomographic
results suggest the presence of cracks with aspect ratio of 0.01,
which are filled with about 2 per cent melt. In the uppermost man-
tle (Figs 10 e and f), estimated Vp/Vs ratios (around 1.85–2) from
model EU60 are higher than theoretical calculations, which might
suggest the presence of cracks with aspect ratio smaller than 0.001.
From the volume fraction curve, there is a relatively small amount of
melt in the uppermost mantle beneath the Anatolian volcanic fields

(<1 per cent). These comparisons are just a first-order approxima-
tion since other effects, including temperature and porosity, have
not been taken into account in the theoretical computations (Naka-
jima et al. 2001). In addition, only a single-phase case (melt) is
discussed, other factors, such as water and multiphase situation,
may affect above interpretations.

7 CONCLUS ION

In this paper, I analyse Vp, Vs and Vp/Vs results for the crust and up-
permost mantle of the Anatolian Plate based on a 3-D tomographic
model EU60. Prominent slow Vs anomalies (−6 to −15 per cent) are
observed beneath volcanoes in the Central and Eastern Anatolia.
The magnitudes of these slow anomalies are so large that temper-
ature and composition should play important roles. An interesting
observation in this paper is the negative correlation between slow
Vs and high Vp/Vs ratio (1.85–1.95) beneath the Anatolian volcanic
fields. There is a distinct pattern in the linear regression slopes of
relative perturbations in Vp and Vs between grid points for volcanic
and non-volcanic regions. Overall, the slopes of δlnVs/δlnVp are
higher for volcanic grid points (1.6–2.2) in comparison with non-
volcanic grid points (around 1.4). Volcanic grid points with max-
imum δlnVs/δlnVp slopes (>2.2) are found near the Moho depth.
These observations suggest the presence of melt accumulation be-
neath volcanoes in the Central and Eastern Anatolia. Comparisons
with theoretical partial melting calculations suggest 2–6 per cent
partial melt with aspect ratio around 0.1–0.01 may exist in the up-
per and lower crust. In the uppermost mantle, the volume fraction
of melt accumulation may reduce to less than 1 per cent, and the
aspect ratios of cracks may be less than 0.001.
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Figure 10. Comparisons between seismic observations and theoretical computations of effective Vp and Vp/Vs ratio for a composite with melt-filled inclu-
sions (Yamamoto et al. 1981; Nakajima et al. 2001). Panel (a) shows correlations between Vp and Vp/Vs ratio for melt-filled cracks with different aspect ratios
(red lines) in the upper crust. Black solid stars are observations for volcanic samples in model EU60 around 20 km. Panel (b) shows the variations of Vp with
different volume fractions of melt (red lines). Black lines are Vp results from model EU60 around 20 km. Panels (c) and (d) are results for the lower crust
(around 40 km). Panels (e) and (f) are results for the uppermost mantle (around 60 km).
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Zhu, H., Bozdağ, E., Peter, D. & Tromp, J., 2012a. Seismic wavespeed images
across the Iapetus and Tornquist suture zones, Geophys. Res. Lett., 39,
L18304, doi:10.1029/2012GL053053.
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Supplementary data are available at GJI online.
Figure S1. Horizontal cross sections of relative perturbations in
isotropic shear wavespeeds (δlnVs) in model EU60 from 20 to 200
km. Average isotropic shear wavespeeds at different depths (num-
bers on the right bottom sides in each panel) are used as references
to calculate the relative perturbations.
Figure S2. The same setting as Fig. S1 except for relative pertur-
bations in Vp.
Figure S3. Horizontal cross sections of Vp = Vs ratio in model
EU60 from 20 to 200 km. Numbers on the right bottom sides are
average Vp = Vs ratios at different depths in Anatolia.
Figure S4. Vertical cross sections of relative perturbations in
isotropic shear wavespeeds (δlnVs) for model EU60. Top left panel
shows the locations of these vertical cross sections. Red triangles
denote Cenozoic volcanoes in Anatolia.
Figure S5. The same setting as Fig. S4 except for relative pertur-
bations in Vp.
Figure S6. The same setting as Fig. S4 except for Vp = Vs ratio.
Figure S7. Vertical cross sections of relative perturbations in
isotropic shear wavespeeds (δlnVs) for model EU60. Top left panel
shows the locations of these vertical cross sections. Red triangles
denote Cenozoic volcanoes in Anatolia.
Figure S8. The same setting as Fig. S7 except for relative pertur-
bations in Vp.
Figure S9. The same setting as Fig. S7 except for Vp = Vs ratio.
Figure S10. Horizontal cross sections of relative perturbations in
Vs (left) and absolute values of Vp/Vs ratio (right) for the starting
model at 20, 40, 60, 100 and 200 km (in comparison with Fig. 6 in
the main text).
Figure S11. Vertical cross sections of relative perturbations in Vs
(left) and absolute values of Vp/Vs ratio (right) for the starting
model (in comparison with Fig. 7 in the main text).
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Figure S12. The same setting as Fig. S11 except for vertical cross
sections E-e to H-h (in comparison with Fig. 8 in the main text).
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