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ABSTRACT

The Turkish-Iranian Plateau and the Zagros highlands are among the most
prominent physiographic features in the Middle East and were formed as a
result of continental collision between the Arabian and Eurasian plates. To
better understand the nature of the lithospheric mantle and the origin of the
observed seismic anomalies in this region, we investigated seismic atten-
uation of the uppermost mantle by detailed measurements of the quality
factor of the Sn seismic phase (Sn Q). To that end, we collected a large data
set consisting of 30 years (1990-2020) of waveforms recorded by 1266 perma-
nent and temporary seismic stations, applying both the two-station method
(TSM) and reverse two-station method (RTM) to measure path-averaged Sn
Q. Finally, we performed a tomographic inversion on the path-averaged Sn
Q to map the lateral variations of the upper-mantle attenuation across the
northern Middle East. Our Sn attenuation maps show moderately low Q
(<250) values beneath the Turkish-Iranian Plateau and high Q values (>350)
beneath the Zagros and northern edge of the Arabian plate. Furthermore, our
Sn Q model is broadly consistent with seismic velocity models in the region
suggesting that most of the seismic anomalies are the result of thermal rather
than compositional effects.

H INTRODUCTION

The study of seismic attenuation provides a tool for the investigation and
characterization of thermal and melting conditions in the upper mantle. Quan-
tifying amplitude reduction of Sn waves provides a unique tool for studying
uppermost-mantle attenuation. Sn is a regional seismic phase that can be
treated as a guided seismic wave, which principally travels in the uppermost
mantle (Molnar and Oliver, 1969; Stephens and Isacks, 1977; Sandvol et al.,
2001; Al-Damegh et al., 2004). A variety of important factors can influence the
propagation of the Sn phase, including: (1) the vertical gradient in shear wave
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velocity in the uppermost mantle, (2) the lateral variation in the lithospheric
thickness, and (3) the thermal state and the presence of partial melt in the
uppermost mantle (Buehler and Shearer, 2013). The attenuation of seismic
phases is commonly described by the quality factor Q (Knopoff et al., 1964),
which is the combined contribution of the intrinsic and scattering attenuation
(e.g., Aki and Chouet, 1975; Dainty, 1981). Intrinsic attenuation is attributed
mainly to temperature anomaly and the presence of melt and fluids, while
scattering attenuation can be caused by structural heterogeneity beneath the
region (e.g., Aki, 1980; Fehler et al., 1992; Sato et al., 2012).

The quality factor of the Sn phase (Sn Q) can potentially provide an
important constraint on the origin of upper-mantle seismic anomalies in the
Turkish-Iranian Plateau and surrounding regions (Sandvol et al., 2001; Bao et
al., 2011). The Turkish-lranian Plateau is the dominant tectonic feature in the
northern Middle East (Fig. 1) and has been formed by the continental collision
between the Arabian and Eurasian plates since the early Cenozoic (23-35 Ma)
(Allen et al., 2004; Hatzfeld and Molnar, 2010). Previous studies have suggested
that the Turkish-Iranian Plateau is analogous to the Tibetan Plateau, although
relatively immature in comparison (Hatzfeld and Molnar, 2010). Similarly, there
is a substantial body of work suggesting that the lithospheric mantle is also
quite thin beneath the Turkish-Iranian Plateau (e.g., GOk et al., 2003; Al-Lazki
et al., 2004; Angus et al., 2006; Priestley and McKenzie, 2013).

The Anatolian Plateau, in the western part of the study area, comprises
three main tectonic provinces (Fig. 1): East Anatolian Plateau, Central Anatolian
Plateau, and Western Anatolian province. These provinces are mostly underlain
by basement of the Anatolide-Tauride, Kirsehir, and Pontide microcontinental
fragments that have been amalgamated along various suture zones (e.g., Okay
and Tiysliz, 1999). The Bitlis suture zone to the south of the East Anatolian
Plateau delineates the boundary between the Eurasian and Arabian plates and
represents the final closure of the Neotethys Ocean prior to collision, whereas
further to the west, subduction of the African lithosphere beneath the Western
Anatolian province and Central Anatolian Plateau along the Aegean (Hellenic)
and Cyprean trenches plays an important role in along-strike variations in
the morphology and tectonic evolution of the Anatolian Plateau (e.g., Biryol
et al., 2011; Portner et al., 2018). Slab rollback along these trenches seems to
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Figure 1. Simplified tectonic map of the
Turkish-Iranian Plateau and the eastern
Mediterranean. WAP —Western Anatolian
province; CAP—Central Anatolian Plateau;
EAP—East Anatolian Plateau; BS —Bitlis
suture; DSF—Dead Sea fault; NAF—North-
ern Anatolian fault; EAF—Eastern Anatolian
fault; ZFTB—Zagros fold-and-thrust belt;
MZT—Main Zagros thrust; SSZ—Sanan-
daj-Sirjan zone; UDMA —Urumieh-Dokhtar
magmatic arc. Red triangles represent Qua-
ternary volcanoes. G. and L. Caucasus stand
for Greater and Lesser Caucasus.
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contribute to the western escape of the Anatolian block via strike-slip conju-
gate motions along the Northern Anatolian and Eastern Anatolian fault zones
(Burke and Sengor, 1986; Sengor et al., 2005).

The Zagros mountain belt and Iranian Plateau, constituting the eastern
part of the Turkish-Iranian Plateau, are composed of the following subpar-
allel tectonic terranes (Allen et al., 2004, 2013), from southwest to northeast
(Fig. 1): The Zagros fold-and-thrust belt (ZFTB), the Sanandaj-Sirjan zone, and
the Urumieh-Dokhtar magmatic arc, along with other various central Iranian
blocks and far-field deformational domains (Alborz, Kopet Dagh). The ZFTB is
formed by shortening and subsequent detachment folding of an ~12-km-thick
sedimentary package along with reverse faulting in the crystalline basement
of the northeastern leading edge of the Arabian plate (Mouthereau, 2011). The
Sanandaj-Sirjan zone is bounded by the Main Zagros thrust to the southwest
and is considered the major suture between the Arabian and Eurasian plates
in Iran (Stocklin, 1968; Agard et al., 2005; Paul et al., 2006, 2010). The Urumieh-
Dokhtar magmatic arc is characterized by Eocene arc volcanism most likely
associated with the subduction of the Tethyan oceanic lithosphere beneath

55°E 60°E 65°E

2000 3000 4000

Eurasia (Agard et al., 2011). Further east, Central Iran is made up of several
aseismic and rigid microblocks (Amini et al., 2012). Part of the convergence
between the Arabian and Eurasian plates is accommodated by strike-slip
movement between these rigid blocks (Vernant et al., 2004). The far-field areas
(Alborz and Kopet Dagh) accommodate the rest of the Arabian-Eurasian con-
vergence (Agard et al., 2011; Vernant et al., 2004). Further to the north, the
South Caspian Basin comprises thick sedimentary deposits (~20 km) and is
thought to be underlain by oceanic lithosphere (Allen et al., 2003; Gok et al.,
2011; Kaviani et al., 2015). Previous studies suggest that the South Caspian
Basin is moving westward relative to Central Iran and may be subducting at its
northern margin (Jackson et al., 2002b; Allen et al., 2003; Knapp et al., 2004).

Previous studies of regional seismic phases have found slow Pn velocities
and high Sn attenuation across the Turkish-Iranian Plateau (Hearn and Ni, 1994;
Sandvol et al., 2001; Gok et al., 2003, 2011; Al-Lazki et al., 2004, 2014; Amini
et al., 2012; Mutlu and Karabulut, 2011). Low surface- and body-wave velocity
anomalies in the uppermost mantle are also observed beneath most of the
plateau (Maggi and Priestley, 2005; Hafkensheid et al., 2006; Gok et al., 2007,
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2011; Simmons et al., 2011; Delph et al., 2015; Portner et al., 2018; Kaviani et
al., 2020). Seismic velocity tomography studies (Maggi and Priestley, 2005;
Kaviani et al., 2007; Simmons et al., 2011; Motaghi et al., 2017; Mahmood-
abadi et al., 2019) suggest the presence of a thicker and colder lithosphere
beneath the Zagros relative to Central Iran. Priestley et al. (2012) argued that
the thick “Zagros core” partially accommodates shortening in the mantle. The
observed variation in lithospheric thickness can have significant implications
for regional mantle flow and deformation (e.g., Kaviani et al., 2021) and the
propagation of seismic waves.

So far, only a few studies of high-frequency wave attenuation of the upper-
most mantle have been carried out in the Middle East, and most of them have
focused on propagation efficiencies rather than on Q measurements. Molnar
and Oliver (1969) studied the propagation characteristics of Sn waves along
regional seismic raypaths using World-Wide Standardized Seismograph Net-
work (WWSSN). They found efficient Sn propagation in stable regions such as
continental shields and deep oceanic basins, whereas paths crossing Iran and
Turkey were typically characterized by Sn blockage. In a more detailed study,
Kadinsky-Cade et al. (1981) studied the propagation characteristics of regional
seismic phases in the Middle East using WWSSN seismograms and observed
efficient Sn beneath a major part of the Turkish-Iranian Plateau; however, the
Sn phase was strongly attenuated beneath the eastern and northern parts of
the Anatolian Plateau and the northern part of Iranian Plateau. Rodgers et al.
(1997) improved upon Kadinsky-Cade et al. (1981)'s work by including data
from the Iranian Long Period Array and Global Seismic Network stations. They
also observed efficient Sn propagation across oceanic lithosphere while Sn
appeared blocked or inefficient within the Turkish-lIranian Plateau. They sug-
gested that this is in part due to partial melting in the upper mantle beneath the
Anatolian and northern Iranian Plateaus. Sandvol et al. (2001) and Al-Damegh
et al. (2004) studied the propagation efficiency of Sn in the Middle East and
also observed Sn blockage across most of the Turkish-Iranian Plateau along
with efficient Sn across the South Caspian Basin and Arabian plate. More
recently, Gok et al. (2003, 2011) added data from the Eastern Turkey Seismic
Experiment stations to the study of Sandvol et al. (2001) and thus improved
the Sn sampling throughout the Turkish-lIranian Plateau. These studies also
reported efficient Sn propagation along the ZFTB and found Sn was largely
blocked throughout the Anatolian Plateau.

In this study, we analyzed a large waveform database for the northern
Middle East and quantified Sn Q to characterize the uppermost mantle shear
wave attenuation across the region. We collected and processed more than two
decades of regional seismograms from more than 1260 seismic stations of per
manent networks and temporary deployments across the broad region of the
northern Middle East. The combined data set from the Turkish-Iranian Plateau
and northern Arabian plate provided the unique opportunity for obtaining an
integrated image of the uppermost mantle attenuation structure beneath the
region. The Sn attenuation model presented in our study is largely consistent
with previous studies but at a much higher sampling density and with more
reliable absolute Q estimates than previous studies.

l DATA AND METHODS

The waveform data used in this study were collected from 1266 seismic
stations operated across the Turkish-Iranian Plateau (Fig. 2). We analyzed Sn
seismograms from 7160 regional crustal (<40 km) seismic events, all with
body-wave magnitudes (M,) >4.5. In total, 149,000 seismograms were visu-
ally examined for data quality, and only those seismograms with a clear Pn
arrival were selected for the Sn spectrum calculation. The Sn window was
then automatically picked by a search algorithm that selects the best window
as defined by having the maximum signal-to-noise ratio within predefined
limits based on a range of Sn velocity values between 4.3 km/s and 4.7 km/s.

In the first step, the propagation efficiency of all Sn seismograms was
determined in order to identify Sn blockage for particular raypaths. To mea-
sure the propagation efficiency of Sn phases, we applied a band-pass filter
(0.3-2.0 Hz) to all seismograms and characterized Sn phases into three cat-
egories: efficient, inefficient, and blocked). If the seismogram contained no
Sn energy, it was characterized as “blocked Sn” If there was a clear change
in amplitude and frequency within the Sn velocity window, we designated it
as “efficient Sn” If there was an ambiguous signal that could potentially be
an Sn signal, it was classified as “inefficient Sn” In Figure 3, we show the
event-to-station paths color coded according to their efficiency. The blue and
green paths denote efficient and inefficient Sn propagation, respectively; the
red paths mean Sn blockage. Because these event-to-station paths cross dif-
ferent tectonic domains, it is difficult to untangle where the main attenuation
or blockage occurs along each path.

We used the results of the efficiency categorization to identify and exclude
two-station paths where there is no apparent Sn phase at the station nearest to
an event. Pasyanos et al. (2009) pointed out that by discarding blocked seismic
data resulting from high attenuation, the resulting model can be biased toward
higher Q values compared to the real values. Conversely, by including these
raypaths, large model errors could be generated due to including amplitudes
of noise and coda. We posit that when there is no clear Sn phase observed
at the near station, the amplitude ratio between the two stations may not be
representative of the Sn Q along the two-station path. We, therefore, decided
to exclude two-station paths with a blocked Sn at the near station.

We then measured the effective quality factor (Q) on the remaining
data along the individual paths between two stations (and two events). We
followed two approaches to calculate the effective path-based Q values:
(1) two-station method (TSM) and (2) reverse two-station two-event method
(RTM); we briefly describe these methods below. The interested reader is
referred to Kaviani et al. (2015) and Tiwari et al. (2022) for detailed descrip-
tions of these methods.

The Q measurement is based on the initial assumption that the amplitude
of the given phase (here Sn) is calculated according to the following convo-
lutional relation in the spectral (frequency) domain:

i)

A(f)= S(f)E(f)A-me[vw) ' o
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Figure 2. Map showing the seismic stations (black triangles) used in this study.

where fis the central frequency, S(f) is the frequency-dependent site term
(including instrument response), E(f) is the frequency-dependent source spec-
trum, A is the epicentral distance, m is a geometrical spreading factor, v is
the wave propagation group velocity (4.5 km/s), and Q(f) is the frequency-
dependent quality factor (representing the effective seismic attenuation). We
assume a geometrical spreading factor, m, of 1.0 as is suggested by numerical
simulations (e.g., Yang et al., 2007) for high-frequency Sn waves.

In the TSM approach, the frequency-dependent Sn Q can be calculated by
dividing the spectra at two stations generated from an event occurring along
the great circle path connecting the stations:

AN _s)(a)" @)
m-m[z] e, @

] ] Il

where A//A; is the spectral amplitude ratio between the near station j and
the far station j, and A; = A; - A is the epicentral distance difference (which is
close to the interstation distance). The source spectrum term E(f) is removed
during the spectral division because it is the same between the two stations.
The site term ratio S(f)/S,(f) can be assumed to be 1 after the removal of the
instrument response, assuming that the site conditions at the two stations

are comparable to each other. Then, the frequency-dependent Sn Q can be
calculated using the TSM approach as:

1 v [AB(A)
anijln{m[g] } (3)

]

The frequency dependence of Sn Qis usually assumed to have the form of
a power-law equation (e.g., Aki and Chouet, 1975; Shito et al., 2004):

a(f)=af", (4)

where 1 is the frequency-dependent factor and Q, is Q at 1 Hz. By replacing
the left side of Equation 3 with the inverse of the right side of Equation 4 and
taking the logarithm, we obtain:

(1-m)Inf-InQ, =In %ﬁm{%[%) } . (5)

By applying a linear regression to the measurements (right side of Equa-
tion 5), the quality factor at 1 Hz (Q,) and the frequency-dependent factor n
can be obtained.

Kaviani et al. | Sn attenuation tomography beneath the Turkish-Iranian Plateau and Zagros mountain belt
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Figure 3. (interactive) Map of raypaths with Sn propagation effici

Raypaths are color coded according to their respective efficiency

(red, blocked Sn; green, inefficient Sn; blue, efficient Sn). If the interactivity does not work in the version of the paper you are reading,

please visit https://doi.org/10.1130/GEOS.S.20137805.

Incorrect instrument responses and/or different site conditions at the two
stations can potentially lead to a site term ratio (S,(f)/S(f) in Equation 2) much
different from 1.0. This difference in site term between the two stations can
bias the Q measurements in the TSM approach. This is typically caused when
the instrument response at one or both stations is incorrect. In an attempt to
eliminate the potential effect of differing site terms, the reverse two-station
method (RTM) was proposed by Chun et al. (1987). In the RTM approach, we
need to have Sn phase spectra from two events located on opposite sides
of the station pair along the great circle path. By multiplying the Sn spectral
ratios of the two stations from the two events, the frequency-dependent Sn
Q can be calculated as:

L v n A,(f) Abj(f) AyiAy; ¥ (6)
O(f) - nf(Aaj - Aai - Ahj + Abi) Aaj(f) Abi(f) AajAbi '

where A, A, Ay, and A, denote spectral amplitudes of Sn recorded at stations
iand jfor events aand b, and A, A, A, and A,; are corresponding epicentral
distances. It is straightforward to obtain an expression (as in Equation 5 for the
TSM geometry) so that a linear regression of the observables (combination of
spectral ratios and epicentral distances) gives estimates for the Q value and
the frequency-dependent factor (n). The effect of relative site terms on the Q
calculation is eliminated in the RTM measurements. These terms represent the

difference in local site conditions between stations and/or remaining uncor-
rected instrument responses, and we are able to estimate their relative value
using RTM.

After calculation of the Sn Qat 0.5 Hz, 1 Hz, and 2 Hz using both the TSM and
RTM approaches, we then discarded TSM Q estimates at stations that showed
anomalously large site terms based on the RTM calculation to avoid biasing the
Q locally in the tomography models. In the next step, we applied a screening
analysis to compare Sn Q measurements for spatially proximate paths for both
the remaining TSM and RTM data sets. If a single Q measurement along a path
was larger than twice the standard deviation away from the mean Q value for
other proximate paths, the measurement was discarded. Using this analysis,
the outliers for raypaths in a localized area were identified and discarded from
the data set. After this screening process, 25% of the individual measurements
were identified as outliers and discarded. Because many of these individual
measurements are repeated along a given raypath, the total number of two-
station paths for the final tomography is reduced by only <3%.

In both the TSM and RTM methods, multiple measurements are obtained
for many of the station pairs. In this case, we used the mean value of the
measurements at that station pair. The final averaged path-based inter-station
Sn Q values for a central frequency of 1 Hz are presented in Figure 4. The
TSM and RTM paths, color coded according to their Q values, are shown in

Kaviani et al. | Sn attenuation tomography beneath the Turkish-Iranian Plateau and Zagros mountain belt
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Figure 4. (A and B) Two-station method (TSM) (A) and reverse two-station method (RTM) (B) paths color coded according to their Sn quality factor (Q,) values. Ranges of values
are shown in the maps. (C) Histograms representing the distribution of the TSM (red) and RTM (hachured) measurements along raypaths crossing three selected regions: Western
Anatolian province and Central Anatolian Plateau (left), East Anatolian Plateau and Caucasus (middle), and central Iranian Plateau (right).

Figures 4A and 4B, respectively. The main goal of presenting the raypaths is
to compare the data coverage in the two methods. The actual lateral variation
of the attenuation is mapped via tomographic inversion of the individual ray-
averaged Q values, as discussed in the next sections. The TSM ray coverage
is very dense across the entire study area except for the Arabian plate. Both
data sets densely sample the Turkish-Iranian Plateau but only sparsely sample
the margins of the study area. The raypaths provide the first indication that
most of the Anatolian Plateau is mainly characterized by low Sn Qvalues. The
Iranian Plateau is also mainly covered by low Q values, though some regions
are partially covered by paths with relatively higher Sn Q values. The north-
ern Arabian plate has high Sn Q for the TSM model but ray sampling in this

region for the RTM model is too low to validate this observation. In order to
quantitatively compare the distribution of the path-averaged Q estimates, we
also show in Figure 4C the distribution of the TSM and RTM measurements
along raypaths crossing three selected regions. We observe two main features
in all regions: (1) the RTM measurements present a narrower distribution than
the TSM measurements, partially due to uncorrected site effects on the TSM Q
estimates, and (2) the RTM measurements tend to have a higher mean value
relative to the TSM method. In western and central Anatolia, the RTM values
give an average Q, value well centered between 150 and 200, while the TSM
paths give an average value widely defined between 100 and 200. In the East
Anatolian Plateau and the Caucasus, the RTM paths give a mean value around
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150 whereas the TSM paths give a lower mean value around 100. In the central
Iranian Plateau, the RTM measurements are clearly shifted to higher values
with a mean value between 200 and 250, while the TSM paths present a wide
distribution with a mean value <150.

Finally, we performed a least-squares inversion on the interstation frequency-
dependent Sn Q estimates to obtain two-dimensional maps of attenuation in
the study area (Paige and Saunders, 1982; Xie and Mitchell, 1990; Chun et al.,
1987; Kaviani et al., 2015). The damping parameter for this inversion was set to
3 after examining several values and verifying the trade-off between the data
variance and model resolution.

B RESULTS

The tomographic maps of Sn Q at 1 Hz obtained using the TSM and RTM
geometries are shown in Figures 5A and 5B, respectively. Figure 5C presents
the difference between the TSM and RTM maps (Figs. 5A and 5B) in areas with
common coverage. In order to verify the stability and errors of the Sn Q mod-
els, we performed a bootstrap resampling test (Hearn and Ni, 1994; Sandvol
et al., 2001; Kaviani et al., 2015). The results of the bootstrap uncertainty maps
are shown in Figure 6. The uncertainty maps show that in the regions with
high ray coverage (Fig. 4; Fig. S1'), the uncertainty is generally <15% of the
absolute Qvalues (across the entire region of the Anatolian Plateau and most
of Central Iran), whereas it can be >20% for regions with sparse ray coverage
such as the northern Arabian plate, southern Zagros, southeastern Iran, the
Caspian Sea, and the Greater Caucasus.

In addition to the bootstrap analysis, we performed synthetic tests to
examine the resolution of our Sn Q model. In Figure 7, we present two sets
of synthetic tests: (1) a checkerboard model and (2) a model with an arbitrary
distribution of Q anomalies simulating the anomalies derived from the results
presented in Figure 5. The checkerboard test (Figs. 7A-7C) indicates that Sn Q
anomalies with a size of 2° x 2° can be well resolved in the regions with good
ray coverage (across the majority of the Turkish-Iranian Plateau). The synthetic
Q anomalies are distorted in the regions with limited azimuthal coverage, as
would be expected. The synthetic test with an arbitrary distribution of Qanom-
alies (Figs. 7D-7F) suggests that the local anomalies across the Anatolian and
Iranian Plateaus are generally well constrained.

The Sn @ models at 1.0 Hz obtained from the TSM and RTM measurements
(Fig. 5) exhibit similar large-scale features, though they are different in terms
of small-scale heterogeneities and the absolute value of the Q anomalies.
We consider the RTM Sn Q map (Fig. 5B) more reliable because this method
should be less affected by erroneous site terms. However, the TSM results
can provide insight into the attenuation structure of regions that are not well

'Supplemental Material. Figure S1: Maps showing ray coverage per model block. Please vis-
it https://doi.org/10.1130/GEOS.S.19686957 to access the supplemental material, and contact
editing @geosociety.org with any questions.

sampled via the RTM analysis. For regions sampled by both data sets, the
largest differences are seen around the ZFTB and the eastern Mediterranean
(Fig. 5C). These differences are largely due to significant variations in ray
coverage between the data sets (Fig. 4; Fig. S1, footnote 1) where bootstrap
resampling prior to inversion also indicates large uncertainties in the absolute
values of Sn Q (Fig. 6), and synthetic tests (Fig. 7) also denote low resolution
and smearing of the Q models in these regions.

The model of Sn Q at 1 Hz (Q,) (Fig. 5) shows significant lateral variations
in the upper-mantle attenuation beneath the Turkish-Iranian Plateau. Across
most of the Anatolian Plateau, we observe low Sn Q values (<250). Areas of
very low Q values (<150) in the East Anatolian Plateau and Lesser Caucasus
correlate well with the location of Neogene volcanism (Keskin, 2003; Sengor
et al., 2003; Schleiffarth et al., 2018). These low-Sn Q regions extend east-
ward into the northwestern Iranian Plateau. Previous studies indicated that
Pn velocities in this region are also below the global average (Hearn and Ni,
1994; Amini et al., 2012). A region of low Sn Q values (<150) is also found in
the Levant Basin (northeastern corner of the Mediterranean) that is bounded
to the east by the Dead Sea fault zone. This low-Sn Q region in the eastern
Mediterranean looks like an extension of the low Q region of central Anatolia,
which may broadly correspond with volcanism in the Central Anatolian vol-
canic province (Innocenti et al., 1975; Schleiffarth et al., 2018).

Central Iran is mainly characterized by Sn Q values between 150 and 300,
close to the values observed in central and western Anatolia. The RTM paths
in Central Iran tend to give higher values relative to the TSM raypaths, as also
shown in Figure 4C. The Lut block in eastern Central Iran (Fig. 1 for location)
is characterized by higher Sn Q relative to other parts of Central Iran.

In the ZFTB, we generally observe high Sn Q values (>400) with some
significant lateral heterogeneity. These variations are manifested in discrep-
ancies between the TSM and RTM maps (Fig. 5C). One main reason for this
discrepancy across the ZFTB may be the relatively long inter-station distances,
where the differences in site condition at the two stations can be large and
significantly affect the TSM Q measurements. High Q estimates (>400) are
also observed across the northern Arabian plate, although we only have TSM
results in this region and the uncertainty is relatively high (Fig. 6A). Below
the South Caspian Basin, both the TSM and RTM approaches show high Sn
Q (>400) along with high uncertainties (Fig. 6) due to the poor path density.

By measuring Sn Q at different frequencies, we are able to verify the fre-
quency dependence of attenuation. Sn Q maps obtained from the TSM and
RTM methods at three different central frequencies (0.5 Hz, 1.0 Hz, and 2.0
Hz) are shown in Figure 8. We see that Q generally increases with increasing
frequency, as expected. In western and central Anatolia, Sn Qincreases from
a mean value of ~150 at 0.5 Hz to a mean value of ~300 at 2.0 Hz, whereas it
changes with frequency in a narrow range between ~100 and ~150 in east-
ern Anatolia. In Central Iran, we observe Sn Q values ranging from ~150 at
0.5 Hz to ~350 at 2.0 Hz, comparable to what we observe in central Anatolia.
We observe relatively higher values in the ZFTB with significant along-strike
variations at all frequencies.

Kaviani et al. | Sn attenuation tomography beneath the Turkish-Iranian Plateau and Zagros mountain belt
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A detailed inspection of the Sn Q variation with frequency in different
parts of the study area requires mapping of the frequency-dependent factor
(n). While we can map the lateral variation of n by a tomographic inversion
of the path-averaged n values (using an assumption of linearity), the rela-
tionship between n and path length is in reality nonlinear. Therefore, we
follow another approach based on Equation 4 to calculate n directly from the
frequency-dependent Sn Q models shown in Figure 8. In Figure 9, we compare
the n obtained from the Sn Q maps (Figs. 9B and 9D) and those obtained by
direct tomographic inversion (Figs. 9A and 9C). Though the two sets of maps
share common features in the central regions of the models, the nonlinear
nature of the frequency dependence manifests itself mainly as discrepancies
between the two models at the borders. We also observe differences between
the 1 maps obtained from the TSM and RTM geometries (Fig. 9B and 9D) in
some regions, indicating that uncorrected site terms in the TSM method have
effects not only on the Q but also on the 1 estimates. Overall, the n values vary
between -0.2 and 1.0 across the entire model, with the lowest values found
across the East Anatolian Plateau.

In western and central Anatolia as well as across the central Iranian Plateau,
we observe a gentle increase of Sn Q with frequency that is clear on both the
Sn Q and n maps (Figs. 8 and 9). The northwestern region of the ZFTB and
northern edge of the Arabian plate are generally characterized by high Sn Q
anomalies at all frequencies whose limits are delineated by the Main Zagros

thrust-Bitlis suture in the east and north and the Dead Sea fault zone in the west.
The RTM n map (Fig. 9D) also shows a clear distinction between the southern
and northern ZFTB. We also observe a region of relatively high frequency
dependence of Sn Q in the northern edge of the Arabian plate, seen in the
TSMn map (Fig. 9B). Better ray coverage may be required to verify the robust-
ness of the lateral variations in mantle attenuation structure along the ZFTB.

H DISCUSSION

Itis generally assumed that the seismic properties of the mantle are likely
controlled by the temperature of the medium through which the waves prop-
agate. However, other physical properties, such as compositional variations
and the presence of melt and fluids, may also play a significant role in deter-
mining seismic anomalies in the continental mantle (e.g., Artemieva et al.,
2004). Positive temperature anomalies (“hotter” material) should lead to higher
attenuation and lower velocity; however, this anticorrelation between attenu-
ation and velocity may not be the case if the seismic properties are controlled
by composition rather than temperature (Artemieva et al., 2004; Nakajima and
Hasegawa, 2003). Furthermore, lateral variation in mantle structure can give
rise to scattering of seismic waves that manifests itself in the reduction of the
coherent arrival of Sn energy.
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We compare our Sn attenuation model with previous seismic velocity mod-
els to address the origin of the uppermost-mantle seismic anomalies beneath
the study area. The Sn attenuation model presented in our study is spatially
consistent with the large-scale features of previously published Sn Q models
(Sandvol et al., 2001; Gok et al., 2003, 2011). However, our model has far better
ray coverage than previous studies because we incorporate a significantly lon-
ger duration of seismic measurements along with denser station distribution.
Sn Qis relatively low (<250) across most of the Turkish-Iranian Plateau and
increases to >500 beneath the Zagros mountain belt and regions with oceanic
basins such as the Black Sea and South Caspian Basin. The real values of Sn
Q in high-attenuation regions can be lower than our estimated values given
that we discarded paths with blocked Sn, which are indicative of strong atten-
uation. Furthermore, our data set and model parametrization give smoothed
models with resolution that can be lower than the size of small-scale real Q
anomalies in the upper mantle.

Seismic attenuation is a frequency-dependent phenomenon (e.g., Aki and
Chouet, 1975; Dainty, 1981). Investigation of frequency-dependent Sn Q allows
inference, to some extent, of the nature of the seismic attenuation in the upper
mantle. Intrinsic attenuation is generally characterized by weak frequency
dependence while scattering attenuation corresponds to strong frequency
dependence (Barron and Priestley, 2009; Bao et al., 2011; Kaviani et al., 2015).
Across most of our model, n is low to normal (0-0.5), suggesting that intrin-
sic attenuation is the dominant mechanism for the seismic attenuation in the
uppermost mantle beneath the Turkish-Iranian Plateau. Laboratory experi-
ments on dry upper-mantle compositions suggest thatn can vary between 0.2
and 0.5 depending on temperature and average grain size, while the presence
of melt tends to reduce the frequency dependence (n ~0; e.g., Jackson et al.,
2002a; Jackson et al., 2004; Faul et al., 2004). On the other hand, seismological
observations show that n in the upper mantle can vary between 0.2 and 1.0
depending on the penetration depth and geometry of the raypath as well as
on the three-dimensional velocity structure of the medium (e.g., Martynov et
al., 1999; Cheng and Kennett, 2002; Shito et al., 2004). Our n maps suggest that
intrinsic attenuation is the dominant mechanism in the upper mantle beneath
the Turkish-Iranian Plateau. In regions with abrupt lateral variations in the
lithospheric thickness, such as beneath the northwestern Zagros and at the
edges of the oceanic basins, we see some evidence indicating that scattering
is the dominant mechanism of attenuation.

Below the East Anatolian Plateau, the strong attenuation of Sn and weak
frequency dependence is consistent with observations of low Pn velocities
(e.g., Hearn and Ni, 1994; Amini et al., 2012; Mutlu and Karabulut, 2011) and
slow body-wave velocities (Gok et al., 2007; Biryol et al., 2011; Salaiin et al.,
2012; Delph et al., 2015, 2017; Portner et al., 2018; Kaviani et al., 2020). These
slow velocities have been interpreted as the result of the presence of a hot
uppermost mantle beneath the Anatolian Plateau. This interpretation is consis-
tent with the observed low Sn Q at all frequencies (Fig. 8) and weak frequency
dependence (Fig. 9). These seismic characteristics are observed in a region
of widespread Miocene to recent magmatism (e.g., Schleiffarth et al., 2018)

characterized largely by very shallow melt pressure-temperature equilibria
from young volcanism (Reid et al., 2017, 2019), providing further evidence
that the uppermost mantle beneath the East Anatolian Plateau is hot and
likely contains partial melt. This interpretation is consistent with the notion of
shallow asthenosphere beneath a thinned and/or absent lithospheric mantle
lid, possibly due to the detachment and sinking of a segment of the Tethyan
slab and subsequent upwelling of the asthenosphere (e.g., Sengor et al., 2003;
Bartol and Govers, 2014; Delph et al., 2017). By comparing our Sn Q model
with crustal Q models from Lg and Pg waves (Zor et al., 2007; Kaviani et al.,
2015; Bao et al., 2011), we find some consistent features suggesting a causal
link between crustal and uppermost-mantle attenuation. In the Lesser Cau-
casus and Eastern Anatolian Plateau, the observation of very low Q values
in all three models (Sn, Lg, and Pg), in agreement with low seismic-wave
velocities in the crust and upper mantle, strongly suggests the presence of
partial melting in both the crust and uppermost mantle. This can be caused
by the proximity of crustal material with the asthenosphere, given that the
lithospheric mantle below the East Anatolian Plateau appears to be very thin
or even absent (Sengor et al., 2003; Angus et al., 2006).

Beneath the Central Anatolian Plateau and Western Anatolian province,
we observe higher Sn Q (~250) relative to the East Anatolian Plateau, also
consistent with the presence of higher S-wave velocities (Delph et al., 2015,
2017; Kaviani et al., 2020). The frequency dependence is also moderate (~0.4)
in the Central Anatolian Plateau and Western Anatolian province, suggesting
that intrinsic attenuation is the main cause of dissipation of Sn wave energy.
These lines of evidence imply the presence of a colder and/or more stable
lithospheric mantle beneath the region relative to the East Anatolian Plateau.
Further to the southwest, we observe a small region of relatively high Sn Q
along the Hellenic subduction zone, possibly resulting from the presence of
the subducting slab, given that the mantle wedge of the upper plate is likely
too thin to have a significant effect on Sn propagation. On the other hand,
serpentinization in the mantle wedge can have significant effect on seismic
velocity and attenuation; however, degree of serpentinization varies in different
subduction zones (Xia et al., 2015). Evidence for high seismicity in the mantle
wedge beneath the Hellenic subduction zone (e.g., Halpaap et al., 2018) can
be indicative for a relatively low degree of serpentinization and, therefore, for
a low degree of seismic attenuation.

The eastern Mediterranean and surrounding coastal areas show significant
lateral heterogeneity (Figs. 5, 8). Based on synthetic tests and a qualitative
inspection of our ray coverage (Figs. 4, 7), only the northeastern portion of the
Mediterranean (including the island of Cyprus and the Levant Basin) appear
to be well resolved. The low-Sn Q region of Central Anatolia seems to extend
southward into the northeastern Mediterranean. The Dead Sea fault zone
delineates a clear boundary between the low-Q region of the Levant Basin and
the higher-Q region of the northern Arabian plate. S-wave velocities near the
Levant Basin area are also characterized by a relatively high-velocity upper-
most mantle (e.g., Kaviani et al., 2020). The observation of low Sn Q and high
seismic velocities along with a strong frequency dependence in the same area
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(Fig. 9D) suggests that the low Sn Qis likely a result of scattering rather than
intrinsic attenuation. The nature of the lithosphere beneath the Levant Basin
is complex, with a crust that may consist of both oceanic and continental
fragments (e.g., Segev et al., 2018). This complex lithosphere appears to tran-
sition to purely oceanic lithosphere near the western edge of Cyprus (Granot,
2016). Higher-resolution images of the velocity and attenuation structures of
the crust and upper mantle are needed to learn more about the architecture
of the lithospheric mantle beneath this region.

In the ZFTB, we generally observe efficient Sn propagation (high Sn Q).
Along-strike variations are also present beneath the ZFTB in both Sn Qand n
maps (Figs. 8 and 9); however, our current ray coverage does not have sufficient
azimuthal sampling to indicate whether Sn propagation direction contributes
to the observed variations. The northern edge of the Arabian plate and the
northwestern ZFTB show a large region of high Sn Q at all frequencies that is
bordered by the Main Zagros thrust-Bitlis suture zone to the east and north and
the Dead Sea fault zone to the west (Fig. 8). If the relatively strong frequency
dependence of Sn Qin the northern edge of the Arabian plate seen in the TSM
n map (Fig. 9B) is robust, it is likely due to the scattering of Sn energy at the
edge of the thick Arabian lithosphere (Maggi and Priestley, 2005; Kaviani et
al., 2007; McKenzie and Priestley, 2016).

Further to the northeast within the Sanandaj-Sirjan zone and Urumieh-
Dokhtar magmatic arc, the Q values decrease and the propagation of Sn waves
shifts from inefficient propagation to blockage. Our Sn Q model is consistent
with seismic velocity models (Maggi and Priestley, 2005; Kaviani et al., 2007;
Simmons et al., 2011; Motaghi et al., 2017, Mahmoodabadi et al., 2019) that
show a transition from a higher-velocity upper mantle beneath the ZFTB to a
lower-velocity upper mantle beneath Central Iran. In the central Iranian Pla-
teau, Sn waves either propagate inefficiently or are partially blocked at all
frequencies, resulting in relatively low Q values (Fig. 8) and low frequency-
dependent factor (Fig. 9). Pn velocity is near the global average beneath Central
Iran (Hearn and Ni, 1994; Amini et al., 2012), and uppermost-mantle S-wave
velocity is also higher than that of eastern Anatolia (Priestley and McKenzie,
2013; Kaviani et al., 2020). These observations could indicate the presence of
a relatively high-temperature upper mantle hosting localized, colder pieces of
lithospheric mantle detached from the subducted Neotethys slab during the
late Miocene (e.g., Agard et al., 2011; Mahmoodabadi et al., 2019). We also sur-
mise that the uppermost mantle beneath Central Iran may be in a subsolidus
thermal condition, which prevents extensive partial melting.

While resolution tests indicate that the reliability of our results decreases
as we approach the South Caspian Basin, some general observations can be
made from the tomographic maps. We observe low Sn Q along the Alborz
mountain belt that continues to the southern edge of the South Caspian Basin
(Fig. 8). This may imply that the upper-mantle structure beneath the Alborz
extends below the South Caspian Basin. The shear-wave velocity model from
Kaviani et al. (2020) also suggests that although the South Caspian Basin and
Alborz appear to have distinct structures at shallower depths (<60 km), the
deeper mantle structure below the South Caspian Basin is more similar to

that of the Alborz and Central Iran rather than of the Eurasian plate. The Sn
Q is relatively high in the northern part of the South Caspian Basin, though
the resolution of our models is not sufficient to resolve small-scale changes.
The region of relatively high n values (>0.7) in the western edge of the basin
(Fig. 9) is likely due to the scattering of Sn waves at the transition from oceanic
to continental lithosphere (Isacks and Stephens, 1975; Stephens and Isacks,
1977; Dainty, 1981). As previous studies have also suggested (e.g., Maggi and
Priestley, 2005; Gok et al., 2011; Kaviani et al., 2015, 2020), better data coverage
around and across the South Caspian Basin is required to robustly address
the nature of the lithosphere (oceanic or continental) beneath this region.

B CONCLUSIONS

We made use of a large Sn waveform data set to investigate the upper-
mantle attenuation structure beneath the broad region of the northern Middle
East including the Iranian and Anatolian Plateaus. Frequency-dependent
path-averaged Sn Q values were computed between station (and event) pairs
using two methods: TSM (two-station method) and RTM (reversed two-station
method). The path-averaged Q values were then tomographically inverted to
map lateral variations in Sn Q beneath the region of study. Our high-resolution
frequency-dependent Sn Q maps place new constraints on the upper-mantle
structure beneath the region. The following main concluding remarks can be
drawn from our study:

e Our frequency-dependent Sn Q models suggest that intrinsic attenuation is
the main mechanism of seismic attenuation across the Turkish-Iranian Plateau,
though scattering attenuation also plays an important role in the regions such as
beneath the Zagros fold-and-thrust belt and at the edges of the oceanic basins.
The East Anatolian Plateau is characterized by a highly attenuative upper-
most mantle consistent with the observation of low seismic velocities. The
correlated low-velocity and high-attenuation anomalies and the presence
of Quaternary volcanism suggest the occurrence of widespread partial
melting beneath the East Anatolian Plateau.

The uppermost mantle beneath the central and western Anatolian Plateau
and the central Iranian Plateau is also characterized by high attenuation,
though it is less attenuative than the upper mantle beneath the East Ana-
tolian Plateau. The observation of a less-attenuative and a higher-velocity
upper mantle relative to the East Anatolian Plateau suggests colder con-
ditions and less-extensive partial melting.

Relatively high Sn Q and strong frequency dependence are observed
beneath the Zagros fold-and-thrust belt and northern Arabian plate, which
can be indicative of a stable and thick lithosphere with a distinct boundary
and abrupt lateral variation in thickness relative to the neighboring regions
including Central Iran and the East Anatolian Plateau.

The regions underlain by oceanic lithosphere including the Black Sea and
South Caspian Basin exhibit a low-attenuation upper mantle, implying a
stable and cold mantle lithosphere.
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e The Levant Basin and Cyprus microcontinent in the eastern Mediterra-
nean are characterized by relatively low Sn Qvalues and strong frequency
dependence, suggesting significant structural heterogeneity in the upper
mantle that causes strong scattering of Sn waves.
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