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Abstract

The northeastern Turkey is located at the intensely deformed east Anatolian Collision Zone that is formed by the
collision of the Arabian Plate with Eurasia. The region is one of the best examples of the continental collision zone in
the world and exhibits an active north—south shortening and a young and widespread volcanism. In northeastern
Anatolia, the ongoing motions of the Arabian and Eurasian Plates through a range of deformation processes have
generated the Erzurum—Kars Plateau, a region of large-scale deformation and uplift observed at surface. However, the
nature of deformation driven by the continental collision remains unresolved at depth. In this study, magnetotelluric
(MT) data recorded at 74 sites constituting two intersecting profiles have been used to construct the characteristic
electrical conductivity pattern associated with the intensely deformed east Anatolian Collision Zone beneath the
Erzurum-Kars Plateau, northeastern Turkey, with the aim of imaging the 3D distribution of fluids in order to link it with
subsurface rheological conditions. An equal number of colocated transient electromagnetic (TEM) sounding data
were used to allow the static shift correction of the MT data; a borehole was also drilled inside the study area. We ran
a one-dimensional inversion of TEM data in order to determine shift in MT data and a three-dimensional inversion
using full components of MT impedance tensor previously corrected for static shift. The resulting models showed
that two distinct conductive zones probably indicating local accumulation of melt exist at mid-to-lower crustal
depths (15-45 km) throughout the Erzurum—Kars Plateau. The spatial distribution of these anomalously conductive
zones mechanically characterizes weak areas that may permit flow of crustal materials in the collision zone. These
conductive zones have been previously identified further west of the collision zone, which implies that the electrical
characteristic of the collision zone is continuous from west to east beneath the Anatolian Plateau. The spatial extent
of the conductive zones may suggest the presence of two localized crustal flow channels situated laterally parallel to
the orogeny. These findings can potentially contribute to understanding of the crustal structure of collision zones, in
particular east Anatolian Collision Zone, and the hypothesis that crustal flow can occur in orogenic belts.

Keywords: Continent-continent collision, Eastern Anatolia, Erzurum—Kars Plateau, Anatolian Plateau, 3D inversion,
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Introduction

Continent—continent collisions are invaluable records to
explain the tectonic evolution of the Earth and thus have
always been interesting for Earth scientists. Eastern Ana-
tolia is regarded as one of the two largest regions in the
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world in which an active continent—continent collision is
currently occurring. The other one is the Tibetan Plateau
and Himalaya which has been formed by the India—Asia
collision. On the other hand, the Arabia—Eurasia colli-
sion has formed Eastern Anatolia, namely the Anato-
lian-Iranian Plateau (Sengor and Kidd 1979; Dewey et al.
1986). The Anatolian—Iranian Plateau in many aspects
such as topographic uplift and young volcanism resem-
bles the Tibetan Plateau, and thus, it has been viewed as
a younger version of the Tibetan Plateau in many studies
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(e.g., Sengor and Kidd 1979; Dewey et al. 1986). The Ara-
bia—Eurasia collision in Eastern Anatolia began around
13 Ma (Dewey et al. 1986), while the age of the collision
between India and Asia extended from 50-55 to 70 Ma
(Aitchison et al. 2007).

The Arabian—Eurasian collision zone is a spectacular
region to study the early stages of a continent—continent
collision zone, and a number of geological and geophysi-
cal studies have been performed to examine the crust and
upper mantle structure beneath Eastern Anatolia in order
to constrain the nature of the collision. Receiver function
studies in Eastern Anatolia suggest various crustal low
velocity zones that have been associated with partial melt
in the mid crust (Angus et al. 2006). Low Pn velocities
(Al-Lazki et al. 2003), shear wave velocities (Gok et al.
2007; Maggi and Priestley 2005) and Sn attenuation (Al-
Damegh et al. 2004; Barazangi et al. 2006) indicate that
the uppermost mantle is partially molten. High Bouguer
gravity anomalies in Eastern Anatolia also indicate that
the crust floats on a partially molten asthenosphere (i.e.,
there is no lithospheric mantle), and the asthenospheric
material is therefore in direct contact with the base of the
crust (Ates et al. 1999; Barazangi et al. 2006). The absence
of subcrustal earthquakes (Tiirkelli et al. 2003) indicates
that the underthrusting of Arabian Plate beneath Eura-
sia is either very little or totally absent. The strike-slip
characteristic of crustal seismicity in Eastern Anatolia
also indicates that the northward convergence of Arabian
Plate is accommodated by tectonic escape (Orgiilii et al.
2003), and the topographic uplift supported by emplac-
ing hot asthenosphere at subcrustal depths provides slab
detachment in Eastern Anatolia (Sengor et al. 2003; Kes-
kin 2003).

Magnetotelluric (MT) imaging of the crustal and
upper mantle structures in collision zones plays a crucial
role in defining their present-day structure and tectonic
evolution since the fluid content and thermal structure,
which are the most critical parameters for characteriz-
ing the rheology of the crust and upper mantle, can be
constrained with the help of MT data (Unsworth 2010).
The regional-scale MT study in Eastern Anatolia was
carried out by Tirkoglu et al. (2008, 2015), Tirkoglu
(2009) and Avsar et al. (2013). Tirkoglu et al. (2008)
used long-period MT data obtained from two main pro-
files in order to image the conductivity structure of the
region. The electrical conductivity models derived from
two-dimensional (2D) inversion of MT data revealed the
high-conductivity pockets interpreted as an indication of
local accumulation of melt in the crust of the Anatolian
Plateau. In this study, we also used the MT method in
order to detect the presence of fluids or melt in the crust
of the east Anatolian Collision Zone. We specifically
focused on the northern part of the collision zone, the
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Erzurum—Kars Plateau (EKP) (Fig. 1) in order to generate
the first three-dimensional (3D) conductivity model for
the region, and also based on this model, we linked the
distribution of fluids with subsurface rheology. Further-
more, we aimed to image whether the conductive zones
previously documented by Tiirkoglu et al. (2008) con-
tinue eastward in the crust of the collision zone and to
give an additional contribution to the idea that localized
crustal flow may occur in east Anatolian Collision Zone
(Tirkoglu et al. 2008; Unsworth 2010).

Tectonic and geologic setting

The collision between the Eurasian and Arabian Plates
in the Middle Miocene, after the subduction of the Neo-
Tethys Ocean beneath Eurasia (Dewey et al. 1986; Sengor
and Yilmaz 1981), formed Eastern Anatolia and its pre-
sent-day tectonics. Many geodynamic models have been
suggested and discussed in order to explain the evolu-
tion of the collisional zone. Some models proposed that
the Anatolian Plateau was formed by the Arabian Plate
convergence being accommodated by lithospheric thick-
ening (Dewey et al. 1986) or tectonic escape (McKenzie
1972), whereas others asserted that it resulted from the
continental subduction (Rotstein and Kafka 1982), lith-
ospheric delamination (Pearce et al., 1990), slab detach-
ment (Innocenti et al. 1982) or slab steepening and
break-off beneath a large subduction—accretional com-
plex (Sengor et al. 2003; Keskin 2003; Barazangi et al.
2006). The distribution of collision-related volcanic units
across Eastern Anatolia characterizes deep delamina-
tion model (Pearce et al. 1990; Keskin et al. 1998) and the
asthenospheric mantle in contact with the accretionary
complex at shallow depths (~50 km) as a result of slab
steepening and break-off beneath the subduction—accre-
tional complex (Keskin 2003). Today, the ongoing north-
ward motion of the African and Arabian Plates with
respect to the Eurasian Plate is accommodated in large
part by lateral transport within the interior part of the
collision zone and lithospheric shortening and thickening
along the Caucasus and Zagros mountain belts (Reilinger
et al. 2006).

The continental collision between the Arabian and the
Eurasia Plates in Eastern Anatolia resulted in a tectonic
collage including different microcontinents separated
by ophiolithic belts and accretionary complexes (Keskin
et al. 2006) (Fig. 1). These tectonic blocks are known as
the Rhodope-Pontide fragment, the Northwest Iranian
fragment, the East Anatolian Accretionary Complex
(EAAC) and the Bitlis-Potiirge Massif (Sengor et al. 2003;
Keskin 2003). The Rhodope-Pontide fragment is charac-
terized by an ensialic, south-facing magmatic arc (Sengor
et al. 2003), and it is formed by north-dipping subduc-
tion under the Eurasian Plate in a period between the
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Albian and Oligocene times (Yilmaz et al. 1997; Sengor
et al. 2003). The Northwest Iranian fragment is masked
by collision-related volcanic units in Eastern Anatolia,
and it consists of heterogeneous rocks (Keskin 2005).
The EAAC represents a huge subduction—accretion com-
plex located between the Rhodope-Pontide fragment and

Bitlis-Potiirge Massif, and it is composed of late Creta-
ceous or much younger ophiolitic mélange and Paleocene
to late Oligocene flysch sequences (Sengor et al. 2003).
The EAAC has a special significance due to the fact that
it has been exposed to a high collision-related magmatic
activity and accommodating most of deformation driven
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by the continental collision (Keskin 2003). The Bitlis-
Potiirge Massif is an intensely deformed metamorphic
massif which is allochthonous on late Cretaceous and
medial Eocene mélange complex ($Sengor et al. 2003).

The neotectonic structure in Eastern Anatolia is domi-
nated by roughly north—south convergence between the
Arabian and Eurasian Plates (Bozkurt 2001). The domi-
nant and active structural elements of the region are the
NE-SW- and SE-NW-trending strike-slip faults and
fewer east—west-trending thrust faults (Bozkurt 2001;
Sengér et al. 2003; Orgiilii et al. 2003). Among these
faults, the Northeast Anatolian fault zone is one of the
most important elements in Eastern Anatolia (Fig. 1),
and it is an approximately 350-km-long left-lateral strike-
slip fault zone extending from the Erzincan basin to the
Great Caucasus (Bozkurt 2001). The east—west-trending
pull-apart basins, which are originated by the compres-
sional tectonic regime of the region, have developed
along these fault systems and undeformed Pliocene to
Quaternary continental volcano-sedimentary sequences
accumulated in some basins (Bozkurt 2001; Kogyigit
et al. 2001). The north—south-trending fissures filled with
magma and associated Pliocene to Quaternary volcanoes
are the other structural elements of the region (Bozkurt
2001; Kogyigit et al. 2001). Although volcanic units cover
over half of the region in Eastern Anatolia, in the north
around the EKD, volcanic units have a special importance
due to containing a more complete record of volcanism
from middle Miocene to Pliocene (Keskin et al. 1998,
2006).

MT and TEM data

The MT and TEM measurements in the EKP were taken
to depict subsurface electrical conductivity structure
of Eastern Anatolia. A total of 74 MT soundings have
been acquired in the survey. The wideband MT data
were collected at two intersecting profiles. The first pro-
file (G1) consists of 44 MT sites along the ~80-km-long
nearly north—south profile, and the second (G2), east—
west-trending profile is composed of 30 MT sites along
the ~50-km-long profile (Fig. 1). Five-component MT
data (Ex, Ey, Hx, Hy and Hz) were acquired using Met-
ronix ADU-06 MT data acquisition systems using non-
polarizing Pb-PbCI, electrodes with dipole lengths
50-100 m and three induction coils (EMI BF-4 and BF-7).
At each site,~15 h of recording was made covering a
period range from 0.03 to 1000 s with a remote reference
site. The measured time series were processed in two
steps, which are the single-site processing and remote
reference processing, using the robust code developed
by Larsen et al. (1996). The remote reference technique
was applied in order to enhance the data quality (Gamble
et al. 1979). The same number of central loop transient
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electromagnetic (TEM) soundings with MT soundings
was collected at colocated sites with the aim of provid-
ing a natural remedy for the MT static shift (Pellerin and
Hohmann 1990). A Zonge GDP-32 EM data logger and
a transmitter with current loop size of either 100 x 100
or 150 x 150 m?* depending on terrain limitations were
used to obtain TEM data. A receiver coil was positioned
in the center of the transmission loop to measure the
decay of the secondary magnetic field. The transmitter
square wave current ranged from 9 to 20 A at repetition
frequencies of 8 and 2 Hz. The measured TEM data were
processed using the interpretation package TEMIXXL
manufactured by Interpex (1996) in order to calculate
late-time apparent resistivity as a function of time. The
voltage decay curves were evaluated to determine the
asymptotic (late time) noise levels, and the data points at
or close to this level (1-10 nV/Am?) were removed prior
to merging of multiple runs and subsequent interpreta-
tion. We utilized one-dimensional (1D) inversion based
on the dumped least squares inversion algorithm for hor-
izontal layers (ridge regression) to describe the number
of layers, their thicknesses and conductivity of each layer.

Static shift correction

Theoretically, galvanic distortions in 3D modeling would
not be a problem if the measured MT data were well
modeled to resolve all inhomogenities (Jones 2012).
However, this leads to excessive computational load. This
type of distortion caused by local, near surface inhomog-
enities in a 1D or 2D regional structures is independent
of the frequency, while if the regional structure is 3D, its
effect on measured data becomes frequency dependent.
Hence, both apparent resistivity and phase responses are
disturbed by a frequency-dependent term (Ledo et al.
1998). Thus, a correction should be performed prior to
3D interpretation in order to retrieve information about
the regional 3D structure. To correct galvanic distor-
tions (except the static shift), we applied a 3D galvanic
distortion model over 3D regional structure proposed
by Ledo et al. (1998) for retrieval of the regional transfer
functions. Accordingly, we applied the Groom and Bai-
ley (GB) decomposition (Groom and Bailey 1989) for the
short periods at each site in order to determine distortion
parameters, namely twist and shear. The calculated value
of these parameters is approximately 0 degree for almost
all sites, which implies that the measured MT data are not
distorted by corresponding galvanic effects, and there-
fore, the data have not been corrected from such distor-
tions prior to inversion. On the other hand, static shift,
which is another galvanic distortion effect that shifts
apparent resistivity curves by a scaling factor while keep-
ing the phases unchanged and independent of the fre-
quency, was corrected by utilizing a 1D inversion of TEM



Hacioglu et al. Earth, Planets and Space (2018) 70:161

data since the TEM data are relatively not affected by
near surface inhomogenities. Figure 2a shows an exam-
ple of static shift effect on off-diagonal components of
the impedance tensor (Z,, and Z,) intriguingly splitting
at high frequencies at a MT site (110) by comparing with
the transient apparent resistivity curve, which is prob-
ably due to a combination of the mountainous topogra-
phy of the EKP and surficial inhomogeneities. However,
the on-diagonal components of impedance tensor (Z,,
and Zyy) at short periods (<0.1 s) show one-dimensional
structure with its small values, which indicates that the
on-diagonal components are not affected by static shift,
and therefore, a static shift correction was not applied to
these components. The effect of static shift on the com-
ponents of impedance tensor shows similar characteris-
tic at all those sites affected by this type of distortion. To
achieve the static shift correction, we followed a correc-
tion procedure to shift distorted MT curves to their cor-
rect values based on 1D inversion of colocated TEM data
and thus eliminated static shifts at six sites. Five of these
sites are located on collision-related volcanics in the
Northwest Iranian fragment; particularly, three of them
are situated in the vicinity of the Allahuekber Moun-
tains, and one is located near the Ardahan pull-apart
basin in the Rhodope-Pontide fragment (Fig. 1). Since it
is only an assumption that the earth beneath a TEM cur-
rent ring is 1D, the phases of the measured impedances
were rotated to 45° in order to show that the data are 1D
at short periods (Fig. 2b). The dimensionality parameters
(phase tensor beta values) also indicate 1D behavior for
short periods (Fig. 3), and when we compared the data
with the data from neighboring sites, the distortion at
corresponding sites is obvious. Figure 2c shows corrected
apparent resistivity curves, and Fig. 2d displays inverted
layered earth models corresponding to TEM sound-
ing data and shifted MT data for the exemplary site. The
estimated resistivity distribution with depth for the site
affected by static shift and corrected for the shift clearly
shows that the static shift effect may lead to incorrect
estimations of resistivities and thus erroneous modeling
of subsurface electrical conductivity structure as a result
of misinterpretation of measured MT data.

Dimensionality

Prior to the inversion of MT data, the dimensionality
and the directionality of the data were examined through
phase tensor analysis (Fig. 3). The attraction of this
approach is to provide the distortion-free dimensionality
information without any assumptions about the dimen-
sionality of the regional response tensor in the existence
of electric field galvanic distortion (Caldwell et al. 2004;
Jones 2012; Booker, 2014). The spatial variations of the
phase tensor ellipses provide information about localized
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conductivity changes in the subsurface (Ferguson et al.
2012). Therefore, it is advantageous to take into consid-
eration the information containing phase tensor.

The phase tensor described by the relation between
the real and imaginary parts of the impedance tensor
can be represented graphically by an ellipse character-
ized by three invariants, the major and minor axes and
skew angle (). While the maximum and minimum phase
difference between the horizontal components of the
electric and magnetic fields is defined by the principle
axes of the tensor, the asymmetry in the MT responses
is represented by the phase tensor skew angle (Cald-
well et al. 2004). The color of the ellipses representing
the skew angle describes a measure of the dimensional-
ity of the observed MT data, and the large values of it
(18] > 3" imply the existence of 3D regional conductiv-
ity structure (Caldwell et al. 2004; Booker 2014). Fur-
thermore, the polarization direction of the ellipses shows
the direction of the current flow, and inconsistent vari-
ation in the polarization directions of ellipses is also an
indicator of 3D regional conductivity structure even if
the value of beta is small (Caldwell et al. 2004). Figure 3
summarizes the results of the phase tensor analysis for
both G1 and G2 profiles. Here, we used 95% confidence
limit. The error of the phase tensor data was also taken
into consideration, as suggested by Booker (2014). In
order to estimate skew angle errors, ten thousand skew
values were computed by utilizing different values of all
components of impedance tensor (Z,,, Z,,, Z,, and Z,)
which are randomly distributed within the total range of
the assumed error, following the approach of Campanya
et al. (2016). For periods smaller than 0.1 s, most of the
ellipses show weak polarization and the small skew val-
ues (mostly<[—2° 2°]), indicating that 1D or 2D struc-
tures are dominant. However, as period increases, the
value of skew angle increases to greater values, which
indicates 3D structures. The polarization direction of
most of the ellipses exhibits a consistent trend with the
geo-electric strike directions (N95°E for G1 and N110°E
for G2 profiles), which is shown as rose diagrams and
obtained using the MTpy python toolbox (Krieger and
Peacock 2014), as being parallel to roughly north—south-
trending compressional stresses associated with colli-
sion of the Arabian with Eurasia (Reilinger et al. 1997).
Similarly, the multi-site—multi-frequency decomposi-
tion (McNeice and Jones 2001), an extended form of the
GB decomposition yielded a geo-electric strike angle of
N92°E for G1 and N100°E for G2 profiles, respectively.
The shadow portions in the phase tensor pseudo-sections
indicate the areas associated with mid-to-lower crustal
conductive zones (C1 and C2), showing high beta values
and ellipticities. Comparing skew angle values and asso-
ciated errors at all sites and periods, we can suggest that
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the phase tensor ellipses characterize a 3D environment
with high beta and ellipticities and small error values at
most of the sites. Therefore, the dominant 3D behavior
of the data shown by phase tensor analysis requires a 3D
interpretation.

Magnetotelluric inversion
MT data have been traditionally collected on 2D pro-
files across a geo-electric strike direction assumed from

regional geology and then interpreted using 2D proce-
dures, which are based on the rotation of the MT imped-
ances into the determined geo-electric strike direction in
order to fit off-diagonal impedances (TE and TM appar-
ent resistivities and phases) for 2D inversion, together
with treating the data from 3D complications. In the pre-
sent study, our data were also collected on two intersect-
ing individual profiles (Fig. 1), but 2D interpretation of
data may result in unrealistic images of structure beneath
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the profiles because the dimensionality analysis suggests
a 3D environment.

A study by Siripunvaraporn et al. (2005b) applied
3D inversions to synthetic data and demonstrated the

advantageous of interpreting single-profile MT data with
a 3D inversion algorithm. They suggested that the inver-
sion of a single-profile MT data with a 3D inversion code
produces significantly more realistic images of structures
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beneath the profile, and also including the on-diagonal
impedance elements in 3D inversion leads to a more
meaningful model near the data transect as improving
the accuracy of the images of off-profile structures. On
the other hand, Patro and Egbert (2011) using real MT
data from two profiles on the Deccan Volcanic Province
discussed the advantage of modeling the single-profile
MT data with the same 3D interpretation approach. They
concluded that models obtained from 3D inversion fit
the data better than the models produced by 2D inverse
solutions, and while many of the features exist on mod-
els obtained from both 2D and 3D inversions, the ampli-
tudes and positions of individual conductive features
differ in some cases, particularly in the case of using the
longer smoothing length scales along the geo-electric
strike direction. Therefore, spatially correct location of
off-profile structures and considerably more realistic
images of structures beneath the profiles have motivated
us to interpret single-profile MT data sets by a 3D inver-
sion approach instead of a 2D inversion approach.

The 3D MT inversion algorithm WSINV3DMT was
used to invert the MT data collected on two intersecting
profiles G1 and G2. The code implements a 3D minimum
structure inversion algorithm based on a data-space vari-
ant of the Occam approach (Siripunvaraporn et al
2005a). Since 3D inversion is very expensive in terms of
both computational time and storage, some compromises
such as reducing the number of periods and using a rela-
tively coarse grid were required when preparing the ini-
tial models and data. We used full components of the
impedance tensor in the inversion, but no tipper data
were used because of the poor quality of the tipper data
for a few sites, and we selected 13 periods, which are uni-
formly distributed with two periods per decade, of the
data, from 0.001 to 1000 s. We tested several combina-
tions of parameters in the process of computing a final
inversion model (e.g., different cell sizes, initial models
and error floors). For the final selected model that fits the
data best and geologically plausible, we prepared a 3D
mesh grid in which one site fell within a single cell of the
3D grid, and 1-3 cells exist between neighboring cells.
The model space using the finite difference method was
discretized in a rectangular grid having 80 x 56 x 42 cells
(including seven air layers) in x, y and z directions,
respectively. Considering computational time and accu-
racy, cell sizes in the core region (80 x50 km) were
selected 1.4 x 1.4 km and increased laterally by a factor of
1.3 to cover 176 x 143 km area. In the vertical direction,
the minimum cell sizes were 40 m, and cell sizes were
increased with depth by a factor of 1.3. The base of the
cells was at a depth of 997.5 km. The initial model (priori
model as well) was chosen as a homogenous half space of
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100 Qm. The spatial smoothing parameters at every
direction were chosen as 0.1 to find a reasonable model.
The error floors of the impedances were set as 10% of

«/|ny Xny|. We also tested different initial models

(10 Qm, 100 Om and 1000 Om), smoothing parameters
(0.1, 0.2 and 0.3) and error floors (5%, 10% and 20%) and
obtained quite similar inversion models. The initial RMS
for final selected model shown in Fig. 4 was 8.22 and
reduced to 3.6 after 23 iterations. Profile cross sections
and representative depth sections extracted from 3D
model are also shown in Figs. 5 and 6. The data fit for the
final model is plotted in Fig. 7 as pseudo-sections of all
components of the impedance tensor. As shown in Fig. 7,
observed and calculated responses generally fit well.

Sensitivity tests

In order to examine the validity and spatial dimensions
of the striking conductive features (C1 and C2) dem-
onstrated in 3D model (Figs. 4, 5, 6), a set of tests were
performed by using forward modeling in addition to
multiple inversion runs including a range of starting
models, grid discretization, data weighting and smooth-
ing parameters. In this way, the sensitivity of the corre-
sponding conductivity anomalies was tested to ensure
that they are not artificially produced by inappropriate
inversion implementations. Two main tests were con-
ducted to examine the reliability of the deep conduc-
tive zones C1 and C2. For this purpose, a block with
constant resistivity of 300 Qm starting at four different
depths 11.4 km (test-1), 19.36 km (test-2), 32.81 km (test-
3) and 42.69 km (test-4) and terminating at the base of
the model instead of the conductive zone C1 was intro-
duced into the final selected 3D model in order to test
the conductive zone C1, and a block with constant resis-
tivity of 300 Qm instead of the conductive zone C2 was
also introduced into the final 3D model at four different
depths, 14.86 km (test-1), 25.12 km (test-2), 32.81 km
(test-3) and 42.69 km (test-4). To examine the sensitivity
of impedance data against these inserted blocks, 3D for-
ward modeling experiments were carried out. According
to the forward responses shown in Fig. 8 for representa-
tive sites 122 and 148 located on top of the conductive
zones C1 and C2, respectively, the existence of the resis-
tive bodies in the 3D model has a significant impact on
the data fits. By comparing the MT responses of the final
3D model with modified models, it can be suggested that
MT data do not support the artificially inserted resistive
bodies at corresponding depths. Therefore, the base of
the conductive zones C1 and C2 imaged in 3D model is
valid as a value approximately 45—50 km.
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Results and discussion

This study reveals the electrical conductivity structure
of the intensely deformed east Anatolian Collision Zone
beneath the EKP, northeastern Turkey, by using 3D inver-
sion of the MT data. The most striking feature in the 3D
model is the existence of mid-to-lower crustal conductive
zones (C1 and C2) (Figs. 4, 5, 6). The conductive zones
having high values of conductivity (~2-20 Qm) begin to
appear at a depth of 15-20 km in the crust of the EKP
and disappear at depth below 45—-50 km. The robustness
of the corresponding anomalies was tested by sensitivity
tests.

The conductive zones in the crust of the Earth are char-
acterized by fluids with high ionic content, conducting
minerals such as sulfide or graphite and partial melting,
and these zones are influenced heavily by temperature
and tectonic activity of the crust (Evans 2012). The con-
ductive zones C1 and C2 with higher conductivities and
its top at a depth of 15-20 km in the crust of the EKP
may thus be associated with the thermal and tectonic
state of the crust (Figs. 5, 6), and the electrical conductiv-
ity structure beneath the EKP can be utilized to constrain
rheology of the crust.

Previous orogen-scale MT studies have revealed an
electrical conductivity structure including a highly con-
ductive mid-crustal zone that can be attributed to partial
melts or partial melts, with coexisting aqueous fluids (Li
et al. 2003; Unsworth et al. 2005; Tiirkoglu et al. 2008;
Rippe and Unsworth 2010; Unsworth 2010). In the study

area, the high temperatures (1280 °C) at shallow depths
(~45-50 km) and young volcanic activity implying a
shallow magma chamber or mantle plume (Sengér 2001;
Keskin 2005; Keskin et al. 2006) indicate that the mid-to-
lower crustal conductive zones caused only by aqueous
fluids are not possible at lower crustal depths, and thus,
the presence of partial melting is a necessary argument
for explaining the high conductivities in the crust of the
EKP. Furthermore, fluids that could be released from
the subducted slab together with increased heat flow
may also lead to partial melting at mid-to-lower crustal
depths as decreasing the melting point of the crust. The
petrological data from collision-related volcanic units
of the EKP provide evidence for partial melting (Keskin
et al. 2006), and therefore, the crustal conductive zones
at mid-to-lower crustal depths (15-45 km) can be attrib-
uted to zones of partial melting.

The presence of fluids in the crust of the earth is sig-
nificant since it weakens the crust, and it may provide to
characterize the regions where crustal flow could occur.
The previous magnetotelluric studies in collision zones
showed the fluid content of the crust and also associ-
ated the conductivity pattern with the possible crustal
flow zones (Unsworth et al. 2004; Bai et al. 2010; Dong
et al. 2016). The existence of highly conductive zones in
the crust of the EKP may be an indication of rheologi-
cally weak zones where active deformation concentrated.
On the other hand, compressional deformation in the
region may cause the development of zones containing



Hacioglu et al. Earth, Planets and Space (2018) 70:161

Page 11 of 16

a b
S Zxyobserved N s Zyx observed N
10?
—~ 10" —
L L
b
Sl il § K
102 1 I
10°

70 80

10 20 30 40 50 60 70 80 10 20 30 40 50 60

Zxy predicted Zyx predicted

Period(s)
Period(s)

10 20 30 40 50 60 70 800 10 20 30 40 50 60 70 80

Zxx observed Zyy observed

10 20 30 40 50 60 70 800 10 20 30 40 50 60 70 80

Zﬁ Credlcted

10 20 30 40 50 60 70 800 10 20 30 40 50 60 70 80
Distance (km) Distance (km)

Period(s)
Period(s)

Zxx predicted

Period(s)
Period(s)

=
Q
%

10°

Fig. 7 Observed and predicted pseudo-sections of impedance tensor elements for G1 (a) and G2 (b) profiles

Zxy observed Zyx observed
} | m Iogm(nm)
1o 40 500 2
Zxy predicted Zyx predicted
1
0
30 40 20 30 40
Zxx observed Zyy observed
log,,(Qm)
2
1
20 30 40 50 0
Zyy predicted
-1
-2
-3
20 0 500 10 20 30 40
Distance (km) Distance (km)

enhanced fluids through maintaining interconnected
fluid paths between cracks. When the tectonic state
of the region is taken into consideration, the mid-to-
lower crustal conductive zones can be correlated with
zone of deformation in the crust of EKP where direct
convergence occurs between the Arabian and Eurasian
Plates. Tullis et al. (1996) showed that interconnectivity
increased with shear stress on deformed samples leads
to a significant decrease in strength; therefore, it can be
proposed that interconnection of fluids promoted by
active deformation in the east Anatolian Collision Zone
mechanically weakens the crust as a result of strain local-
ization. The crust deforming by roughly north—south
compression may lead to an increase in fluid content
through maintaining fluid connection between cracks

and thus lead to the generation of zones of fluid flow
through the crust.

The very high conductivities in mid-to-lower crustal
depths imply the presence of a low-percent partial melt
in the crust, which is sufficient to produce an order of
magnitude reduction in viscosity and represents a zone
that is an order of magnitude weaker than the adjacent
rocks (Unsworth et al. 2005). Beaumont et al. (2001) in
their geodynamic models defined mid-to-lower crustal
zones containing small amount of partial melt as melt
weakening zones in the Tibetan Plateau, and they sug-
gested that this amount of weakening is a required condi-
tion for strain localization and initiation of crustal flow
in the collision zone. Therefore, it can be suggested that
the amount of crustal melting inferred beneath the EKP
is sufficient to reduce the strength of the crust needed
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to allow crustal flow. Tiirkoglu et al. (2008) in their 2D
models presented the high-conductivity crustal zones by
inverting the MT data obtained from two profiles per-
pendicular to the orogen (north—south) and proposed
the presence of possible crustal flow zones in Eastern
Anatolia. Unsworth (2010) also reviewed orogen-scale
MT studies in his paper and suggested typical conductiv-
ity models characterizing a mid-crustal conductive zone
with upper surface at 10-20 km for the collision zones.
He proposed that if crustal flow exists in Eastern Anato-
lia, it must be in the orogen parallel east—west direction
since the high-conductivity crustal zones in the Anato-
lian Plateau is not continuous in a north—south direction.
The highly conductive zones presented in our 3D model
also have similar characteristic and discrete property in
north—south direction (Fig. 6). The results of our study
in the EKP have confirmed the presence of the mid-to-
lower crustal conductive zones detected by previous
study in the Anatolian Plateau (Turkoglu et al. 2008) and
the characteristic conductivity model suggested by Uns-
worth (2010) for active continent—continent collision
zones. In addition to that, in the present study, it has been
shown the orogen parallel geometry of the conductive
zones by analyzing the data in three dimensions, in par-
ticular by utilizing the data obtained from east—west-ori-
ented MT profile (G2). According to that, the conductive

zone C2 located in the intersection of two profiles shown
by gray broken lines in Fig. 5 exhibits a vertical direc-
tion in the north—south direction (Fig. 5a), whereas it is
much broader in the east—west direction (Fig. 5b). This
geometry of the conductor (C2) may be a result of the
roughly north—south-directed compressional tectonics
of the region and an indication of the east—west-directed
localized crustal flow at mid-to-lower crustal depths. In
addition to that, when we compared our 3D model with
the 2D model constructed from previous study for the
Anatolian Plateau (profile E/-E) (Tiirkoglu et al. 2008;
Tirkoglu 2009) (Fig. 9), we may propose that crustal
conductive zones in the lower crust spatially extend at
least more than 100 km eastward beneath the northern
part of the collision zone, which might be an indication
of the presence of two localized crustal flow channels
situated laterally parallel to the orogen and transporting
crustal materials and shows that the electrical character-
istic of the collision zone is continuous from west to east
beneath the Anatolian Plateau. This direction of crustal
flow is consistent with the direction of the compressional
stresses associated with the collision of the Arabian plate
with Eurasia (Reilinger et al. 1997). Therefore, based on
the compressional tectonics and rheological hetero-
geneity of the crust, we may propose a model of nearly
east—west-directed localized flow of the mid and lower
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crust beneath the EKP. In this scenario, crust experiences
roughly north—south-directed compressional stress
and extensional stress perpendicular to the direction of
the compression. The extensional stress may lead to the
generation of the localized extensional zones and north—
south-trending tensional cracks, characterizing weak
areas in the lithosphere. By the northward subduction
of the Arabian Plate beneath Eastern Anatolia, the hot
upwelling materials may rise thorough these cracks to
introduce the mid-to-lower crust, which lowers the vis-
cosity locally and may cause east—west-directed localized
crustal flow. The existing data alone cannot constrain the
pattern of flow, from east to west or west to east. How-
ever, the direction of the compressional stresses associ-
ated with the collision of the Arabian plate with Eurasia
together with the direction of geo-electric strike and the
polarization directions of phase tensor ellipses indicate
that the localized crustal flow may be in a nearly east-
ward or south—eastward direction with a very small angle
which we may assume is eastward.

At shallow depths, the electrical conductivity structure
is consistent with the surface geology and the surface
expressions of past collision-related volcanism on the
study area (Keskin et al. 1998; Kogyigit et al. 2001; Keskin
et al. 2006). The shallow conductive zones beneath the
profiles can be correlated with Pliocene to Quaternary
sediments deposited in the basins as a result of strike-
slip mechanisms, and the resistive zones may be associ-
ated with Late Miocene to Quaternary collision-related
volcanic units (Fig. 5). The samples obtained from the
borehole A-1 (see Fig. 1b for location) also support the
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existence of these types of rocks (Fig. 10). Moreover, near
surface zones of high conductivity are coincident with
the strike-slip and normal faults of the EKP (Kogyigit
et al. 2001), as locating at the boundary of conductive
zones, and the boundary of the Rhodope-Pontide and
Northwest Iranian fragments is also clear at shallow
depths (Fig. 6).

As shown in Fig. 5, the shallow and diffuse seismicity
observed in the upper crust above and around the mid-
to-lower crustal conductive zones (C1 and C2) implies
that the crust is being actively deformed. This pattern
of seismicity implies that the conductive zones that may
include partial melt in the crust of the EKP are too weak
to produce earthquake since such materials lead to the
reduction in strength of the crust needed to permit the
occurrence of the earthquakes. Furthermore, the seismic-
ity around the conductive zones may be triggered by fluid
infiltration from the conductive zones.

Conclusion

In this study, wideband MT data recorded by 74 sites at
the EKP, northeastern Turkey, were analyzed and mod-
eled. The TEM data acquired at the same locations were
also utilized to correct for static shift on the MT data,
and a borehole drilled inside the study area. For the first
time, a 3D conductivity model of the east Anatolian Col-
lision Zone around the EKP is presented. The model has
provided a clear image of crustal structure in the study
area and showed that the crustal conductivity beneath
the EKP has a significant lateral variability with highly
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conductive zones. The conductivity variations are attrib-
uted to rheological heterogeneity in the crust.

3D modeling of data allowed us to reveal that the
crust of the collision zone appears to have two main
mid-to-lower crustal conductive zones that are asso-
ciated with local accumulations of melt. The electrical
properties of these conductive zones characterize an
elevated fluid content that is compatible with a weak
crust, which may permit flow of crustal materials in
the collision zone. The corresponding conductive
zones have been previously identified further west of
the collision zone, and in this study, it is shown that
they extended horizontally to the east, which implies
that the electrical characteristic of the collision zone
is continuous from west to east beneath the Anatolian
Plateau and may imply the existence of two localized
crustal flow channels situated laterally parallel to the
orogen. The roughly north—south compressional tec-
tonics in the collision zone lead to the generation of
north—south-trending tensional cracks perpendicular
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to the east—west-trending extension, which also sup-
ports the argument for east—west-directed localized
mid-to-lower crustal flow.

These findings may be developed by utilizing a care-
fully designed 3D MT array in the collision zone and may
provide new constraints on rheological properties of the
crust. Furthermore, the results obtained from this study
for east Anatolian Collision Zone may also support the
idea that crustal flow can occur in the orogenic belts.
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