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Abstract In western Anatolia, the Anatolide domain of
the Tethyan orogen is exposed in one of the Earth’s larg-
est metamorphic core complexes, the Menderes Massif.
The Menderes Massif experienced a two-stage exhumation:
tectonic denudation in the footwall of a north-directed Mio-
cene extensional detachment, followed by fragmentation
by E-W and NW-SE-trending graben systems. Along the
northern boundary of the core complex, the tectonic units
of the Vardar—Izmir—Ankara suture zone overly the stage
one footwall of the core complex, the northern Menderes
Massif. In this study, we explore the structure of the upper
crust in the northern Menderes Massif with cross-gradient
joint inversion of gravity and aeromagnetic data along a
series of 10-km-deep profiles. Our inversions, which are
based on gravity and aeromagnetic measurements and
require no geological and petrophysical constraints, reveal
the salient features of the Earth’s upper crust. We image
the northern Menderes Massif as a relatively homogenous
domain of low magnetization and medium to high density,
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with local anomalies related to the effect of interspersed
igneous bodies and shallow basins. In contrast, both the
northern and western boundaries of the northern Menderes
Massif stand out as domains where dense mafic, metasedi-
mentary and ultramafic domains with a weak magnetic
signature alternate with low-density igneous complexes
with high magnetization. With our technique, we are able
to delineate Miocene basins and igneous complexes, and
map the boundary between intermediate to mafic-domi-
nated subduction—accretion units of the suture zone and the
underlying felsic crust of the Menderes Massif. We demon-
strate that joint gravity and magnetic inversion are not only
capable of imaging local and regional changes in crustal
composition, but can also be used to map discontinuities of
geodynamic significance such as the Vardar—Izmir—Ankara
suture and the West Anatolia Transfer Zone.

Keywords Geophysical inversion - Gravity anomaly -
Magnetic anomaly - Menderes Massif - Turkey -
Metamorphic core complex - Suture zone - Ophiolite

Introduction

Cross-gradient joint geophysical inversion is emerging
as a preferred strategy for integrated studies of the sub-
surface (e.g. Gallardo and Meju 2011; Haber and Gazit
2013). It is based on the assumption of a common struc-
tural framework in fully heterogeneous models and has
been used successfully for geophysical exploration in a
number of geological settings (Gallardo and Meju 2011;
Gallardo and Thebaud 2012; Gallardo et al. 2012). In
this study, we explore if it is possible to structurally har-
monize gravity and magnetic evidence to characterize
the upper crust of the northern Menderes Massif. The
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Menderes Massif, one of Earth’s largest metamorphic
core complexes, exposes the lower crustal levels of the
Anatolide segment of the Tethyan orogen. The struc-
tural complexity, which is only partially understood, is
a result of a series of tectonic events that include Neo-
proterozoic to Cambrian and Eocene to recent orogenic
processes (Gessner et al. 2013, and references therein).
Since the Miocene, the Menderes Massif experienced
tectonic denudation and surface uplift in the footwall of
a north-directed Miocene extensional detachment system,
followed by fragmentation by E-W and NW-SE-trending
graben systems (e.g. Hancock and Barka 1987; Gessner
et al. 2001a, 2013). In the northern part of the core com-
plex, the tectonic units of a Neotethys suture zone overly
the stage one footwall of the core complex, the northern
Menderes Massif. The complexity of deformation and its
protracted Cenozoic magmatic history provide a formi-
dable challenge to unravel its geological history. Under-
standing the structure of the northern Menderes Mas-
sif, however, is fundamental to deciphering the regional
tectonic history and assessing its economic potential
for mineral and energy resources (Yilmaz 1981; Oyman
et al. 2003; Yigit 2006; Yilmaz et al. 2007; Faulds et al.
2009; Sener et al. 2009; Yigit 2009). Here, we present
a series of profiles based on joint gravity and magnetic
inversion that highlight the structure of the upper crust
across the northern Menderes Massif, image basins and
igneous complexes, and help constrain the geometry of
the Neotethyan suture zone.

Tectonic setting

In western Anatolia, Cretaceous to Palacogene subduction—
accretion complexes constitute the hanging wall of the Var-
dar—Izmir—Ankara suture, including the Tavsanli zone and
the Bornova Flysch zone (Fig. 1) (Okay and Tiiysiiz 1999;
Okay 2011; Gessner et al. 2013). The Afyon—Oren zone
and the Lycian nappes (Okay and Tiiysiiz 1999; Pourteau
et al. 2010) occur structurally below the ophiolitic parts of
the Vardar-Izmir—Ankara zone units, parts of which may
constitute remains of a separate, continuous Anatolian
ophiolite nappe (Okay 2010).

We follow the tectonic division of the Menderes Mas-
sif as an Alpine nappe stack that has recorded a polyoro-
genic history, which extends back into the Neoproterozoic
to Cambrian (Kroner and Sengodr 1990; Hetzel and Reis-
chmann 1996; Ring et al. 1999; Candan et al. 2001; Gess-
ner et al. 2001b; Regnier et al. 2003; Gessner et al. 2004;
Ring et al. 2004; Catlos and Cemen 2005; Ring and Collins
2005; Cemen et al. 2006; Oberhinsli et al. 2010; Candan
et al. 2011; Zlatkin et al. 2013), but lacks Eocene high-
pressure metamorphic overprint in structural deeper units
(Gessner et al. 2001c¢).
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North—south extension in the central Aegean Sea region
and in the Anatolide Belt of western Anatolia started
around the Oligocene-Miocene boundary (Schermer et al.
1990; Seyitoglu and Scott 1996), but the overall magni-
tude of extension differs significantly in both regions. The
Aegean is largely submerged with the Cycladic archi-
pelago representing a horst structure between the more
highly extended northern Aegean Sea and the Cretan Sea.
Western Anatolia is characterized by thicker crust than the
Aegean (Makris and Stobbe 1984; Tirel et al. 2004; Ozeren
and Holt 2010; Mutlu and Karabulut 2011). A boundary
between the Aegean and Anatolian domains has been pro-
posed based on the differences in extension geometry and
metamorphic history (Ring et al. 1999), as well as on the
occurrence of NNE-trending fault systems and basins in
western Anatolia (Sozbilir et al. 2003; Ozkaymak and Soz-
bilir 2008; Uzel and Sozbilir 2008; Erkiil 2010), where it
has been named the Izmir—Balikesir Transfer Zone (Erkiil
2010). Here, we follow the interpretation of Gessner et al.
(2013) that the boundary between the Aegean and Anato-
lian domains is a lithosphere-scale structure, the West Ana-
tolia Transfer Zone (WATZ).

Crustal extension in western Anatolia is expressed by
normal fault systems of Miocene to recent age (Hancock
and Barka 1987; Cohen et al. 1995; Hetzel et al. 1995a, b;
Gessner et al. 2001b; Isik and Tekeli 2001; Ring and Col-
lins 2005; Emre and Sozbilir 2007; Glodny and Hetzel
2007; Erkiil 2010). The Menderes Massif has experienced
a two-stage cooling history. The Central Menderes Meta-
morphic Core Complex (CMCC) represents the ‘inner’
axial core, where the lowest structural levels of the Ana-
tolide Belt were exposed in the footwall of opposite-facing
Miocene to Pliocene detachment faults (Figs. 1, 2). The
two ‘outer’ submassifs, the Gordes submassif to the north
(in this study referred to as the northern Menderes Massif)
and the Cine submassif to the south, represent higher lev-
els of the nappe stack that cooled during the latest Oligo-
cene and early Miocene (Gessner et al. 2001b; Ring et al.
2004; Gessner et al. 2013) (Fig. 2). In the northern Men-
deres Massif, cooling occurred as a consequence of rapid
tectonic denudation during N to NNE-directed movement
on the Simav and Alacamdag detachment systems (Isik and
Tekeli 2001; Ring and Collins 2005; Erkiil 2010; Catlos
et al. 2012). In this area, apatite fission track ages show a
northward younging trend in the direction of hanging wall
movement of the detachments (Thomson and Ring 2006;
Gessner et al. 2013). Ophiolitic klippen that directly overly
Cine nappe orthogneiss across the northern Menderes Mas-
sif and a large age gap in apatite fission track data across
the contact between the Menderes Massif and the overlying
Tavsanli zone (Gessner et al. 2013) suggests that large parts
of the Alpine nappe stack have been cut out by the early
Miocene Simav—Alacamdag detachment system (Isik and
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Tekeli 2001; Ring and Collins 2005; Thomson and Ring
2006; Erkiil 2010).

The northern Menderes Massif is characterized by alter-
nating northeast-trending Miocene sedimentary basins and
basement highs that typically expose Cine nappe orthog-
neiss (Fig. 3). Work on Miocene to Pliocene basins in the
Alagehir—Gediz graben system (Ciftci and Bozkurt 2009,
2010) has shown that this corrugation-like pattern also
exists as basement topography in an axial direction of the
Alagehir—Gediz graben. This finding may support the
hypothesis that ESE-WNW shortening was involved in con-
trolling basin topography, which is also consistent with the
observation that Miocene sediments onlap on folded orthog-
neiss (Purvis and Robertson 2005; Cemen et al. 2006).

The area north of Simav is a complex zone containing
granitoids intrusions, ophiolitic klippen, volcanics and

sediments. Magmatic activity related to Alpine convergence
ranges from Eocene to Holocene in age with the largest vol-
umes of igneous rocks produced during the Miocene (e.g.
Ersoy et al. 2010). In general, there is a trend from older,
subduction-related sub-alkaline magmatic compositions
that intruded into the Izmir—Ankara zone in the north, to
younger, alkaline compositions in the south (Seyitoglu and
Scott 1996; Dilek and Altunkaynak 2009; Ersoy et al. 2010,
Catlos et al. 2012). Oligocene—Miocene igneous activity
took place in a post-collisional crustal extension setting
and documents thermal melting of a previously metasoma-
tized subcontinental lithospheric mantle (e.g. Prelevic et al.
2012). Some of the granitoids, such as the Egrigoz gran-
ite, have intruded into the footwall of an extensional shear
zone, defining at least part of the granite-intruded basement
as a Miocene metamorphic core complex with ophiolitic
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Fig. 2 Conceptual model of tectonic denudation of the Menderes
Massif from the early Miocene to the present. Notice NNE-trending
folds that formed parallel to stretching during to E-W shortening of

rocks of the Vardar—Izmir—Ankara zone in the hanging wall
plate (e.g. Isik and Tekeli 2001; Ring and Collins 2005;
Cemen et al. 2006). Although brittle deformation along the
Simav fault zone may have originated in the early Miocene
(Hetzel et al. 2013), its recent expression is a seismically
active (Budakoglu and Utkucu 2013) half-graben system
(Toker 2014) with north-down normal sense displacement.

Previous geophysical studies

Western Anatolia has been the subject of a number of geo-
physical studies. Karabulut et al. (2013) used receiver func-
tions from a temporary N-S deployment during the SIM-
BAAD passive seismic experiment (Salaiin et al. 2012) to
constrain crustal thickness at much higher resolutions than
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basement in footwall of the early Miocene, Miocene crustal melts
were exhumed soon after intrusion in the northern Menderes Massif,
and further south, by the Kuzey detachment in the late Miocene

previous studies (e.g. Saunders et al. 1998; Sodoudi et al.
2006; Zhu et al. 2006) and showed that the Moho rises from
c. 30 km in the northern Menderes Massif to c. 25 km in
the south. Karabulut et al. (2013) report Vp/Vs ratios below
1.7 for the Bornova Flysch segment of the Vardar—Izmir—
Ankara suture zone, which suggest an overall felsic crustal
composition (Christensen 1996), whereas values in the Men-
deres Massif represent a more variable, intermediate com-
position that may become more mafic towards the south.
For the northern Menderes Massif, Karabulut et al. (2013)
also report a fabric of north-dipping velocity conversions.
Magnetotelluric N-S profiles show a thick, highly conduc-
tive mid-crustal layer in the northern Menderes Massif that
appears to become less intense and shallower towards the
south, and image subvolcanic structures and basins (Bayrak
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and Nalbant 2001; Giirer and Bayrak 2007; Ulugergerli et al.
2007). The Curie point depth has been constrained to levels
of less than 20 km in the northern Menderes Massif and to
less than 10 km in its central part (Aydin et al. 2005; Dolmaz
et al. 2005; Bilim et al. 2016). In a large-scale study, Diizgit
et al. (2006) have shown that gravity and magnetic anoma-
lies display a long wavelength negative correlation across
the Menderes Massif, which supports the proposal by above
cited conductivity and Curie point depth studies that high
heat flow and relatively thick crust of the Menderes Massif
are due to asthenospheric upwelling.

Methodology
Data corrections

Data grids provided by Ariana Resources include maps
of Bouguer gravity sampled every 1000 m and TMI
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aeromagnetic data sampled every 333 m. Each one of
these data sets contains the geophysical response of struc-
tures seated at depths from the near surface up to the upper
mantle, and, in the case of the aeromagnetic map, it also
includes the geomagnetic field. The location of the inver-
sion profiles was made based on a simplified lithological
map derived from the 1:500,000 scale geological map of
Turkey (Dubertret 1964) and by digital data provided by
Ariana Resources (Fig. 3). To relate the gravity and mag-
netic signals to structures within the upper crust, the fol-
lowing corrections were applied to the gravity and mag-
netic data sets.

Bouguer gravity

Gravity data were assumed to be taken at ground level,
and the proper elevation was assigned to the data from the
digital elevation model provided. The Bouguer data con-
tain a gradual trend of decreased gravity from the coastline

65000|0 7000(}0 75000|0

7 y—

1
!

4440000

4400000

z
T

4440000

4400000

4360000

4360000

4320000

4280000

0 10 20 40 60 80
km

> N /"

)

4320000

Rock type

Metamorphic
B ophiciitic |
- Plutonic

Sedimentary

4280000

Volcanic

Water

T T T
500000 550000 600000

T T T
650000 700000 750000

Fig. 3 Simplified lithological map of the study area in the northern Menderes Massif; volcanic units and granites refer to Miocene and younger

magmatic activity; lines indicate location of profiles WTA-WTM
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map

towards the Anatolian plateau. This trend can be associated
with expected variations in crustal thickness (Moho depths)
in the area. Whereas this effect could have been removed by
applying a wave number-based filter to the Bouguer data,
we preferred to use the algorithm of Gallardo et al. (2005)
to estimate variations in Moho depths. For this, we divided
the area in a set of 5 km x 5 km vertical prisms and selected
a compensation depth of 15 km along the coastline. We may
expect that gravity effects due to heterogeneities above this
compensation level would remain unaccounted for by this
particular process and may match those heterogeneities that
also produce a magnetic response, making them suitable for
joint inversion. The gravity effect of the selected model of
the Moho was then subtracted from the Bouguer data to pro-
duce the residual gravity anomaly (Fig. 4). These residual
gravity data are deemed to represent mainly lateral varia-
tions in density above the Moho and, particularly, from the
top 10 kilometres of the crust. It is noted, however, that res-
olution to shallow structures will be limited by the sampling
rate of the original gravity data.
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Aeromagnetic data

Aeromagnetic data were considered to be measured at
a constant elevation of 2000 m above sea level. The data
were subtracted from the geomagnetic field using the
DGRF model for 1980 (e.g. Peddie 1982). The resulting
magnetic anomaly (TMI) showed no regional trends as
well as fully compensated positive and negative anoma-
lies and was deemed suitable for joint inversion. To allow
tracing profiles for joint inversion in multiple directions
and to avoid the north—south phase shift associated with
three-dimensional objects, the TMI magnetic anomaly was
reduced to the pole obtaining the RTP anomaly (Fig. 5).
This anomaly constitutes the magnetic information used
for the joint inversion profiles. We extracted gravity and
magnetic data from the gravity and magnetic grids along
13 profiles at grid resolutions and assigned precisions of
0.05 mGal for the gravity and 5 nT for the magnetic data.
The precision on the gravity data is considered adequate
for standard land surveys, whereas the precision of the
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Fig. 5 Reduced to pole magnetic anomaly map of the study area with active faults shown for reference

magnetic data was considered appropriate due to the abun-
dance of weakly magnetized bodies in large portions of the
analysed sections.

Cross-gradient joint inversion

The theory of cross-gradient joint inversion can be found
explained in detail in the literature (Gallardo 2007; Gal-
lardo and Meju 2003; Gallardo and Meju 2004; Gallardo
and Thebaud 2012). The aim is to simultaneously deter-
mine the subsurface distribution of different geophysical
parameters, in our case density and magnetization, which
should be structurally resembling and justify their cor-
responding geophysical data. The quantitative measure of
structural resemblance is given by the cross-gradient func-
tion (Gallardo and Meju 2003), which observes the direc-
tional coincidence of collocated property changes regard-
less of the magnitude of the properties and the changes
themselves. The acknowledged advantages of the cross-
gradient joint inversion are that it (1) reduces the inherent
model ambiguity that results when only one geophysical

data type is inverted (2) finds correlated structures indepen-
dently of the characteristic property values and structural
attitude, which enables its application to multiple geologi-
cal terrains, (3) facilitates an integrative structural interpre-
tation by reconciling a unique structural framework straight
from the multiple geophysical data together and (4) facili-
tates the identification and classification of different geo-
logical materials.

In our application, we used the algorithm of Gallardo
(2007) as adapted to the joint inversion of gravity and
magnetic data. The procedure of joint inversion starts with
an initial (guess) model, which is changed through sev-
eral iterative steps that gradually assimilate smaller scale
features that are structurally resembling and whose geo-
physical responses reduce the mismatch to the observed
geophysical data (cf. Gallardo and Meju 2013, Fig. 10).
The used algorithm follows an overall sequence that is dia-
grammatically explicit in Gallardo et al. (2012, Fig. 5). Our
specific processing was executed similar to the strategy fol-
lowed in Gallardo and Thebaud (2012). We discretized the
subsurface along the selected profile lines in rectangular
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blocks 2000 m wide and between 100 and 500 m thick. The
maximum studied depth was set to 10 km, and below this
level the crust was assumed to be laterally homogenous in
terms of density and magnetization. Differently to the case
study in Gallardo and Thebaud (2012), which was located
in an area of insignificant topography, much attention was
set to the incorporation of the abrupt topography within the
models. For this, 20 slabs of 100 m thickness were included
on top of the sea level. The blocks above the local ground
level were set density and magnetization contrasts of zero
and were fixed during the inversion.

Various test experiments were conducted over a couple
of profiles that cross distinct crustal domains in order to
calibrate the process by determining the maximum level of
smoothness that enables acceptable data fit while satisfy-
ing the structural resemblance imposed by the cross-gra-
dient constraint. Once these parameters were selected, all
studied profiles were processed with the same calibrated
parameters.

Results

Gravity and magnetic anomaly curves, and the images of
density and magnetization contrasts are shown as an exam-
ple for profile WTA (Fig. 6) and in Supplement 1 for all
remaining profiles. While these images can be interpreted
conventionally by using the actual values provided, a more
succinct analysis can be done by utilizing composed geo-
spectral images (Figs. 6, 7) (Gallardo 2007). These images
depict density and magnetization in a blended coloured
scale projected on the red and green bands, as used in con-
ventional radiometric or satellite imagery. In Supplement 2,
we list the misfit between measured and modelled gravity
and magnetic data.

Gravity map

The residual gravity anomaly map (Fig. 4) displays a strong
NNE-trending stripy pattern with a wavelength between ca.
20 and 40 km that terminates at the ESE-trending Simav
fault zone. North of the Simav fault zone the anomaly
pattern is more chaotic and has a weak E-W component
at a longer wavelength (ca. 50 km). The anomaly pattern
is dominated by a large negative just north of the Simav
fault zone and large positive to the north of the negative
anomaly, both affecting the gravity field over an area on
the order of c¢. 1500 km?. In the western part of the study
area, the NNE pattern is still visible, but it is not as clear
as in the southern part and appears disrupted by anomalies
in various orientations. When the residual gravity anomaly
map is compared to the lithological map (Fig. 3), gravity
highs correlate with orthogneiss-rich basement lithologies
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Fig. 6 Results of the cross-gradient joint inversion for profile WTA,p
including anomaly curves (a), geospectral image (b), correspond-
ing profiles for contrasts of density (¢) and magnetization (d); notice
negative correlation between magnetic and gravity anomalies from 95
to 125 km and from 125 to 150 km; (e) shows schematic template
for interpreting profiles according to cross-gradient inversion col-
our space (‘geospectral image’) as used in (b) and in the geospectral
images shown in following figures; (f) and (g) show anomaly curves
and geospectral image of profile WTK; (h) and (i) respective data for
profile WTM; see Fig. 3 for location of profiles

and ultramafic-rich ophiolitic units, and lows with granitic
intrusions, volcanics and sedimentary basins.

Magnetic anomaly map

The reduced to the pole magnetic anomaly map (Fig. 5)
shows a pattern of positive anomaly ridges to the north
and the west of the Simav fault zone. The positive anom-
aly ridges increase in width from east to west and have a
weak NE trend. The area south of the Simav fault zone is
generally negative, except for a positive area at its east-
ern end, and a wide positive area in the southwest of the
study area. When compared to lithology (Fig. 3), the mag-
netic anomaly pattern shows that granitoid intrusions cor-
relate well with magnetic highs, while the remaining rock
types are generally negative. Particularly in the northwest
of the study area, positive anomalies extend over much
wider areas than granites in outcrop, suggesting a larger
subsurface extent of either volcanic cover, or the intrusions.
A north—south-oriented linear feature around 708880E is
likely to represent an artefact along the stitching lines of
the primary data sets.

Profiles

Thirteen profiles were produced from the gravity and
magnetic data provided by Ariana Resources, using the
cross-gradient joint inversion algorithm of Gallardo
(2007). Density and magnetization values for these pro-
files are combined in ‘geospectral’ images (Fig. 6a—e)
(Gallardo 2007) using a colour scheme that takes into
account the range of density and magnetization varia-
tions found for the profiles (Fig. 6¢, d). Specific ranges
of values in gravity—magnetization for each section vary
according to the distribution of their specific anomalies.
However, for an integrated analysis, we selected a com-
mon colour scale that favours the visualization of the
more abundant low magnetized bodies. A simplified tem-
plate that suggests a possible correlation of the coupled
density—magnetization contrast to lithology is shown as
Fig. 6e. The relative sampling abundance of different den-
sity—magnetization clusters is shown in the ensemble of
cross-plots in Supplement 3.
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Fig. 7 Results of the cross-gradient joint inversion including anomaly curves and geospectral images for profiles WTE (a, b), WTB (c, d), WTJ

(e, f) and WTC (g, h)

For the sake of brevity, we outline the salient features
of the inversion study using seven exemplary profiles,
three in N-S orientation (WTA, WTK and WTM; Fig. 6),
three in E-W orientation (WTE, WTB, WTJ; Fig. 7a—f)
and one oriented ESE-WNW (WTC; Fig. 7g, h). The
geospectral images of all sections are shown at their loca-
tion in a summary map (Fig. 8). For profile WTA, we
show the detailed gravity and magnetic anomaly curves,
the geospectral image and its density and magnetization
profiles in detail (Fig. 6a—e). For the remaining sections
in Figs. 6 and 7, we focus on the anomaly curves and the
geospectral images only. The detailed sections including
density and magnetization profiles can be accessed as
Supplement 1.

In general, the profiles reveal two main crustal zones: a
zone of high density and low magnetization in the centre
of the area in light green to yellow colours in the geospec-
tral images. In contrast, red, dark green and black colours
dominate the less dense but highly magnetized zone in the
north, west and to the east.
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North—south profiles

Profile WTA (Fig. 6a—d) is N=S oriented and located east
of the centre of the study area (Fig. 3). The distribution
of density heterogeneities estimated by the cross-gradient
joint inversion displays an overall north-dipping trend,
except near two heterogeneities in the northern third of
the section. These heterogeneities are a density high and
a magnetization high (respectively, from c. 95-125 km
and c. 125-150 km; in Fig. 6a, b), each of which corre-
lates with a flat response in the other potential field over
the same range. The gravity high relates spatially to a
wide outcrop area of ophiolite, while the magnetic high
relates to a nearby granitoid intrusion. The Egrigoz intru-
sion near c. 80 km has a weaker magnetic anomaly, while
the juxtaposition of metamorphic rocks with sedimentary
rocks along the Simav Fault zone at c. 58 km is clearly
detected. Two negative gravity anomalies at the south-
ern end of the section are likely to be related to volcanic
edifices.



Int J Earth Sci (Geol Rundsch) (2016) 105:2133-2148 2143
500000 5500q0 60000|0 65000'0 7000({0 75000|0
1
=3 . 7 L& i ¥ ~ U v LS
(=3 (=3
=3 =4
< <
< <
< <
o (=3
(=3 L. ©
(=3 (=3
(=3 (=3
=] =)
< <
< <
(= o
(= L. ©
(= (=4
o o
© ©
© )
< <
(= (=3
(= L. ©
(=3 (=3
=] (=]
N N
© ©
< <
Rock type
Metamorphic
(=3 o
§ - Ophiolitic -§
g B Putonic | §
Sedimentary
0 10 20 40 60 80 i
km Volcanic
s K { B :I Water
i
1 1 I U 1 1
500000 550000 600000 650000 700000 750000
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geospectral images—around Miocene granitoid intrusions in the north, the west and the southeast of the study area

Profile WTK (Fig. 6f, g) is oriented N-S and is located
in the west of the study area. This profile has a relatively
flat, low-amplitude gravity anomaly pattern, but shows a
relatively wide magnetic high in the centre of the section
(c. 55-130 km). South of this large magnetic high, the grav-
ity and magnetic anomalies are relatively flat, with gravity
undulating at wavelengths of about 20-25 km. North of the
positive magnetic anomaly, both values drop to a sharp and
very low trough, before gravity increases steadily and mag-
netic values start to undulate. In this section, it is difficult to
properly define accretionary and continental crust domains,
and the northern end’s spectra appear to be atypical com-
pared to other areas, probably because north of 140 km a
distinctly different tectonic unit, the Sakarya zone (Fig. 1),
would be expected.

Profile WTM (Fig. 6h, i) is oriented N-S and is located
close to the eastern boundary of the study area. The pro-
file is dominated by a coincident gravity low and magnetic
high between 30 and 50 km and a similar pattern of lesser

amplitude between 100 and 120 km. The high density
plus low magnetization that is typical for the metamorphic
basement-dominated area is only observed between 50 and
100 km and from 125 to 145 km. The northern end is likely
to be part of the subduction—accretion complex.

East-west profiles

Profile WTE (Fig. 7a, b) is oriented E-W and located in the
northern part of the study area (Fig. 3). The cross-gradient
joint inversion shows the strongest magnetic heterogenei-
ties for the whole area in the west; non-magnetic responses
can be found to the east (km 195 onwards). Gravity anoma-
lies are generally negative in the east and are averaged to
zero in the west (Fig. 7a). This division is common between
the subduction—accretion complex (e.g. west of km 195)
and continental crust (e.g. east of km 195).

The western portion of WTE shows an alternation
of low-density magnetic units—Ilikely related to major
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intrusion—with denser non-magnetic units coloured olive
to dark green. Intrusions depicted in intense red around
km 5, km 82-87, km 110 are less dense at km 160-180
depicted in darker red probably following a change in com-
position. Major blocks of denser non-magnetic units in
dark green found, for instance, at position km 50-60 km,
km 120-130 seem related to metacarbonates (marbles) or
metasediments. Very dark colours (black) represent very
dense and very magnetic units, near the 90 km mark. Two
possible explanations for this combination are the existence
of ultramafic units, or basic volcanic complexes overlying
a denser crust of metasediments or a localized magnetic
intrusive hosted within denser metasedimentary crust.
Ophiolitic complexes in olive green to reddish-green seem
present around km 155-195 where they are intruded and
possibly between km 120 to 140 at the flanks of metased-
imentary crust. Orange units at km 140 and km 182 may
represent intermediate volcanic deposits. Structural attitude
in this area is generally east dipping.

Characteristic for the continental crust domain is
bright green colours that are likely to represent gneiss or
non-magnetic metasediments, and yellow to orange col-
ours near the 220 km mark and east of 240 km (Fig. 7b).
Lighter colours may relate to local basins filled with either
sediments or non-magnetic volcanics. Red colour tones are
characteristic of ultramafic rocks in ophiolitic units, which
are present as a thin layer between 215 and 233 km, and in
thicker quantities at depth between 225 and 230 km. Struc-
tural attitude for the continental crust domain shows no
dipping trend.

Profile WTB (Fig. 7c, d) extends from west to east
across the centre of the study area (Fig. 3). The cross-gra-
dient joint inversion pattern is noisy in the west and qui-
eter in the east (Fig. 7d). Gravity highs are relatively low
amplitude and occur at ca. 20, 40, 100 km and between 195
and 240 km. The gravity highs apparently relate to meta-
morphic basement (20 km), carbonate sediments (40 km),
ophiolitic rocks (100 km) and a combination of ophiolitic
rocks and metamorphic basement rocks in the east, whereas
relatively short wavelength gravity lows occur at 30, 50
and 80 km; a wide and variable negative anomaly is vis-
ible between 110 and 195 km. The latter anomaly relates
well to a combination of granitoid intrusions and volcan-
ics (Fig. 3), whereas the former appears to relate to volcan-
ics only. A pronounced magnetic high is visible from 0 to
20 km; a very strong, short wavelength high at 90 km; and
small anomaly peaks between ca. 135 and 190 km. The
magnetic anomalies appear to relate to a granitoid intrusion
in the west (0-20 km), a small but distinct volcanic unit at
90 km, and to the same combination of volcanics and gran-
itoids that cause the gravity low between 110 and 195 km
(Fig. 3).
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In the E-W profile WTJ (Fig. 7e, f), the western part
shows higher magnetization combined with variable grav-
ity and similar to WTE and WTB a relatively quiet central
area characterized by a more consistent gravity anomaly
‘plateau’, coincident with relatively low magnetic anom-
aly values. The surprising feature, however, is a large
gravity low and magnetic high east of c¢. 195 km. This pat-
tern likely indicates a large intrusive or subvolcanic rock
mass.

Profile WTC

Profile WTC (Fig. 7g, h) is oriented WNW-ESE across
the SE quadrant of the study area (Fig. 3) perpendicular
to the Miocene to recent stretching of the Menderes Mas-
sif (Fig. 1). The pattern in the cross-gradient joint inver-
sion image is noisy in the west and quieter in the remain-
ing area. Between c. 65 and 130 km, the upper ca. 1-2 km
shows a markedly noisier pattern compared to the region
below. This could be due to a relatively thin volcanic cover.
The gravity anomaly pattern shows a 20-40 km wave-
length alternation between highs and lows. These highs can
largely be attributed to metamorphic basement and ophi-
olitic rocks, while occurrences of granitoids, volcanic and
sedimentary rocks relate well to gravity lows. The magnetic
anomaly pattern is noisy at the west end, but otherwise
remarkably quiet, including a low magnitude, but wide low
that extends from 60 to 180 km. The magnetic high at the
west end overall correlates well with a granitoid intrusion,
but it is not clear why there are such big variations in this
domain. The low in the centre of the profile is spatially
related to the metamorphic basement and the locally over-
lying basins.

Discussion

Imaging the composition and structure of the upper crust
in the northern Menderes Massif with cross-gradient joint
inversion of gravity and magnetic data has produced valu-
able information that is complementary to and largely
independent of geological and petrophysical data. The pro-
duced geospectral profiles provide a first-order assessment
of crustal structure across a complexly deformed portion
of the Tethyan orogen, and when placed on a geological
map they not only show many similarities with mapped
and geological units mapped at the surface (Fig. 8), but also
provide information on their depth extent. Our inversion
technique provides valuable constraints on the extent of
Miocene to recent basins and on exposed and buried mag-
matic bodies (Fig. 9) that may be of interest for mineral and
energy resource exploration.
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Lithology and tectonic stratigraphy

We correlate lithology to geophysical response based on
colours of the geospectral images in the study area (Figs. 6,
7, 8). Two distinctive crustal domains can be seen in all
sections, one that is more magnetic with variable, but often
overall lower density (‘olive’ coloured matrix), and one that
is more dense with variable but generally lower magneti-
zation (bright green matrix/background in the central and
eastern central part).

We interpret these domains with different crustal com-
positions as terranes, the subduction—accretion complex
of the Izmir—Ankara portion of the Vardar-Izmir—Ankara
suture zone, and the continental crust of the Anatolian
microcontinent. Whereas the subduction—accretion com-
plex occurs in thin klippen in the centre and east, it makes
up the entire studied depth of the crust in the west and pos-
sibly in the southeast. This characterization of the subduc-
tion—accretion complex is consistent with the presence
of thick, highly conductive layers in the crust imaged by

Il ophiolites (when peridotitic or serpentinite), but in the west

reactivated as stage one detachment

Ankara suture zone; background is 1:500,000 Geological Map of Tur-
key (Dubertret 1964)

magnetotelluric studies (Bayrak and Nalbant 2001; Giirer
and Bayrak 2007; Ulugergerli et al. 2007). A north-dipping
‘fabric’ of contrasting material is a striking characteristic
in the central section WTA (Fig. 6) and is similar to north-
dipping feature that was imaged in the northern Menderes
Massif by passive seismic (Karabulut et al. 2013) and mag-
netotelluric (Ulugergerli et al. 2007) methods.

Intrusions show up as more magnetic granites (red), or
as mafic intrusives or volcanics (dark red) in the subduc-
tion—accretion complex, but appear to be less magnetic
(orange) in the continental crust of the Anatolian micro-
continent. The distinct low Vp/Vs ratio (<1.7) imaged by
Karabulut et al. (2013) for the northern Bornova Flysch
zone, which roughly coincides with NW portion of the
study area, may be the result of large volumes of slow
felsic magma that have intruded the dense and fast mafic
rocks of the subduction—accretion complex as for example
suggested by the western end of section WTE (Fig. 7).

Miocene basins contain sedimentary rocks (yellow),
felsic volcanics (orange) or mafic volcanics (red to black).
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The shape of the basins is mostly as a simple syncline type.
Although our method images the location of the basins
quite well, the depth is probably slightly overestimated as
the smoothness imposed in the cross-gradient constraint
favours smaller property contrast distributed in larger vol-
umes. We do, however, prefer this approach as it provides
moderate estimates of property distributions and is less
prone to enhance sharp model artefacts. The Simav basin,
for example, is imaged around the 60-km profile length
mark to a depth of at least 2 km, whereas Toker (2014) in a
more detailed gravity and magnetic anomaly study has esti-
mated a bedrock depth of 1-1.2 km.

The overall stratigraphy is as follows: the lowest tec-
tonic unit consists of metamorphic lithologies—imaged in
bright green in the geospectral images—of the Menderes
nappes as exposed across the Menderes Massif (Gessner
et al. 2001a, 2004, 2013). The Menderes nappes are over-
lain by the subduction—accretion complex of the Bornova
Flysch, Tavsanli and Afyon zones consisting of mafic mag-
matic rocks of the oceanic crust and Mesozoic sediments,
which in parts are metamorphosed. Miocene to recent sedi-
mentary basins occur on both the subduction—accretion and
the metamorphic basement domains.

Tectonic implications

The boundary between the subduction—accretion complex
and the continental crust of the Anatolian microcontinent
can be tracked or inferred from the sections and in gen-
eral fits well with the exposed rocks. Whereas in the west
and in the north the subduction—accretion complex makes
up the entire depth of the investigated upper crust, it only
occurs in thin sheets in the centre and to the east of the
northern Menderes Massif and the southeast of the study
area. The boundary is a steep structure in the west and a
shallowly dipping structure in the centre of the area. Where
shallow, the boundary is likely to be an extensional detach-
ment that reactivated the original Eocene—Oligocene Neo-
tethyan suture thrust, as large parts of the orogenic stack
are missing between the ophiolite and the Menderes nap-
pes (Gessner et al. 2013, and references therein). Whereas
granites and volcanic complexes are interspersed across the
study area, they are much more numerous in the west. In
the central part, the volcanics and basins directly overly
the gneissic basement, which suggests that the subduction
complex has been tectonically removed or eroded. The
deepening of the subduction—accretion complex detected
by the inversion profiles is in agreement with the proposal
by Gessner et al. (2013) that the West Anatolia Transfer
Zone is the western limit of the Anatolian microcontinent.
From the limited resolution of our investigation, we can-
not, however, shed further light on the question where igne-
ous activity in the northern Menderes Massif post-dates
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extensional detachment faults (Akay 2009; Catlos et al.
2012). Our results show the potential for further, more
detailed ‘structural geophysics’ research to test conceptual
models of local geological features.

Conclusions

We used cross-gradient joint inversion of gravity and mag-
netic data to image and characterize the structure and com-
position of Earth’s upper crust in the northern Menderes
Massif in western Anatolia. Applying the cross-gradient
joint inversion method allows us to better define the subsur-
face geology of the northern Menderes Massif. Our results
are in overall agreement with interpretations based on geo-
logical mapping and structural analysis, and we are able to
trace the regional stratigraphy and tectonic boundaries such
as the West Anatolia Transfer Zone and the Vardar—Izmir—
Ankara suture zone based on potential field data.
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