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Abstract

The crust structure of the region from the west of Italy to the east of the Caspian Sea was examined within the scope of this study. In
addition, the effect of both the shallow and deep structure were revealed by calculating the gravity tensors of the region in different
degrees. For this purpose, the spherical free air gravity anomaly of the region was first calculated. The combination of EGM2008 and
GOCE DIR R4 models were used for this calculation. Then the gravity tensors of the region were calculated separately using only
EGM2008 model and only GOCE DIR R4. The spherical free air anomaly of the region was calculated using the topographic model.
The spherical Bouguer anomaly of the region was obtained by subtracting the anomaly obtained from this topographic model from
the spherical free air anomaly obtained from GOCE DIR R4 + EGM2008 combined model. The radial averaged power spectrum of the
spherical Bouguer anomaly was taken and the anomaly thought to be caused by Moho was filtered out. Moho depth map of the
whole region was obtained by applying the Parker-Oldenburg inversion to the filtered anomaly. The obtained values were
compared with previous studies and found to be compatible.
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ftalya'nin batisindan Hazar Denizi'nin dogusuna kadar olan bélgenin kabuk yapisi bu calisma kapsaminda incelenmistir. Ayrica
bolgenin farkli derecelerdeki gravite tensorleri hesaplanarak hem si1g hem de derin yapinin etkisi ortaya konulmustur. Bu amagla
oncelikle bolgenin kiiresel serbest hava gravite anomalisi hesaplanmistir. Bu hesaplama icin EGM2008 ve GOCE DIR R4
modellerinin kombinasyonu kullanilmistir. Daha sonra sadece EGM2008 modeli ve sadece GOCE DIR R4 modeli kullanilarak
bolgenin gravite tensdrleri ayri ayr1 hesaplanmistir. Topografik model kullanilarak bélgenin kiiresel serbest hava anomalisi
hesaplanmistir. Bu topografik modelden elde edilen anomalinin GOCE DIR R4 + EGM2008 birlesik modelinden elde edilen kiiresel
serbest hava anomalisinden ¢ikarilmasiyla bélgenin kiiresel Bouguer anomalisi elde edilmistir. Kiiresel Bouguer anomalisinin radyal
ortalamali gii¢ spektrumu alinmis ve Moho'nun neden oldugu diisiiniilen anomali filtrelenmistir. Bu Moho'nun neden oldugu
diistiniilen anomaliye ters ¢6ziim uygulanarak tiim boélgeye ait Moho derinlik haritasi elde edilmistir. Elde edilen degerler 6nceki
calismalarla karsilastirilmis ve uyumlu oldugu gorilmiustiir.

Anahtar Kelimeler: Tensér, GOCE, EGM2008, Bouguer, Moho.

1. Introduction suture zone extending to Iran and the Dead Sea fault in the

In the study area as shown in Figure 1, there are large tectonic
lines and local kinematic structures created by these tectonic
lines. The region under the influence of the Alpine Himalayan
belt from west to east consists of terrestrial and marine parts
[1-3]. The Hellenic arc is in a very active region especially in the
marine part [4-6]. The western extension tectonics throughout
Anatolia, the North Anatolian Fault Zone in the north, the East
Anatolian Fault Zone in the southerneast, the Bitlis Zagros
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south are the characteristic tectonic elements of the region.
Within the scope of this study, the aim is to examine the
continuity of the structures by looking at the area in Figure 1
from a wider perspective. To this end, data gathered from
satellite-based gravity models were used.
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Figure 1. Tectonic framework of the study area (AFS:Apennines Fault System; AIFS: Alborz Fault System; BZSZ: Bitlis Zagros Suture
Zone; DFZ: Dinarides Fault System; DSFS: Dead Sea Fault System; EAF: Eastern Anatolia Fault; HASZ: Hellenic Arc Subduction Zone;
NAF: North Anatolian Fault) (Global active faults are taken from [7]).

The comparison of satellite based gravity anomaly and
terrestrial gravity anomaly at the same elevation was made for
the Aegean Sea and western Anatolia by the study of Dogru et
al,, [8]. In this study, the results show that the lowest root mean
square error between satellite based gravity anomaly and
terrestrial data was obtained from the combination of GOCE
Direct Release 4 [9] and Earth Gravitational Model 2008
(EGM2008) [10]. Therefore, a combination of GOCE Direct
Release 4 [9] and Earth Gravitational Model 2008 (EGM2008)
[10] models were selected and used to calculate the free air
gravity data of the region. Anomaly between the degree of 2-
2190 was obtained by calculating the GOCE model up to degree
of 240 and using EGM2008 up to the degree of 241-2190.
Afterwards, the free air gravity anomaly of the region was
calculated from the dV_ELL_Earth2014_plusGRS80 [11]
topographic model. Then, topographic free air gravity anomaly
was extracted from the spherical free gravity anomaly
calculated from GOCE DIR R4 + EGM2008 model. Thus, the
spherical Bouguer gravity anomaly of the region was obtained.
Finally, the gravity tensors and Moho depth values of the region
were obtained. In addition, tensor analysis of EGM2008 and
GOCE DIR R4 data was performed and the results were
examined among themselves. As a result, the variations in Moho
depths and tensor values determined in this study were
evaluated together with regional tectonic elements.

2. Materials and Method

2.1. Spherical gravity anomaly calculation

In this study, free air gravity anomalies are calculated using the
following equations [12]:
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In this formula, r, ¢ and N are spherical radius, latitude and
longitude; n, m are spherical harmonic degrees and order; n,,;,
and n,,,, are the degree of minimum and maximum spherical
harmonic  expansion; B, ,(sing)is the 4m complete
normalization associated with the Legendre function; GM and r
represent the gravity constant of the geocentric and the radius
of the reference sphere. Cn, and S, are the 4m fully
normalized spherical harmonic coefficients, AC,,, and AS,,,
represent the difference between the harmonic coefficients in
the gravity model and the harmonic coefficients of the normal
gravity field. GrafLab (Gravity field laboratory), which is a
MATLAB-based program, was used in the calculation of
anomalies [12].

2.2. Tensors of spherical gravity anomalies

Gravity tensors are calculated as shown below [12]:

Tyx Txy Ty,
Tr,o)=|Tyx Tyy Ty 2
Tyx sz T,,

Calculation formulas of gravity tensors are given in the
supplementary file.

2.3. Radial Averaged Power Spectrum

The most important feature of the radial averaged power
spectrum is that it shows the correct changes at different slopes
in different radial wave number patterns. Generally, small radial
wave numbers are represented by deeper, medium wave
numbers by shallow sources and high wave numbers by noise in
the data [13-15]. The depth of each equivalent layer is
calculated as follows:

_ B(kry) — B(kry)

" 4n(kr, — kry) ®
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Here; kr; and kr, are the starting and ending radial wave
numbers of the overlapping line, B(kr;) and B(kr,) are the
radial averaged natural logarithmic power spectrum values
corresponding to these wave numbers [16]. The radial
amplitude (A) is calculated as the averaged of the 2D Fourier

amplitude spectrum (F) with radius kr = [k2 + k;]l/zcentered
at the starting point and expressed as A = |F| = [Re(F)? +
Im(F)?]*/? [17-18].

2.4. Parker-Oldenburg inversion

Parker-Oldenburg algorithm was applied to the spherical
Bouguer anomaly obtained as a result of bandpass filter by
using kr values in the previous application [19-20]. The Fourier
transform of spherical Bouguer gravity anomalies (4gga) is
obtained using the equation proposed by Parker [19]:

k‘n—l
= [T

n

§(8gsa) = ~2nGpe k) ) @)
n=1

Here, §(Agga) represents the Fourier transform of the gravity
anomaly, G universal gravitational constant, p density contrast,
k wave number, h"(x) downward continuation depth and z,
mean depth. Oldenburg [20] rearranged equation (4) to
determine the depth of the structure from the gravity anomaly
iteratively:
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2.5. Upward continuation

Upward continuation is a method that transforms anomalies
measured on one surface into those that would have been
measured on some higher surface. The upward-continued
anomalies do not provide direct information about the source,
but they can be instructive nonetheless. In particular, the
process of upward continuation tends to attenuate anomalies
caused by local, near-surface sources relative to anomalies
caused by deeper, more profound sources. The potential data at

=200 -150 -100 -50

0

two observation heights are related by the upward continuation
operation [21],

Ty (x,y,Ah)
1 T,(x',y', Ah)

= dx'dv' 6
2m f f [ =02+ (' — )2 + ARz Y (6)

where T,(x,y) and T,(x,y, h)) are respectively the potential data
at two observation heights separated by a vertical distance Ah.
Applying a two-dimensional Fourier transform to equation (6)
yields a simpler form in which the Fourier transforms of the two
quantities are related to each other by a simple upward
continuation operator,

Th(wy, 0y, AR) = e72Mr Ty (wy, wy)

@)

Where T,(w,,wy,) denotes the Fourier transform of T,(x,y),
(wy, wy) are wavenumbers in x and y direction and w;

= ’w§+w§ is the radial wavenumber. The upward

continuation operator attenuates with height the high frequency
content of a potential anomaly.

3. Results

First of all, the spherical free air anomaly of the area in Figure 1
was calculated (Figure 2) and then the Bouguer anomaly was
calculated using the topography model (Figure 3). The
topographic elevation values of the region reach up to 5000
meters. Spherical free air anomaly values vary between 250
mGal and -200 mGal. It is seen that spherical free air anomalies
were obtained positive high values especially in the Caucasus
where the topographic height is high, along the Iran-Caspian Sea
coast and in the vicinity of Cyprus. Spherical free air anomalies
were observed negatively in the sea areas as expected. Spherical
Bouguer gravity anomaly values vary between 280 mGal and -
200 mGal. Contrary to spherical free air anomalies, positive high
values were observed in seas and negative anomalies were
observed in lands.
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Figure 2. Spherical

free air gravity anomaly with the
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combination of EGM2008 and GOCE DIR R4 model
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Figure 3. Spherical Bouguer gravity anomaly of the study area.

Afterwards, the difference between EGM2008 and GOCE DIR R4 40 and +30 in eastern Egypt and in southwest Israel but when
models up to 240 degrees/order (2 to 240) was calculated for  this anomaly was eliminated values are between approximately
the whole region (Figure 4). It is seen that values are between - -18 and +18 in the rest of the region.

mGal

Latitude (WGS 84)

Latitude (WGS 84)

Longitude (WGS 84)

Figure 4. a) The difference between EGM2008 and GOCE DIR R4 (up to degree/order 2 to 240) and b) maximum value area middle
in the South is blanked to show maximum and minimum difference of the whole area.

Gravity tensors were first calculated from the satellite model of  degree/order 2 to 240 (Figures 5c, 6¢, 7c, 8c, 9c and 10c). In this
EGM2008 (Figures 5a, 6a, 7a, 8a, 9a and 10a). In addition, = way, both tensors of deep structure effects originating from low
upward extension was applied to the EGM2008 tensor data  frequency and wide wavelength and tensors of shallow
(Figures 5b, 6b, 7b, 8b, 9b and 10b). In addition, tensors have  structure effects originating from high frequencies and short
been calculated from GOCE Direct model (Release 4) up to  wavelengths were obtained.
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Figure 5. a) Txx tensor of EGM2008 up to degree 2190, b) Upward continuation of Txx tensor of EGM2008 and c) Txx tensor of GOCE
DIR R4 up to degree 240.
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Figure 6. a) Txy tensor of EGM2008 up to degree 2190, b) Upward continuation of Txy tensor of EGM2008 and c) Txy tensor of
GOCE DIR R4 up to degree 240.
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Figure 7. a) Txz tensor of EGM2008 up to degree 2190, b) Upward continuation of Txz tensor of EGM2008 and c) Txz tensor of GOCE
DIR R4 up to degree 240.
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Figure 8. a) Tyy tensor of EGM2008 up to degree 2190, b) Upward continuation of Tyy tensor of EGM2008 and c) Tyy tensor of
GOCE DIR R4 up to degree 240.
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Figure 9. a) Tyz tensor of EGM2008 up to degree 2190, b) Upward continuation of Tyz tensor of EGM2008 and c) Tyz tensor of GOCE
DIR R4 up to degree 240.
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Figure 10. a) Tzz tensor of EGM2008 up to degree 2190, b) Upward continuation of Tzz tensor of EGM2008 and c) Tzz tensor of

GOCE DIR R4 up to degree 240.

The initial mean depth value is needed for the inversion
application of the Moho calculation. The radial averaged power
spectrum method was applied in order to obtain the Moho
anomaly to be used in the inversion. Critical wave numbers are
important in determining bandpass limits and defined as points
where the slope of the lines changes. This wave numbers are
respectively, kr1 = 0,025 km'1 (A1 = 21 / krz = 251 km) and krz =
0,106 km'! (A2 = 2m / krz = 59 km). From the slopes of these
lines, the average depths of the interface boundaries were
calculated as z1=135 km (LAS), z2=35 km, respectively (Figure
11).

After the power spectrum analysis of the spherical Bouguer
gravity anomaly and decomposing the anomaly originating from
Moho, then Moho depth map was obtained after inversion of
this anomaly. The mean depth (zo) approximately as 35 km
obtained from the power spectrum analysis is used for the
calculation of Moho depth in the 3DINVER program [22]. The

program needs an initial knowledge of two parameters which
are density contrast of the interface and the mean depth.
Density contrast which is mantle density minus crust density
was taken fixed as 0.4 g/cm3. Earth’s curvature was ignored as a
parameter in the inversion formula for big area calculations but
spherical approximation of gravity calculation could be an
advantage because the spherical version uses a spherical shell of
thickness equal to the orthometric height of the topography at
the point of interest [23]. Moho depths were found at an average
of 30 km in Western Anatolia, between 20-35 km in the Aegean
Sea, between 35-45 km in Eastern Anatolia and between 10-20
km in Cyprus and its surroundings (Figure 12). The Moho
variation between the depths of 40-50 km in the southeast of
the study area and the Moho depth values of approximately 45
km in the Caucasus are quite compatible with the results of the
studies of Lii et al, [24]. Lii et al, [24] obtained Moho depths
with Pn seismic wave tomography method in their study. In
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addition, the results of the continental crustal thickness in
Turkey and its vicinity in the studies of Kayhan and Giilen [25]
are in good agreement with the values obtained in this study.
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Figure 11. Radial power spectrum of Spherical Bouguer gravity
anomaly.

The results are coherent with the Moho depth studies which
was made in the eastern Anatolia by Pamukgeu et al., [26]; in the
western Anatolia by Pamuk¢u and Yurdakul [27] and in the
eastern part of Mediterranean Sea by Dogru et al, [8]. In
addition, Bilim et al., [28] obtained the crustal results for the
Black Sea and the results of this study are compatible with their
results. In addition, Moho depths from the GOCE Exploitation for
Moho Modelling and Applications Project (GEMMA) [29] which
has generated the first global high-resolution map of the
boundary between Earth’s crust and mantle based on data from
the only GOCE satellite and An Updated Global Model of Earth's
Crust (CRUST1.0) [30] model which has calculated from active
source seismic studies on a 1-degree grid were shown in Figure
12. Although the data acquisitions are completely different, it is
noticed that there is more coherence between the Moho depth
of CRUST1.0 model and Moho depth obtained in this study
especially in the marine areas. It can be said that the Moho
depth result of GEMMA model presents best fit for marine areas
but the results of Moho depth obtained in this study offers more
relevant results especially eastern of Turkey with CRUST1.0
model.
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Figure 12. Moho depth variations of the study area from this study and other Moho models: a) Moho depth variation from this study,
b) Moho depth from GEMMA model and c) Moho depth from CRUST1.0 model.
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4. Conclusions

Within the scope of this study, the spherical free air gravity
anomaly of the area was first calculated using satellite models.
The combination of EGM2008 and GOCE DIR R4 models were
used to calculate the spherical free air gravity anomaly.
Afterwards, the spherical Bouguer gravity anomaly of the region
was calculated with the help of the topography model. In
addition, the gravity tensors of the region were calculated with
only GOCE DIR R4 model (n: 240) and only EGM2008 (n: 2190)
model. Thus, the effect of both deep structures and shallow
structures could be observed. The Moho depth map of the study
area from the west of Italy to the east of the Caspian Sea was
obtained. Moho depth values of the region were obtained
between 10 and 50 km. Moho depth values were observed to be
compatible with the results of previous studies. Moho values
were obtained in the range of 45 km in the Eastern Anatolia
Region, around 30 km in the Western Anatolia, ~20 km around
Cyprus, and 45-50 km in the south of the Caucasus and Iran
(Figure 1).

A significant north-south anomaly variation was obtained
especially along the Dead Sea fault, at upward continuation of
Tyz and Tyy tensor of EGM2008 (Figures 8 and 9) and Tyz and
Tyy tensor of GOCE DIR R4 up to degree 240 (Figures 8 and 9).
Although this tectonic element has a predominantly lateral
change, it is clear that there is a continuity of mass change in the
vertical direction due to the change in the Tyz component.

An anomaly with a sharp positive-negative change in the
direction of approximately northwest-southeast draws attention
in the results of EGM2008 up to degree 2190, upward
continuation of Txx, Txy, Txz, Tzz tensors of EGM2008 and Tzz
tensor of GOCE DIR R4 up to degree 240 in Figures 5, 6, 7 and 10
between 350-55° longitudes throughout the Caucasus (Figure 1).
There is both a lateral and a vertical continuation of change
along this one line in this area. The line of anomalies changing as
smoothly as possible was observed throughout northernwest to
southerneast trending and even to the Hellenic arc between 10°-
250 longitudes in the results of EGM2008 up to degree 2190,
upward continuation of Txy, Txz, Tzz tensors of EGM2008 and
Tzz tensor of GOCE DIR R4 up to degree 240 in Figures 6, 7 and
10. This line also has the character of lateral and vertical change.
However, the difference between this place and the Caucasus is
that the positive-negative anomaly transition is not sharp.

In addition, negative amplitude changes in a wide area along the
Hellenic arc in Figures 7 and 10 was observed in the results of
EGM2008 up to degree 2190, upward continuation of Txz, Tzz
tensors of EGM2008 and Txz, Tzz tensors of GOCE DIR R4 up to
degree 240. The vertical continuity of the main character here
reflects the subduction characteristics of the region very well.
From this point of view, it is observed in Figures 7 and 10 that
the line on which this tectonic element extending has continuity
along the Mediterranean in the south of Anatolia. In fact, the
anomaly amplitude value of this line increases in the positive
direction and joins with the Bitlis Suture zone in the east in
Figure 7.

Additionally, when Figure 5b is carefully examined the linear
line with an average amplitude of 20 Eotvos coming from the
10° longitude west follows the Hellenic arc again merging with
the Bitlis Thrust zone in the east and continues in the east.
While Tzz and accordingly Txz variation in the vertical direction
from the Hellenic arc is very dominant, the dominance of this
line in Tzz in the vertical component cannot be observed when it
approaches the Bitlis thrust in the east. Again, it is observed that
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there are parallel but same character changes towards Africa,
especially around Cyprus in the south of this line (Figure 7).
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