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Abstract: Preliminary results of resistivity distribution in the crust around the Gediz graben by the magnetotelluric
(MT) measurements along two 73— and 16-km-long MT profiles (M1 and profile M2) are presented. Bostick depth
transformation of the resistivity component of the MT data denoted a conductive zone at a depth of ~ 10 km. This
zone may be related to crustal extension and high regional heat flow (50% higher than the world average).
Preliminary interpretation based on one dimensional (1D) inversion result show that the thickness of sediments
over the resistive basement changes from 950-3800 m along the profile M1. The relations between the trends of
main structures in the region and abrupt lateral resistivity changes in the subsurface within the Gediz graben are
discussed in the light of the residual apparent resistivity profiles.
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Gediz Grabeninde Kabuk Yapisina iliskin Ozdiren¢ Dagilimi

Ozet: Gediz grabeninde kabuk icinde 6zdirenc dagilimini gosteren 6n sonuclar sunulmaktadir. Ozdiren¢ dagiimi,
biri grabenin ana eksenine paralel, dideri dik olan ve sirasiyla 73 km uzunlugundaki M1 ve 16 km uzunlugundaki
M2 hatlart boyunca alinan manyetotellirik (MT) verilerden elde edilmistir. MT verilerin 6zdirenc bilesenine
uygulanan Bostick derinlik déntistimu, graben icinde 10 km derinlikte iletken bir kusak gdstermektedir. Bu kusak,
bolgedeki gerilmeli rejim ve yiiksek bélgesel 1si akisi (dinya ortalamasindan %50 daha yiksek) ile iligkili olabilir.
Bolgede jeolgjik yapilar en az iki boyutlu olmasina karsin bir boyutlu ters ¢6zimle bir 6n degerlendirme dayanan
yorumla bdlgede ¢okel kalinhidinin 950-3800 m olacak sekilde degisiklik gosterdigi séylenebilir. Gediz grabeni
icinde yatay yondeki ani 6zdiren¢ degisimleri Bostick donisum Kesitleri ve kalinti 6zdireng Kesitleri kullanilarak

izlenmis ve bunlarin bélgedeki ana yapisal cizgisellikler ile iligkili olabilecekleri distinulmustir.

Anahtar Sozcikler: Gediz grabeni, manyetotelirik, rezistivite, iletken alt kabuk

Introduction

The geology of the western Anatolian grabens and the
Gediz graben in particular have been studied in detail by
several geologists during the last decade (Sengér 1987;
Westaway 1994; Kocyigit et al. 1999; Seyitoglu & Scott
1992, 1994, 1996; Cohen et al. 1995; Yimaz et al.
2000). According to these studies, extensional tectonic
regimes have prevailed in western Anatolia and, as a
result, the crust has thinned progressively in the region
and eight major E-W- and twenty N-S- trending grabens
have developed (Sengér 1987; Seyitoglu 1997; Yilmaz et

al. 2000). However, there is no consensus on the timing
of development or the relationships between the N-S and
E-W graben groups in western Anatolia. Discussions have
concentrated on the E-W-trending Gediz graben and the
NE-SW-trending Gordes, Demirci and Selendi basins to
the north of it. Seyitoglu (1997), argued that the N-S and
E-W grabens formed coevally as a result of ongoing NE-
SW extension during the Early Miocene. However, Sengér
(1987) suggested that N-S—trending basins contain older
basin fill than the younger E-W-trending grabens.
Kogyigit et al. (1999) proposed an episodic, two-stage
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graben model, with an intervening phase of short-term
compression, for the evolution of the Gediz graben. A
Miocene-Early Pliocene first stage occurred as a
consequence of orogenic collapse, and a second phase of
N-S extension originated from westward escape of the
Anatolian block. Yilmaz et al. (2000) also suggested that
the N-S—trending graben basins are older than the E-W-
trending grabens, and also different times of
development for these two systems; the N-S basins
formed under an E-W extensional regime during the Early
Miocene, whereas the present-day E-W-trending grabens
developed in a NNE-SSW extensional regime that began
during Late Miocene. These E-W grabens cut and
displaced the N-S ones. According to this idea, the N-S
grabens were continuous across the E-W graben areas
before the development of the latter. If this hypothesises
valid, the remnants of N-S grabens and horsts should be
trapped within the E-W graben basins.

In the centre of western Anatolia, the E-W-trending
Gediz graben is, without question, one of the outstanding
structures of this system with the ancient NE-SW-
trending basins in the north (such as the Gérdes, Demirci
and Selendi basins). The Bozda§ horst and E-W-trending
Blylk Menderes graben are located to the south of the
140-km-long Gediz graben. The high-grade metamorphic
rocks of Menderes massif form the basement of the Gediz
and neighbouring grabens and the intervening horsts
separating the grabens.

Some regional-scale geophysical studies and several
geothermal exploration programs have been carried out
in the western Anatolian grabens during the last few
decades (Basokur et al. 1996; Bayrak et al. 2001; MTA-
General Directorate of Mineral Research and Exploration
of Turkey; TPAO-Turkish Petroleum Corporation). One
of these studies conducted by Geosystem, consisted of an
MT survey in the Gediz graben as a part of the
exploration program of TPAO (Turkish Petroleum
Corporation MT measurements from 15 of the sites
along 73 km of the major axis of the Gediz graben were
made available to us). The MT site locations on profile M1
are shown on the 1:500,000 scale geological map of the
Gediz graben and vicinity (Figure 1). These were used to
map lateral variations in resistivity. The abrupt change in
resistivity is mostly related to a similar change in lithology
(fault or dike-like structures). So lateral resistivity
changes along our E-W magnetotelluric profile may
indicate possible hidden faults perpendicular (N-S) to
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profile M1. The second MT line (profile M2) is a 16-km-
long profile with six measurement sites, and crosses the
Gediz graben around Salihli (Figure 1). The data from
profile M2 reflects the conductivity distribution across the
Gediz graben and the southern Bozdag horst. MT data
can also provide evidence for deeper crustal structures
that may be relevant the high heat flow of the region.

Other  geoelectric and  geoelectromagnetic
investigations have been carried out in the Gediz graben
for geothermal prospecting by several companies (e.g.,
MTA and TPAO). Some of these measurements were
from locations close to our MT profile M1 (Figure 1). We
compared the 1D models obtained from these DC (Direct
current) Schlumberger, CSAMT (Controlled Sourced
Audiofrequency Magnetotelluric Method) and MT.

Magnetotelluric Method

In the magnetotelluric (MT) method, the orthogonal
components of the horizontal electric and magnetic fields
induced by natural primary sources are measured
simultaneously as a function of frequency. The source of
energy for the magnetotelluric method is micropulsations
having frequencies of less than 1 Hz. The predominant
origin of the micropulsations is interaction of Earth’s
magnetopause with charged particles ejected from the
sun. Electric- and magnetic-field components of these
electromagnetic waves are measured with the horizontal
pairs of orthogonal electric dipoles and magnetic sensors.

The orthogonal magnetic (H) and electric components
(E) of natural fields can be related at each frequency by a
tensor impedance (Z). The impedance tensor and
impedance are given in equations (1) and (2),
respectively.

Ex = ZxxHx + nyHy

(1)
Ey = Znyx + ZyyHy

The notation Z; in equation (1) are the transfer functions
called impedances. They are a measure of Earth's
response to the magnetic fields in x and y directions. If
the subsurface is homogeneous or horizontally stratified
(one dimensional), the impedances Zx and Z,, are equal to
zero, and Z,, and Z,, impedances will be equal as below.

k  Hy He (@)
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Figure 1.

Here, E and H are in mV/km, and nT, respectively, T is
period in seconds, w = 21tf is angular frequency, and Y, is
the magnetic permeability of the free space (4110~
H/m). K is the propagation parameter and

k = (Hy/2p) "

The impedances are related to a complex measure of
the Earth’s resistivity. Apparent resistivity and impedance
phase (as a function of frequency) are calculated in two
orthogonal directions related to the two orthogonal
measurement directions for any site (Cagniard 1953).

pxy = (1—) \va\z
WHo

2, ohm m

pYX = (17) ‘ZYX
WUo

the phases of the impedance tensor are

Geological map of the region (revised from MTA map 1964). Circles denote MT site locations.

Oy = tan-1(imny)
reZxy

dvx = tan'1(M). radian (4)
reZyx

If the Earth is homogeneous or horizontaly layered
(1D) the impedances, phases (@) and resisitivities in xy
and yx directions will be equal (i.e., resistivity changes
multidimensionally, 2D and 3D) otherwise they will have
different values for the same site for the same
measurement. One of the ways of understanding
subsurface dimensionality is to calculate two parameters
named tipper and skew. The magnetic components of MT
fields are strongly affected by vertical contacts in
subsurface. The horizontal magnetic components H, and
H, can be related to the vertical magnetic component H,
as below:
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H, = AH, + BH,
A and B are complex transfer functions: The tipper is
T = (A* + B (5)

Tipper can be considered as the ratio of the induced
vertical component to the total incident electromagnetic
field. Any abrupt change in resistivity increases the
vertical magnetic componet, (H,) and the tipper(T). The
tipper has a maximum value near a vertical contact and
T=0 for 1D earth. As a result, tipper can be considered a
measure of two dimensionality. The second parameter,
skew, is an indicator of three dimensionality and is
calculated from the elements of impedance tensor as
below.

S= (Zxx +Zyy)/(zxy_zyx) (6)

Skew S=0 for the one and two dimensional Earth and
maximum for 3D Earth.

After calculating apparent resisitivity and phases, the
magnetotelluric data is presented as apparent resisitivity
and phase curves versus frequency for each site.
Resistivity distribution as a function of depth can be
calculated using Bostick transformation. This simple
operator converts the frequency axis to the depth and
apparent resistivities to the Bostick resistivities that are
more closer to the real resistivities of the each layer. This
transformation supplies a reasonable initial model for the
inversion and an opportunity looking at the resistivity
variation versus depth by a simple analysis before
inverting the data. The Bostick resistivity (pg) and depth
(dg) values are calculated using apparent resistivity and
frequencies as below

(1-m)

Ps = pa(f)(1+m)

(7)

where m is the trend of apparent resistivity and
frequency curve

m = d(logps)
d (log f)

dg = ( Pa )1/2 =356 (&)Mmeter (8)
2Tof f
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Data Acquisition and Process

Data acquisition was carried out in 1989 by Geosystem
and the Turkish Petroleum Corporation (TPAO). MT
soundings were made using a Phoenix V5 digital system
with 12-20 hour recording duration. The incoming data
stream from the three magnetic and two electric field
sensors was digitised and processed in real time; display
of the output parameters allowed the operator to
optimise lay-out and recording parameters. This resulted
in good quality data especially in the frequency range 100
to 0.002 Hz of the overall frequency band extending
between 320-0.00055 Hz.

The MT data is presented as apparent resistivity and
phase pseudosections. Before presentation, the data is
rotated to obtain 0° between the measurement axis and
the strike direction (by Geosystem).

Small-scaled, local subsurface inhomogeneities or
discontinuities in surface topography cause a shift in MT
apparent resistivity values by the same multiplicative
factor at all frequencies. So the apparent resistivity curves
are moved uniformly up or down. The resulting
interpretation of resistivity responses will have the
correct structural shape, but the depths and resistivities
of the layers will be in error. One method for measuring
static shift is a controlled-sourced measurement of
magnetic field by the Time Domain Electromagnetic
Method (TDEM). Unlike the electric field, the magnetic
field is unaffected by surface inhomogeneties. To obtain a
complete undistorted model of the Earth deep MT
soundings are shifted to combine shallow TDEM
soundings (Sternberg et al. 1988). There is no significant
topographic discontinuity at the surface along the main
axis of the Gediz graben basin (M1 line direction), whilst
the elevation differences in orthogonal directions are
invariant along the main axis of the basin. Thus, no
significant terrain distortion is expected in the MT data
from the region. However, near-surface inhomogenities
caused some distortion of our data. We removed these
static-shift effects by the technique mentioned above
using the TDEM co-located measurements with our MT
sites.

Interpretation of Magnetotelluric Data

In this study, the MT data along the profile M1 in two
orthogonal directions (N-S, xy; E-W, yx) is presented as
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apparent resistivity and phase pseudo-sections in N-S (E;)
and E-W (Ep) modes as a function of frequency in Figures
2a and 2b, respectively. The sedimentary units in the
graben are characterised by low apparent resistivity
values whereas the metamorphic basement of the graben
reveals higher resistivities in both directions.

Bostick transformation was applied to the apparent
resistivity data in both modes (i.e. E;and Eg modes) in
order to obtain the approximate subsurface resistivity
distribution as a function of depth. The Bostick pseudo-
section is shown in Figure Z2c. Bostick resistivity
distribution shows that the undulating resistive basement
is located at the different depths along the graben. In
other words, basement topography is undulating. The
lateral resistivity discontinuities in the Bostick pseudo-
section along profile M1 indicates that at least a 2D
character of geological structure is dominant in the
region.

We also present the MT data as residual apparent
resistivity profiles to clarify possible lateral resistivity
boundaries. In this method, resistivity profiles are drawn
for each frequency and the values of apparent resistivities
at each station are normalised by dividing each of the p,
values by the p,, average for that profile. Residual
resisitivity gives deviation from the average regional
resistivity for a certain site and the high or low values of
it mostly indicates any lateral discontinuity in structure at
this site. We have plotted the logarithmic values of p./p,,
for each station along the profile. With this arrangement,
conductive regions are indicated by negative values while
resistive regions are indicated by positive values. This
scheme facilitates the visualisation of the location of
lateral geologic variations beneath the surface of profile
M1. Residual apparent resistivity profiles are plotted in
Figures 3 and 4 for N-S and E-W directions, respectively.
The residual E-W polarization data show the considerable
negative anomalies beneath the sites MT-30 and Al-06 at
frequencies less than 0.28 Hz. Smaller positive anomalies
are observed beneath MT-57 and MT-46. The profiles in
the N-S direction show positive and negative anomalies at
MT-31 and MT-30, respectively, and two clear positive
and negative anomalies occur at the MT-46 and AL-06.
The disturbances on residual apparent resistivity profiles
cannot be associated with terrain or near-surface effects
because they were corrected previously. These anomalies
possibly indicate the presence of lateral discontinuities
along the main axis of the graben.

Other  geoelectrical and  geoelectromagnetic
measurements are available in the region around the
Kursunlu geothermal field (Figure 1). The skew and
tipper analysis along the profile M1 indicated that there
are no 2-3 dimensionality effects in this location (between
the sites MT19 and MT57). Thus, 1D modelling at this
site may be applicable. The 1D inversion results from
these co-located MT soundings (at the sites MT-12, ypr-
065) and CASMT and DC resistivity soundings are
compared in Figure 5. Application of all of these methods
revealed a conductive layer at depths of a few hundred
meters that may be related to hydrothermal alteration
zones of the Kursunlu geothermal reservoir. The 1D
inversion of the MT soundings (in E; mode, in EW) also
revealed a low resistivity (10-20 ohm.m) zone at depth
of 10 km in the crust. Our parameter analysis from 1D
inversion of the MT responses from some sites (MT-29,
30, 24, 25) also revealed that the depth to this
conductive layer is one of the well-resolved model
parameters. The low resistivity at 10 km depth in the
crust may be related to the high regional heat flow (ilkisik
1995; llkisik et al. 1997).

Another 16-km-long MT line (M2) with six sites was
conducted across the Gediz graben near Salihli (Figure 1).
Profile M2 crosses the Gediz graben and Bozdag horst to
the south. The resistivity data versus frequency in N-S
and E-W directions and their Bostick resistivity-depth
transformation pseudo-sections are shown in Figure 6.
The low-resistivity sedimentary fill of the Gediz graben
can be distinguished on the northern end of the section in
Figure 6. The resistive massif rocks of the Bozdag horst
appeared at higher frequencies (or at the shallower
depths) on the southern end of the sections.

The most striking feature along the M2 line is south
of the Gediz graben. According to the Bostick depth
transformation, there is a conductive zone at around the
depth of ~10 km under the Bozdag horst (Figure 6d).
This depth value is very consistent with the depth to the
conductive third layer in the 1D model results for the
sites around Salihli. This indicates the conductive lower
crustal layer in the Gediz graben continues beneath the
Bozdag horst to the south. Unpublished MT data (MTA)
along a line crossing the Bozdag horst and northern NE-
SW-trending horst-graben systems in the region also
shows this conductive zone is present across the Bozdag
horst and absent to the north of the Gediz graben around
the NE-SW Demircidag horst and the Goérdes graben.
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Discussion

In this study, MT data from the M1 and M2 lines (that are
approximately parallel and perpendicular to the major
axis of the Gediz graben, respectively) are presented. The
resistivity distribution versus the depth and distance are
obtained using Bostick transformation (Figure 2). The
resistivity distribution along profile M1 showed an
undulating resistive basement under the conductive
sedimentary cover along the graben. There are sudden
interruptions in the lateral continuity of resistivity in
Bostick sections. The undulating basement topography on
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Figure 4.  Profiles of logarithm of residual resistivity at 24 fixed

frequencies at 14 stations along the E-W direction.

Bostick sections is formed and stressed by these abrupt
lateral changes in resistivity. The MT data were also
presented as residual apparent resistivity profiles (Figures
3 and 4) to clarify possible lateral resistivity boundaries.
Residual resistivity profiles show deviation of resistivity at
a certain site from the average resistivity obtained from
all sites for any frequency in the region. Strong peaks
(negative and positive anomalies) show that resistivity is
anomalously different near this site compared to the
environs. Such a difference in resistivity may be caused by
any lithology change at this site or, less plausibly, any
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65 (circles) and the best-fit model response (solid curve) to the field data.

lateral variation of the physical conditions in the same
lithology. So, the resistivity variations on both the
residual apparent resistivity and Bostick sections along E-
W profile M1 may be indicators of any hidden faults
perpendicular to the profile.

High tipper values at most of the MT sites and high
skew at some sites (except the MT19- MT 57) shows that
the region is at least two dimensional in the Gediz graben.
Therefore a detailed two-dimensional modelling is
necessary to see the exact boundaries of basement
topography and upper-lower crust in the region. We
present the total thickness of the sedimentary formations
(with different low resistivity layers) based on 1D
inversion for some sites along M1 line in Table 1. The
resistance of the sedimentary units (sum of the thickness
and resistivity products of each layer in the sequence) and
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resistance of crystalline basement (product of the
thickness and resistivity of the basement are also
presented in the table. The results indicate that the
thickness of the sediments changes from 934 m to 3817
m along the graben. Sari and Salk (1995) also estimated
the thickness of the sediments as 2.5 km on a profile
crossing the Gediz graben near Salihli via modelling of
gravity data.

It is known that the lower crust is mostly conductive
in Phanerozoic regions. In this study, we have identified
this conductive zone (10 ohm.m) at 10-km-depth in the
Gediz graben. This zone is quite shallow in the region as
compared to a depth of 26 km in the northwestern
Anatolia (G6lpazari) region (Gurer 1996). According to
ilkisik (1995), the heat flow in the region is 50% higher
than the world average. The maximum heat-flow values
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(a) MT apparent resistivity pseudosections in the E-W direction; (b) its Bostick depth
transformation in the E-W direction; (c) The MT apparent resistivity pseudosections in the N-
S direction; and (d) its Bostick depth transformation in the N-S direction along profile M2.
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Table 1. Total thickness of sedimentary layers that cover the basement rocks in the Gediz graben for some sites along M1 line, based on 1D
inversion. h denotes the depth to the basement. Rqq and Ry, show resistance of the sedimentary fill and basement, respectively.

MT site MT31 MT30 MT29 MT25 MT24 MT19 MT57 MT45

h(m) 1963 1053 1807 3444 3314 1219 934 3817

Rseq 2446 49029 104731 264297 101861 10936 12259 16314

Rpas 870210 2093225 26471160 591039676 76692616 251117 237398 102410

of the western Anatolian graben systems are observed Conclusions

around the Gediz and neighbouring Blyiuk Menderes
grabens (120-300 mW/m?). In extensional tectonic
regimes, the foci of earthquakes are generally at depths
between 8-12 km (Lister & Davis 1989) because the
rocks become ductile at greater depths. This depth is in
agreement with the depth to the conductive zone in the
crust that we have identified in our study. The reason
that lower crustal conductivity is observed in many
regions of the world is still under discussion. This
conductivity is mainly explained by possible high water or
graphite content in the lower crust (Jones 1987), or by
partial melting in the crust in extensional regions where
the heat flow is higher than 85 mW/m?* (Adam 1987). In
regions where heat flow is considerably higher than the
world average, this conductive zone is shallower than the
world average (15-20 km). If we consider the extensional
regime (Sengor et al. 1984; Seyitoglu 1997; Yilmaz et al.
2000) of western Anatolia and high regional heat flow
(50% higher than the world average), the conductive
zone at about 10-km-depth can be related to high
temperatures in the lithosphere and thinned crust around
the Gediz graben.
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In this study we analysed and interpreted geoelectrical
(mainly MT) data from the Gediz graben. The results
show a rugged basement topography and varying
sediment thickness along the graben (~950-3800 m).
The abrupt lateral changes in resistivity in the E-W
direction under the surface cover of the graben may be
related to vertical geological contacts. Conductive lower
crust is identified at a depth of 10 in the Gediz graben.
The conductive zone is more shallow in the region as
compared to that in northwestern Anatolia. This situation
may have been caused by thinning and high regional heat
flow in the crust of western Anatolia.
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