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Abstract—The Cappadocia region, located in Central Turkey, is characterized by widespread lava

flows and volcanoclastic deposits dating from Miocene to Quaternary. Gravity and aeromagnetic

anomalies of the region appear to present similar high and low amplitude regions, although the

aeromagnetic anomalies exhibit a rather complex pattern which is thought to be caused by remanent

magnetization. The low-pass filtered aeromagnetic map shows a deep-seated magnetic anomaly which may

be linked to the widespread volcanic activity at the surface. The pseudogravity transformation of the

upward continued anomaly has been constructed. The pseudogravity anomaly demonstrates some form of

clockwise rotation. This anomaly was modelled by means of a three-dimensional method. The top and

bottom of the body are at 6.3km and 11km (including the flight height) from the ground surface,

respectively. This deep body is ellipsoidal and extends along an E-W direction, which is in line with the

regional stress direction deduced from GPS measurements. A new mobilistic dynamo-tectonic system

appears to explain the body’s E-W elongation. The modelled body may be the source for the inferred

geothermal energy of the region. Magnetic measurements were carried out on oriented rock samples

collected from outcrops of ignimbrites and basalts, providing directions and intensities of remanent

magnetization, susceptibilities and Koeningsberger (Q) ratios. Standard deviations of remanent directions

of the Natural Remanent Magnetization (NRM) display a wide scatter implying unreliability of the surface

data. Reduction to pole (RTP) transformation of magnetic anomalies was successful with the induced

magnetization angle despite the complex pattern of magnetic anomalies.

Key words: Magnetic and gravity anomalies, rock magnetic measurements, three-dimensional

modelling, Cappadocia, Central Turkey.

Introduction

Cappadocia volcanic region is located between Aksaray, Nigde and Nevsehir

towns, depicting a triangular shaped region in Central Anatolia. This region has been

affected by major geologic and Alpine age events-products of recurrent relative

movements between Africa and Eurasia. Cappadocia also exhibits complicated
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surface morphology related to recent volcanic activity. The basement consists of the

metamorphic rocks of the Kirsehir Block, and tectonically the region is located at the

junction of the active Tuz Lake and Ecemis faults. Simplified tectonic and geological

maps of the region, based on PIPER et al. (2002) and DUHONT et al. (1998), are given

in Figures 1a and b. A number of geological and geophysical surveys has recently

been carried out in specific areas. TOPRAK (1998) investigated surface features using

geological methods and ILKISIK et al. (1997) studied the geothermal field potential of

the Ihlara Valley, east of Cappadocia, using geoelectromagnetic and geothermic

methods from which they suggested a modest geothermal potential and the presence

of some undiscovered fields. FROGER et al. (1998) explored the hidden calderas by

using multi-source geophysical data. Available palaeomagnetic data for central

Anatolia were summarized by PIPER et al. (2002) who suggested anticlockwise

rotation of the Cappadocia volcanic complex and clockwise rotation in the western

extremity of the Anatolian collage. Aeromagnetic survey of Turkey reveals circular-

shaped anomalies over the Cappadocia region centered on (38�150N; 34�300E) (ATES

et al., 1999). The Curie point depth map of Central Anatolia, estimated from

aeromagnetic anomalies, demonstrates shallow Curie depth over Cappadocia and

Erciyes volcanic regions (ATES et al., 2005). In this paper, the deep structure of the

study area is investigated by means of processing and interpreting aeromagnetic and

gravity anomalies. A deep-seated magnetic anomaly was modelled by a three-

dimensional method. The thickness of this body is calculated to be approximately 4

km with its top at 5.7 km below the ground surface. This deep magnetic body

appears to be the source of the widespread volcanic activity at the surface. The body

has an ellipsoidal shape extending approximately in an E-W direction which is in line

with the regional present-day shear stress direction obtained from GPS measure-

ments (MCCLUSKY et al., 2000). Aeromagnetic anomalies were also correlated with

magnetic measurements carried out on rock samples collected from the region.

Aeromagnetic and Gravity Data

Aeromagnetic and gravity surveys of entireTurkey were carried out by the

General Directorate of the Mineral Research and Exploration of Turkey (MTA)

(ATES et al., 1999). In central Turkey, the gravity data were collected at 1–3 km

intervals; all necessary corrections to the raw gravity measurements being carried out

Figure 1

a) Simplified tectonic map of Turkey. The map was simplified from PIPER et al. (2002). Inset map shows

the location and main tectonic units. NAFZ: North Anatolian Fault Zone, EAFZ: East Anatolian Fault

Zone, BSZ: Bitlis Suture Zone, DSF: Dead Sea Fault, TL: Tuz Lake, VL: Van Lake. b) Simplified

geological map of the study region. The map was simplified from DUHONT et al. (1998). The box with

broken line shows the study area. TGF: Tuzgolu Fault, EF: Ecemis Fault, HD: Hasandagi Volcanites,

MD: Melendizdagi Volcanites, KD: Kocdag Volcanites, EV: Erciyes Volcanites.

c
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by the MTA. Gravity anomalies of the Cappadocia region are shown in Figure 2.

The aeromagnetic data were taken with 1–2 km profile intervals and with

approximately 70 m sampling from 600 m above the ground surface. All necessary

corrections related to the survey data were done by the MTA, except for the

International Geomagnetic Reference Field (IGRF) corrections which were carried

out by the present authors applying the algorithm of BALDWIN and LANGEL (1993).

The corrected residual total magnetic intensity anomalies are shown in Figure 3.

Most of the magnetic anomalies are disoriented from the magnetic N-S, direction

suggesting the effect of remanent magnetization. Both data sets were gridded by the

MTA, employing a standard interval of 2.5 km. From the resulting gravity map, two

relatively well-defined anomalies can be discerned: A gravity high to the north and a

gravity low to the south. The two gravity anomalies are superposed on the

Figure 2

Gravity anomaly map of the region. Contour interval is 5 mGal. Gravity high and low amplitude regions

are annotated with red and blue lines, respectively. Numbers from 1 to 9 with + signs show the sampling

locations.
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aeromagnetic anomaly map of Figure 3. As can be seen from the latter diagram, the

gravity anomalies are in close correspondence with the more rugged magnetic

anomaly picture.

Power Spectrum Analysis of Aeromagnetic Anomalies

The power spectrum of the gridded aeromagnetic data set described above was

computed using the method of SPECTOR and GRANT (1970). Figure 4 shows graphs

of the logarithm of azimuthally averaged power spectrum against wavenumber

(K/2p). A mean depth (z) of the anomaly source may be obtained by fitting linear

segments to the power spectrum graphs by utilizing the equation

Figure 3

The residual total magnetic intensity anomaly map. Contour interval is 100 nT. Gravity high and low

amplitude regions are annotated with red and blue lines, respectively. Numbers from 1 to 9 with + signs

show the sampling locations.
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z ¼ �ðD loge P=DkÞ=4p from SPECTOR and GRANT (1970). The two linear segments

in Figure 4 correspond to source depths of 6.3 and 2.74 km (including the flight

height), respectively.

Filtering and Upward Continuation

To enhance the effect of the deep source aeromagnetic anomalies shown in

Figure 3, low-pass filtering using the cut-off frequency was obtained from the

wavenumber of the crossing segments of the shallow and deep sources (Fig. 4). The

cut-off frequency obtained in this manner is 0:044 K=2p. The low-pass filtered map

(Fig. 5) cannot easily be interpreted as no information can be derived regarding the

depth extent of the source. This was probably caused by overlapping high and low

frequencies. Upward continuation is an analogous form of low-pass filtering and can

be done by multiplying the Fourier transform of the anomaly by

exp �2ph k2x þ k2y
� �1=2

=N
� �

(KANASEWICH and AGARWAL, 1970), where h is the

continuation distance, kx and ky are the wavenumbers in the x and y spatial directions

and N is the total number of data points (grid numbers). A 14 km (including 0.6 km

flight height) upward continued magnetic field is shown in Figure 6. Upward

Figure 4

Power spectrum graphic. Logarithmic power versus wavenumber (K/2p).
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continued aeromagnetic anomalies produce a field similar in shape and amplitude to

the low-pass filtered anomaly.

Interpretation of the Deep-seated Magnetic Body

It is possible to interpret the upward continued magnetic field by three-

dimensional methods. In this work, interpretation of the pseudogravity transforma-

tion of the upward continued field was chosen. It is easier to constrain the

pseudogravity field as the distortion caused by the total magnetization vector is

removed (KEAREY and BROOKS, 1991). Figure 7 shows the pseudogravity trans-

formed field computed for induced magnetization (declination angle 4�, inclination

Figure 5

Low-pass filtered aeromagnetic anomaly map. Contour interval is 10 nT.
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angle 55�N) and body magnetization (declination angle 30�, inclination angle 55�N)

utilizing the algorithm of BLAKELY (1995). 30� of declination angle of the body

magnetization is deduced from the orientation of the positive and negative peaks of

anomaly field of the upward continued map. This method of determining

magnetization may be in error, as the causative body is assumed to have uniform

magnetisation and this may not be the case.

Three-dimensional Magnetic Modelling

A three-dimensional model of the pseudogravity anomaly (Fig. 7) was con-

structed by using the algorithm of CORDELL and HENDERSON (1968). This method is

based on simulating the gravity anomalies of a group of vertical rectangular prisms

Figure 6

Upward continuation anomaly map. Continuation height is 14 km (including 0.6 km flight height).

Contour interval is 10 nT.
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to the observed field of which is the pseudogravity data in this case. This method of

modelling can be achieved by choosing either a common base, top or centre.

Altogether 1936 prisms with 2.5 · 2.5 km dimension in X and Y directions were

chosen to have a common base. The bottom depth of the model was changed until

the top of the model reached 5.7 km depth from the surface as determined by the

power spectrum analysis. In this case, the base of the model remained at 11 km from

the surface (Fig. 8). The shape of the body resembles an ellipsoid elongated almost in

E-W direction. The base of the model at 11 km also agrees well with the information

derived from the Curie point depth map of central Anatolia (ATES et al., 2005). A

three-dimensional model was constructed similarly by KEAREY (1991) who suggested

Figure 7

Pseudogravity anomaly map of Cappadocia. Contour interval is 1 mGal, Inclination and declination angle

of the induced magnetization are 55� and 4�, respectively. Inclination and declination of the body

magnetization are 55� and 30�, respectively.
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a possible basaltic source beneath the London Platform, south-central England.

Deep structures of the Mendip Hills and Worcester graben, southern England, were

similarly constructed by three-dimensional modelling by ATES and KEAREY (1993)

and ATES and KEAREY (1995), respectively.

Interpretation of the Shallow Magnetic Body

To enhance the effect of the shallow sources, high-pass filtered aeromagnetic

anomalies were produced using the aforementioned cut-off frequency. In Figure 9,

peak to trough axes of the anomalies are marked with red arrows to demonstrate

disorientation from the magnetic N-S direction. Reduction to pole transformation

Figure 8

Three-dimensional model of the pseudogravity anomaly map of Figure 7. Contour interval is 1 km.
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(RTP), which removes the distortion caused by the Earth’s magnetic field, was

applied to the residual aeromagnetic anomalies using the magnetization angle of the

induced magnetization. RTP transformation was successful; disoriented anomalies

were removed and no polarities can be observed. Thus, it may be suggested that the

remanent components of the magnetization appear to be self-erasing. The RTP

transformed map is shown in Figure 10.

Magnetic Properties of Surface Formations

Several formations of Cappadocia ignimbrites and basaltic andesites have been

sampled at 12 locations with coordinates varying between 34–35�E and 37.45–

38.50�N. The corresponding axial dipole field has a declination of 4� and an

Figure 9

High-pass filtered aeromagnetic map. Peak to trough axes are indicated by red arrows. Contour interval is

100 nT. Numbers from 1 to 9 with + signs show the sampling locations. Lows are hachured.
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inclination of 55�. Sixty-eight oriented hand samples have been gathered using

magnetic and sun compasses. From each sample, 3–7 cubic specimens were cut in the

laboratory. This resulted in a collection of 270 specimens. Measurements of the

Natural Remanent Magnetization (NRM) and their average inclination and

declination angles (Imean and Dmean), low-field magnetic susceptibility (K) were

carried out for the various rock formations. Such information may in some cases be

important for interpreting magnetic anomaly maps. For the same purpose,

calculations of Koeningsberger ratio Q = NRM/hK (h — intensity of the present

magnetic field, K — low-field magnetic susceptibility) were performed on all the

specimens.

The wide range of Q-ratios points significant contributions of both induced and

remanent magnetization components to the anomaly map. On the other hand,

Figure 10

Reduction to pole transformation (RTP) of aeromagnetic anomalies. Contour interval is 100 nT. Gravity

high and low amplitude regions are annotated with red and blue lines, respectively.
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Gelveri (GL) and Kizilkaya (KZ) formations were sampled in two different locations,

however the distributions of NRM and K values show insignificant differences.

Significant magnetic inhomogeneities within the ignimbritic bodies may be an

additional factor for anomaly distortion. This is especially important as KZ is the

youngest unit of the succession and more highly contributes to the surface anomalies.

The rhyolithic ignimbrites from Acigol (AG) are characterized by three orders of

magnitude lower values of NRM and K (Table 1), nonetheless relatively high Q-

ratios suggest the importance of remanent magnetization (Table 1).

Andesitic basalts sampled at Kiziltepe (KT) are highly magnetic rock formations,

with NRM intensities of 60 Am)1 and susceptibilities of 21 · 10)3 SI (Table 1). At

the same time, Q-ratios are extremely high (Table 1), pointing to a major role of

remanence in the total magnetic anomalies. Similarly, Hasandagi (H) and Kecikalesi

(KK) basaltic andesites show relatively high NRM intensities, high susceptibilities

and high Q-ratios (Table 1). Andesites displaying high amplitude anomalies were

sampled at Melendizdag (MZ) and Erdas (ER); these rocks are characterized by

relatively low NRM intensities and relatively high susceptibilities, resulting in low Q-

ratios (Table 1).

Conclusions

The aeromagnetic map of Cappadocia (Fig. 3) exhibits complicated anomaly

patterns. In the northern sector there are stronger magnetic field anomalies than in

the southern sector. In both areas the magnetic anomaly picture is found to correlate

with corresponding gravity anomalies (Fig. 3).

Upward continued aeromagnetic anomalies (Fig. 6) clearly demonstrate that the

deep magnetic body must have a magnetization vector in a different orientation from

that of the present Magnetic Field (declination 4�E, inclination 55�). Therefore,

remanent magnetization component must be present. In this case, a 30� of

declination of total magnetization can be observed, suggesting a clockwise rotation

of the deep-seated magnetic body. Adding to the tectonic complexity of the region,

clockwise rotation of the western extremity of the Cappadocian collage has been

suggested by palaeomagnetism (PIPER et al., 2002).

STORETVEDT et al. (1999), based on a palaeomagnetic study of alkaline igneous

rocks of the French Pyrenees concluded that during the Alpine climax the Iberian

Peninsula first rotated 40� counterclockwise and then 70� clockwise. The reason for

this rotational instability is that the Peninsula is located within the tectonically

strained Alpine region, being squeezed in between the oppositely rotating Eurasia

and Africa megablocks.

STORETVEDT (2003) described a new tectonic model suggesting complex

rotational behavior of micro-blocks within the overall transpressive Alpine fold
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belt. The opposite rotations of Africa and Eurasia were caused by a global inertia

effect, although the resulting shearing along the Africa-Europe tectonic boundary

could also produce smaller scale transtensions. Owing to its location within the

complex Alpine Belt, the Cappadocia region is most likely to have been a strained

area throughout Alpine time. Thus, several authors have arrived at anticlockwise

rotation for Anatolia.

In a recent publication, MCCLUSKY et al. (2000) described the anticlockwise

rotation of Anatolia from GPS measurement, in association with a westward

movement of this block when viewed in a Eurasia-fixed frame. The approximately

E-W elongated deep-seated magnetized body of the present study (Fig. 8) is likely to

be produced by the overall E-W oriented shear stress as depicted from GPS

measurements. The bottom depth of this magnetic body is at 11 km from surface,

corresponding to the Curie Point Depth of central Anatolia estimated by ATES et al.

(2005). This deep-seated magnetized body may be the source for the widespread

volcanic activity of the Cappadocia region.

In a northern hemisphere location the characteristic magnetic anomalies of a

dipolar source can have a positive peak in the south and a smaller negative peak in

the north, but remanent magnetization with a different direction to that of the

Earth’s induced magnetic field, with high Q-ratio (Table 1), can affect the shape and

orientation of the magnetic anomalies. Such distortions can be seen from the

observed residual and high-pass filtered aeromagnetic anomalies of Cappadocia

(Figs. 3 and 9). Shape analysis suggests that most of the anomalies have a total

magnetization direction differing from the induced one. Anomalies with ‘anomalous’

shape are indicated with red arrows in the high-pass filtered anomalies (Fig. 9) with

the arrow pointing in peak to trough direction. Anomalies with similar character-

istics have been reported from the Italian region by FEDI et al. (1991; 1999). The

latter authors suggested dominant effects from remanent magnetization and that the

regions investigated had experienced rotations in different directions.

Samples collected at outcrop numbers 1 to 4 are from ignimbrites; their locations

are to the northwest of the Cappadocia region where high amplitude magnetic

anomalies are found (Fig. 3). Ignimbrites have a maximum susceptibility (K) of 6.7 ·
10)3 SI at location 3 (Gelveri) which would produce 0.3 Am)1 in intensity of induced

magnetization (the absolute K values are corrected for the real volume of the samples

in respect to the nominal volume for the Kappabridge KLY-2, used for susceptibility

measurements). This intensity of magnetization would not be strong enough to

produce the required amplitude of the magnetic anomalies in this region. Densities of

ignimbrites are in the range of 1.8–2.0 gr/cm3 (Table 1) in the region where high

intensity of gravity anomalies occurs (Fig. 2), low to produce the high, i.e. too

amplitude gravity anomaly. Magnetic bodies, expressing higher intensity of

magnetization than the formations at surface, must be present at depth.

Andesitic basalts were collected from outcrop numbers 5 to 9 (Fig. 3), located to

the southeast of the ignimbrites. Magnetization measurements indicate maximum
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susceptibility (K) of 21.2 · 10)3 SI at Kiziltepe (KT) (locality no: 6), giving rise to an

induced intensity of magnetization of 0.967 Am)1. However, the measured remanent

magnetization at this location is 59.08 Am)1, and magnetic substances with such

NRM intensity would produce much stronger magnetic anomalies. The observed

complex pattern of magnetic anomalies with high NRM intensities could be

produced by an association of smaller scale anticlockwise and clockwise rotations.

RTP transformed anomalies (Fig. 10) show an undisturbed pattern of magnetic

anomalies and thus remanent components appear to be self-cancelling. High value of

standard deviations in Imean and Dmean values support this suggestion (Table 1). The

complex picture of surface rotations, deduced from high-pass filtered magnetic

anomalies (Fig. 9), does not match the magnetization direction of the deep-seated

magnetic anomaly (Fig. 6) which apparently has been dominantly affected by the

longstanding counter clockwise rotation of Africa.
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