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Boundary analysis techniques which are analytic signal, total horizontal

Paperrecewed: derivative (THDR), theta map, tilt angle, hyperbolic of tilt angle (HTA),

29 May 2016 normalized total horizontal gradient (TDX) and normalized horizontal derivative
) ] (NTHD), play an important role in interpreting potential field data. In this study,
Revised received: an enhanced total horizontal derivative of the tilt angle (ETHDR) method was
15 October 2016 utilized for comparison of results with the other edge detection filters. The
sufficiency of the ETHDR method is indicated using theoretical models and field

Accepted: study. Compared with the formal methods, the ETHDR filter more detailed
01 March 2017 outcomes for buried models and is less sensitive to noise. Aeromagnetic

anomaly of Bitlis Zagros Suture Zone (BZSZ) and its surroundings was used for
field data. The eastern part of Turkey which has major tectonic structures such
as East Anatolian Fault (EAF), Malatya Fault (MF) and Bitlis-Zagros Suture Zone
(BZSZ), with the effect of Arabian Plate’s northward motion, Anatolian block
and Northeastern Anatolian Block escape to west and east, respectively. In the
first stage field study, the discontinuities were not found recognizable in the
results of boundary analysis methods. Then, pole reduction and upward
continuation (5 km and 10 km) were applied to the aeromagnetic data for
revealing the deeper effects on data. The same boundary analysis methods
were applied to aeromagnetic data after pole reduction and upward
continuation. The results were compared with each other and the anomalies
were associated with the faults and previous studies. It is thought that there
are tectonic boundaries that have not yet been identified geologically in the
study area.

Key words

Edge detection, pole reduction, upward continuation, tilt angle, Bitlis-Zagros Suture
Zone

1. INTRODUCTION

Boundary analysis method applications are crucial on magnetic anomalies to reveal tectonic structures and mine locations
([1], [2]). Accurate determination of source shape location is becoming the main purpose for interpretation and therefore
enhanced methods are becoming more important in data interpretation [3]. There are various procedures that have been
utilized to obtain edge detection, for example, analytic signal (AS), tilt angle (TA), theta map (TM) and etc. [4]. An
enhanced total horizontal derivative of the tilt angle (ETHDR) method, which was proposed by Arisoy and Dikmen [4],
was applied for the boundary analysis of aeromagnetic anomalies with the former methods. Before interpreting the field
measurements, noise-corrupted theoretical models were utilized in order to determine spatial resolution of ETHDR method.

Then, same processes were applied on aeromagnetic data. When acceptable results could not be obtained from
aeromagnetic data, pole reduction and upward continuation (for 5 km and 10 km) were applied on aeromagnetic data and
then same analyzes were implemented. The data was used regarding western of BSZS and its surroundings. The area is so
complex in terms of geological units and tectonics. The tectonic regime along the fault changes from east to west; collision
zone of Bitlis-Zagros produced by northward movement of Arabian Plate with respect to Eurasia ([5]).
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Anatolia, located in the Alpine-Himalaya basin, has taken the current form as a result of a very complicated movement in
the Earth's crust. Continental rifting in the Eastern Mediterranean began at the end of Triassic and ended with the formation
of the Mesozoic Neotethys ocean after the closure of the Paleotethys Ocean ([6]). The convergence of the African and
Eurasian continents that began at the end of the Cretaceous ended with the closure of these ocean basins and the unification
of continental parts in the vicinity ([6], [7]). The southern part of the Neotethys extending from southeastern Turkey known
as the Bitlis ocean to Cyprus is completely closed due to the continental collision along the BZSZ of the Arab plate in the
south and the Eurasian plate in the north ([6], [8]). East Turkey, in which BSZS has such a complex structure, has worked
on many geodynamic processes in previous studies. For this reason, possible structure depths, effective elastic thickness of
isostatic model, curie depth and corresponding heat flow calculations have been made and the change of crust thickness and
boundaries of vertical and horizontal structures have been investigated and possible geophysical models have been
established ([9], [10], [11], [12]). In the studies carried out, the BSZS and secondary structural elements that developed due
to thrust have been investigated region-wide. In this study, BSZS and its fault locations are discussed in detail with the
boundary analysis methods. As a result, gravity, magnetic and seismological studies have been evaluated together in the
region.

2. METHODS

A number of methods have been proposed to make rough anomalies more apprehensible. The first filter developed for this
purpose was the tilt angle [13], which is the ratio of the vertical derivative to the absolute value of the horizontal derivative
of the potential field. The tilt angle is given by

ar
e 1 dz
Tilt = tan THDR (€Y
Where,
rior = |(22) + (22 2
L \ox dy @

T is the potential anomaly and THDR is the total horizontal derivative [14]. The tilt angle amplitudes are restricted to
values between —rt/2 and +n/2; thus the method delimitates the amplitude variations into a certain range. Tilt angle therefore
functions like an automatic-gain-control filter, and therefore responds equally well to shallow and deep sources. The tilt
angle produces a zero value over the source edges [4]. Wijns introduced the theta map (0), which is the normalization of the
THDR by the AS [15], is given by

cosO = (%) 3)
and
5= () () (Y

AS is the analytic signal for the 3D case [16]. The theta map delineates model edges well, but the response of deeper bodies
is diffused; consequently, it does not produce the expected sharp gradient over the edges. Recently, Cooper and Cowan
presented the horizontal tilt angle method (TDX) as an edge detector [17]:

THDR
_ -1
TDX = tan ar (5)

0z
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TDX responds equally well to shallow and deep bodies, and also delineates the edges of all the bodies well. TDX has a
much sharper gradient over the edges of the magnetized bodies. The proposed Etilt filter is the ratio of the vertical
derivative to the total horizontal derivative of the AS:

[ a )

Etilt = tan™ | k 0z (6)

(2 + (%)

where

1
S e @

k is the dimensional correction factor. dx and dy are sampling intervals in the x and y directions, respectively. The
dimensional correction factor, k, does not have an effect on the Etilt response.

AEtilt\>  (DEtilt\?
ETHDR = (—) + (—) (8)
0x dy

The ETHDR delineates the edges of the all bodies better than the filters discussed above, as it produces a very sharp
gradient over the edges of the bodies. Thus, structural interpretation is very easy and powerful using the ETHDR method.

3. 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 two
observation heights are related by the upward continuation operation [18],

1 To(x',y")AR
Th(X»Y:Ah)—ﬁj J[(x'—x)2+(y'—y)2+Ah2]3/2

dx'dy’ (C)]

where Ty (x,y) and Ty, (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 (1) yields a simpler form in which the Fourier transforms of
the two quantities are related to each other by a simple upward continuation operator,

Ty (wy, @y, AR) = e™2hr Ty (wy, ) (10)
where Ty(oy, wy) denotes the Fourier transform of To(x,y), (o, ®,) are wavenumbers in x- and y- direction, and
o, = Imxz + o, 2 is the radial wavenumber. The upward continuation operator attenuates with height the high-frequency

content of a potential anomaly.

4. POLE REDUCTION

Pole reduction is an operator, which takes magnetic anomalies and changes their asymmetric form to the symmetric form
which would have observed the causative magnetic bodies lain at the magnetic poles. The frequency domain operator is
[19],
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A(u,v)

A(u,v) = (sin@ + icosO sin(@ + a))?

an

where A(u,v) is the amplitude at frequencies (u,v), 0 and ¢ are the geomagnetic inclination and declination, respectively,
and a is tan~' (v/u).

5. THEORETICAL STUDY

In this stage, synthetic magnetic anomaly of three prisms whose depths are 1, 3, 5 km were utilized for theoretical study
(Figure 1). Inclination, declination and susceptibility values were taken as 90° 0° and 0.1 SI respectively. Initially, the
noise, %0.5, %5 and %10 of the maximum magnetic data amplitude, was added to magnetic anomaly for interpreting noise-
corrupted conditions. The boundary analysis applications which are THDR, AS, Tilt angle, Theta map, TDX, Etilt and
ETHDR methods were applied on noise-corrupted data (Figure 2 and Figure 3). Synthetic magnetic anomaly was obtained

by using Potensoft program based on MATLAB [20].
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Figure 1. 3D view of theoretical model.
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Figure 2. A comparison of boundary analysis filters: a) Theoretical magnetic data resulted from three prismatic bodies
with depths of 1, 3 and 5 km. (Image covers 100x100 km area. Uniformly distributed random noise of amplitude equal to %
0.5 of the maximum magnetic data amplitude is added to the magnetic data. b) THDR image map of magnetic data. c) AS
image map of magnetic data. d) TA image map of magnetic data. €) TM image map of magnetic data. f) TDX image map of
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magnetic data. g) Etilt image map of magnetic data. h) ETHDR image map of magnetic data.
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Figure 3. A comparison of different amounts of noise effects on the ETHDR responses. a) Magnetic data with uniformly
distributed random noise of amplitude equal to % 0.5 of the maximum magnetic data amplitude is added to the magnetic
data. b) ETHDR image map of magnetic data in Figure 3a. ¢) Magnetic data with uniformly distributed random noise of
amplitude equal % 5 of the maximum magnetic data amplitude is added to the magnetic data. d) ETHDR image map of
magnetic data in Figure 3c. e) Magnetic data with uniformly distributed random noise of amplitude equal % 10 of the
maximum magnetic data amplitude is added to the magnetic data. f) ETHDR image map of magnetic data in Figure 3e.

6. FIELD STUDY

The study area is located in the West of Bitlis that includes complex geological units and faults. Application stage of this
study was provided by the contributions of the Directorate of Mineral Research and Exploration of Turkey (MTA) ([21]).
Figure 4 shows the location of the study area and known faults with topography.

Firstly, the boundary analysis methods were applied on aeromagnetic data without using any filters. Maximum anomaly
areas are over the northeast of the study area and minimum anomaly areas are over the southwest of the study area (Figure
5a). The boundaries of the faults could not be seen clearly in the results of THDR and AS because of the effects of deeper
structure (Figure 5b and 5c¢). It seems that the noise cause to repress effects of deeper structure because of the complex
geological units in the area (Figure 5d, 5e and 5f). It requires pole reduction and other filters when examining the results of
Etilt and ETHDR method (Figure 5g and 5h). The result of ETHDR could not be interpreted well because the anomaly
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contains the effects of all residual and regional underground structures, also complexity of area in terms of faults and
variable topography.
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Figure 4. Location of the study area (Topography data are taken from http://topex.ucsd.edu/cgi-bin/get_srtm30.cgi)(
NAFZ: North Anatolian Fault Zone, MF: Malatya Fault, EAFZ: East Anatolian Fault Zone and BZSZ: Bitlis-Zagros Suture
Zone).
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Figure 5. Magnetic anomaly and the results of boundary analysis: a) Magnetic anomaly of the west of Bitlis and its
surroundings, b) The result of THDR, c) The result of AS, d) The result of tilt angle, e) The result of theta map, f) The result
of TDX, g) The result of Etilt, h) The result of ETHDR method.

Afterwards, pole reduction and upward continuation (5 km and 10km) were applied to the aeromagnetic data and then same
boundary analysis methods were implemented to the data. When applying to pole reduction and upward continuation, the
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maximum and minimum anomaly areas changed. The effects of deeper bodies were revealed after upward continuation (Figure 6a,
Figure 7a). The results of THDR and AS did not change more than the results of unfiltered data but anomalies are smoother (Figure
6b, 6¢, 7b, 7c). The results of Etilt, TDX, tilt and theta map give information about the tectonic structures of area (Figure 6d, 6e, 6f,
69; Figure 7d, 7e, 7f, 7g). The result of ETHDR gives apparent anomaly in the BSZS especially related to low amplitude anomaly
areas (Figure 6h and Figure 7h). The increase of the analytical extension level has clarified the location of the tectonic elements.
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Figure 6. Upward continuation of magnetic anomaly (5km) and the results of boundary analysis: a) Upward continuation
of magnetic anomaly of the west of Bitlis and its surroundings, b) The result of THDR, ¢) The result of AS, d) The result of
tilt angle, e) The result of theta map, f) The result of TDX, g) The result of Etilt and h) The result of ETHDR method.
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Figure 7. Upward continuation of magnetic anomaly (10km) and the results of boundary analysis: a) Upward continuation
of magnetic anomaly of the west of Bitlis and its surroundings, b) The result of THDR, c¢) The result of AS, d) The result of
tilt angle, e) The result of theta map, f) The result of TDX, g) The result of Etilt and h) The result of ETHDR method.

CONCLUSIONS
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According to theoretical studies, the results of THDR and AS methods gave similar anomalies, maximum values were
found over the prisms in both results but boundary of deeper body was not clear (Figure 2b and 2c). It seems that the ratio
of the noise increased in the results of tilt angle, theta map, TDX, Etilt and ETHDR methods but ETHDR was
outperformed for determining the boundaries of buried structures from former methods and also ETHDR method is less
sensitive the noise (Figure 2d, 2e, 2f and 2g). For comparison, uniformly distributed random noise of amplitude equal
9%0.5, %5 and %10 of the maximum magnetic data amplitude was added to synthetic magnetic anomaly (Figure 3a, 3c and
3e). The results are acceptable until the results of %10 noise-corrupted data, because the deeper bodies are not recognizable
after %5 noise (Figure 3b, 3d and 3f).

As field study, THDR, AS, Tilt, Theta map, TDX, Etilt, ETHDR boundary analysis methods were implemented
successfully to the pole reduced and analytical extended (5 km and 10 km) aeromagnetic data which was collected by MTA
in the eastern part of Turkey. The results of theta map and TDX could not explain the relationship between any tectonic or
differences of geological units. The areas that offer close to zero amplitude are related to extension of BZSZ in the results
of AS and THDR. The results of AS and THDR are related to geological unit differences and the result of ETHDR is
related to tectonic elements. Also as a result of field application, it was found that the success of methods was increased
due to applying filtering to anomaly before the application of boundary analysis methods. The relationship between the
maximum-minimum amplitude transitions in the results of Figure 6d, 6g and 7 d, 7e, 7f, 7g, 7h and BZSZ and fault
locations in the field applications has been successfully determined. Starting from this point of view, there are boundaries
that cannot be identified as tectonic elements because they have not been identified yet, so detailed geological field
observations should be made.

Pamukgu et al. (2014) observed a relative increase in heat flow values in the north of Bitlis Thrust in the study of the heat
flow change in the region obtained from the curie depths calculated using magnetic data throughout Eastern Anatolia [11].
Within the scope of this study, the high amplitude regions in the applications of Figure 6 and Figure 7b and Figure 7c are in
agreement with the high heat flow amplitude region that was detected [11]. When the vertical derivative values applied to
Bouguer gravity anomaly values in the region are examined, an increase in vertical derivative values is observed [12].
These findings are indicative of the structural element or elements that are continuous in both gravity and magnetic
properties in the high-amplitude regions of the applications of Figure 6 and Figure 7b and 7c.

As a conclusion, as the level of applied upward continuation to the aeromagnetic field increases the success of the applied
boundary analysis methods to the analytical extended data is determined by observations made with locations of the
structural elements. Successful monitoring of structural elements with increasing level of analytical extension to the
aeromagnetic data in the study area suggests that the source location of the anomaly is deep in and around BZSZ. This
finding is coherent with the results of the study on depth distribution of the earthquakes in the Eastern Anatolian region, the
seismogenic layer of BZSZ and its surroundings is thicker than the northern part [23].
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