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Abstract—A high-resolution ground and marine magnetic

survey was executed to determine the structure of the subsurface

and the thickness of the sedimentary cover in the Mygdonian Basin.

A spacing of approximately 250 m or 500 m between measurement

stations was selected to cover an area of 15 km 9 22 km. Edge

detectors such as total horizontal derivative (THDR), analytic

signal (AS), tilt derivative (TDR), enhanced total horizontal gra-

dient of tilt derivative (ETHDR) were applied to map the

subsurface structure. Depth was estimated by power spectrum

analysis, tilt derivative, source parameter imaging (SPI), and 2D-

forward modeling techniques. Spectral analysis and SPI suggest a

depth to the basement ranging from near surface to 600 m. For

some selected locations, depth was also calculated using the TDR

technique suggesting depths from 160 to 400 m. 2D forward

magnetic modeling using existing boreholes as constraints was

carried out along four selected profiles and confirmed the presence

of alternative horsts and grabens formed by parallel normal faults.

The dominant structural trends inferred from THDR, AS, TDR, and

ETHDR are N–S, NW–SE, NE–SW and E–W. This corresponds

with the known structural trends in the area. Finally, a detailed

structural map showing the magnetic blocks and the structural

architecture of the Mygdonian Basin was drawn up by collating all

of the results.

Key words: Mygdonian Basin, magnetic data, edge detection,

TDR, AS, SPI, ETHDR, 2D forward modeling.

1. Introduction

The Mygdonian Basin is considered one of the

most seismically active zones in northern Greece and

the surrounding region. It is located about 30 km

northeast of the city of Thessaloniki, between Lake

Volvi and Lake Langada (Fig. 1). The

EUROSEISTEST facility was constructed as a test

site in the middle of the Mygdonian Basin in 1993. A

strong earthquake (M = 7.1R to M = 6.02R, Mana-

kou et al. 2007) had occurred there on June 20, 1978.

The test site, between the villages of Profitis and

Stivos, monitors soil–soil and soil–construction

interactions during seismic events (Makra and Cha-

vez-Garcia 2016).

The basin has been studied by many authors: a 3D

model of the basin based on P-wave refraction,

electrical soundings and drillings was created by

Bureau de Recherche Geologiques et Minieres

(BRGM) (BRGM 1971) and Manakou et al. (2010).

In this model, the bedrock between Lake Langada

and Lake Volvi forms a syncline with an E–W axis.

The deepest point with a depth of 400 m is located in

the western part of the area. Hatzfeld et al. (1987)

identified three groups of faults using focal mecha-

nisms: normal faults with a sinistral strike-slip

component on NW–SE trending planes, dextral

strike-slip faults on NNE-SSW trending planes, and

normal faults on roughly E–W trending planes. Using

aeromagnetic data, Stampolidis and Tsokas (2002)

found that the Curie-depth estimates for Macedonia

and Thrace range from 11.2 to 17.3 km. The area was

also examined in several electromagnetic studies

(Gurk et al. 2008; Bastani et al. 2011; Autio et al.

2016; Widodo et al. 2016) to map the top of the

basement and provide information about the fault

pattern. However, accurate mapping of the bedrock

by electromagnetic methods is quite difficult due to

the screening effects of highly conductive overlying

sediments (Autio et al. 2016). Depth data from many

drilling wells that reached the basement rocks

(Table 1) inside the Mygdonian Basin were collected

after Veranis (2010) and served as constraints to

model the surface of the basement.
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The objective of the present magnetic survey was to

obtain a high-resolution data set of the study area in

order to enhance our understanding of the distribution

of sedimentary cover and the depth of the basement. It

also aimed to throw some light on the subsurface

structure of the Mygdonian Basin and assess the site

effect in the area around the EUROSEISTEST station.

In this regard, the data were used to map contacts and

structural features within the study area.

2. Geology and Tectonic Setting

Two major tectonic phenomena are observed in

the northern part of the Aegean region which includes

the Mygdonian Basin: the N–S extension of the

Aegean Sea and the western termination of the North

Anatolian strike-slip fault (Dewey and Sengör 1979).

A geological and structural map of the Mygdonian

Basin is shown in Fig. 2.

Mygdonia valley is located on the border of two

geotectonic zones (Jacobshagen 1986): the Circum-

Rhodope-Belt (CRB) to the west (between the Axios

and Strimon rivers) and the Serbo-Macedonian

Massif (SMM) to the east (Manakou et al. 2007).

The crystalline basement of the basin consists

mainly of gneiss, amphibolites, schist, marble intru-

sions, and granites. It is exposed towards the northern

and southern edges and deepens towards the center of

the basin (Kockel et al. 1971; Manakou et al. 2010).

The sediments filling the basin can be classified into

two main units: the lower unit where the pre-Mygdo-

nian system was deposited during the Neogene and the

upper unit where the Mygdonian system was deposited

into the younger grabens during the Quaternary

(Pleistocene to Holocene). The pre-Mygdonian system

is made up of conglomerates, sandstones, silt–sand

sediments, and red-beds, whereas the Mygdonian

system comprises fluviolacustrine, deltaic, lacustrine,

lagoonal, and estuarine deposits (Psilovikos 1977;

Psilovikos and Sotiriadis 1983).

A series of grabens with E–W to NW–SE trends

were formed in the SMM by normal faulting during

the Neogene and Quaternary. The Mygdonian Basin

is the remnant of one of these grabens (Karagianni

et al. 1999). The central and eastern parts of the basin

belong to the SMM, while the western part belongs to

the CRB (Manakou et al. 2007). The main regional

fault trend in the area is oriented NW–SE, whereas

the trends of other faults are E–W and N–S. These

trends coincide with the known main tectonic line in

northern Greece (Raptakis et al. 2005). The main

tectonic fault system of the Mygdonian Basin is,

however, the roughly E–W trending 12 km-long

Vasiloudi–Gerakarou–Nikomidino–Stivos–Peris-

terona (F-GNSP) fault (Fig. 2). The F-GNSP fault

which has two branches: F-VL and F-Sx, runs along

the southern border of the basin from the village of

Vasiloudi to the village of Peristerona with a 70�–
80�N dip (Manakou et al. 2010).

The occurrence of carbon-rich hot springs in Lake

Volvi (Loutra Volvi) and several tufa towers (Fig. 3)

on the northern rim of the basin (between Stivos and

Profitis; Nymphopetra) as well as along the F-GNSP

fault (Tranos et al. 2003; Raptakis et al. 2005) sug-

gest that the tufa genesis is connected with the faults

in the basement. Tufa deposits are preferentially

bFigure 1

a Location of the survey area in northern Greece, between Lake

Langada and Lake Volvi. b Topographic map of the study area.

The 90 m resolution Shuttle Radar Topography Mission data

(SRTM) were used to construct the map. Black crosses indicate the

locations of the magnetic stations, white squares represent the

villages, and red triangle represents the location of the reference

magnetic station

Table 1

Boreholes reaching the basement rocks (Veranis 2010)

X Y Borehole

name

Depth to

bedrock (m)

431,557 4,498,612 62 140

431,293 4,499,231 63 146

436,120 4,497,971 75 110

439,307 4,499,376 80 132

443,522 4,500,504 86 0

443,051 4,505,511 91 12

442,760 4,505,559 92 0

441,088 4,503,955 93 78

439,625 4,503,649 94 20

438,553 4,505,005 96 138

438,400 4,504,454 97 77

433,875 4,504,580 102 22

445,313 4,503,940 GGEO 150

443,602 4,501,468 GP2 180

442,734 4,501,161 GP3 120
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located along fracture traces, either immediately

above extensional fissures or in the hanging wall of

normal faults. Therefore, the tufa pattern at the

surface may delineate the fault distribution at depth

and indicate areas with increased basement fractura-

tion (Hancock et al. 1999).

Figure 2
Geological and structural map of the Mygdonian Basin. The thick solid lines indicate the main fault (F-GNSP) and its branches (F-VL and

F-Sx) in addition to other faults in the area. The star depicts the epicenter of the 1978 earthquake. This map is reconstructed after Thanassoulas

et al. (1987), Cheng et al. (1994) and Manakou et al. (2010)

Figure 3
Field photography shows tufa cones in the northern part of the Mygdonian Basin. View to the northeast with the village of Profitis in the

background
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3. Magnetic Survey

Since it was first used in geophysical exploration,

the use of the magnetic method has expanded from a

focus on localized studies such as mineral exploration

to its use as a regional tool for mapping the thickness

of sedimentary basins as well as the geological

structure and nature of buried crystalline rocks (Hinze

et al. 2013).

During several campaigns, a high-resolution

ground magnetic survey was carried out, using the

Gem-system GSM-19T Proton Magnetometer to

sample the total magnetic field along the profiles at

intervals of 500 m. It has a 0.05 nT sensitivity and a

large memory storage of 32 Mbytes. The sensor was

set at a height of 2.8 m. A Geometrics G-856AX

Magnetometer with a large sensor head was used as a

base station at the EUROSEISTEST, sampling the

total magnetic field every 60 s to measure the diurnal

variations. A marine magnetic survey was also con-

ducted in the western part of Lake Volvi using the

Gem-System GSM-19T Proton Magnetometer.

Magnetic susceptibilities were measured for typical

rock outcrops (336 readings) using a SM30 magnetic

susceptibility meter.

The total magnetic field values recorded at the

stations were corrected for the diurnal variations. The

data were then inspected visually; spikes were

removed manually to construct a total magnetic

intensity (TMI) map (Fig. 4a). The Definitive Geo-

magnetic Reference Field (DGRF) values were then

subtracted from the TMI values. Finally, the TMI

values were gridded and reduced to the north mag-

netic pole using the Geosoft Oasis Montaj software

(2008). A value of 57.57� was used for the inclination

and the value of 3.77� for the declination—assuming

only induced magnetization—to overcome the

skewness caused by the inclination of the earth’s

magnetic field and to re-position magnetic anomalies

directly over their sources.

The TMI reduced to the pole (Fig. 4b) exhibits a

major high magnetic belt extending from the south-

western to the northeastern parts of the area and

trending NE–SW with a maximum magnetic value of

70 nT near the village of Vaiochori. Two low nega-

tive magnetic belts can also be identified on the

‘‘reduced-to-the pole’’ (RTP) magnetic map: one is

located in the southwestern corner of the survey area

and trending NW–SE with a minimum magnetic

value of – 162 nT near Vasiloudi. The second is in

the northwest and is trending NE–SW, parallel to the

high magnetic belt with some high magnetic

anomalies in the area around Scholari and Profitis.

Those magnetic anomalies inside the previous mag-

netic belts are generally trending N–S, NW–SE, and

NNW–SSE, and could be associated with shallow

basement structures and/or igneous intrusions.

4. Spectral Analysis as a Tool for Regional–Residual

Separation and Depth Estimation

Several authors have used the power spectrum

technique to determine the depth of subsurface

magnetic sources (Bhattacharyya 1965, 1966; Cas-

sano and Rocca 1975; Spector and Grant 1970;

Connard et al. 1983; Fedi et al. 1997; Saade 2016;

Ibraheem et al. 2018). The Fast Fourier Transform

(FFT) was applied to the RTP magnetic grid to cal-

culate the 2D radially averaged energy–power

spectrum curve. The 2D power spectrum of the pre-

sent magnetic data (Fig. 5a) shows three straight

segments related to deep, intermediate, and shallow

magnetic sources. The inspection of the curve can

give us a good idea about the depth of magnetic

sources in the survey area. Depth values can be cal-

culated from the slope (S) of a straight line

interpolating the diagram of the log-power versus the

wavenumber using the following formula (Hinze

et al. 2013):

Depth Z ¼ � Sð Þ=4p:

Depth computations performed on these seg-

ments—assuming random magnetization—show that

the average depth from the survey level to the top of

deep, intermediate, and shallow magnetic sources is

2.0, 0.6, and 0.3 km, respectively.

A regional–residual separation of the magnetic

components was performed using an interactive

power spectrum filter. First, the RTP magnetic data

was continued upwards to a height of 100 m above

ground. The high frequency component (beyond

Nyquist frequency) was then removed using a low-

pass filter with a cutoff wavenumber of 1 km-1.

Vol. 175, (2018) Magnetic Investigation of the Mygdonian Basin 2959
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Regional and residual magnetic maps were calculated

using high- and low-pass filters with a cutoff

wavenumber of 0.17 km-1. The cutoff wavenumbers

were derived from the radially averaged power

spectrum (Fig. 5a). The regional RTP magnetic map

(Fig. 5b) is related to deeper sources and basement

structures. It reflects two main regional trends in the

area: NW–SE and NE–SW. The high magnetic

anomaly belt in the central and eastern parts of the

study area may reflect an uplift of the basement. The

residual RTP magnetic map (Fig. 5c) depicts struc-

tural features at shallow depths and different anomaly

trends such as N–S, NE–SW and E–W.

5. Edge Detection Techniques

5.1. Total Horizontal Derivative (THDR)

The total horizontal derivative (horizontal gradi-

ent) method, which has been used intensively to

locate boundaries of susceptibility contrasts from

magnetic data, states that the horizontal gradient of

the anomaly caused by a tabular body tends to overlie

the edges of the body if the edges are vertical and

well-separated from each other (Cordell and Grauch

1985).

The greatest advantage of the horizontal gradient

method is that it is less sensitive to noise in the data,

because it only requires the calculations of the two

first-order horizontal derivatives of the field (Phillips

1998). The method is also robust in delineating both

shallow and deep magnetic sources, in comparison

with the vertical gradient method which is useful in

identifying shallower structures. The amplitude of the

horizontal gradients is expressed by:

THDR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

oH

ox

� �2

þ oH

oy

� �2
s

where (oH=ox) and (oH=oy) are the horizontal

derivatives of the magnetic field in the x- and y-

directions.

The THDR technique was applied to the magnetic

data of the Mygdonian Basin to determine the

boundaries of magnetic sources by tracing the

contacts of magnetic susceptibility contrasts. The

total horizontal map of the magnetic data (Fig. 6a)

shows that the survey area is dissected by major

faults striking in N–S, NW–SE, and NE–SW trends.

High positive anomalies in the southern part of the

map reflect surface and/or shallow subsurface mag-

netic sources. Another high anomaly located in Lake

Volvi can also be interpreted as a shallow basement

uplift.

5.2. Analytic Signal (AS) (Total Gradient)

The function used in the analytic method is the

analytic signal amplitude of the potential field defined

by Marson and Klingele (1993):

Aðx; yÞj j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

oH

ox

� �2

þ oH

oy

� �2

þ oH

oz

� �2
s

where Aðx; yÞj j is the amplitude of the analytic signal

at (x, y), H is the observed magnetic field at (x, y), and

(oH=ox, oH=oy, oH=oz) are the two horizontal and

vertical derivatives of the observed field,

respectively.

The maxima of AS are very useful for delineating

edges of magnetic sources, because the AS amplitude

peaks over magnetic sources. The maxima of AS of

the magnetic data produce a clear resolution for the

shallow bodies, but do not delineate deeper bodies

very well (Arisoy and Dikmen 2013). Like the

horizontal gradient method, the assumption of thick

sources in the AS maps leads to minimum depth

estimates. The analytic signal method is more

susceptible to noise than the horizontal gradient

method, as it requires the computation of the vertical

derivative. It can be used to determine the position of

the contrast, but not its sign since the amplitude of the

analytic signal is always positive.

The analytic signal of the RTP magnetic data was

calculated (Fig. 6b). Peaks of the analytic signal are

in agreement with the location of the main fault

F-GNSP in the area extending from Vasiloudi to

Peristerona and may continue to Loutra Volvi (see

Fig. 2). Many other significant magnetic

bFigure 4

Total intensity magnetic map of Mygdonian Basin (a), RTP total

intensity magnetic map (b)
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susceptibility contacts/faults can be identified on the

AS map, some of which can be considered as

branches of the F-GNSP fault. Many magnetic

intrusive bodies can also be seen in the AS map.

5.3. Enhanced Total Horizontal Gradient of Tilt

Angle (ETHDR)

Arisoy and Dikmen (2013) developed a new edge

detection filter for the interpretation of magnetic data

to overcome the problem of the dominance of high-

amplitude anomalies obscuring subtle anomalies in

the THDR and AS methods in the case of wide-range

amplitudes. The proposed ETilt filter is given as the

ratio of vertical derivative to the total horizontal

derivative of AS:

ETilt ¼ tan�1 k

oH
oz

� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

oA
ox

� �2þ oA
oy

� �2
r

2

6

6

4

3

7

7

5

ETHDR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

oETilt

ox

� �2

þ oETilt

oy

� �2
s

where k ¼ 1
ffiffiffiffiffiffiffiffiffiffiffiffiffi

Dx2þDy2
p is the dimensional correction

factor, Dx and Dy are sampling intervals in the x and y

direction, respectively,oA=ox, oA=oy are the two

horizontal derivatives of the AS, oETilt=ox,

oETilt=oy are the two horizontal derivatives of the

ETilt.

ETHDR produces a very sharp gradient over the

edges of the bodies making structural interpretation

easier and more powerful. This method is an effective

tool for delineating edges of shallow and deep

structures in magnetic data.

ETHDR filter greatly amplifies noise in the data,

so this was reduced as a first step by applying a low-

pass filter to the RTP magnetic data. Figure 7a shows

the results of applying an ETilt filter, whereas the

ETHDR of RTP magnetic data can be seen in

(Fig. 7b). High similarity in structural trends between

THDR (Fig. 6a) and both Etilt and ETHDR (Fig. 7a,

b, respectively) can be observed. Nevertheless, ETtilt

and ETHDR filters produce higher resolution results,

and are, therefore, more useful for constructing a

structural map of the Mygdonian Basin. These maps

present the same fault trends in N–S, NW–SE, and

NE–SW directions.

6. Estimation of Depth to the Top of Magnetic

Sources

6.1. Tilt Derivative (TDR)

The tilt derivative (TDR) of magnetic anomaly

fields is a method for edge detection and depth

estimation (Miller and Singh 1994; Verduzco et al.

2004; Oruç and Keskinsezer 2008; Pilkington and

Tschirhart 2017).

TDR Hð Þ ¼ tan�1 oH=oz
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðoH=oxÞ2 þ ðoH=oyÞ2
q

0

B

@

1

C

A

where oH=ox, oH=oy, oH=oz are the first-order

derivatives of the magnetic field in the x, y, and

z direction, respectively.

The tilt derivative uses a range from - p/2 to

? p/2 and has values close to zero above edges of the

causative bodies, whereas high positive values are

assumed to be located directly above magnetic

sources (Verduzco et al. 2004). Salem et al. (2007)

and Oruç (2011) used the half-distance between - p/

4 and p/4 rad contours to calculate the depths to the

top of the contact of magnetic sources. The TDR of

RTP magnetic data in the survey area was calculated

(Fig. 8) and the contour lines - p/4, 0 and ? p/4 are

also displayed. The dashed black line marks the edge

of the contact and localizes the contact location. The

dominant trends in the area are N–S, NW–SE, and

NE–SW. The depths to the magnetic contacts were

also calculated for chosen locations in the survey area

and are presented in Table 2.

6.2. Source parameter imaging (SPI) technique

SPI is a procedure for the automatic calculation of

source depths from gridded magnetic data. The depth

solutions are independent of the magnetic inclination

and declination, so it is not necessary to use a pole-

bFigure 5

2D radially averaged power spectrum curve (a) Low-pass filtered

regional RTP magnetic map (b) High-pass filtered residual RTP

magnetic map (c)
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reduced input grid (Thurston and Smith 1997). This

technique uses the Blakely and Simpson (1986)

method to find localized peaks in a grid. For each grid

cell to be considered, the routine compares its value

with the eight surrounding grid cells in four directions

(x-direction, y-direction, and both diagonals). The

horizontal derivatives are computed perpendicular to

the strike using the least squares method (Phillips

et al. 2007).

SPI assumes a step-type source model. For a step,

the following formula holds (Thurston and Smith

1997):

Depth ¼ 1

Kmax

where Kmax is the peak value of the local

wavenumber K over the step source.

K ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

oA

ox

� �2

þ oA

oy

� �2
s

A ¼ tan�1

oH
oz

� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

oH
ox

� �2þ oH
oy

� �2
r

2

6

6

4

3

7

7

5

where k is the local wavenumber (horizontal gradient

of tilt derivative), H is the total magnetic field

anomaly grid, and A is the tilt derivative. SPI first

computes A and K, and then finds peak values Kmax

using the Blakely and Simpson (1986) algorithm.

These peak values are used to compute depth

solutions.

In the present study, the SPI technique was

applied to the TMI grid. The estimated SPI depths

in the survey area vary from a few meters to 590 m as

shown in (Fig. 9). The depths estimated using this

technique are in agreement with the depths obtained

from the 2D power spectrum technique. The depths

obtained from the TDR method are also within this

range.

6.3. 2D Forward Modeling

Ambiguity in our forward magnetic modeling was

reduced by applying some constraints such as the

depth derived from the existing boreholes and/or

susceptibilities of basement rocks. The susceptibility

values for the sedimentary rocks are very low in

comparison with igneous rocks which can be consid-

ered zero in regional studies, whereas the average

susceptibility value for granitic rocks is S = 0.004 SI

unit (Lowrie 2007).

2D forward modeling was carried out using the

interactive GM-SYS modeling program (2013), a

toolkit that is a part of Geosoft Oasis Montaj

software, which was initially produced by Northwest

Geophysical Associates Inc., based on the methods of

Talwani et al. (1959), and Talwani and Heirtzler

(1964) and using the algorithms described by Won

and Bevis (1987). To avoid edge effects, 2D cross-

sections are extended up to ± 30,000 km along the

profile at its extremities.

In the present study, boreholes (Table 1), previous

geological and structural information, results of depth

estimation, and susceptibilities of the exposed rocks

measured in the field were used as constraints for the

initial models. Four profiles (Fig. 10) were selected to

cover the basin area. The profiles were chosen to cut

the strike of the basin as well as to pass through the

existing boreholes which served as constraints for the

depth of the basement surface. Polygonal model

blocks were constructed to represent the subsurface

geological units along each profile. By way of a

manually iterated procedure, each structural unit or

block was adjusted and/or magnetic susceptibility

values were updated. Subsequently, the overall

calculated (synthetic) geomagnetic response of the

modeled two-layered magnetic susceptibility struc-

tures below each traverse was statistically compared

to the observed geomagnetic response to satisfy a

certain root-mean-square (RMS) data misfit (GM-

SYS manual 2013). The deviation between the

observed and calculated data at each station repre-

sents the fitting error. We found excellent model fit

for all four profiles. The pertinent details of the 2D

modeling sections of the four profiles are summarized

in Table 3.

bFigure 6

Total horizontal derivative (a) and analytical signal (b) maps of the

RTP magnetic data of Mygdonian Basin
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7. Summary and Discussion

In this study, several techniques were used to

explore the structural architecture of the Mygdonian

Basin and to determine the distribution of the sedi-

mentary cover. RTP magnetic data were transformed

into the frequency domain using FFT. The power

spectrum was calculated and its segments were

determined. The high frequency component (beyond

Nyquist frequency) in the magnetic data was removed

by applying a low-pass filter with a cutoff

wavenumber of 1 km-1. Low-pass filtered regional

and high-pass filtered residual components were

separated using low- and high-pass filters with a

cutoff wavenumber of 0.17 km-1.

The depth to the basement was calculated using

the following methods: averaged power spectrum,

SPI, TDR as well as 2D forward magnetic modeling.

Depths derived from TDR coincided well with the

depth information obtained from available boreholes

and previous studies which assumed a depth range of

0–400 m inside the basin. Spectrum analysis and SPI

methods suggest the same depths in the basin, but a

bFigure 7

ETilt (a) and ETHDR (b) maps of the RTP magnetic data of

Mygdonian Basin. A zero radian contour is represented on the ETilt

map by dotted lines

Figure 8
TDR of RTP magnetic data of Mygdonian Basin. The dashed black lines represent the zero radian contour of TDR whereas blue and red lines

represent - p/4 to ? p/4 rad contour lines, respectively. White stars with letters (A,B,…,K) demonstrate the locations of depth estimations
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Table 2

Results of depth estimation using TDR method

Label X Y Depth (m)

A 435,605 4,503,638 330

B 440,080 4,503,900 160

C 447,884 4,505,880 400

D 431,607 4,499,380 150

E 432,949 4,501,754 390

F 438,356 4,498,017 325

G 439,540 4,493,265 380

H 440,855 4,499,746 210

I 452,785 4,502,209 375

J 444,695 4,503,780 158

K 442,995 4,501,607 187

Figure 9
Depth to magnetic sources based on SPI technique (from sea level)
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deeper depth of about 600 m in the area of Lake

Langada and Lake Volvi. Deviations in depth esti-

mation occur, because the SPI and power spectrum

methods calculate depth at each point on the mag-

netic grid, whereas the TDR and 2D forward

magnetic modeling methods calculate depth at pres-

elected points or profiles. As a comparison between

the depth estimation from the TDR (Fig. 8) and 2D

forward modeling techniques, we calculated the

depths to the basement at locations D (150 and

Figure 10
2D forward models of the four transects through the Mygdonian Basin. Refer to Fig. 4 for the location of the transects and boreholes and to

Table 1 for the information about boreholes

Table 3

Description of the 2D magnetic modeling sections

Profile Azimuth Length

(m)

Susceptibility

SI unit

Constraining

boreholes

Description of 2D section

P1 161 9250 0.0044–0.0046 102

75

The thickness of the sediments increases from 10 m at the south of Evangelismos

to more than 150 m at Lagadikia

P2 151 4950 0.0047 96

97

94

An abrupt increase in the basement depth from 0 m to the south of Stivos to

115 m to the north suggests that the fault F-GNSP may be seen at this place.

This agrees with the available structural information (see Fig. 2). Two grabens

and one horst are evident along this profile

P3 125 8375 0.0041–0.0050 91

92

GGEO

The depth to the basement ranges between less than 10 m at the north of

Nymfopetra to more than 160 m at the east of it. A fault with a throw to SE

direction was determined northwest of Nymfopetra based on an inspection of

the rapid change in the magnetic field (Fig. 4b) and in the cross-section of

profile P3

P4 71.5 20,450 0.0046–0.0052 62

63

GGEO

The range of sedimentary cover along this profile is 15–250 m
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147 m, respectively) and J (178 and 170 m, respec-

tively). The depth to the basement at location K

calculated by the TDR method was 187 m, whereas

180 m was measured at the nearby borehole GP2.

The profile between Stivos and Profitis (P2) can

be seen as a reference, as it has already been

studied intensively using seismic, geoelectric

(Tournas 2005; Manakou et al. 2010), and elec-

tromagnetic methods (Gurk et al. 2008; Bastani

et al. 2011; Autio et al. 2016; Widodo et al. 2016).

All of these methods suggest a similar basement

topography to our 2D magnetic model. Neverthe-

less, the magnetic and electromagnetic data imply a

basement uplift at a distance around 1.5 km north

of Stivos that can be associated to possible normal

faults. We constrained our 2D modeling with

borehole information. The central section of profile

P2 suggests a slightly less deep basement compared

to other methods.

Our general findings were more pronounced

towards the transition to the CRB in the western part

of the survey area. Here we found a magnetic high

that contrasts with the sediment thickness published

by Gurk et al. (2008) and Manakou et al. (2010). Our

model suggests the extension of sediments towards

the southeast, underneath the village of Lagadikia.

A detailed interpreted structural map (Fig. 11a)

was constructed using all previous results showing

the structural architecture of the Mygdonian Basin.

The dominant structural trends inferred from the

lineament analysis of magnetic maps (regional,

residual, THDR, AS, TDR, and ETHDR) are N–S,

NW–SE, NE–SW, and E–W. These trends corre-

spond well with the known geological and previous

geophysically deduced directions, which have played

an important role in the basin’s evolution. We may

assume that known tufa outcrops in the north of the

area are associated with predominant lineaments in

the magnetic basement. Based on the results of the

TDR technique (Fig. 8), the magnetic sources were

traced and then the magnetic blocks (Fig. 11b) were

inferred.

8. Conclusions

The magnetic method proved a powerful tool in

mapping the basement surface in the Mygdonian

Basin. It can be concluded that the dominant struc-

tural trends in the Mygdonian Basin are N–S, NW–

SE, NE–SW, and E–W. These trends have played an

important role in the basin0s evolution. We believe

that the N–S trend is affecting the shallow depths of

the area and could presently be an extension pattern

in the basement. We also found that the depth to the

basement inside the basin ranges from 0 to 400 m,

and increases up to 600 m in the area of Lake Lan-

gada and Lake Volvi. Moreover, a detailed map of

magnetic blocks was created based on the results of

the TDR technique.

For geothermal explorations, we suggest that the

area around the western part of Lake Volvi and also

the horst-type structure between Profitis and Stivos is

worthy of geothermal investigation. These kinds of

structures are very good at concentrating and storing

geothermal resource, especially near faults and on top

of horsts. Furthermore, there is evidence of geother-

mal activity in the area, such as tufa towers and hot

springs.

The marine survey on Lake Volvi extended the

geophysical survey of the Mygdonian Basin towards

the east for the first time. Based on our findings, we

would recommend the execution of marine electro-

magnetic (Bastani et al. 2015) and magnetic surveys

to map entire of Lake Volvi and its surrounding area.

Finally, edge detection and depth estimation

techniques used in this study have provided an

invaluable contribution to the understanding of the

structural and tectonic framework as well as base-

ment depth distribution in the Mygdonian Basin. In

the future, we strongly suggest performing 3D mag-

netic modeling and joint interpretation with available

seismic and electromagnetic data.
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