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We carried out a ground-penetrating radar (GPR) study at specific sites around the Nysa city (western
Turkey) to assess the potential of detection method and imaging of buried archaeological features. As
a major educational and cultural Aegean city during the Hellenistic and Roman times, Nysa has been the
focus of archaeological investigations for the last 100 yrs. Past and ongoing excavations have revealed
major ancient buildings such as theatres, amphitheatres, a library and shops. However, it is suspected
that the original city may have extended further and reached a larger size.

C . We collected 22 profiles using a GPR system equipped with two shielded antennas of 250 and 500 MHz

round-penetrating radar k R X .

Archaeological investigations central frequencies. After processing steps, GPR results revealed the existence of buried walls located at
Nysa ~50 m west of the library. They systematically display a characteristic signature (hyperbolic shaped
point source reflections) in GPR profiles and may be described in terms of location, geometry, and
dimension, to a certain extent, of construction style. Excavations made after our study, confirmed our
results and unearthed a previously unknown temple. Hence, shallow geophysical investigations helped
in gathering crucial archaeological information to better characterize the extent and richness of the city

Keywords:

of Nysa.

© 2008 Published by Elsevier Ltd.

1. Introduction

A wide range of shallow geophysical methodologies is now
available for obtaining high-resolution images that may enhance
the archaeological field investigations. Among these methods used
in archaeological research, electromagnetic methods appear to be
the most suitable because they are able to obtain high-resolution
images of the near surface with relatively simple equipment and in
a short time range. Furthermore, they are not invasive, they are
extremely simple to use and they are portable (Rizzo et al., 2005
and reference therein). There is extensive literature concerning the
applications of GPR in the archaeological field. A good overview
showing various aspects of three-dimensional GPR method, as used
in archaeology, is presented by Leckebusch (2003). In general the
survey targets include the identification and mapping of buried
artefacts or construction features, the localization of tombs, burial
mounds, shallow graves and the reconstruction of archaeological

* Corresponding author. Eskisehir Osmangazi University, Eskisehir, Turkey.
E-mail  addresses:  cahit.yalciner@eost.u-strasbg.fr,  cyalciner@ogu.edu.tr
(C.C. Yalginer).
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layers (e.g. roads, walls, channels) (Vaughan, 1986; Goodman, 1994;
Goodman et al., 1995; McCann, 1995; Hruska and Fuchs, 1999;
Dabas et al., 2000; Piro et al., 2001; Lualdi and Zanzi, 2002; Chia-
nese et al., 2004; Persson and Olofsson, 2004; Leucci and Negri,
2006; Leckebusch et al., 2008).

The ground-penetrating radar (GPR) is a geophysical method
based on the propagation, reflection and scattering of high
frequency (from 10 MHz to 2 GHz) electromagnetic (EM) waves in
the subsurface (Davis and Annan, 1989; Daniels, 2004; Leucci and
Negri, 2006). The GPR investigation depth depends on the EM wave
attenuation (which grows as the conductivity of the subsoil mate-
rials increases) and on the frequencies level. The lower the
frequency, the greater the penetration depth that varies from a few
meters in conductive materials to 50 m for low conductivity (less
than 1 ms/m) media (Davis and Annan, 1989; Smith and Jol, 1995).
The vertical resolution depends on the frequency used and the EM
velocity of the subsurface, it varies from 0.15 to 0.76 m for
frequencies of 100-250 MHz (Jol, 1995), which makes this tech-
nique suitable for high-resolution shallow studies in archaeological
applications.

Nysa was an ancient Greek city of Anatolia, whose remnants are
now in the Sultanhisar district of Aydin province of Turkey, 50 km
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east of the Ionian city of Ephesus (Fig. 1). The geographer and
historian Strabo, born in Amasya, started his life of study in Nysa,
which was an important center of learning in the first century BC.
The city had been dedicated to Dionysus when it was founded by
Antiochus I Soter in the third century BC, and it was still famous as
a city of scholars in the second century AD. For about a thousand
years the city suffered from the depredations of the Christians,
Muslims and Turks as they came in and out of the place, and it was
finally abandoned after being sacked by Tamerlane in 1402. There
are important ruins on the site from the Hellenistic period, the
Roman period and the Byzantine era. Much of the open-air Greek
theatre and its walled entrances are still intact. There is only
a single massive wall left of the famous library. There are remnants
of a Roman Odeon, a gymnasion, a Roman bath and a bouleuterion.
However, no geophysical investigations were conducted in the city
of Nysa (Fig. 1). Therefore, there were no new ruins discovered by
archaeologist at least in the last 10 years and the use of shallow
geophysics would provide substantial results.

In this work, the results of a GPR survey carried out in the
archaeological site of Nysa, near Aydin (western Turkey) are
reported. The purpose of the surveys was to guide archeologist in
their excavation plan to reveal some of the missing parts of the road
network and previously unidentified buried ruins outskirt of this
Roman city, and thus better understand its role in the past. There
was no enough time for applications of any other geophysical

techniques since the archaeological excavations had to be carried
out immediately after our measurements.

We first describe briefly the main building structures, topog-
raphy and stratigraphy of the site. Secondly, data acquisition, pro-
cessing and interpretation provide with the necessary
characteristic of the GPR method. The profile analysis and related
interpretations are compared to the archaeological excavations.
Finally we discuss the contribution of shallow geophysics to the
study of the Nysa archaeological site.

2. Site and test descriptions

“Nysa on the Meander”, one of the most important cities of
Caria (a region of western Anatolia extending along the Aegean
coast), is located on the highway connecting Aydin (Tralleis) and
Denizli at about 3 km northwest of Sultanhisar (Fig. 1). The
creation of the city is related to three brothers named Athymbros,
Athymbrados, and Hydrelos who came from Lakedaimon to Caria,
and founded there three cities named after themselves (Pekman,
1991). The unification of these three cities into Nysa was
accomplished in the first half of the third century BC by the
Seleucids, presumably by Antiochus I Soter, son of Seleucos
(Kadioglu, 2006).

The first scientific excavations in Nysa started with the investi-
gations of Walther von Diest who made survey in Nysa between

Sultanhisar River

1- Gymnasium

2- Shops

3- Stadium

4- Fountain Building
5- Roman Street

6- Library

7- Houses

8- Theater

9- Roman Bridge
10- Tunnel

11- Shops
12- Roman Bath

13- Bouleuterion
14- Agora
15-Study Site
16-Test Site

Fig. 1. (a) Map of the study area in western Turkey with shaded relief image map (from SRTM data). (b) Archaeological map of Nysa showing the main features, such as gymnasium
(1), theatre (8) and the agora (14) (Kadioglu, 2006). Red squares indicate the study and test areas (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article).
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Fig. 2. The GPR test result. (a) Picture of GPR survey over an open trench at ~150 m east of the studying area (no: 16 in Fig. 1b). (b) Processed and interpreted GPR profile using the
250 MHz shielded antenna. (c) GPR test profile using the 500 MHz shielded antenna with diffractions hyperbolas (dues to olive’s roots) superimposed.
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1907 and 1909. Further excavations were carried out briefly in 1921
and 1922 and other minor works were subsequently carried out
under the auspices of the izmir and Aydin Museums. More recently,
a full-scale excavation and restoration project in Nysa were con-
ducted since 1990 by the General Directory of Antiquities (Ministry
of Culture, Turkey) and the Department of Classical Archaeology, of
Ankara University (Kadioglu, 2006).

The previous research has so far brought no evidence on the
existence of the city before the third century BC. Extant architec-
tural remains and inscriptions as well as small findings prove that
the city was settled uninterruptedly from Hellenistic to Byzantine
times (323 BC-600 AD). The known parts of the city today include
several public buildings such as a gymnasium, a theatre, a library,
an agora, a gerontikon and a Roman bath complex (Fig. 1b).

Nysa is located in northern side of the Biiyilk Menderes graben
which is one of the main active tectonic structures in Turkey.
Therefore, the city of Nysa mainly settled on two hills that are
separated with a river (Fig. 1b). On our survey there are no topo-
graphic differences and the surface was nearly smooth without
vegetation. General geological stratigraphy of the region contains
Neogene’s with conglomerates, siltstone, mudstone and shale
alternations in order from down to up (Bozkurt, 2000). The surface
exposures indicate the general stratigraphy of a few meters from
the surface classified as organic soil, large gravels and coarse sand
levels, respectively.

dogu_yol prid
dogu yol preT
dogu_yol_pri6

dggu yol pris

dogu”yol_prid

dogu yol p
doguyol pri2

dégu-yol prid.

= dogy Yol 3q dik3

Fig. 3. Study area. (a) Profiles have E-W direction and are 30 m long, the profile
interval is 2.5 m (b) E-W profiles (red lines) of 15 m long, the profile interval is 1 m
N-S profiles (dark blue lines) of 10 m long, the profile interval is 7.5 m. Yellow line is
the profile shown in Figs. 5 and 6 (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).
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Fig. 4. (a) Raw data of “dogu_yol_3d_prf2” GPR profile (yellow line in Fig. 3b). (b) Final
section after processing. (c) Velocity analysis with the diffraction hyperbolas method.
The same profile with diffraction hyperbolas superimposed. The geometrical modeling
of diffractions is performed using a constant velocity of 0.1 m/ns.
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3. GPR survey
3.1. Data acquisition

In order to have a better idea of GPR signature on ancient ruins
and to choose the best location of studying area, we performed some
test measurements in different areas using two antennas of 250 and
500 MHz, respectively. The 250 MHz center frequency antenna has
proved to be a good compromise between resolution and investi-
gation depth (Leckebusch, 2005). After the test measurements, an

05—

DEPTH[m]
n

2,0

25

3.0

area near to ancient library of Nysa has been selected for GPR
surveying. Primarily the GPR data were visualized with 2D profiles.
Afterwards, two 3D-visualisation techniques were used to present
buried remnant in the ground. The presentation of the GPR data in
3D helps to display complex area in an easily understandable style,
thus improving the quality and efficiency of the archaeological
interpretations (Leckebusch and Rychener, 2007).

The most common way to display 3D radar data is in “time slice”
maps (Conyers, 2004). Time slices are easiest and most rapid way to
provide a plan synthetically of anomaly pattern, especially for large

[=u] w11

Fig. 5. Time slices of 3D presentation. The high amplitude hyperbolic shaped point source and flat reflections (see red dashed lines) are probably related to a buried structure (W1,
W2, W3 and B are hyperbolic and flat reflections) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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areas. On the other hand, for smaller areas, the 3D cubes presen-
tation technique gives more complete understanding of subsurface
with clear views and slices parallel to the axes or along arbitrary
directions (Leucci and Negri, 2006). For this work we carry out both
3D-visualisation techniques with our GPR data set.

The GPR survey on the site was performed with RAMAC system
CU II (Fig. 3b). The first step was a reconnaissance survey (see site
description), at some specific areas where we could also see the
structural and remnants on a vertical plane (Fig. 2a), using two
shielded antennas of center frequencies of 250 and 500 MHz and
trace interval of 0.1 and 0.05 m, respectively. The objective was to
choose the best antenna and locate the appropriate area for
further investigation. The central frequency or the wavelength of
GPR signal plays an important role on the lateral and vertical
resolution. In addition, a penetration depth of 1-3 m, which can
be achieved by using the 500 MHz antenna, should be enough for
any archaeological study conducted in normal situations.
However we had some obstacles in the study area. Due to large
and old olive tree trunks and their extensive roots, we received
many hyperbolas in the first 50 cm which also interfered the
whole data (Fig. 2c). On the contrary, when we use the 250 MHz
antenna along the same profile, buried archaeological features are
far better revealed (Fig. 2b).

After the test measurements we performed up to 30-m long E-
W trending of 8 profiles to define our first survey in a ~500 m? area
(Fig. 3a). In order to obtain a 3D model of the subsurface, we con-
structed a grid of GPR lines that covers a total of 150 m? (Fig. 3b)
and added 11 E-W profiles and 3 N-S profiles.

3.2. Data processing and EM velocity estimation

To improve the quality of the original data and for a better
interpretation the processing was performed with Reflex W soft-
ware (Sandmeier, 2003). Fig. 4 shows an example of processed
radar data. The main processing steps can be summarized as
follows:

- Time-zero correction (shift the first arrivals by a constant),

- Running average filter with a length of 4 ns in order to filter the
DC component (Dewow filter),

- AGC with a window length of 61 ns,

- Subtracting the mean trace (calculated from a sliding window
of 61 traces) in order to filter out the continuous flat reflections
caused by breakthrough between the shielded antennas and by
multiple reflections between the antenna and the ground
surface (Daniels, 2004),

- Band-pass filter: 100/200-300/400 MHz,

- Constant gain function, wherever necessary.

In order to define the depth of archaeological remnants, we
need to estimate the EM wave velocity. Using the characteristic
hyperbolic shape of a reflection from a point source (diffraction
hyperbola) is the easiest way to determine the EM wave velocity
from the profiles acquired in continuous mode (Fig. 4c). Fig. 4c
shows an example of velocity analysis performed by geometrical
modeling of diffractions (Bano et al., 2000). By using this method,
we have found a value of 0.1 m/ns for the velocity which gives an
average relative dielectric constant ¢; equal to 9. After main filtering
process and velocity estimation we made 3D cube for the detailed
area (Fig. 3b).

3.3. 3D data interpretation and presentation

A way to obtain visually useful maps for understanding the
plan distribution of reflection amplitudes within specific time

Surface

Depth (d)

Fig. 6. Approximate GPR-antenna footprint (Fresnel zone) for bistatic, dipole antennas
(adapted from Martinez and Byrnes, 2001). A = long radius; B = short radius and d is
the depth of the Fresnel zone.

intervals is the creation of horizontal time slices (Conyers, 2004).
This data representation (Fig. 5) plays an important role in GPR
investigations as it allows an easier correlation of the most
important reflections found in the area at same depth, thus
simplifying the interpretation (Carrozzo et al., 2003). However, it
is worth to note that the depth of time slices is an approximate
depth because of possible velocity changes with depth and
laterally. Spatial resolution is determined by the area of the
region illuminated by a GPR antenna, often referred to as the
Fresnel zone or antenna footprint (area illuminated on a buried
surface). Most commercial antennas are dipole antennas that
radiate linearly polarized energy and the majority of the radiated
electric field is orientated along the long axis of the dipole
(Annan et al, 1975; Annan and Cosway, 1992; Roberts and
Daniels, 1996). For dipole antennas, the area of the antenna
footprint is shown in Fig. 6 and can be approximated using the
relationships:

B
A=Sr——0
4 (-1

A
and B == 1
5 (1)
with A the center frequency wavelength, d the depth of reflection
surface and ¢, the average relative dielectric permittivity to depth d.
Equation (1) and Fig. 6 point out that the GPR pattern becomes
more focused with increasing dielectric constant, resulting in

Table 1

Footprint diameters A and B at several depths.

Depth (m) 0.5 1 2 3 4 5

A 0.58 0.75 111 1.46 1.81 217
B 0.29 0.37 0.55 0.73 0.90 1.08
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higher spatial resolution. Equation (1) can be used to determine
antenna frequencies suitable for imaging subsurface targets with
known spatial dimensions. The theoretical target areas (Fresnel
zone), presented in Table 1, are computed using an average
dielectric permittivity of 9.

In this survey the time slice technique has been used to display
the amplitude variations with uninterrupted time of width
At = 8 ns. The selected two-way time internal corresponds to a soil
layer, approximately 0.40 m thick, and time slice are located
between 0.90 and 2.10 m in depth. The slices shown in Fig. 5 were
obtained using the processed data.

And also in Fig. 7 the same data set is displayed with iso-
amplitude surface using four threshold values: 20% (a), 25% (b), 30%
(c) and 40% (d) of the maximum complex trace amplitude. Clearly,
lower the threshold value, better the visibility of the main reflec-
tions and smaller objects. In the mean time lower the threshold
value, higher the heterogeneity noise. The threshold value seems to
be the most delicate parameter (Leucci and Negri, 2006), and the
values of 25% and 30% appear to be the best choice, because they
underline better the remnants of archaeological interest.
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4. Analysis of GPR profiles and archaeological results

For our survey we focused on the area near by the library (no: 6
in Fig. 1b) which may provide evidence for the western continua-
tion of ancient city. Therefore we made a test measurement on an
earlier excavated archaeological remnant. In the light of this test
results we made our GPR survey all around the library (Fig. 3a) then
we also detailed the area where we had the reflections using 3D
measurements (Fig. 3b).

Many hyperbolic and flat reflections are observed in the pro-
cessed test profile of Fig. 2b, we compare the results with the
earlier excavated remnants view. For example, the hyperbolic
shaped point source reflection (labeled 1) at two-way travel time
window between 14 and 28 ns, corresponds with ~50 cm depth
stone fill with some soil (area limited with dashed red line in
Fig. 2a); the large hyperbolic shaped point source reflection
(labeled 2) at two-way travel time window between 14 and 38 ns,
corresponds with ~50 cm depth stone wall (area limited with
dashed light blue line in Fig. 2a); the flat and continuous reflector
(labeled 3) at two-way travel time window 50 ns, corresponds with
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Fig. 7. 3D visualisation of iso-amplitude surfaces by using different threshold: (a) 20%; (b) 25%; (c) 30%; (d) 40% (W1, W2, W3 are hyperbolic shaped point source reflections).
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Fig. 8. Processed and interpreted radar section of “dogu_yol_3d_prf2” GPR profile in Fig. 4b. W1, W2, W3 and B are hyperbolic and flat shaped point source reflections, respectively.

~250 cm depth basement (area drawn with dashed white line in
Fig. 2a).

The GPR investigations were first carried out in the area of
Fig. 3a. After the processing steps (Fig. 4) we conducted the detailed
3D profiles (Fig. 3b). The GPR profiles that were measured in the
detailed area (Fig. 3b) show different reflectors (Fig. 5) with clear
continuity along the profiles. In Fig. 8, a hyperbolic shaped point
source reflection labeled W1 at two-way travel time window
between 18 and 38 ns is visible in radar section. Its size is about 2 m
and the depth is between 0.9 and 1.9 m. The hyperbolic shaped
point source reflection labeled W2 (Fig. 8) at two-way travel time
window between 20 and 30 ns is visible on radar section (with size
of 1.5 m and depth between 1 and 1.5 m). The same size and depth
hyperbolic shaped point source reflection labeled W3 also shown in
Fig. 8. Flat and continuous reflectors labeled B (with size of 9 m
depth between 2 and 2.5 m) located between 40 and 50 ns are
visible on radar section (Fig. 8). The hyperbolic and flat reflections
previously indicated in our profiles show a satisfying similarity
with test profile (Fig. 2b), and contributed to the decision on the
subsequent detailed profiles.

The same processing procedure was applied to all GPR data that
provide us with our time slices (Fig. 5) and 3D cube (Fig. 7).
Hyperbolic shaped point source reflections W1, W2 and W3 are
also observable in 3D presentations in Figs. 5 and 7b.

The structures that were identifying with GPR profiles gave an
opportunity to archaeologists to discover an unknown temple in

Nysa ancient city. This archaeological discovery is significant
because it corresponds to a new finding in the last 10 years. Using
GPR results and the related temple discovery the archaeologists
extended their excavations and exploration area in the Nysa
ancient city.

The archaeological excavations exposed the geological stratig-
raphy with organic soil including olive tree’s roots in the first
0.80 m depth. Furthermore coarse sand with large gravels lying
around the buried structure covers the archaeological remnants
(Fig. 9b).

This kind of geological medium (without clay) provides sensi-
tive vertical and horizontal resolution with a satisfying depth
penetration. Beside this, the shielded 250 MHz central frequency
antenna reduces the artificial effects from the trees around the
survey area.

The comparison of all profiles with the test profile, allows us
to determine the vertical and horizontal position of the buried
remnants. The hyperbolic shaped point source reflection labeled
with W1 in Fig. 7, harmonizes with the wall (Cella east walls)
that is unearthed by archaeological excavations (Fig. 9a, b and
d). We designated the same harmony in the other hyperbolic
shaped point source reflections labeled with W2 and W3 in
Fig. 7. Their depth and dimensions fit the walls in Fig. 9d. The
flat reflectors labeled with B also correspond to the basement of
temple in archaeological excavations (Fig. 9c and d). The loca-
tions and dimensions of the hyperbolic and flat reflections in
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Fig. 9. (a) Schematic sketch view of the temple (highlighted parts of the walls are roughly the same areas shown in Fig. 7 with dashed polygons) (Kadioglu, 2006). Red arrows
indicate the viewing direction of the photographs shown in “b”, “c” and “d”. (b) Picture of first excavation exposing the geological units (yellowish area corresponds to organic soil
with olive tree’s roots, light blue area corresponds to coarse sand with large gravels and W1 is the wall). (c) Primary excavation picture of the Podium Temple at Nysa on the
Meander after GPR survey results. (d) Final excavation picture of the Podium Temple at Nysa on the Meander (W1, W2, W3 and B are hyperbolic and flat shaped point source
reflections which are determined from GPR profiles) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

GPR profiles fit with the remnants that are excavated by
archaeologists.

5. Discussion and conclusions

In the present study we describe the discovery of a new temple
in the ancient city of Nysa (western Turkey) using GPR method. The
archaeological remnants are buried 2-3 m thick colluvial sedi-
ments consisting of coarse sand with large gravels overlain by
organic soil (0-0.8 m). The absence of thick clay deposits within the
unconsolidated colluvial sediments and the deep water table
allowed us to image the archaeological remnants at a high reso-
lution. Unlike most archaeological sites, the flat topography of the
survey site and the nonexistence of archaeological structures at the
surface allow us to acquire good quality GPR profiles. Testing two
different frequency of GPR antenna showed that the roots of olive
trees hide the buried archaeological remnants if a 500 MHz central
frequency antenna is used. This difficulty was overcome by using
the 250 MHz GPR antenna. Therefore, this suggests that relatively
lower frequency antennas should be used in areas covered by trees.

In order to map the 3D distribution of the archaeological
remnants and determine their size we have carried out our surveys
in a grid manner. This allowed us to reveal the architecture of the
temple in fine detail, which, in turn, allowed the archaeologists to
expedite their archaeological excavation.

The findings in all excavations were not sufficient enough to
precisely determine the age of temple. The lime daub stonewalls and
the library in the same Insula (island) with temple could help for
dating the temple. The date of library construction that is early
second century AD can be applied to date of construction for this

temple. Unfortunately no evidence of dedication was found for
temple construction. However, if we accept the temple date as early
second century AD, it was probably dedicated to the Roman Emperor
Trajan (98-117 AD) or Hadrian (117-138 AD). It is most likely that the
In-antis plan building is a Heroon (monument buildings for heroes).

The 1.04 m width stonewall (Cella east wall) revealed by archae-
ological excavations after GPR surveys followed forward to south.
With this work, a perpendicular and west oriented Pronaos wall to
the Cella wall was discovered which was sighted in GPR profiles. The
excavations on eastern wall exposed the marble Stylobat block row
with two Dor columns at southern of the temple. This area extended
with a new 4 x 14 m dimensions excavation and five marble stairs
row found south of Stylobat blocks. This marble stairs row showed
that this temple sets on a podium. Temple’s constructional style and
era are also confirmed by the findings of an archeological excavation,
which was held in the eastern part of the study area.
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