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Abstract

In 2016 within the RED Project Roman Economy in Dalmatia: production, distribution and demand in the light of
pottery workshops, 5 selected areas around the Podsilo Bay were geophysically surveyed. During the fieldworks in the
Lopar protected area, located in the northeastern part of the Island of Rab a gradiometer, ground-penetrating radar (GPR)

S

and electrical resistivity tomography (ERT) were used. The main aim of the project was to document presence of the
Roman architecture in two areas of the bay’s hinterland as suggested earlier by finds of pottery and glass. Geophysical
studies conducted in the Lopar area revealed presence of underground remains of ancient structures, probably from the
late Roman period and connected with a ceramic production centre at the present seashore. The most interesting results
were obtained for the area no. 4, the site where magnetic, georadar and ERT surveys revealed an ancient regular building
at 0.4-0.6 m depth. The survey performed in the Lopar area clearly indicates that integration of different geophysical
methods enables detailed and effective identification of buried archaeological structures.
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INTRODUCTION

The techniques of geophysical prospection were initially
designated for geology (Weymouth, 1986; Scollar et al.,
1990), but at present they are also widely and successfully
used in archaeology. While many new geophysical methods
have been developed recently, three of them are principally
employed in archaeological surveys including electrical re-
sistivity (nowadays electrical resistivity tomography ERT
is more and more popular), magnetometry and ground-pen-
etrating radar (GPR) (Coneyers and Leckebusch, 2010). In
fact, none of these methods is universal for archaeology
(see more in: Milsom, 2003; Owsin, 2009; Toushmalani,
2010) and for this reason these techniques should be ap-
plied as complementary to one another. The archaeological
geophysics seems currently to move to the next stage of its
development, which is an attempt to integrate different geo-
physical methods within a single survey or project (Keay et
al., 2009; Conyers, 2016).

A number of archaeological surveys integrating GPR,
magnetic and ERT methods is systematically increasing

(see among others; Brizzolari et al., 1992; Neubauer and
Eder-Hinterleitner, 1997, 1997a; Drahor and Kaya, 2000;
Piro et al.,, 2000; Gaffney et al., 2004; Luck et al., 2003;
De Domenico et al., 2006; Drahor, 2006; Kvamme, 2006;
Vermeulen et al, 2006; Strutt and Keay, 2008; Drahor
et al., 2009; Cardarelli and Di Filippo, 2009; Keay et al.,
2009; Leucci et al., 2015; Di Maio et al., 2016). In this pa-
per we present results of research based on integration of
three basic geophysical methods (magnetic, GPR and ERT)
carried out at Lopar in the northern part of the Island of
Rab in Croatia. They illustrate of benefits of a non-invasive
approach to archaeological investigation.

STUDY AREA AND GEOLOGICAL SETTING

The Island of Rab is located just off the northern
Croatian coast in the Adriatic Sea and occupies an area of
93.6 km? (Fig. 1). The north-eastern part of the island is
barren and a karst area, while the south-western part is cov-
ered by a dense oak forest. Rab was mentioned for the first
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Fig. 1. Location sketch of the Island of Rab and the Lopar area.
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Sketch geological map of the Island of Rab after Mamuzi¢ et al.

time in the Periplus of Pseudo Scylax (ca. 360 yrs BC) and
later by Greek and Roman geographers with the name of
Arba/Arva. The earliest finds on the island occurring near
Lopar are dated to the late Paleolithic. In the Bronze Age
the island was inhabited by humans of the Kvarner group
and in the Iron Age by Liburnians. A Roman rule spread
on the island during the Ist century BC as testified by
inscriptions found in the town of Rab. Most of the island
was covered by Roman rural settlements, remains of which
have not been studied and mapped yet (see Malez, 1987;
Jurkovi¢ et al,, 2012; Lipovac and Siljeg, 2012; Lipovac and
Konestra, 2015).

From a geological point of view, the Island of Rab be-
longs to the External Dinarides or the Adriatic carbonate
platform (Vlahovi¢ et al., 2005) (Fig. 2). Geology of the
island is relatively simple, with 2 anticlines and 2 synclines.
Cretaceous carbonate rocks are the oldest outcrops and they
are overlain uncomfortably by Eocene carbonates referred
to as a ‘flysch’ (Marjanac and Marjanac, 1991, 2007).
Eocene clastics comprise an older unit, which is a marly-
sandy formation and a younger one referred to as the Lopar
Sandstones. In the Lopar area, the youngest Quaternary
deposits are mostly the reddish-brown sands, which are
described as the ‘Quaternary diluvium’ (slope deposits) and
overlie uncomfortably the Lopar Sandstones (Mamuzi¢ et
al., 1969; Marjanc and Marjanac, 2016) (Fig. 2).

In the near-shore part of the Lopar area (Figs 3, 4) the
subsurface layers, both of natural and anthropogenic ori-
gin are exposed almost always in a secondary (disturbed)
context, which is evidenced e.g. by numerous ceramic frag-
ments and other traces of human activity visible in natural
exposures. The material seems to be relocated and mixed,
what suggests that slope processes initiated in the past are
still active.

A shallow geological drilling carried out in the central
part of the site no. 4 (Lopar 1) revealed the following arran-
gement of geological and anthropogenic layers (Figs 2, 5):
0.00—0.05 m soil with high contents of organic material,
0.05-0.25 m medium-grained silty sand, brown color,
0.25—-0.60 m anthropogenic (archaeological) layer: frag-

ments of limestone mortar, ceramics, loam
and charcoal,
0.60-1.00 m clayey vari-grained sand, brown color.

Two drillings were located in the center of a neigh-
boring area no. 5. The log Lopar 2 presents the following
sequence (Figs 2, 5):
0.00—0.10 m sandy soil,
0.10—0.70 m anthropogenic (archaeological) layer: coarse-

grained sand with silt, fragments of limestone
mortar, charcoal and ceramics fragments,
0.70—-1.00 m coarse-grained sand with silt, brown color.

A log of the drilling located in the northern part of the
area is as follows:
0.00-0.05 m soil,
0.05-0.50 m coarse-grained sand, Fe precipitates at 0.45 m,
0.50-1.00 m sand with silt, brown.
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Fig. 3. General view of the Lopar area in the north-eastern part of the Island of Rab and location (below) of the examined areas nos. 1-5, including drillings

LOPAR 1-3.

Geology of the studied area influenced final results of
geophysical measurements. The shallow layer with archaeo-
logical remains and its composition, which produced a strong
contrast between iron-rich magnetic sands and non-magnetic
limestone debris, was undoubtedly conducive for a magnetic
survey. In case of GPR measurments, the anthropogenic lay-
ers filled with limestone debris create high amplitude point-
source reflections from individual limestone clasts, which
are readily distinguished in reflection profiles. However, in
case of the studied area, the archaeological horizon is over-
lain by a thick clayey soil, creating a variable environment
that affected propagation of radar energy.

MAIN AIM OF GEOPHYSICAL RESEARCH
IN THE LOPAR AREA

In 2013 the Archaeological Topography of the Rab
Island Project headed by Goranka Lipovac Vrkljan was ini-
tiated in collaboration with the Conservation Department
in Rijeka. The first phase of the project focused mainly on
the territory of the Lopar municipality, which is located in
the northern part of the Island (Fig. 1), where the Institute
of Archaeology from Zagreb had already made some dis-
coveries, among others in the Roman pottery kiln located
in the Podsilo Bay (Lipovac and Siljeg, 2012).
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Fig. 4. Natural exposure located at Lopar presenting geology of the site.

In 2016 within the RED Project (Roman Economy in
Dalmatia: production, distribution and demand in the
light of pottery workshops) funded by the Croatian Science
Foundation (IP-11-2013-3973) the PodSilo Bay was geo-
physically surveyed in selected areas (1 to 5). Institute of
Archaeology of Cardinal Stefan Wyszynski University in
Warsaw conducted the survey.

The main aim of the project was to document the Roman
architecture in two areas in the bay hinterland, presence of
which was suggested by pottery and glass finds (Lipovac et
al., 2014). In the central part of Lopar there is a site with ex-
tensive and mysterious stone structure, which has not been
dated due to re-used of its construction material (Figs 3,
6-7). Based on pottery findings the so-called stone struc-
ture can be only tentatively dated to the late Roman period.
A primary aim of the survey was to determine whether
there were other remains of ancient architecture that do not
occur on the land surface. The results could then support a
thesis on presence of buildings and other structures at the
site, which could belong to the unknown Late Antiquity
farming and workshop centre located in the northern part
of the Island of Rab. These structures could be connected to
pottery klins discovered on the northern shore of the Lopar
Bay (Lipovac and Siljeg, 2012; Lipovac et al., 2015).

LITHOLOGY
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During fieldworks in the Lopar protected area a gra-
diometer, ground-penetrating radar (GPR) and Electrical
Resistivity Tomography (ERT) were used. GPR is a mo-
bile and highly effective method of surface geophysical
prospection, based on electromagnetic waves with high and
ultra-high frequency. The waves are emitted by a specific
device (transmitting-receiver antenna and steering device)
and registration of impulses reflected by geological beds
and lithological boundaries of varied specific electrical per-
mittivity are recorded (Conyers, 2010, 2013, 2016). A range
of GPR prospection depends on nominal frequency of a
transmitting antenna and electrical resistivity of the stud-
ied geological strata. A lower antenna frequency results in
larger penetration depth but lower resolution and in turn,
higher electrical resistivity of a geological medium results
in smaller depth recognition. In highly unfavorable condi-
tions including low-resistivity deposits (mud, silt or clay),
damping of electromagnetic waves may be high enough
to decrease a prospection depth from several meters to a
dozen centimeters.

The radar system RAMAC produced by the Swedish
company Mala Geoscience was used during the survey on
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Fig. 5. Logs of shallow geological drillings carried out in the eastern part of the Lopar site in the areas nos. 4 and 5 (for location see Fig. 3).

the Island of Rab. The prospection was carried out with
application of a shielded transmitting antenna with nominal
frequency of the emitted EM wave at 500 MHz. The device
was equipped with a computer using Ground Vision soft-
ware designed for acquisition of measurement data directly
in the field. All obtained wavegrams were in then pro-
cessed using a professional GPR software, Reflex-Win of
the German company Sendmeier Software and other GPR
programs like GPR Process and GPR Viewer (Conyers,
2013). All profiles were processed using standard running
average background removal filters, Dewow, DC shift ad-
justments, manual grain adjustments and various band-
pass frequency filtering. In some profiles deconvolution,
F-k filtration and migration processing were applied. To
create amplitude maps (slices) GPR process software was
used (Conyers, 2013, 2016a). The profiles were at 0.5 m
distance from one another.

Electrical resistivity tomography (ERT) is a geophysi-
cal technique for searching and imaging sub-surface struc-
tures based on electrical resistivity measurements made at
the surface using sets of metal electrodes (Hermana, 2001).
Assumptions of the electrical resistivity method were for-
mulated in the early 1900s by the Schlumberger brothers,
Conrad and Marcel. A description of the theoretical back-
ground was published by Keller and Frischknecht (1966),
Sasaki (1992), Zhdanov and Keller (1994), Loke and Barker
(1996) and many others.

For a long time the electrical resistivity has been
commonly applied during geological and archaeological
surveying (Mol and Preston, 2010). Such surveys can be

carried out with a constant traverse spacing (electrical pro-
filing) and vertical electrical soundings. More recent sur-
veys have highlighted a vertical component, using pseudo-
sections or tomography. The ERT surveys rely on a theory
that with expanding probes, the data are recorded from a
greater depth. Complex switching systems control along
lines of electrodes and the resulting data provide a verti-
cal section through the ground. These lines can generate
3D image of subsurface structures (Toushmalani, 2010).
The ERT method is very useful for detecting walls, cav-
ities and many other structures located at different depth
(Thacker and Ellwood, 2002; Gaffney, 2008; Leucci and
Greco, 2012). Applications of 3D tomography is therefore
more and more important for visualizing and interpreting
complex archaeological structures, because vertical range
of this method is a great advantage (Drahor et al., 2007,
Papadopoulos et al., 2011, 2014; Cozzolino et al., 2012,
Leucci and Greco, 2012).

During fieldworks on the Rab Island, the Terrameter
LS device of the Swedish company ABEM was used: an
eight-channel device furnished with 41-steel electrodes.
ERT measurements were made using a gradient protocol. In
the survey the electrodes were placed at every 0.75 and 1 m.
Such distribution allowed recognizing electrical resistivity
of a basement to a depth of about 5-7 m. Measured elec-
trical data were inverted using the interpretation software
Res2DINYV, implying a non-linear least-squares optimisa-
tion technique to obtain inversion of a measured resistivity
(Griffiths and Barker, 1993). A topographic correction was
taken into account in all profiles.
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Fig. 6. Areas examined with magnetic, GPR and ERT at Lopar. 1 — site no. 1, area no. 1; 2 — site no. 1, area no. 2; 3 — site no. 2, area no. 4; 4 — site no.
2, area no. 5.

Fig. 7. A stone structure, viewed from the south.
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Fig. 9. Results of the geophysical survey at the site no. 2, area no. 1. A — magnetic, B — GPR, C — ERT.

In contrast to the ERT method, a magnetometer sur-
veying is used to detect changes in the Earth’s magnetic
field caused by concentrations of ferrous minerals in the
ground (Won and Huang, 2004). During such surveys, dif-
ferent magnetic properties of soils, rock and archaeological
features are recorded as variations against a background
magnetic value. Magnetometer surveys are generally suit-
able for identification of former settlement areas and such
archaeological features as hearths, kilns, furnaces, pits,
trenches and walls (Gaffney et al., 2000; Herwanger et al.,
2000; Herbich, 2003, 2012; Kattenberg and Aalbersberg,
2004; Aspinall et al., 2008; Gaffney, 2008; Jordan, 2009;

Fassbinder, 2015). Changes in a magnetic field connected
with archaeological features are usually very weak and pro-
duce anomalies which can be measured from 0.2 nanoTesla
(nT), in comparison to overall magnetic field strength of
48000 nT (Toushmalani, 2010).

In a course of geophysical activities on the Island of
Rab, the Grad601 gradiometer of the British company
Bartington was used. The Grad 601 is a fluxgate type gra-
diometer used to measure variations of a magnetic field
that are caused by buried anomalies. The system comprises
a data logger, which works within grids of 10 x 10 m, 20 x
20 m, 30 x 30 m and 40 x 40 m. The Grad601 instrument is
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usually carried by an operator and used to detect magnetic
anomalies to 1.5 m beneath a land surface. The produced
magnetic anomaly maps are then examined to detect anom-
aly groups that may result from ground disturbance by past
human activities. The profiles were separated from each
other at distance of 0.5 m. The version of the TerraSurveyer
software dedicated especially to Grad60! instrument was
used in the processing.

RESULTS

The Lopar archaeological site is located in a protected
natural reserve and for this reason we could examine a few
limited areas only that were not dense vegetated. Five study
areas for geophysical surveys were selected and numbered
from 1 to 5 (Fig. 3): three in the vicinity of a stone structure
and the other two on terraces near a shoreline (Figs 6-7).

The traverse no. 1 (20 x 20 m) is set directly to the north
of the so-called stone structure. The entire area is at present
densely overgrown by grass, trees and bushes with small
concentrations of stone low walls of N-S and S-E orienta-
tion (Figs 3, 6-7). The stone structure is composed of loose
limestone blocks of varied size without a mortar (Fig. 7).
Two measurement zones (nos. 1-2) were set within this fea-
ture and magnetic, GPR and ERT surveys were conducted
within its boundaries (Fig. 3).

The map of magnetic anomalies obtained by gradiome-
ter in the area no. 1 does not reveal a presence of anthropo-
genic structures, except of these visible on the land surface
(Fig. 8A). Results of a magnetic survey were confirmed by
GPR measurements. GPR anomaly maps (depth slices) at
selected depth i.e. 0.0, 0.25, 0.5 and 0.75 m did not reveal un-
derground anthropogenic features, except of ground stone
walls (Fig. 8B). A definitive confirmation of the thesis that
the study area lacks any underground anthropogenic struc-
tures came from ERT application. Analysis of resistivity
distribution of the measured ERT profile oriented north-
south and its relation to the stone exposures noted in the
field enabled to distinguish two geoelectrical horizons (Fig.
8C). They correspond to subsurface soil layer (90 Qm to
1000 Qm) and Paleogene sandstone bedrock (0 to 90 Qm).

The area no. 2 was located within the stone structure
(Figs 3, 6, 9) with NW-SE orientation and dimensions of
20 x 10. Gradiometer measurements have revealed a series
of strong positive anomalies (0—11 nT) directly below a
land surface, which should be interpreted as shallow buried
walls or more probably, the foundation trenches. They mark
clearly a fragment of a regular structure with longer walls
running NW-SE (Fig. 9B). Results of magnetic measure-
ments were supplemented by GPR profiling. GPR depth
slices were set at 0.1 m, 0.25 m and 0.5 m depth (Fig. 9B).
They reveal presence of anomalies with spatial orientation
different than recorded with magnetic survey (Fig. 10). A
comparison of magnetic plans with GPR amplitude maps
is very useful, because both methods produce images of
different buried construction materials. GPR reflection is
usually produced by ‘real’ i.e. physical remains, for instance

preserved fragments of the stone walls

20m

Fig. 10. Comparison between magnetic and GPR data at the site no. 2
at Lopar (A).

by stone building foundations (this is due to reflection of
electromagnetic waves from underground objects and lith-
ological boundaries). In contrast, magnetic anomaly maps
present usually concentration of ferromagnetic minerals
which effect the Earth magnetic field intensity, such as de-
struction layers (ashes), firing places and furnaces, infill-
ings of the moats and trenches or foundation trenches even
if there are no physical remains of the walls inside (Conyers,
2013, 2016). Based on this, we can assume that in the case
of the area no. 2, a magnetic plan enables to trace the walls,
even they have not survived. It is why we are not able to
say anything about the real state of preservation of located
ancient structures (Fig. 9A). In contrast, GPR depth slices
present physical building remains, most probably composed
of stones which are visible as sets of characteristic anoma-
lies on reflection profiles and depth plans (Figs 9B, 10).
Results of magnetic and GPR surveys are confirmed
by ERT soundings. Accordingly, 39 m long profile was ob-
tained in the area no. 2, revealing two distinctive geoelectri-
cal horizons. The horizon 1 corresponds to a subsurface soil
layer and underlying archaeological remains, characterized
by resistivity from over 90 to 300 Qm. This horizon occurs
at 0.0-0.6 m depth and corresponds to results of GPR and
magnetic measurements, confirming presence of anthropo-
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Fig. 12. Interpretation of the reflection profile no. 9 in the area no. 4.

genic underground features, especially at distances 0—15 m
and 25-35 m of the profile A-B. The horizon 2 corresponds
to the Paleogene bedrock (sandstone) and is characterized
by electrical resistivity of 0-90 Qm (Fig. 9C).

The area no. 3 is located about 100 m to the south-west
of the stone structure. It is 10 x 10 m large, covered by
sandy packets deposited by a flowing water. A magnetic
survey did not reveal presence of any structures that could
be connected with intentional human activity (Fig. 2).

The most interesting results were collected in the area
no. 2 which was located on a small terrace at a southern
side of an erosional valley (Figs 3, 6, 11). Small escarp-
ments in the north and west, indicated by soil creeping and
intensive erosional processes, delimit the area. The mea-
surement polygon is 30 x 10 m large and oriented NE—-SW.
Gradiometer measurements revealed a number of strong
magnetic anomalies below a land surface, generated by
remains of a sub-rectangular building ca. 15 x 12 m in

size, with the interior subdivided by transverse walls into
smaller chambers (Fig. 11A). The building is oriented west-
east. In the western part, about 1 m from the western wall
of the building, a wide anomaly zone with high amplitudes
occurred, significantly contrasting with the surroundings.
It can be primarily interpreted as a shallow trench running
north-south. Outlines of the building are mostly indicated
by negative magnetic anomalies, what suggests presence of
a limestone, resulting in a strong magnetic contrast against
the surrounding sandy clay with a substantial admixture
of iron minerals (see description of the drilling LOPAR 1).
Results of magnetic measurements in the same area
were supplemented by GPR survey. GPR plans elaborated
at the depth interval 0.4—0.6 m reveal presence of numerous
anomalies concentrated in the eastern part of the study area
(Fig. 11B). GPR depth slice at 0.4 m depth clearly reveals an
outline of a square building. Analysis of reflection profiles
indicate where wall remains are preserved, visible as series
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Fig. 13. Comparison between magnetic and GPR data at the site 3 at
Lopar.

of diffraction hyperboles. They also reveal a trench, 0.6 m
deep. Moreover, GPR profiles indicate also a shallow hol-
low, which should be probably connected with a younger,
demolished building (Fig. 12).

The electrical resistivity sounding was conducted in
the area no. 4 along its SW—NE axis (Fig. 11C). The ERT
profile was 26 m long. It reveals two distinct geoelectri-
cal horizons. The horizon 1 corresponds to subsurface ar-
chaeological remains and is characterized by resistivity of
90-1000 Qm. The horizon 2 corresponds to the Paleogene
bedrock and is characterized by resistivity of 0-90 Qm
(Fig. 11C). Generally magnetic, GPR and ERT surveys con-
ducted in the area no. 4 reveal presence of a sub-rectangu-
lar architectural structure with wall remains at 0.4—0.6 m
depth. In the western part of the study area a shallow trench
(or small slope) running north-south was recorded. As in
the case of the area no. 2, we can assume that a magnetic
plan allows tracing the walls even if they have not survived.
GPR depth slices present physical remains of the building
composed of limestone blocks as confirmed by the drilling
LOPAR 1 (Fig. 13).

The area no. 5 is ca. 20 x 20 m and was located on a
low terrace several meters from a sea coast (Fig. 2). There
are small stone blocks in the center, partly preserved on
the surface and probably representing remains of an an-

cient building wall (Fig. 6). Magnetic measurements re-
vealed presence of a bimodal anomaly distribution below
the land surface. It subdivides the study area into two zones,
a southern one with low amplitude of recorded anomalies
and a northern zone with much higher amplitude (Figs 3, 6,
14A). The boundary between these zones corresponds to the
stone wall preserved on the surface. Additional data were
supplied by GPR survey (Fig. 14B). A quasi 3D block-dia-
gram revealed a distinct reflection horizon occurring in the
southern part of the study area, which may be interpreted as
a vast depression filled with anthropogenic sediments (hori-
zontal reflections). Diffraction hyperboles at depth of 0.3 m
are most probably generated by remains of a wall running
SW-NE across the study area. Collected data suggest that a
southern part of the study area is covered by remains of an
ancient building, interior of which is filled with rubble (most
probably created during demolition). Geophysical data are
supplemented by shallow drillings LOPAR 2 and LOPAR 3
in southern and northern parts of the studied area. The first
drilling revealed presence of a thick anthropogenic layer at
depth 0.05—0.70 m composed of coarse-grained sand with
silt, charcoal and small fragments of mortar. In the northern
part of the study area coarse sand and sand with silt (native
soil) occur at the same depth only (Fig. 5).

CONCLUSIONS

Summing up, geophysical studies conducted in the
Lopar area in the north-eastern part of the Island of Rab
revealed underground remains of ancient structures, prob-
ably from the late Roman period and possibly connected
with a ceramic production center discovered near the pres-
ent seashore. GPR, ERT and magnetic measurements in
the area no. 1 (directly to the north of the so-called stone
structure) were negative, because no anthropogenic buried
structures were found, except for these still visible on the
land surface. In contrast, in the area no. 2, an anthropo-
genic structure was located. Its regular outline and depth
(ca. 0.5 m) suggest that it pre-dates the so-called stone
structure preserved on the land surface.

The most interesting results were obtained in the area
no. 4 site where magnetic, GPR and ERT surveys revealed
presence of a regular ancient building, preserved at of 0.4—
0.6 m depth. Additionally, a shallow north-south oriented
trench (or slope) was located in the western part of the area.
Its relation to the building can be explained by archaeolog-
ical excavations only.

In the area no. 5 geophysical surveys indicated pres-
ence of a very poorly preserved building filled most prob-
ably with a rubble (due to demolition). A northern margin
(wall?) of this structure corresponds to remains of a stone
wall still visible on the land surface.

The survey in the Lopar area clearly indicates that in-
tegration of different geophysical methods allows detailed
and effective identification of buried archaeological struc-
tures. Integration of magnetic, GPR and ERT methods pro-
vides mutually consistent results, but in some cases gives
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Fig. 14. Results of the geophysical survey at the site no. 5, area no. 2. A — magnetic, B — GPR, C — ERT.

also complementary information, especially when compar-
ing magnetic and GPR data (Figs 10 and 13). On maps with
magnetic anomalies buried walls and foundation remains
can be traced, but not all of them are visible on GPR depth
slices. In opposite, magnetic data do not deliver informa-
tion about the depth and vertical cross-sections of recog-
nized anomalies. Such information is supplied by the GPR
records (Figs 10 and 13). It is among the most important
advantages of this method and allows preparing 3D time
slices (GPR maps) of underground structures at various
depths without excavation (Conyers, 2013, 2016a).

A comparison of magnetic maps with GPR amplitude
maps is very important, because these two methods pro-
duce images of different buried construction materials. The
GPR reflection was produced by real (physical) remains of
stone building foundations or by demolition layers. In con-
trast, magnetic anomaly maps present different materials,
mostly with large concentration of ferromagnetic minerals
such as destruction layers (concentration of ashes), firing
places, furnaces, infillings of the moats and trenches, re-
mains of walls or foundation trenches. In the case of the
arca 4, GPR depth slices present building remains com-
posed of stone material only, which generate GPR anoma-

lies. The rest of the building is visible only on a magnetic
map. This method allows tracing remains of walls even if
they have not survived, because outlines of wall trenches
(negatives) are traced as filled with slightly different mate-
rial than in a surrounding area.

Integration of GPR and ERT is also quite apparent. For
example GPR reflection profiles and ERT section in the
area no. 4 (Fig. 11) are in good agreement and prove pres-
ence of a large building characterized by higher resistivity
(ERT) and low attenuation of EM wave (GPR), what is
characteristic for materials in buried walls or wall founda-
tions (limestone mortar).

This study indicates that compilation and integration of
magnetic, GPR and ERT is extremely important, as both
are creating images of different buried materials. Finally,
application of multiple methods should be a standard proce-
dure in geophysical surveys. Not only it increases a chance
for successful research, but it can greatly enhance inter-
pretability of results, because each geophysical method re-
sponds to different properties and geological structure of
the examined site.

The presented results of a geophysical survey at the Lopar
site confirmed presence of remains of ancient buildings in
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the areas nos. 2, 4 and 5. Such stratigraphic distribution indi-
cates that these structures can be dated to the Roman Period
or the Late Antiquity. Because just remains of foundations
survived, they suggest that the so-called stone structure was
built from re-used material, derived from demolition of an-
tique buildings in the Lopar area. Thus, it should be dated to
a much younger period (Middle Ages?).
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