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ABSTRACT In this work we characterize the electromagnetic response of archaeological remains of a Spanish
fortresssituatedon the Atlantic coast in Patagonia (Argentina).The fortress, part of the Floridablanca
colony, founded in the eighteenth century, has been surveyed with non-invasive electromagnetic
techniques (ground-penetrating radar (GPR) and the geo-electricmethod).The surveys indicate the
presence of adobe walls of various sizes and width having different preservation states. Use of
inversionalgorithmsalone to interpret the datahasnot been conclusive inobtaininga reliablemodel,
becausemany uncertainties remained.To aid the interpretation, wemake use ofmodellingmethods
to simulate the low- and high-frequency electromagnetic responses of the structures.The walls can
be differentiated in spite of the low resistivity contrast with the surrounding media.The resolution of
the 500MHzantennaallowsa satisfactorydeterminationof the locationof thewallsand their conser-
vationstate.Similarly, thegeo-electricalresponsehasenoughsensitivity todetect theinnerandmajor
walls.Copyright� 2005 JohnWiley&Sons,Ltd.
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Introduction

Geophysical methods have proven to be very
useful to archaeologists in order to detect, map
and study the characteristics of different types of
objects and structures in the subsurface. These
methods allow the evaluation of their conserva-
tion state, the identification of different construc-
tion phases and zones disturbed by agricultural
activities or plundering. Moreover, the investiga-
tion of geological deposits and buried landforms
is useful for generating palaeoenvironmental

information (e.g. Herbich et al., 1997; Silliman
et al., 2000; Weston, 2001). Although these
methods have been applied systematically in
archaeology during the past 50 years, their
implementation in Argentina is relatively new,
having started in the middle of the 1990s
(Carrara, 1996; Ponti et al., 1996).

In 2000, we started the acquisition of geophysi-
cal profiles at the Floridablanca archaeological site,
which is located near San Julián Bay, Argentina.
Floridablancawas a Spanish colony inhabited for a
period of four years (1781–1784). The site has an
area of 10 000m2 and is characterized by the pre-
sence of elevations of the terrain that correspond
to buried archaeological structures, as indicated by
previous excavations (Senatore et al., 2000). The
objective of the survey was to detect the buried
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structures (mostly adobe walls), delimit them,
find their characteristics and study the presence
of tiles due to roof collapse within the zone of
interest.

Our study focused on two sectors of the site:
North Wing I (NWI) and South Wing II (SWII;
see Lascano et al. (2003), figure 3 and table 1 for a
map of the site). According to the historical
investigations, these sectors should correspond
to settlers houses, but there is no information
about the internal organization of the houses and
their occupation before the abandonment of the
colony (Senatore, 2000).

Archaeological excavations were carried out at
both NWI and SWII, with only one house being
dug in each sector. It is possible to determinate
three types of walls on the basis of their width
and construction characteristics. The three types
of walls found are: (i) 0.8m thick external walls,
(ii) 0.45m thick dividing walls between houses
(separation walls) and (iii) 0.25m thick inner
walls. All the walls are made of adobe (clay
brick).

The house excavated in the NWI sector pre-
sented no roof remains and a low artefact den-
sity. In contrast, in the SWII sector a roof collapse
(tiles and remains of the wooden beam) was
detected on the floor of the structure. The depth
of the archaeological deposits is less than 1m
(Senatore et al., 2001).

However, it is still unknown what happened
with the remaining houses of the NWI sector.
This problem and the need to determine archi-
tectural regularities—in size, raw materials and
inner divisions—in the houses that are part of
the NWI sector, was the objective of an initial
geophysical survey during 2000 and a more
intensive one in 2001. We applied ground-pene-
trating radar (GPR) and resistivity methods to
characterize the structures and the electromag-
netic induction method (EMI) to obtain more
information about the inner layers. The analysis
of the data revealed a number of anomalies,
which, after correlation with the archaeological
excavations, could be associated to adobes or
similar raw-material walls. These anomalies pre-
sented a degree of regularity which should indi-
cate that the NWI sector corresponds to a main
structure divided into substructures, each one
separated by inner and narrower walls. The data

acquired at the NWI sector were quite different
to that of the SWII sector, where a roof collapse
had been detected from the excavations (Lascano
et al., 2003).

Although a detailed characterization of the
NWI sector was achieved, many uncertainties
in the interpretation of the anomalies remain. In
some cases they could not be interpreted by
using inversion methods. In order to aid the
interpretation, we study the electric and electro-
magnetic responses of different structures by
using forward-modelling methods (GPR and
geo-electric method). We use geophysical data
as well as information from excavations as a
starting point for modelling the response of
different structural features. Moreover, we deter-
mine the resolution of both methods to detect
different distribution and localization of buried
walls. Finally, we correlate the theoretical results
to the data in order to obtain a better interpreta-
tion of the anomalies and improve the resolution
of future geophysical surveys.

Geophysical data

Lascano et al. (2003) report the results obtained at
the Floridablanca 2001 geophysical campaign.
As stated previously, we performed GPR and
geo-electrical profiles. The radar data were
obtained using a GSSI equipment with a
500MHz antenna; 12 scans per metre were
acquired for each profile, with a scanning time
of 60 ns (it can be assumed that the radar is static
when measuring). The geo-electric surveys were
performed using dipole–dipole configuration
with electrode apertures of 0.5 and 0.8m for the
perpendicular and longitudinal profiles respec-
tively. The maximum separation corresponds to
n¼ 9.

In Figure 1 we show the location of the radar
profiles together with a scheme of the NWI sector
(from Lascano et al., 2003, figure 8). The analysis
of the radargrams parallel to the axis of the
structure show the presence of anomalies only
in the profiles located over the mound (lines F30,
F31 and F40). An example is shown in Figure 2a,
where the radargram corresponding to line F40 is
displayed. The anomalies found in those profiles
are located at the same depth. The corresponding
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Figure1. Scheme of the NWI subsector with the radar profiles indicated and the anomaliesmarked (from Lascano et al., 2003).
Also, the substructures delimitedby theanomalies are indicated.
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structures do not have a high contrast with
the surrounding media, have a similar shape
and show a periodic distribution. The anomalies
shown in Figure 2a are located at approximately
9, 12, 16, 20, 23, 28 and 30m (horizontal distance),
and at a recording time of 5 ns. Two types of
anomalies can be distinguished: a strong one
(marked with white arrows) and a weak one
(marked with dashed arrows). The difference in
strength may indicate the presence of different
types of walls: separation walls (strong anoma-
lies) and inner walls (weak anomalies). The
separation between the strong anomalies
(located at 9, 16, 23 and 30m, approximately)
can be estimated as 7m. All the profiles present
the same behaviour, except that the anomalies
are shifted from one profile to the other, which
may indicate that the profiles are not perpendi-
cular to the main structure. The weak anomaly
seen in Figure 2a at 12m is present only in this
radargram.

The anomalies observed in the perpendicular
profiles (F37, F36, F35, F39 and F33) have the
same depth and shape than the ones observed in
the parallel profiles, indicating that the structures
generating these anomalies are similar to those

of Figure 2a. The results are summarized in
Figure 1. There is a clear correspondence among
the anomalies found in all the profiles. The
possible dividing and inner walls are grouped.
Three substructures, delimited by the stronger
anomalies (separating walls) can be observed.
Although the size of the substructures is similar,
the internal distribution seems to vary from
one substructure to the other. In substructure 1,
there is no weak anomaly (inner wall). In sub-
structure 2, the weak anomaly is located 3m
apart from the nearest separation wall, and in
substructure 3, the weak anomaly is located 2m
apart from the nearest anomaly. The anomalies
found at approximately 5 and 11m in most of the
perpendicular GPR profiles could be the external
walls of the houses.

The geoelectrical profiles also present interest-
ing results. In the parallel line AN5 (coincident
with F40, see Figure 1), resistive structures down
to a depth of 1.5m are clearly detected, and an
apparent periodic pattern is observed below these
structures (Figure 2b). As can be seen, the location
of these anomalies coincides with those observed
in the corresponding radargram. The other
resistivity profile AN6 (coincident with F45),

Figure 2. (a) GPRprofile F40 and (b) apparent resistivity pseudosection AN5.Thewhitearrows indicate the radaranomalies (full
lines, strongeranomalies; dashed lines, weakeranomalies) and theblackarrows indicate the resistivityanomalies.
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which is located outside the mound, presents a
quite homogeneous behaviour.

The excavations carried out in sector SWII
show evidence of a layer containing tiles, of
approximately 40 cm thickness. To investigate
the response of this layer, both GPR and geoelec-
trical data were acquired along profiles parallel
and perpendicular to the SWII sector. Figure 3
shows the comparison between the radargrams
acquired in the SWII (Figure 3a) and NWI
(Figure 3b) sectors, respectively. The different
behaviour of the two responses can be seen
clearly. The NWI profile shows a rather uniform
behaviour except for the anomalies previously
discussed. In contrast, the SWII profile shows a
discontinuous response. This difference can be
due to the absence of tiles in sector NWI. A
similar conclusion is inferred from the geoelec-
trical pseudosections acquired at both sectors.

Summarizing these results, it can be concluded
that the anomalies found with both methods can
be due to different kinds of buried structures
(adobe walls). Nevertheless, many questions
remain unsolved. For example, it is not clear if
the differences between the electrical anomalies

correspond to different types of walls and if the
different characteristics of the radargrams in the
NWI and the SWII sectors are due to the abs-
ence and presence of tiles, respectively. Other
uncertainties concern the characterization of col-
lapsed walls and the resolution of thin walls. In
the following, we use numerical simulation of
GPR and geoelectrical responses to improve the
interpretation.

Modelling

Radargrams

The radar simulations are based on the forward
modelling code developed by Carcione (1996a–c)
using the Fourier pseudospectral method. The
simulations use a numerical mesh of 1080� 160
grid points, with a grid spacing of 1 cm (20 grid
points at the sides and bottom of the mesh are
used to absorb the wave field exiting the model).
The source is a Ricker-type wavelet with a domi-
nant frequency of 500MHz, applied as a verti-
cally propagating plane wave to approximate a
monostatic survey as it was done in the field. The

Figure 3. (a) Parallelprofile acquired in the SWII sector, and (b) parallelprofile acquired in the NWIsector.
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source is located at the air–soil interface and has
horizontal polarization. The two-dimensional
numerical modelling algorithm uses a time step
of 0.01 ns.

Electrical tomographies

The geoelectrical simulation is performed with
the DCIP2D (2000) program developed by the
University of British Columbia and based on the
work of Oldenburg et al. (1993) and Oldenburg
and Li (1994). This program computes DC poten-
tials by means of a finite-difference technique,
and we use a numerical mesh of 106� 34 grid
points, with a grid spacing of 20 cm. The dipole–
dipole configuration is used with an electrode
aperture of 0.8m.

Electrical model

The model is obtained from the information
provided by the inversion of the geoelectrical
profiles (Lascano et al., 2003): a sedimentary layer
of 85 cm thickness, formed by clayed sand with
relative permittivity equal to 4 and conductivity
equal to 0.02 Sm�1, and below it, a layer of wet
clay with relative permittivity equal to 10 and
conductivity equal to 0.1 Sm�1. The adobe walls
are embedded in the sedimentary layer at a
depth of 12 cm and the height of these walls is
60 cm. We simulate the major walls, constituting
the house boundaries (separation walls), as
blocks of 40 cm width, and a minor block of
20 cm width is used to represent the inner walls.
In both cases, the blocks have a relative permit-
tivity equal to 2 and conductivity equal to
0.003 Sm�1. The values of the conductivities cor-
respond to those of Lascano et al. (2003) and the
values of the permitivities can be found in
Daniels (1996) and Perez Gracia et al. (2000).

The models used for the numerical sim-
ulations are inferred from the sequence of
anomalies observed in Figure 2 and summarized
in Figure 1. First, we model substructure 2 as
two inner walls 7m apart with an inner thinner
wall located 3m from one of the walls (case A).
The results are then applied to interpret
substructure 3, where the inner wall is 1m
from one of the main walls. Then, we study the
responses by assuming that the middle wall has

collapsed to the left side (case B), that the height
of the middle wall has been halved (case C)
and that the inner wall is not present (case D).
These last three cases are proposed to explain the
different intensity, absence and/or shift of the
weaker anomaly in both the GPR and the geoe-
lectrical profiles, in order to define substructure
1. We also introduce random noise in the models,
which could be responsible for ‘hiding’ the
separation walls. To complete the analysis, two
more simulations are performed to analyse the
radargram and apparent resistivity when more
resolution is required. These simulations are
similar to those of cases B and C, but with a
dominant frequency of 1GHz for the GPR simu-
lations and an electrode separation of 0.5m for
the resistivity simulations.

Finally, we estimate the effect of the tiles due to
the roof collapse, simulating two cases: a highly
resistive layer of 800�m located between the
walls, and blocks of 40 cm width, 10 cm height
and a resistivity of 800�m, but randomly dis-
tributed between the walls (case E).

Results

Case A: two separation walls 7m apart and an
internal wall at 3m to the left of one of the
separation walls. The separation walls are cen-
tered at x¼ 3.2m and x¼ 10.2m, and the inner
wall at x¼ 7.1m, respectively.

The synthetic radargram is shown in Figure 4a.
We observe the direct wave till approximately
2 ns, the reflected wave from the sand–clay inter-
face at approximately 14 ns, and the responses of
the walls at the expected horizontal locations.
The diffraction-reflection hyperbolae generated
by the top and bottom of the walls are clear at
4 ns and between 8 and 13 ns, respectively. Note
the dissimilar responses for different wall
widths. The attenuation versus depth is greater
for the thinner wall. At the location of the walls,
the reflection from the sand–clay interface
arrives in advance, owing to the higher electro-
magnetic velocity of the walls compared with
that of the sand.

In Figure 4b, the anomalies generated by each
buried wall can be seen clearly as higher appar-
ent resistivity values. The shape of the anomalies
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is not the same for identical walls, because it
depends on the relative position of the electrodes
and the wall. As expected, the wider walls
(separation walls) present a stronger anomaly
than the inner wall. For both, the inner and the
external wall at the right-hand side, the anomaly
is shifted between 0.8 and 1.6m from the actual
position of the wall. The presence of the buried
walls also can be detected from the deeper points
of the profile. The uniform conductive layer
(apparent resistivity of approximately 10�m) is
interrupted by more resistive points aligned
along inclined lines (apparent resistivity of
approximately 15�m) that form an inverted V
underneath each wall.

Case B: two separation walls 7m apart, and the
inner wall collapsed to the left-hand side.

The synthetic radargram is shown in Figure 5a.
The external walls have a similar response as in

the previous case. The collapsed wall, modelled
as a block of 20 cm height and 60 cm width,
presents a wider response and can be seen after
9 ns. Figure 5b shows the apparent-resistivity
simulation corresponding to case B. The
response of the collapsed inner wall is not clear
because the anomaly and contrast with the
surrounding medium are much weaker than in
case A.

Case C: two separation walls 7m apart, and
the height of the middle wall has been halved.

In this case, the height of the inner wall is
30 cm, instead of 60 cm. The difference of the
corresponding radargram (Figure 6a) compared
with that obtained for the collapsed wall is clear,
both in the location of the top of the reflection
hyperbola (approximately 7 ns) and in its width.
Although there is only a difference of 10 cm
between the height of the collapsed wall

Figure 4. Case A simulation: (a) synthetic radargram; (b) modelled resistivity pseudosection.The blocks indicate the location of
thewalls.
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(20 cm) and this case (wall of 30 cm height), the
time shift of the anomaly can be appreciated in
the synthetic radargram. The geo-electric simula-
tion (Figure 6b) shows that in this case the wall
cannot be resolved, so a shorter wall cannot be
detected, at least with the electrode aperture
used in this simulation.

Case D: two separation walls 7m apart from
each other and no inner wall.

We observe a similar response, regarding the
external walls, to that of the previous cases (so
we do not show them here). As no interference in
the region between them appeared in GPR, the
presence or absence of an inner wall could be
determined. In contrast, we could not distinguish
from the dipole–dipole profiles if there is a
halved or collapsed wall or if there is no inner
wall at all.

We improved the resolution for cases B and C
assuming a 1GHz antenna and electrode separa-

tion of 0.5m. The corresponding radargrams
revealed a better resolution for the first reflec-
tions, especially in the definition of the vertical
dimension of the walls, but the attenuation is
larger for cases B and C. The apparent resistivity
profiles for both cases are, as expected, clearer
than for an electrode aperture of 0.8m. Despite
this fact, this electrode aperture does not
improve very much the resolution of the profile
and the inner wall remains unseen by the con-
figuration. Also, the lower conductive layer is not
well defined. So, although this electrode aperture
allows us to distinguish the buried walls more
clearly, we cannot obtain information about
the medium where the buried structures are
embedded.

We also evaluated the effect produced by
actual data adding different levels of noise. We
tried up to 30% of random noise, which could
take into account different sources (cultural,

Figure 5. Case B simulation: (a) synthetic radargram; (b) modelled resistivity pseudosection.The blocks indicate the location of
thewalls.
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geological, instrumental) with no detectable
effect on the responses.

Case E: including a layer simulating tiles.
We introduce a collapsed roof between the

walls in two different ways: as a uniform resis-
tive layer 40 cm thick and as uniform resistive
blocks distributed randomly between the walls.
In the first case, the response of the model does
not present any similarity with the data. In con-
trast, the simulation of the second case repro-
duces the GPR data as shown in Figure 7a. The
response of the top of the walls is visible, but
the response of the bottom is lost. The tiles are
characterized by a non-uniform response
between the walls. In Figure 7b, the geo-electrical
forward modelling corresponding to the radar-
gram is shown. The tiles manifest themselves as
higher values of apparent resistivity between the
walls, but the walls cannot be distinguished.
Because of this, we study the same model with

a higher resolution. In Figure 7c, the geo-
electrical forward modelling using electrode
apertures of 0.5m is shown. In this case, the tiles
also manifest themselves with high values of
apparent resistivity, but the walls can be distin-
guished by the inclined high apparent resistivity
lines underneath them.

Discussion and conclusions

As a first step in data interpretation (Lascano
et al., 2003), the boundaries of three substructures
corresponding the NWI sector were defined by
taking into account the archaeological informa-
tion available. These substructures could be
the houses of the dwellers of the Floridablanca
Colony. Different anomaly distributions were
found inside each of these substructures indicat-
ing a possible different internal organization of

Figure 6. Case C simulation: (a) synthetic radargram; (b) modelled resistivity pseudosection.The blocks indicate the location of
thewalls.
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the houses. From an archaeological point of view,
this is an important issue to study.

The anomalies produced by our target archae-
ological structures were very weak because they
presented similar electromagnetic properties to
the surrounding soil. Hence, they could not be
recovered with inversion methods. Regarding
the GPR data, weak anomalies could be confused
with irregularities; also, theymay not be resolved
with inversion techniques using the geoelectrical
method. Having this in mind, the objective of this

paper was to resolve these ambiguities by using
forward modelling methods. We have obtained
the responses of different geometrical distribu-
tions of the buried structures. These synthetic
responses obtained from the numerical simula-
tions have been used to identify the anomalies
and to recognize them both in the geoelectrical
and GPR real data.

Different structures have been simulated to
model the adobe walls, according to the anoma-
lies detected at each substructure (Figure 1). The

Figure 7. Case E simulation, modelling tiles as uniform blocks distributed randomly between thewalls. (a) Synthetic radargram.
Modelled resistivitypesudosectionwith electrodeaperture of (b) 0.8 mand (c) 0.5m.
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results obtained from the simulation of GPR and
geo-electrical responses indicated that the walls
can be differentiated despite the low resistivity
contrast with the surrounding media. Some lim-
itations, however, appeared when making com-
parison with real data, in particular because
there is a clear difference between the real and
synthetic radargrams, thus reducing the sensitiv-
ity to distinguish some of the cases.

Case A was meant to resemble the anomalies
distribution found at substructures 2 and 3
(see Figure 1). The geoelectrical forward model
(Figure 4b) presents the same anomaly distribu-
tion, both in shape and location, as in the real
data (Figure 2b). The sensitivity is enough to
distinguish between the inner and major walls,
and can be improved by decreasing the elec-
trode apertures. In this case, the lower aperture
implies lower penetration; then a combined
geometry should be used to produce better
lateral resolution with deep penetration.
Regarding the GPR data, the attenuation of
the signal plus the noise produced by the med-
ium inhomogenities, screen the scattering pro-
duced by the base of the walls. Because of this,
only the upper part of the walls is detected in
the data, coinciding also in shape and location
with the synthetic responses (Figures 2a and 4a,
respectively). From these results, we can con-
firm that substructure 2 corresponds to a house
delimited by two separation walls (strong
anomalies) with an inner thinner wall (weak
anomaly) located at approximately 3m from
one of the main walls. In contrast, the inner
wall in substructure 3 is closer to one of the
separating walls, at about 1m. The differences
in the internal organization of the houses is a
matter of archaeological interpretation.

Case B and C were performed to interpret the
pattern found at substructure 1, where there is
no weak anomaly indicating the presence of an
inner wall (see Figure 1). A possible explanation
could be that the inner wall could be halved or
collapsed. The geoelectrical forward modelling
indicates that in none of these cases the inner
wall can be resolved (see Figures 5b and 6b,
respectively), even if the resolution is im-
proved by decreasing the electrode separation.
Regarding the GPR responses, the synthetic
radargrams indicate that both types of situa-

tions could be distinguished due to the time
shift and width of the anomaly (Figures 5a and
6a, respectively). However, the limitations
appeared when comparing with the real data
(Figure 2a). The real signal attenuates with
depth, and the top of the reflection hyperbola
corresponding to the inner wall is screened. So,
the absence of a weak anomaly in substructure
1 means that there is not an intact inner wall, as
in substructure 2, but there could be a halved or
collapsed one. Moreover, if we take into
account the screening in the real radargrams,
the results from case D (no inner wall inside)
cannot be disregarded. In this case, the char-
acteristics of substructure 1 cannot be comple-
tely resolved and the inner distribution remains
ambiguous.

Another interesting result, shown in Figure 7, is
that the presence and absence of tiles can be
distinguished clearly. Comparing with data, it
can be established that there is no evidence of
roof collapses along this structure. This is a very
interesting result from the archaeological point of
view, as it indicates that this structure hasnot been
finished, and then, the houses were not inhabited.

Summarizing the results, we conclude that
forward-modelling techniques allow us to
improve the interpretation of the data, which in
turn results in a better plan for further archae-
ological excavations.
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