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A geophysical investigation was carried out to locate and characterize the remains of the Sancti Spiritus Fort,
the first European settlement in the South Cone of America (1527-1529). In an initial stage, we used three
complementary methods, ground penetrating radar, multifrequency electromagnetic induction and dipole-
dipole electric profiling, to increase the possibility of detecting the structures of the Fort whose physical prop-
erties were expected to be similar to those of the surrounding soil, as they were constructed with raw earth
probably extracted from it. From different views of the data, a number of electromagnetic signals apparently
related to these structures were identified. Test excavations confirmed these hypotheses and showed that the
structures were poorly preserved. Furthermore, they were almost indistinguishable through direct inspection
of the excavated sections of soil, and very difficult to track. Therefore, in a second stage of geophysical studies,
we acquired high-density grids of GPR data at relevant areas, looking for more detailed information about the
structures. The results of these studies allowed to determine with precision their continuity through the site
and also to interpret a number of areas which had remained unclear from the first survey. Extensive archae-
ological excavations were designed from the geophysical maps and carried out. From them, the geophysical
interpretations were fully confirmed, and the presence of structural elements of previous and later native set-
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tlements was established.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Geophysical methods are increasingly being used for the detection
and characterization of archaeological structures. One advantage of
methods such as Ground Penetrating Radar (GPR), small-loop multi-
frequency electromagnetic induction (EMI or SLEM) and geoelectrical
profiling is that they allow prospecting large subsoil volumes in rela-
tively short times, and often have a good detection capacity of the
structures. Furthermore, these methods help to preserve the histori-
cal objects, because they minimally disturb the soil and provide de-
tailed maps that can be used to plan excavations (Bongiovanni et
al., 2008; Bonomo et al., 2010).

The Sancti Spiritus Fort was the first Spanish settlement in the South
Cone of America. The establishment of this first enclave meant the be-
ginning of a complex process that was decisive for the life of societies
living in the region: the beginning of the Spanish conquest and colonial
period (16th century), which was extensively treated through historical
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documentation. The Fort was founded by Sebastian Cabot in 1527 and
had a brief existence, until 1529, when it was attacked and burned
down by native population (Astiz, 1998; Astiz and Tomé, 1987; Carbia,
1914; Outes, 1902; Zapata Gollan, 1979). Though the general region
where it was built was indicated in historical documents (Medina,
1908), the confluence of the Carcarafia and Coronda rivers, in Santa Fe
Province, Argentina (see Fig. 1a), there were no more details about its
location that were left.

In 2006, an archaeological project began for locating and recover-
ing evidence related to the Fort. A wide area of 17.5 ha at the mouth
of the river Carcarafia was surveyed, collecting archaeological materi-
al from the surface and a number of boreholes, in order to analyze its
distribution and identify a probable location for the Fort. A relatively-
large number of European objects of the 16th century and artefacts
from local manufacturers were found in a sector located in the village
of Puerto Gaboto (Fig. 1a) (Cocco et al., 2011; Letieri et al., 2010), so
we focused our investigations there.

According to the historical background (Medina, 1908), the Sancti
Spiritus Fort and the surrounding buildings had been constructed
with wood and tampered earth, usually known as tapia in this region.
As no evidences were observed on the surface, it was expected that
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Fig. 1. a) Map of the site, in Puerto Gaboto village, Santa Fe, Argentina. b) Scheme of the area prospected with geophysical methods. Sectors A and B were covered with EMI and GPR.

Solid lines indicate the positions of geoelectric dipole-dipole profiles.

only remains of the walls could exist in the subsoil, probably, with
large amounts of damage.

Within this context, we decided to carry out a first geophysical pros-
pecting to look for the structures of the Fort, and eventually determine
the extent of the settlement. In this first stage, we applied GPR, EMI and
electrical profiling, over an area of 35x30 m2 These complementary
methods have proved to be successful for mapping different archaeo-
logical features, including mud walls (see e.g., Arciniega-Ceballos et
al., 2009; Bongiovanni et al., 2008; Boniger and Tronicke, 2010; De
Domenico et al, 2006; Francese et al, 2009; Martino et al, 2005;
Osella et al., 2005). We designed these surveys to obtain the main char-
acteristics of the near-surface region and compare the effectiveness of
each method to detect the target structures. From different views of
the acquired data, a number of signals probably originated by the his-
torical Fort could be identified. These results were later confirmed
through test excavations.

Once the presence of the Fort was established, the next aim was to
obtain a detailed map of the structures, determine their continuity
through the site with precision and resolve some areas that remained
unclear from the first geophysical exploration. For this, during a sec-
ond stage of geophysical investigations, we acquired high density
grids of GPR data at a number of selected areas. Very-detailed maps
were obtained, which were used to design a complete plan of excava-
tions. These excavations allowed recognizing the remains of walls and
also recovering an important amount of historical objects from the
Fort as well as from previous and later settlements.

2. Methodology of the first geophysical surveys

The area under investigation did not present surface evidences of
walls or bases of the Fort that could be used to obtain patterns of their
electromagnetic responses and subsequently identify similar structures
by comparison. Moreover, as the walls were constructed with material
possibly extracted from the surrounding soil, low contrasts were
expected between the physical properties of these structures and
those of the embedding material. Therefore, we decided to use three
complementary methods based on different physical properties, in
order to improve the chances of detecting the targets. This also enabled
to compare the effectiveness of each method for this application and to
determine which of them was the most adequate for possibly per-
forming high-density surveys to study the structures in detail.

The investigated area had dimensions 35 m x 30 m and almost-flat
topography (Fig. 1b). We divided this area into two sectors: Sector A
extended along the interval x=[0;17] m and Sector B along the inter-
val x=[0;35] m. These sectors were prospected with GPR and EMI.

Also, nine dipole-dipole geoelectrical profiles in the y-direction and
two in the x-direction were acquired.

We conducted the GPR survey with a constant-offset methodolo-
gy (Daniels, 2004). This allows to prospect large areas in minimal
times, which is useful in initial stages of exploration. We used a Sen-
sors & Software Pulse EKKO PRO radar unit, with 500 MHz antennas.
This frequency often provides a good resolution and penetration for
archaeological targets such as walls and other architectural struc-
tures. The sectors were covered with grids of parallel lines deployed
along the x and y directions, respectively, with cross-line spacing
0.5 m and in-line sampling interval 0.025 m, which assured enough
sampling density in both directions for this kind of targets. The stac-
king of traces was 16. To process and visualize the data we used soft-
ware developed by our research group on Matlab platform. In
addition, we also used the Reflex vs. 5.5.1 (2010), for comparison.
The general processing flow for the data was the following: time
zero correction, dewow filtering, background subtraction, broad-
band pass filtering in space and time, and application of gain. The
dewow process was used to remove slow-decaying low-frequency
signals that are induced due to the proximity of the transmitter,
receiver and soil. If not removed, these signals tend to saturate sec-
tors in the images of the data. The background subtraction was
used to remove horizontal bands in the images, in particular, the di-
rect waves, by replacing each trace by the original trace minus the
average trace, calculated along all the traces in this case. The band-
pass filtering was applied to remove frequency components outside
the intervals of interest. The data were analyzed by representing
them in standard vertical sections and constant-time slices of the
amplitudes and intensities of the data. In the last case, the absolute
value of the amplitude was averaged in time through a one-period
interval before representing it. A mean propagation velocity was
obtained by fitting hyperbolae to the diffraction hyperbolae in the
vertical sections. This velocity was occasionally used to convert
times to apparent depths.

For the EMI survey, we employed a multifrequency electromagnetic
induction equipment Geophex GEM-2 (Won et al., 1996). This instru-
ment basically consists of a transmitter and a receiver, which are two
fixed and coplanar small coils, separated by a constant distance. The
transmitter generates a controlled primary magnetic field at different
frequencies, and the receiver detects the secondary magnetic field
produced by the currents induced in the subsoil, which is decomposed
into in-phase (IP) and quadrature (Q) components and expressed in
ppm (parts per million) of the primary field. These components provide
information about the electrical resistivity and magnetic permeability
of the subsoil. The GEM-2 equipment has a frequency range from 330
to 47,970 Hz. As the depths of the targets were expected to be less
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Fig. 2. Constant-time slice of the intensity of the GPR data acquired along the y-axis for
t=12 ns. The main detected features are indicated with dotted lines.

than 1-2 m, we selected relatively-high frequencies for the pros-
pecting: 3925, 8775, 13,575, 20,175, 30,375 and 47,025 Hz. In both sec-
tors data were collected in the orthogonal directions x and y, with line
spacing 0.5 m. The transmitter-receiver azimuth was coincident with
the direction of the survey lines (in-line surveys) and the axes of the di-
poles were perpendicular to the ground (horizontal coils). Then, we
performed the usual plan-view maps of the IP and Q components
corresponding to each frequency.

The geoelectrical surveys (Reynolds, 1997) were performed with a
multielectrode resistivimeter Scintrex Saris 500, employing the dipole—
dipole configuration with electrode separation a=0.75 m and maxi-
mum n=6. We used this configuration because it generally provides
better lateral resolution for shallow studies than the other common
arrays (Locke, 2011). Nine 30 m long profiles, spaced 3 m between
them, were acquired along the y-direction, from x=0m to x=24m
(Fig. 1b). Two 35 m long profiles were acquired in the x-direction, at
the positions y=12 m and y = 14 m, respectively. To obtain 2D electri-
cal images of the soil, we applied the RES2DINV inversion method (Loke
and Barker, 1996). Then, the results corresponding to the profiles along
the y-direction were transversally interpolated to generate a pseudo 3D
model of the area.

3. Results of the first geophysical surveys
3.1. GPR results

Fig. 2 shows a constant-time slice of the intensity of the processed
GPR data, for the y-oriented profiles and t=12 ns, which correspond
to an apparent depth of 0.65 m (mean velocity, v=(114/—1) cm/ns).
We saturated the color scales to make visible a number of areas that
presented slightly higher intensities than the environment and distinc-
tive geometries. Most of these areas were located in Sector A and had
elongated aspects, with approximately-parallel borders along the
north-south direction that formed an angle of about 45° with respect
to the X and y axes (the straight lines in the figure indicate the centers
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of the areas). These characteristics suggested a probable cultural origin
of the reflectors that produce them. Another area that was located be-
tween the previous and contained a group of relatively high intensity re-
flections also caught our interest; it has been delimited by a curved line
in the figure. Finally, an anomaly with L form seemed to appear in Sector
B. In general, these reflections extended in time from 5 ns down to 20 ns,
depending on the sector, which implies a maximum apparent depth of
1.1m.

Fig. 3 is an example of a vertical section of the GPR data. This figure
corresponds to the profile located at x =4 m, which crossed the elon-
gated anomalies of Sector A. The positions of these anomalies have
been indicated in the figure. Although this kind of graphs revealed
some characteristics of the subsoil, only unclear interpretations of
the detected anomalies could be obtained from them, mainly because
the reflections in the radargrams presented rather complex and vari-
able forms in the interval of interest (t=~[5-20] ns). Regarding this,
structures as the ones expected here often have uneven borders due
to partial collapses, which produce irregular reflections that are diffi-
cult to interpret (Bonomo et al., 2010). Furthermore, if the materials
of the structures and the surroundings are similar, moderate to low
intensity reflections result. Mixing of materials due to erosion further
reduces the contrasts and thus the reflected amplitudes. In these
cases, secondary reflections from surrounding objects can superim-
pose to the primary reflections and mask them.

3.2. EMI results

The EMI data corresponding to Sector A did not provide reliable or
useful information because, at all frequencies, they were highly con-
taminated with electromagnetic noise generated by a nearby power
line. This prevented the detection of anomalies associated to the Fort,
which were not expected to be intense due to the probable low con-
ductivity contrasts. On the other hand, the plan-views of the IP and Q
components of Sector B detected the presence of a zone with low re-
sponses, which had two nearly linear and parallel borders, with the
same direction as the main linear anomalies observed with GPR. As
an example, Fig. 4 shows this anomalous zone on a graph of the Q
component corresponding to the lines acquired in the y-direction,
for one of the highest frequencies. Its borders are indicated with
solid lines. The location of the lower border is almost coincident
with the main linear anomaly observed in this sector with GPR
(dashed line).

3.3. Dipole-dipole results

Fig. 5 shows constant-depth slices of the electrical resistivity of the
area Xx=1[0.24] m, y=[0.30] m, together with the main anomalies
obtained with GPR (dashed lines) and EMI (solid lines) for compari-
son. Even though the spacing between these lines was relatively
large (3 m), the cross-interpolation enabled tracking the anomalies.
In particular, various linear features corresponding to transitional
zones between areas with different resistivities were observed. The

01234567 8 91011121314151617 181920212223 24252627 2829
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Fig. 3. Radargram obtained at x =4.0 m. The positions of the linear features detected in the time slices, probably associated to anthropogenic structures, are marked with dotted lines.
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Fig. 4. Plan-views of the quadrature component in Sector B, at a representative fre-
quency 30,375 Hz. Solid and dotted lines, respectively indicate the EMI and GPR anom-
alies detected in this sector.

main orientation of these features coincided with the ones obtained
by the other methods.

In general, the distribution of anomalies obtained with the three
geophysical methods, but especially with GPR, revealed the probable
existence of linear anthropological structures that could be related to
the Fort. To improve the quality of the maps, more-detailed surveying
was needed at different areas of the two sectors. But previously, some
excavations were carried out following the geophysical maps, in
order to confirm the predicted features and their anthropological or-
igin, and to evaluate the sensitivity of the three applied methodolo-
gies for detecting them.

4. Results of the first excavations

Fig. 6a is a map of the anomalous areas and associated features
detected from the first geophysical works (marked with letters A-M).
The shadowed zones indicate the excavated areas. The first stra-
tum found was colluvial sediment mainly composed of silt and
small portions of sand. Below 25 cm deep, we began to observe
horizontal changes in the characteristics of the sediment, at both
sides of features A, B, C and D. Going deeper, the differences in
the sediment became more evident. At 40-45 cm deep, three par-
allel anthropogenic structures were identified, which occupied the
areas between the features (Fig. 6b): 1) a ditch between D and C,
2) a tapia wall between C and B and, 3) a smaller ditch between B
and A.

The analysis of the structures and the sediment around them
allowed knowing that during their construction, a consolidated-silt
natural layer was firstly removed from the soil in the area of the
structures. Then, the tapia wall was built up just on the boundary of
the regional Tezanos Pinto Formation (TPF, Iriondo and Paira, 2007),
using TPF loess probably extracted from the larger ditch, which ex-
tended slightly inside this formation. This kind of aeolian sediment
was probably used because it has greater plasticity and capacity of
compaction than the shallowest sediment and the intermediate silt.
This material was put inside a wooden formwork build up at the
wall position and compressed by tampering. At the moment of the
excavation, the tapia presented clear signs of erosion and partial col-
lapses throughout the years. Sediments had filled the large ditch,

where we found archaeological material of local and European man-
ufactures from the 16th century. At the bottom of the ditch, there
was a 20 cm thick layer of sediment that contained charcoal and re-
mains of entire glass beads (tubular, circular), slabs of fused beads,
glazed pottery, majolica, native potsherds, bone dices, iron studs
and burned woods.

A burial of a native settler was found inside the shallow sediment,
which produced the anomalous reflections in the area of feature E. We
estimated that this burial corresponded to a period after the Fort
destruction in 1529. On the other hand, differences between the sedi-
ment at both sides of feature F were observed from approximately
25 cm deep, as occurred with features A and D. At 35 cm deep, the
aforementioned consolidated-silt stratum was found, again with a dis-
continuity at both sides of the feature. Considering the very-similar
characteristics of features A, D and F, we estimated that F also had a
probable anthropological origin.

In general, identifying the features detected by the geophysical
surveys was difficult in both excavated areas, mainly because the ar-
chaeological structures and the soil around them presented quite-
akin aspects due to their compositions and the mixing of materials
produced by partial collapses of the structures. Tracking these struc-
tures through both areas was also complicated since they presented
irregular shapes. Therefore, at this point, we interrupted the excava-
tions to perform additional geophysical surveys to obtain more
detailed information at different sectors.
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Fig. 5. Constant-depth slices of the electrical resistivity model obtained from the dipole-
dipole geoelectic data. The main anomalies detected with GPR (dotted lines) and EMI
(solid lines) are drawn for comparison.
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Fig. 6. a) Map of the main anomalous areas and features detected in the first geophysical surveys (named with letters A-M). The areas of the first excavations and the structures
found in them are also shown. b) Vertical schema of the structures found in the area of features A, B, C and D.

4.1. Methodology of the second geophysical surveys

The results of the excavations performed at specific positions con-
firmed the reliability of the applied geophysical methodologies for
detecting the archaeological structures. In particular, the GPR method-
ology was more sensitive to these structures than the EMI and electrical
methodologies, and provided the most detailed maps of them. For this
reason, we decided to continue our investigations only with GPR.

In this stage of investigations, we acquired high-density grids of
constant-offset GPR profiles (Grasmueck et al., 2005). We prospected
some sub-areas of Sectors A and B, to better define the continuity of
the detected structures, to characterize them in more detail and to in-
vestigate a number of confusing reflections possibly related to other
linear features. A problem we faced during the initial investigation
was that the reflections at the archaeological structures tended to
be hidden in some sectors by the reflections at the tree roots. For ex-
ample, in the sector of the south-eastern excavation, the reflections at
the roots were numerous and had similar or higher intensities than
the reflections at the structures. Furthermore, the roots presented
nearly-rectilinear segments, which produced reflections that were
occasionally misinterpreted as produced by the borders of architec-
tural structures, mainly due to insufficient cross resolution. Then,
acquiring high-density grids of data could aid to distinguish both
kinds of reflectors, in particular, by allowing tracking them through
constant-time slices. Finally, migrating 3D data volumes could further
improve the resolution, making possible a simpler and more precise
interpretation.

Fig. 7 shows the sub-areas prospected during the second GPR sur-
veys, which were named S1, S2, S3 and S4. These areas were selected
with the main goals of studying the detected features in more detail
and determining their continuity through the site. Additionally, in
the area S4, some reflections with unclear linear characteristics had
been observed during the first surveys. Then, another objective in
S4 was to further investigate these anomalies. All the areas were cov-
ered along the y-direction, with 5 cm cross-line spacing and 0.025 cm
sampling interval. The stacking of traces was 16.

5. Results of the second geophysical surveys
5.1. Sector S1

In general, the analysis of the data of this sector enabled tracking
features A, B, C and D with precision, as well as different roots that
could be easily distinguished from the archaeological structures. We
could determine that features A, B, C and D extended toward the
North beyond the positions predicted by the first prospecting,
reaching the borders of S1. Fig. 8a shows the trajectories of these fea-
tures on a constant-time slice of the migrated data (t=18 ns). To ob-
tain this figure, we applied 3D f-k migration with a migration velocity
equal to the mean propagation velocity, (8.4 +/—0.6) cm, measured
in this second prospection. This procedure was also used in the
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Fig. 7. Plan of the sectors covered with high density GPR prospecting during the second
geophysical works.
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Fig. 8. a) Constant-time slice of Sector S1, for profiles acquired along the y direction and
t=18 ns. The data have been migrated and their intensity averaged in one-period inter-
vals. The dotted lines indicate the positions of features A, B C and D and their correlation
with the results of the previous test excavations, b) vertical section of the data acquired
along the x direction, for y=1m, and its interpretation, c) constant-time slice of the
data, for t=5.5 ns. Solid lines indicate the positions of small approximately-circular reflec-
tors, and dotted lines the trajectories of different tree roots.

migrated sections of the next paragraphs. The area of the large ditch
presented the highest density of reflectors, including roots and differ-
ent sediment layers, from time 5 ns to 20 ns, as can be observed in the
vertical section of Fig. 8b. The last time corresponded to the bottom of
the ditch, at an approximate depth of 110 cm. These reflections pro-
duced the overall high-intensity response observed between features
A and B in Fig. 8a and during the first prospecting (Fig. 2).
Reflections at the sides and bottom of the small ditch produced
the intermediate-intensity area located between features C and D,
which had uneven forms in the horizontal and vertical (temporal) di-
rections (Fig. 8b). Finally, the relatively low-intensity area located be-
tween features A and B was a consequence of weak reflections at the
top and bottom boundaries of the wall, along most of the wall seg-
ments, and by almost-negligible reflections from the inside, due to
the homogeneity of the wall materials. The low contrast at the top in-
terface of the wall was probably related to moderate differences be-
tween both media and significant deterioration of the structure (as

observed during the first excavations), whereas at the bottom inter-
face, to very-similar media.

Several reflections at approximately-circular objects, with diame-
ters 20-40 cm, were observed through the entire sector, below
3-4 ns. Some of them have been indicated in Fig. 8c (solid lines),
which is a constant-time slice of the data for t=>5.5 ns. In this figure,
we have also indicated reflections at the tree roots (dotted lines). In
relation to the circular reflections, their characteristics resembled
those of reflections at cylindrical objects, which seemed to go through
the consolidated-silt layer interface. This information was relevant
since, as the Fort had been constructed with tapia and wood, these re-
flections could correspond to marks of wooden poles.

5.2. Sector S2

In this sector, we observed a lower number of roots than in S1 but
a greater number of circular reflectors (possible marks of poles),
which began to appear between 5 ns and 7 ns. In particular, a group
of them was found approximately aligned with feature G (Fig. 9a)
and seemed to form a linear structure.

a
27 §

25
23
21

19

= C-— —

S ——
P aa———

B T S
o e e A o e N
e S g

P

Time (ns) @

8 10 20 21 22 23 24 25 26 26
x coordinate (m)

e 7000
. 1 [y 3500
£ ]

9 1

g 1

S 170

3 ]

0 -

>\ <

173 56 7 9 N
x coordinate (m)

Fig. 9. Constant-time slices of Sector S2 for a) t=7.0 ns, b) 15.0 ns and c) 23.0 ns. The
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x=6.0m, and its interpretation. e) Constant-time slice of the migrated data, for

t=15.0 ns. The main features detected in S2 are summarized and their correlation
with the results of the nearest test excavation is shown.
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Fig. 10. a) Constant-time slices of the migrated data of S3, for t=8.2 ns. The polygonal
corresponds to feature M, which bounded a plateau. Other features detected in the sec-
tor have been indicated with letters O-T. b) Constant-time slice of Sector S4, for
t=13.4 ns. The lines indicate the main features found there.

A reflection at a rather-smooth interface appeared between fea-
tures F and G, at t=13-15 ns (Fig. 9b). This reflection produced the
main anomaly detected in the sector during the first prospecting.
We also found that feature G extended toward the south further
than originally predicted and that a second transversal feature com-
posed of approximately-aligned circular reflections appeared be-
tween features G and K (feature N in Fig. 9b).

A third group of approximately-circular reflectors was located along
the center of the area bounded by features K and L, at times 17-20 ns
(Fig. 9c). As the other two groups in S2, we interpreted them as proba-
ble footprints of wooden posts forming structures related to walls or
their construction. Above these circular reflectors and up to approxi-
mately 10 ns, reflections at a number of sediment layers appeared
(Fig. 9d). They produced the other relatively-high intensity zone
detected during the first survey. Finally, a rather-homogeneous zone
appeared between features G and K, at times 9-20 ns, which had char-
acteristics that resembled the response of the tapia wall in S1. Fig. 9e
summarizes the main results for Sector S2.

5.3. Sector S3

Several approximately-circular reflectors, similar to those observed
in Sectors S1 and S2 were found in S3 between 3 ns and 8 ns, although
they were not aligned as the groups in S2. Below them, a reflection from
a smooth interface was observed. This reflection occurred at 12-15 ns,

at the borders of S3, and rose to 6-9 ns toward the center of S3,
where it exhibited a plateau. Feature M coincided with the large borders
of the plateau (Fig. 10a), which presented a geometrical form that
suggested an anthropogenic origin. We also detected two elongated
areas with relatively-low intensities, which extended in depth almost
from the surface to the smooth interface (areas O-P and Q-R in Fig. 10a,
respectively).

5.4. Sector $4

In the shallowest parts of S4, we observed many circular reflectors,
as those described in the previous sections, at times below 3-5 ns.
From these times, different features could be observed, which delin-
eated a number of low-intensity areas, possibly related to mud
walls (Fig. 10b). Although feature J did not appear in the images of
S4, we observed that feature I coincided with one of the detected fea-
tures, continuing toward the northern boundary of the area, beyond
the position predicted during the first prospecting.

6. Results of the second excavations

After the high-density GPR surveys, the excavated area was ex-
tended to a total of 150 m?, (Fig. 11a). During the excavation, the lin-
ear and small circular features predicted by the geophysical methods
in this area were corroborated (Fig. 11b). These features were related
to different kinds of construction techniques associated to the settle-
ment of the Sancti Spiritus Fort and village as well as previous and
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Fig. 11. a) Final map of the main features and the excavated areas, superimposed to
constant-time slices of the second GPR surveys. Confirmed structures have been shad-
owed in the figure, as in Fig. 7b, b) overall picture of the second stage of excavations.
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later aboriginal settlements. Regarding the Sancti Spiritus Fort, we
confirmed that the large ditch and the tapia wall integrated its struc-
ture. When the Fort and the village were burned down, the wall
began to deteriorate. Today only its base remains, together with the
ditch from which most of the archaeological artefacts were recovered.
The circular holes corresponded to prints of poles that were used by
the natives in their constructions before the Spaniards. They were lo-
cated in the consolidated-silt layer that was later cut by the Spaniards
during the construction of the Fort. Finally, the presence of aboriginal
artefacts and skeletal remains of fauna inside the holes and ditches in-
dicated the posterior reuse of the site by the natives.

7. Conclusions

The GPR, EMI and geoelectric methodologies initially applied to lo-
calize the Fort, were sensitive to the structures in spite of their low elec-
tromagnetic contrasts, including the case of a tapia wall. The GPR
method was the most sensitive for the detection and provided the
best resolved maps of the structures. In a second stage of the geophys-
ical investigations, an increment in the density of the GPR profiles
made possible to study in great detail a number of sub-areas, analyzing
the continuity of the detected structures and also a number of reflec-
tions that had remained unclear from the first study. The resulting im-
ages enabled tracking these structures with precision, as well as
detecting new linear features and several small holes of poles. Also,
the reflections at many tree roots could be identified and easily distin-
guished from the primary reflections at the archaeological structures.
This significantly simplified the interpretation. A final map of the ar-
chaeological structures was obtained, from which extensive excava-
tions were planned, optimizing the archaeological fieldwork.

From the geophysical perspective, this work presented two inter-
esting challenges. On the one hand, to find the Fort from which there
was no surface evidence, and on the other, to characterize its remains,
which had low contrast with respect to the embedding material and
were in poor conditions of conservation. Both difficulties were satis-
factorily overcome through the applied methodology, and a detailed
characterization of the soil was obtained.

From the archaeological point of view, the results were significant.
In addition to finding this first Spanish settlement in the South Cone
of America, abundant Spanish and Aboriginal materials were recovered,
and also evidences of previous and later occupations, including a burial
site, were found. This provided relevant data about the population
dynamics of the site. It is important to point out that the excavations
showed that the Fort remains were so damaged that without the aid
of the maps obtained from the geophysical surveys, identifying and
tracking them probably would not have been possible. The geophysical
images, especially the high-density GPR maps, allowed overcoming
these difficulties and guided the excavations in areas particularly difficult
because of collapses, thus preventing further damage to the structures.
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