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Abstract

We present results from a geophysical prospection at a historical Jesuit Mission, located in San Ignacio (Misiones-Argentina), declared World
Monument some years ago. We studied different sectors looking for buried structures; the total area under study covered 36 ha. In this work we will
show the results obtained in a sector that at the time of the prospection was at imminent risk of being damaged by a wrong management of the
historical resource. To optimize the data acquisition and the preliminary in-situ analysis of the results, we performed an electromagnetic survey using
a multifrequency electromagnetic induction device (GEM-2) to have a first insight of the near surface electrical distribution. From 2D and 3D
visualization of data, different targets were identified as possible historical structures. Around these anomalous zones, we performed different dipole–
dipole profiles, forming high resolution grids for later 3D inversions. Further inversions of the electric and electromagnetic data completed the
characterization of the anomalies. One of the main results of this work is that the 3D electric image obtained from 1D inversion of electromagnetic
data coincides with the 3D images obtained from resistivity inversion, but at a much less time consuming cost.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Geophysical surveys can provide important information to
the archaeological community pertaining to the exploration and
characterization of archaeological underground sites, in parti-
cular, the detection and localization of anthropological struc-
tures. Electromagnetic and electrical methods have been applied
as pre-excavation techniques for many years since they posses
high lateral resolution for shallow depths of study.

Geophysical methods are often applied to obtain 2D electrical
images of the subsoil. More recently, 3D images are also being
obtained, in which case a dense measurement grid is required. If
the area to be surveyed is large and the target is located near
surface, the 3D acquisition process could become excessively
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time expensive with traditional deployments. In that case, it is
necessary to modify the design of the data acquisition. Tech-
niques including 2D and 3D data visualization are valuable tools
for near real-time (i.e., same day) analysis, since it can provide a
preliminary diagnosis and guide further data acquisition; we
have to take into account that usually the amount of data makes
the possibility of 3D inversion impractical during the field work.

A usual strategy to map an extended area is to first apply a
method that provides a quick qualitative location of anomalies
(such as GPR or EMI methods). Once the anomalies have been
identified from visualization of the data, a quantitative analysis
can be done in selected areas. In these zones, methods that allow
the inversion of data are applied to obtain 2D or 3D images of
the subsoil, with the consequent localization of the targets.
Geoelectrical methods are especially suitable for detailed quan-
titative analysis since there are many proven 2D and 3D inversion
codes available that can produce high-resolution electrical images
of the subsoil. This methodology has previously enabled us to
characterize different archeological and environmental targets
(Osella et al., 2005; Martino et al., 2006).
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When the area to survey is large and targets are distributed in
different sectors, acquiring gridded 3D dipole–dipole data over
each possible anomaly can easily become too time consuming.
This problem arose when we planned a geophysical prospection
at a historical Jesuit Mission, located in San Ignacio (Misiones-
Argentina), which was declared a World Heritage site by
UNESCO in 1984. The total area under study covers 36 ha,
different sectors of which (especially those with below-ground
remains) are at risk of being damaged by inappropriate admin-
istration of the historical resource.

To optimize the data acquisition and the preliminary analysis
of the results, we first conducted an electromagnetic survey using
a multifrequency electromagnetic induction (EMI) device. The
EMI data provided primary insight into the near surface electrical
conductivity distribution. This kind of equipment is often used as
a detector of conductive buried bodies (e.g., Witten et al., 2003).
In recent years, several methods to calculate the EMI responses of
metallic bodies have been presented, and applied to analyze and
characterize the response of unexploded ordnance— UXO (e.g.
Shubitidze et al., 2002; Sun et al., 2004). In these two studies it is
supposed that the objects are located in free-space. This
assumption can be done because metals usually are orders of
magnitude more conductive than common background media. In
these cases of very high conductive bodies, accurate numerical
solutions are difficult to obtain and require extensive computation
costs; moreover if we take into account that the calculation of the
inductive response of the ground to a magnetic dipole source is a
particularly complex subject. Despite this, many studies have
been done to analyze and characterize the electromagnetic re-
sponses of conductive bodies (e.g., Won et al., 2001; Shubitidze
et al., 2004).

On the other hand, when applied to archaeological targets, the
background cannot be disregarded, since there are not usually
large contrasts in the electrical resistivity. In a previous paper
(Martinelli et al., 2006), we reported a forward modeling tech-
nique based on a Rayleigh–Fourier approach for 2D multi-layer
structures and we showed that EMI method can be successfully
applied to detect resistive structures. In fact, we applied this
method to interpret data from archaeological targets. Also, 2D and
3D inversion methods have been developed to re-construct the
conductivity profiles from EMI data, in the absence of highly
conductive targets (e.g. Pérez-Flores et al., 2001; Haber et al.,
2004; Sasaki and Meju, 2006), but they are usually applied to
scales larger than the one required for near surface studies. For
archaeological targets, we have to map large areas with high
resolution both laterally and in depth. These conditions imply
such amount of data that make 3D or even 2D inversion too time
consuming, and then 1D methods, which are extremely fast (e.g.,
Huang and Won, 2000; Zhang and Liu, 2001; Farquharson et al.
2003) could be more adequate to have a rapid evaluation of data.

In this context, we analyze in the present paper whether more
information could be obtained from the EMI data by performing a
1D inversion of the data. Our objective is to study the possibility
of avoiding 3D dipole–dipole surveys, thus reducing the duration
of the field work, but without losing resolution.

To address this objective, we selected one of the areas in
San Ignacio Mini Mission where we performed EMI surveys.
From the visualization of the data, we identified several possible
anomalous zones.We selected one of these anomalous zones and
performed a dipole–dipole 3D-survey. Then, the EMI data were
inverted using a 1D inversion code and a 3D image was con-
structed by stitching together the 1D results. On the other hand,
the dipole–dipole data were inverted using a 3D inversion code.
Finally, we compared the electrical images obtained from both
kinds of data.

2. The site

The Jesuit Mission in its present location dates from 1695. It
was constructed in the Misiones jungle, and was completely
abandoned by 1821. Misiones, the province where it was es-
tablished, is known as ‘the red land province’ due to the clay
contents of its soil. Walls were made of basalt rocks found in the
nearby Parana river, with tile roofs over wood supports, and mud
floors. The region has a subtropical climate without a dry season.
The jungle covered the Mission as soon as it was abandoned.
The town of San Ignacio developed around the ruins of the Jesuit
Mission overlapping in part with it. Parts of the ruins were
recovered from the jungle during the 1940s; but at that time many
original constructions of San Ignacio were made using the
materials of the ruins. Different activities related to the town have
been held at various times at the site.

The map of the Jesuit Mission, with the structures that are now
exposed, is shown in Fig. 1. The main buildings correspond to the
church and the cloisters. The regular grids of structures were used
as accommodation. These houses are all of the same size, ap-
proximately 4 m-wide, and feature columns, separated by 2 m
from the external walls, which supported the roofs of the galleys
that surrounded the houses (Fig. 2). The shadowed area shown
in Fig. 1 named Sector 1, corresponds to one of the area with
geophysical data. This area is now the entrance to the information
office and there are plans to extend the administration buildings
with the consequent risk of damaging possible buried structures.
Therefore we studied this zone in order to characterize any re-
mains still buried.

3. Methodology

Taking into account the characteristics of the previously
described site, we expected to find resistive archaeological tar-
gets embedded in a conductive soil matrix. We first covered the
area with an electromagnetic induction (EMI) survey. Electro-
magnetic techniques allow mapping of the electrical resistivity
of the ground. One of their main advantages is that the process
does not require direct contact with the ground and therefore is
much faster than traditional geoelectrical methods.

We used a multifrequency electromagnetic induction profiler.
This system consists of two small coils, a transmitter (Tx) and a
receiver (Rx), separated by a constant distance (1.66m), which are
moved laterally along a profile. The secondary field detected at
the receiver is decomposed into in-phase (HI) and quadrature (HQ)
components, both of which are expressed in PPM (parts per
million) of the primary field. The in-phase component depends
mainly on the magnetic susceptibility (χ) of the media (e.g.



Fig. 1. Map of the San Ignacio Mini Jesuit Mission. The shadowed zones correspond to the calibration sector and the studied sector, named Sector 1. Lines L1 and L2
correspond to the dipole–dipole profiles, done for calibration.
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Reynolds, 1997; Martinelli et al., 2006) and therefore this com-
ponent is especially sensitive to metallic objects. The quadrature
component is related to the distribution of electrical conductivity
and may be converted to apparent conductivity, as a function of
frequency, Freq, through the expression: σa=0.360⁎HQ(PPM)/
Freq (S/m) (Won et al., 1996). In this way, a visualization of the
data provides insight into the electrical characteristics of the area
such that possible anomalies can be identified.

The depth of penetration is a function of frequency and soil
conductivity. Due to the range of frequencies involved, penetra-
Fig. 2. Photo corresponding to the calibration sector (marked in a dashe
tion is governed by the skin-depth δ=(2/ωσμ)1/2, where ω is the
angular frequency (2πFreq), σ is the conductivity of the medium,
and μ is the magnetic permeability. Since the skin-depth formula
is strictly valid for plane waves, δ gives an approximate depth of
penetration that over-estimates the actual value.

For the present work we used the Geophex GEM-2 equip-
ment (Won et al., 1996), which has a frequency range from 330
to 47,970 Hz, allowing a maximum of 15 survey frequencies,
though usually 6 frequencies were used to guarantee good
signal-to-noise ratio. As our target depths were expected to be 2–
d black line). The dipole–dipole line L1 is also shown (solid trace).



Fig. 3. Visualization of EMI data, obtained at the calibration sector, for four different frequencies: (A) surveys along x-direction, (B) surveys along y-direction. Solid
lines indicate the limits of the expected house and the locations of the columns.
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Fig. 4. (A) Cut at y=6 m of the 3D reconstruction from the 1D inversion of the EMI data. (B) 2D electrical image obtained from the inversion of dipole–dipole lines
deployed crossing the structure close to the base of the columns. Arrows indicate the location of the columns and the basement. (C) 2D electrical image obtained fromL2.
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3 m, we selected the six frequencies: 2575, 3925, 8775, 13,575,
30,375 and 47,025 Hz. We performed in-line surveys (Tx–Rx
azimuth coincident with the direction of survey lines), with the
dipole axes perpendicular to the ground. The line spacing in
each EMI-surveyed sector is 1 m. Data were collected in two
orthogonal directions in a quasi “continuous mode”, which in
fact implies one measurement each approximately 0.10 m. The
visualization of data was performed through plan-view maps of
apparent resistivity for each frequency. The data collected along
each profile were inverted using a 1D inversion code, EM1D
v1.0, (Farquharson et al., 2003). We first applied smoothness
constrains to remove outliers that distort the inversion pro-
cedure. Then, the resulting inverted 1D models were stitched-
together to build up a pseudo-3D electrical image.

As stated previously, dipole–dipole profileswere also acquired
in specific locations, to be used as a test for the reliability of the
images obtained from1D inversion of the EMI data. The electrical
surveys were performed using the multielectrode resistivimeter
Saris 500. We deployed dipole–dipole arrays with electrode sep-
arations of 0.5 m and 1 m. To obtain electrical tomograms, data
were inverted using the DCIP2D and DCIP3D inversion codes
developed at the University of British Columbia (UBC) by
Oldenburg et al. (1993) and Oldenburg and Li (1994).

For each inversion of dipole–dipole and EMI data, we also
estimated the depth of investigation of the profile using the
method of Oldenburg and Yaoguo (1999). By inverting the data
with different model inputs (reference or initial conductivity
model) and comparing the resulting images, we estimate the
depth above which the resulting models are independent of the
initial parameters. In this way, we determine which part of the
model obtained from the inversion of the field data reliably
represents the subsoil. We followed this procedure for each
profile. In all cases the depth of investigation was larger than
3 m. This depth fulfilled our requirements since no archae-
ological remains were found deeper than 2 m.

4. Calibration tests

To identify typical patterns of anomalies from the targets of
interest, we performed test surveys on a sector where buried
structures are known to exist.We selected a sector, shown in Fig. 1
as calibration sector, where the base of columns remained ex-
posed. The walls of the house no longer exist, but the basement
appeared in an excavation-test at approximately 0.5 m deep. Part
of this sector is marked in Fig. 2.

The EMI profiles were acquired along both the x- and
y-directions (Fig. 2). A total of 11 x-profiles and 21 y-profiles
were carried out, covering the entire calibration sector. We also
acquired two dipole–dipole profiles, one at y=6 m (L1), within
the house zone, and the other outside the zone of the houses (L2,
see Fig. 1).

In Fig. 3 the visualization of EMI data in the form of apparent
resistivity, ρa=1 /σa at four frequencies, for x- and y-profiles
(Fig. 3A and 3B, respectively) is shown. In this figure, full black
lines indicate the expected limits of the house (assuming that all
the houses kept the same construction design) and the location of
the columns. The plan-view maps for each frequency show
interesting features. One of the main results is the coincidence
between the responses for the x- and y-configurations. It sug-
gests that the anomalies might be produced by a structure
extended relative to the grid dimension, since a localized elon-
gated body would produce different responses depending on the
direction of the survey. We can also see that a resistive response
appears in the zone where the house basement is embedded; this
pattern appears for both configurations, up to frequency 8775 Hz
(not shown in the figure, since it is similar to the response at



Fig. 5. (A) Photo corresponding to the studied sector. (B) Schema of the area coveredwith the EMI surveys. The darker zone corresponded to the 3D dipole–dipole array.
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13,575 Hz). The lowest two frequencies presented similar re-
sponses; we only show the map corresponding to 3925 Hz.

We then inverted the EMI and the dipole–dipole data. As the
lowest EMI frequency data contains too much error due to noise
(the amplitude of the response decrease with frequency), we did
not use it for inversion. Fig. 4A shows a cut at y=6 m of the 3D
reconstruction from the 1D inversions of the EMI data. Fig. 4B
shows the 2D electrical image obtained from the inversion of a
dipole–dipole line deployed crossing the structure, also at y=6m.
Arrows indicate the location of the columns and the basement.
The agreement between the EMI and dipole–dipole inversions is
remarkable. As a comparison, we show in Fig. 4C the electrical
imaging corresponding to L2, outside the zone of the houses. The
behavior here is different from that observed at L1. We conclude
that, when prospecting for archaeological targets in areas where
there is no evidence at the surface, we must look for resistive
anomalies. The same patterns are obtained using either electric or
electromagnetic methods.

5. Results

We further studied the sector shown in Fig. 1, close to the
information center of the site. Fig. 5A shows a photo of the
sector. It can be seen that the place has been modified (including
buried pipes related to electricity and water disposal). In Fig. 5B
we display the acquisition scheme of the sector which is covered
with EMI measurements. Also shown is the grid where the 3D
dipole–dipole survey was acquired.

Following the earlier procedures at the calibration sector, we
first performed EMI surveys along lines both in the x- and y-
directions. In Fig. 6 we present the results for four frequencies.
As in the previous case, the plan-view maps for the different
frequencies are similar for soundings along the x- and y-directions
(Fig. 6A and B, respectively). The remarkable features are the
resistive anomalies which follow an approximately regular array,
with a separation similar to that observed between the exposed
houses. Moreover, the values for the apparent resistivity are of the
same order as the ones obtained in the calibration sector (Fig. 3),
for both the resistive anomalies and the surrounding soil.

We then inverted the data using the EM1D code. As an
example, we show in Fig. 7 the electrical image obtained from the
inversion of line x=10 m (Fig. 7B) together with the fitting of the
model response to data. After inverting all the profiles, we built
up the 3D model. For this model we did not include the sector
between y=77–97 m, since the data were distorted by the
presence of an iron pipe. This kind of object cannot be correctly
modeled during a 1D inversion. Fig. 8A shows the results; for a
better visualization of the anomalous structures we removed the
first layer, approximately 10 cm; Fig. 8B shows a skew cut, where
the depths of the anomalous structures can be observed.

Based on the previous results, we selected the sector to
perform a 3D imaging from dipole–dipole data. We used a grid



Fig. 6. Visualization of EMI data, obtained at the studied sector, for four different frequencies: (A) surveys along x-direction, (B) surveys along y-direction. 43
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Fig. 7. Inversion of EMI data along x=10 m profile. (A) Fitting of data and (B) resulting electrical imaging.
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with cells of 1×1 m, and deployed dipole–dipole lines, with a
maximum n=6, in both directions (Fig. 6B). The inversion was
done using the DCIP3D code; the result is shown in Fig. 9. A
plan-view map at z=0.90 m (Fig. 9A) shows the anomalous
zone, again in coincidence with the image obtained from the
EMI data. To characterize the depth of the structure, a cut at
y=63 m is presented (Fig. 9B).

We next compare the results obtained at the calibration
sector with the electrical images obtained here. We see that
possible structures or bodies associated with the archaeological
materials that form the basement of the houses and columns
should have electrical resistivities larger than 90 Ω m. The 3D
image obtained from the dipole–dipole data agreed with the
model built up with the 1D inversion of the EMI data, thus
Fig. 8. (A) 3D reconstruction from the 1D inversion of the EMI data at th
providing confirmation of the predicted anomalous bodies. We
removed from the electrical image given in Fig. 8 resistivities
lower than 80 Ω m, in order to isolate the possible anomalous
materials. When doing this (see Fig. 10), the effect is remark-
able. We can clearly characterize three blocks of resistive
material, separated by regular distances. While these anom-
alous bodies could be detected from the visualization of the
data, quantitative inversion better constrains the depths, which
are important for preservation tasks. We can go one step further
and try to identify these structures. The original purpose of the
study in this sector was to look for evidence of remains of
houses. It is known that at the time that the Mission was
operational, many more houses were present than the ones
exposed today (as shown in Fig. 1). It is also known that
e studied sector and (B) skew cut, showing the depth of the structure.



Fig. 9. (A) 3D electrical imaging, obtained from the inversion of the dipole–dipole data, corresponding to the area showed in Fig. 5B and (B) a cut showing location in
depth of the anomalous body.
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these houses were constructed following a certain order with,
essentially, a repetitive plan. Therefore, we assume a regular
continuation of the houses over this sector that follows the
existing design; the projected structures are fully superimposed
on the anomaly map in Fig. 10. The result clearly explains our
observations.

The geophysical results were used to draw up a plan for text-
excavations, which was subsequently carried out. The predicted
basements were found, and nowadays, works are being carried
out to preserve the Jesuit Mission from future damages.
Fig. 10. Localization of anomalous resistive bodies. Solid lines correspond to the lo
(from Fig. 1).
6. Conclusions

We faced the problem of characterizing a human-impacted
site, prospecting for shallow resistive targets, embedded in a
conductive host soil. To reduce the field work involved without
sacrificing resolution, we studied the possibility of using EMI
data to obtain 3D electric images. We studied in detail a sub-
sector of the site, in which buried structures were expected. A
thorough survey of this zone was performed using EMI and
resistivity methods. A 1D inversion of EMI data allowed us
cation of predicted structures obtained as a continuation of the exposed houses
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obtain a 3D reconstructed electric image of the zone. This image
was compared with the electric image obtained from 3D in-
version of dipole–dipole data. The electrical images obtained
from both datasets are highly correlated. Therefore, an accurate
prediction of the subsurface can be obtained from the less time
consuming electromagnetic method.

It is well-known that 2D or 3D models can better reproduce
an actual structure than 1D model, which cannot determine
univocally thickness and resistivity of each layer. But 1D in-
version codes have the very important advantage of being ex-
tremely fast, and then are especially suitable when dealing with
large amount of data. Notice that just in the calibration sector we
had 10 lines, each one with a length of 20 m, and data each
0.10 m. This implied that in an area of 10 m×20 m, for example,
we had 2000 “stations” to be used for the inversion. This number
is far beyond the capability of a 2D or 3D inversion method.
Nevertheless we found that the inherent ambiguity in 1Dmodels
could be overcome by the dense grid of measurements, and thus
the 1D inversion of EMI data and further stitching together 1D
models to produce a 3D image provided a result compatible with
3D inversion of dipole–dipole data. Though better resolution is
acquired in this last case, we reduced the time spent in the field.
We must take into account that the 3D dipole–dipole grid of
15 m×15 m took one day of work. The EMI survey covered, in
the same time, a sector of 95 m×25 m approximately plus the
calibration sector of 10 m×20 m. This is an important issue,
since we had to cover many sectors of the site and we could not
afford the time required for a full geoelectrical prospection.
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