\/
9.9 Scientific
0’: Re;sea:'c:h
0.00 Publishing

International Journal of Geosciences, 2017, 8, 693-710
http://www.scirp.org/journal/iig

ISSN Online: 2156-8367

ISSN Print: 2156-8359

2D TEM Modeling for a Hydrogeological Study
in the Parana Sedimentary Basin, Brazil

Emerson Rodrigo Almeidal, Jorge Luis Porsani!, Fernando Acacio Monteiro dos Santos?,

Cassiano Antonio Bortolozo?

"Universidade de Sao Paulo, Instituto de Astronomia, Geofisica e Ciéncias Atmosféricas, Departamento de Geofisica. Rua do

Matio, Butanti, Sdo Paulo, Brazil

2Universidade de Lisboa-IDL, Lisboa, Portugal

Email: emerson.almeida@iag.usp.br,jorge.porsani@iag.usp.br, fasantos@fc.ul.pt, cassianoab@gmail.com

How to cite this paper: Almeida, E.R,
Porsani, J.L., dos Santos, F.A.M. and Bor-
tolozo, C.A. (2017) 2D TEM Modeling for a
Hydrogeological Study in the Parana Sedi-
mentary Basin, Brazil. International Journal
of Geosciences, 8, 693-710.
https://doi.org/10.4236/ijg.2017.85038

Received: April 12,2017
Accepted: May 24, 2017
Published: May 27, 2017

Copyright © 2017 by authors and

Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Abstract

This work uses 2D TEM (Transient Electromagnetic) modeling for a hydro-
geological study in the Parand sedimentary basin. The study area is located at
the northern region of the state of Sdo Paulo, Brazil, where groundwater is ex-
ploited from two aquifer systems: one sedimentary, shallow, and the other
crystalline, deep. The interest in applying the TEM method in this area owes
to the high exploitation rates of groundwater from the crystalline aquifer sys-
tem for irrigation, which is triggering considerable seismic activity locally.
This aquifer system is composed of fractured basalt within the Serra Geral
Formation and is about 120 m deep. Eighty-six TEM soundings were acquired
at this location, but in nine cases the data did not fit the modelled curve for
1D geoelectrical models due to the geological complexity of the area. This pa-
per shows 2D geoelectrical modeling results based on the FDTD (Finite Dif-
ferences in Time Domain) method to explain the lateral resistivity variation
within the geological setting. A 2D model was generated for each sounding
and compared with 1D inversion models as well as with direct information
from wells. The results show some vertical variations of about 10 to 30 meters
on the upper interface of the basalt layer from Serra Geral Formation. They
are located at approximately 60 meters from the center of the soundings. The
existence of these 2D structures in the subsurface can be related to the drai-
nage system in the study area. The presence of these structures may indicate a
connection between the shallow and deep aquifer systems, acting like a con-
duit that may contribute to the seismic activity reported.
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1. Introduction

The Transient Electromagnetic (TEM) method was developed initially for min-
eral exploration as an alternative to the frequency-domain electromagnetic me-
thods and it was introduced for groundwater exploration in the mid-1980s. The
TEM method has the advantage as it can investigate hundreds of meters in depth
with great capability of detecting conductive layers. According to the results of
many researchers worldwide, the geoelectrical stratigraphy given by TEM mod-
els usually has a good correlation with geological information, which makes it a
good method for mapping subsurface conductive zones [1] [2]. For this reason,
the TEM method is being used for water table mapping at great depths,
representing a reliable alternative to vertical electrical soundings (VES) that may
require long aperture ranges depending on the investigation depth. Krivochieva
and Chouteau [3] used TEM soundings in a joint analysis with the Magnetotel-
luric (MT) method for aquifer investigation in the Mexico Basin. The TEM me-
thod was used in this study to identify conductive zones below the basalt layer of
the Santa Catarina volcano, in a stratigraphic sequence comparable to that ob-
served in the Parand Basin. Ezersky et al. [4] evaluated the structure of an aquifer
in Israel with the TEM method as well as other geoelectrical analyses to evaluate
the salinity of the groundwater.

The high sensitivity of the TEM method for mapping interfaces between an
upper resistive layer followed by a conductive layer makes it suitable for the
mapping of highly conductive layers, even in coastal environments [5] [6]. On
the other hand, it is also very sensitive to man-made conductive structures, like
fences or grounded power lines. Depending on distance and on soil conductivi-
ty, these structures may interact with the transmitter loop through the geological
material, creating disturbances typically from an oscillating circuit. The oscilla-
tion in the data may lead to misinterpretation when there is galvanic coupling,
or make it impossible to interpret the data at all when there is a capacitive
coupling [2] [7].

In the framework of 2D and 3D TEM surveys for geological analysis Danielsen
et al. [8] evaluated the application of conventional and high electromagnetic
moment systems for groundwater studies using laterally-constrained inversion
of 1D soundings for a 2D interpretation. Jorgensen et al [9] used the TEM me-
thod for 3D imaging of the cross-section of buried Quaternary valleys in Den-
mark. Their work studied several scenarios representing buried valleys for
groundwater exploitation, and the 3D imaging was based also on constrained 1D
inversions. Santos and El-Kaliouby [10] developed an algorithm for laterally
constrained joint inversion of electro resistivity (ER) and TEM data to calculate
quasi-2D geological models. Teatini ef al [11], conducted surveys with airborne
TEM to analyze the hydrogeological setting of a transitional coastal environment
in Venice, Italy. The data acquired were inverted as laterally constrained 1D
sounding inversions providing a quasi-2D analysis. Martinez-Moreno et al. [12]
used TEM surveys for groundwater applications in two volcanic islands in the

Republic of Cape Verde. They could retrieve a 3D resistivity distribution in
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depth, based on 1D inverted geoelectrical models.

In Brazil, Meju et al [13] developed a study where the TEM method and Ver-
tical Electric Soundings (VES) were combined in a constrained 1D inversion,
analyzing the results in a comparison with 2D inversion of audio-magnetotel-
luric (AMT) data for structural mapping and groundwater evaluation at the
Parnaiba Basin. Carrasquilla and Ulugergerli [14] developed a study using 32
TEM soundings in the Campos Basin for structural and groundwater evaluation.
Santos and Flexor [15] used the 1D inversion of TEM soundings for hydrogeo-
logical studies at the Resende Basin, in a densely industrialized area and there-
fore with high levels of EM noise. A study about the effects of urban noise was
carried out by Porsani et al [16], where TEM soundings with different electro-
magnetic moments were compared in order to evaluate the applicability of the
method in similar environments. Porsani et al. [17] performed 86 central-loop
TEM soundings over the Parand Basin, close to the city of Bebedouro, in order
to identify fractured zones with groundwater inside the basalt layer of the Serra
Geral Formation using 1D geoelectrical models and correlated those fractured
zones to seismicity events registered at the area.

Bortolozo et al [18] developed a program for 1D joint inversion of Vertical
Electrical Soundings and TEM soundings and some applied results of the joint
inversion methodology for Bebedouro region are presented in Bortolozo et al
[19]. With the joint inversion, it was possible do detect a 2D effect in the TEM
soundings, but the nature of the 2D structure could not be defined since the
study was carried out as 1D data inversion. In Campaiia et al [20], the pseudo-
2D inversion of TEM soundings was carried in Ibirad region, also in Sdo Paulo
State (Brazil). Using this methodology, it was possible to analyze the 2D struc-
tures in the area. With the full 2D TEM inversion, Bortolozo [21] better defined
the 2D structures in the study area of Ibird. However, the problem with the 2D
acquisition lies in the time necessary to obtain field data, and the processing was
also very time-consuming. Additionally, the 2D acquisition has problems with
negative apparent resistivity data, discussed in [22].

In the present study, the TEM method was employed near the city of Bebe-
douro (northern Sao Paulo state, Brazil), over the Parana basin rocks (Figure 1).
Data were acquired using a Geonics PROTEM57-MK2 system, with a 19 A
transmitter current. This system allows data acquisition at 30 Hz, 7.5 Hz and 3
Hz frequencies and three data curves were acquired for each frequency, with an
integration time of 60 seconds for each curve in order to enhance the sig-
nal-to-noise ratio. A 100 m x 100 m square transmitter single-loop was used in
the central loop array. Data treatment and preliminary 1D analysis were done
using IX1D®3 (Interpex Limited) commercial software for electric and electro-
magnetic data inversion and interpretation. The software employs the Fouri-
er-Hankel Transform to compute the response from the desired layered model,
which corresponds to the response from the half-space containing the layered
model subtracted from the full response. The inversion is computed using Ridge

Regression and non-linear least squares fitting [23].
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Local residents report that seismic activity has occurred since 2004, which
coincides with the drilling of 10 water wells in the region. This seismic activity
is concentrated mainly at two areas: Andes, where the activity was first noticed
and is more frequent, and Botafogo [17] [24]. Both seismic areas are shown in
Figure 1. In this figure, they were delineated based on information from the
epicenters located by Assumpgio et al [24]. The wells at these areas are 120 to
200 meters deep and were drilled into the basalt of Serra Geral Formation,
characterized by a confined fractured aquifer [25]. Some of them produced
water at very high flow rates (160 m’/h to 190 m’/h) compared to the other
wells in the same region (up to 88 m’/h). Studies in that area using seismic,
geoelectric and electromagnetic methods showed a relation between the seis-
mic activity and a changing groundwater flow due to over exploitation of the
Serra Geral aquifer [24].

1D geoelectrical models obtained from the interpretation of 86 TEM sound-
ings acquired from this same area were presented in Porsani ef al [17]. Accord-
ing to the authors, the results revealed the general geoelectrical stratigraphy at
Bebedouro region and suggested that the seismic activity is related to fracture
zones filled with water within the basalt layer. However, their work did not dis-
cuss the influence of 2D subsurface geological structures in TEM soundings.
Bortolozo et al. [18] [19] discuss how the 1D joint inversion can detect and mi-
nimize the effect of 2D structures on TEM 1D soundings, but the 1D methodol-
ogy cannot give any information of the shape of the 2D structure.

The present study aims to obtain resistivity models considering the influence
caused by possible lateral resistivity variations in depth on the data acquired at

this area, giving a 2D model for each sounding.2D geoelectrical models could
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Figure 1. Studied region, near Andes District, at Bebedouro city (northern Sao Paulo State, Brazil).
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allow a better understanding of the local resistivity variations, and might evi-
dence unknown features that could help understanding the seismic activity re-
ported at the studied area. To achieve this goal, nine TEM soundings were ana-
lyzed through 2D modeling. They are shown in Figure 2, which also presents the
general topography measured with a handheld Garmin GPS system at each of
those 86 TEM sounding points used by Porsani ef al [17]. These nine soundings
were selected because their 1D geoelectrical models did not match with litholog-
ical information from water wells next to them (for example, W07 and W10, in
Figure 2) or because it was not possible to fit the data curve using a simple 1D
model. The 2D modeling is based on Finite Difference in Time-Domain ap-
proach for the transient EM field [26]. It allows more detailed analysis of the
soundings that were probably affected by lateral resistivity variations due to the
2D geological structure of the subsurface.

The 2D geoelectrical models for the soundings acquired next to W07 and W10
water wells at Andes seismic area indicate the presence of a depth variation of
about 30m at the interface between the top of basalt and the upper sedimentary
layer. Other soundings show the same kind of variation at the Botafogo area, but
not so close to water exploitation wells. The results of this study are discussed in
this paper, where a more coherent (regarding the known subsurface geology)

geoelectrical model is presented.

2. Hydrogeological Setting

The studied area is located over the Parand Sedimentary Basin (Figure 1). Geo-

logically, the area is characterized by sandy sediments of the Adamantina For-
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Figure 2. Topography map of the studied area, with exploitation wells and TEM Sound-
ings with 2D geoelectrical model. This set is part of and 83 soundings set acquired be-
tween 2007 and 2010.
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mation at the first 50 - 100 m deep. These sediments overlap the basalts of the
Serra Geral Formation (400 - 600 m thick). Below the basalt layer lies the satu-
rated sandstone of the Botucatu Formation, which consists of the great Guarani
Aquifer, which covers an area that includes southern Brazil, northwestern Uru-
guay, eastern Paraguay and northeastern Argentina. According to information
obtained from deep wells, the geological basement depth varies between 2500 m
and 3000 m.

Two different aquifer systems were investigated with the TEM soundings in
this area. The first is a shallow sedimentary aquifer, characterized by saturated
sediments of the Adamantina Formation. The second is a deeper, more confined
aquifer, characterized by interconnected fractured zones within the basalt layer
of the Serra Geral Formation. These fractures may occur between 100 and 300 m
in depth, below an unfractured basalt layer from the same formation as showed
by Porsani et al [17].

The groundwater is used widely to irrigate orange groves all over the region.
The wells are classified as shallow (reaching only the sedimentary aquifer) or
deep passing through the sedimentary aquifer, reaching the fractured aquifer
within the basalt). Figure 3 illustrates a simplified geological column of the sur-
vey area based on the data log from well W10.

The studied region was defined according to the previous seismicity study
carried out by Assumpgéo ef al [24] at this area and according to further seismic
events registered by the Seismology Laboratory from IAG/USP. The soundings
were allocated in order to have the best match possible with the most significant
seismic activity registered.

The 2D structuration studied in this work is supposed to be at the interface

between the Adamantina and Serra Geral Formations. The saturated sediments
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Figure 3. Lithological description from Well W10.
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from the Adamantina Formation are less resistive than the unfractured basalts
from the Serra Geral Formation. This represents the inverse of an ideal scenario

for TEM soundings, characterizing an interesting challenge for this method.

3.2D TEM Modeling

Assuming the underground geology distribution in a 2-D earth model with the
strike direction coincident with the axis Y and axis Z positive downwards, the
relevant Maxwell’s equations for the TE-mode reduces to a scalar equation for
the electric field (E = Ey ) in the strike direction [26]. Neglecting displacement

currents, the diffusion equation is,
(0°E)/(ox*)+(0°E) /(62 ) - novE Jot = u(83,) fot

where J, is the density of the source current in the strike direction (Y),
o=0(xY) is the conductivity and x is the magnetic permeability, whose
value is its free space value.

This study uses the Dufort-Frankel finite differences method [26] for 2D
modeling. The method aims to obtain a numeric solution of Equation (1). The
2D model is created as a mesh constituted by rectangular blocks, where the in-
formation about the medium conductivity (or resistivity) is assigned to each
block. The finite-difference approximation for the spatial terms are obtained by
integrating Equation (1) over the rectangles formed by joining the midpoints of
the four neighboring blocks of the mesh [26]. Time derivatives are approximated
by a forward difference between consecutive times but using different time steps
for different time ranges in the field diffusion. The boundary conditions at the
earth’s surface are imposed by calculating the field in the air by upward continu-
ation of the field at the surface. In this study, the central part of the 2D mesh was
divided in blocks of 10 m both x and z directions.

The resulting models were correlated with lithological information from water
wells next to the TEM soundings. The influence of the lateral variation of resis-
tivity was inserted in the models as a vertical step at the interface between basalt
layer from the Serra Geral Formation and the Adamantina Formation sedi-
ments. This variation in the medium where EM signal propagates should affect
its time decay rate inducing a misinterpretation of the data. It is important to
emphasize that the location of the soundings was carefully chosen in order to
avoid sources of interference that could affect data curves with galvanic or capa-
citive coupling [8].

A comparison between 2D and 1D modeling was performed for each data
curve. Two different depths were used for the interface between sediments and
basalt layers in 1D modeling, which correspond to the different depths at the
step of the 2D model. The shallow aquifer from Adamantina Formation could
not be modelled because the data curves do not provide sufficient resolution at
such shallow depths. In the 2-D models, the resistivity value assigned to the
Adamantina Formation is an average value corresponding to both dry and satu-

rated sediments.

&8

"

Scientific Research Publishing

699



E. R. Almeida et al.

4. 2D Modeling Results

The first sounding of the 2D investigation was T68. This sounding was firstly
analyzed with the commercial software IX1D®%3 (Interpex Limited) and the re-
sults are presented in Figure 4. From left to right, the first panel (a) shows the
data curve (black squares), which represent the measured data, and the fitted 1D
modelled curve (continuous line), which represent the theoretical response to
the proposed geoloectrical model. The RMS error shown in this panel was cal-
culated by summing the squares of the difference between the modeled data and
the collected data in a log scale, taking the antilog of this value minus 1 and mul-
tiplying the result by 100 to present the value as a percentage [23]. The second
panel (b) shows the geoelectrical model, where the continuous line represents
the final model and the dashed lines represent equivalent geoelectrical models
for this sounding. The third panel (c) shows the geological interpretation for the
geoelectrical model. This sounding is the best to study the effect of lateral varia-
tions of resistivity on TEM data because it is located approximately 110 m away
from the well, W10 (Figure 2) and the data quality is very good.

This data represents a typical example of a sounding not affected by the con-
ductive layer within the Serra Geral basalts which could be associated with the
confined aquifer. The 1D model obtained from IX1D®v3 shows the resistive un-
fractured basalts of the Serra Geral Formation at a depth from 63.4 m to 569.3 m
(corresponding to elevations between 481 m and —24.3 m respectively). The
depth of its upper interface conforms to the information from the well W10.

However, this 1D model shows an intermediate low resistivity layer (about 10

(a) (b) (©) vt
\vi levation
103 L " L 100 R ._‘ i, - o 545 m
T68 5 5 J=lm
E" - 540.3m
[e]
= 1073 3 10" 1 -
2 E L 5257 m
1]
= =
: "1 3
po (a] - 481.6m
o 104 3 10?1 -
[1+]
[= 18
[= 8
< o TEM data
1D Model (from 1X1D) 243m
RMS Error: 13.1% i} v ’
10° - . . 10% Ay ey
102 1071 10° 101 102 10° 10" 102 10° 10* 10°
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ADAMANTINA FORMATION SERRA GERAL FORMATION BOTUCATU FORMATION
Clayey sand (3572.8 Q.m) . Unfractured basalt (150.9 Q.m) Saturated sandstone (4.9 Q.m)

E—gj Saturated clayey sand (9.3 Q.m) Unknown layer (78.7 Q.m)

Figure 4. (a) Data curve and apparent resistivity curve modeled with IX1D®v3 (Interpex Limited) soft-
ware for the sounding T68. This model shows a layer between 19.3 m and 63.4 m that cannot be ex-
plained according to the local geology. (b) 1D resistivity model (continuous line) and equivalent models
(dashed lines). (c) Schematic model showing the geological interpretation of this sounding.
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Q-m) between the sediments from the Adamantina Formation and the basalt
from the Serra Geral Formation. This layer is not geologically acceptable because
it does not appear in any direct information from known wells or from near
TEM soundings. There were no anthropogenic structures at the surface that
could cause data distortion by galvanic coupling, and even the casing inside W10
was discarded as a galvanic coupling source because other soundings next to it
did not present such behavior in their respective data curves. Thus, this sound-
ing clearly requires a 2D model capable of explain these data.

Figure 5 and Figure 6 show the results from two of the nine TEM soundings
analyzed in this paper. From left to right, the first panel (a) shows the data (black
squares) and the synthetic model response for each 1D model (dotted and
dashed lines) shown in panels (b) and (c). The RMS errors were calculated in a
similar way as in IX1Dv3. The continuous line represents the response of the 2D
model shown in the fourth (d) panel, which is the one that best fit the data.

Figure 5 shows the 2D modeling analysis for the sounding T68. In Figure
5(a), the dotted line shows the result of the 1D model in Figure 5(b). This mod-
el considers that the interface between Adamantina and Serra Geral Formations
is at a depth of 30 m, 10 m deeper than the 1D model obtained from IX1D®v3.
One can see that the model made with a shallow interface does not fit the data
(black dots in Figure 5(a)) between 0.6 ms and 10 ms, showing higher apparent
resistivity values than those measured. The shallower the interface, the higher
the apparent resistivity values within that time range because of the major in-
fluence of unfractured Serra Geral Formation rocks. This gives a fitting error of
38.7%, which is unacceptable for a correct modeling.

On the other hand, the dashed line in Figure 5(a) shows the result for the 1D
model in Figure 5(c), where the interface is 60 m deep, 10 m shallower than ob-
served in the W10 log. Here, one can see that the dashed curve does not fit the
data curve between 0.1 ms and 4 ms, presenting lower apparent resistivity values
than measured. In this case, the higher the interface depth, the lower the appar-
ent resistivity values in that time range because the resistivity of saturated Ada-
mantina Formation sedimentary rocks will predominate. The RMS error here is
16.2%, which is lower than the previous model but still too high to be accepted.
Any attempt to set this interface at intermediate depths, with its respective ap-
parent resistivity curve moving upwards and downwards, never fits the data sa-
tisfactorily. Similarly, any attempt to modify the resistivity values provided a
good curve fit.

The 2D model obtained is showed in Figure 5(d) and generates an apparent
resistivity curve that provides a very good fit with the data (continuous curve in
Figure 5(a)), with an RMS error of 6.7%, which is even better than the fit pro-
vided by the 1D model from IX1Dv3 (13.1%). This model suggests the existence
of an abrupt depth variation of 30m at the top of the basalt layer, located ap-
proximately 60 m from the center of the transmitter loop. The depth of 60 m
shown for the interface between the Adamantina and Serra Geral Formations in

this model matches the lithological information from well W10 with an accepta-
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at 40 m deep. (d) 2D model with the clayey sand-basalt interface varying from 30 m to 40 m, 150 m
away from the center of the sounding.

ble variation due to the geology (about 10 m only). The depth of 30 m shown for
the same interface matches (also with an acceptable variation) with the top of the
shallow resistive layer found in the 1D modeling from IX1D®v3.

Similar effects caused by lateral resistivity variation were observed in another

8 soundings. One of the most interesting is the T18 sounding with data curves
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and models shown in Figure 6. The 1D model from Figure 6(b) shows the in-
terface between the sedimentary rocks and the basalt at 30 m deep, generating
the synthetic result seen in Figure 6(a) (dotted curve). The clear discrepancy
between this curve and the data curve before 4 ms and the fitting error of 20.2%
indicate that this model cannot explain the data. Figure 6(c) shows a second 1D
model, now with a 40 m deep interface. The synthetic response of this model
generates lower apparent resistivity values, as expected from the analysis of the
previous sounding, and increases the fitting error to 28.0%. A shallower depth
for this interface is unacceptable, because it is not consistent with the geological
information. In any event, there is no way to insert a simple horizontal interface
that could explain such high apparent resistivity values.

To solve this problem, the 2D model presented in Figure 6(d) is proposed,
which provides a good fit to the observed data (continuous curve in Figure 6(a))
with a small error of 7.8%. The lateral resistivity variation was modelled as a 10
m step located 150 m away from the center of the transmitter loop, and with
depths varying from 30 m to 40 m, as shown in Figure 6(d). There are no ex-
ploitation wells near this sounding to compare with the geoelectrical model, but
two other nearby soundings (T50 and T56) showed similar effects on their data
curves and the elevation values for the top of the basalt layer is geologically
compatible in all of them. The proposed distance between the step and the
sounding center appears to be exaggerated, but there were no interference
sources in the area that could cause such an effect on the data and lead to a
wrong interpretation. There were some small brooks close by, but they did not
have a sufficient amount of water to represent a significant interference source.
Thus, the adoption of a 2D model may provide a possible explanation about the
behavior of the data. The effects observed in this sounding are so strong that
even the 2D model may be too simple to explain the lateral variations in the ge-

ology and maybe a 3D model may be required to better explain such distortion.

5. Discussion of Results

In addition to T68 and T18, the soundings T10, T37, T39, T50, T56, T69 and
T74 also presented effects of lateral resistivity variation. Figure 7 and Figure 8
show the maps with the results for 2D modeling for these nine soundings. Since
the models were made for each sounding individually, it is not possible to know
where exactly the lateral resistivity variations are located. Hence, they are
represented as dashed circles around each sounding center. The radius of each
circle is equivalent to the distance between the center of the sounding and the
step at the top of the basalt layer. Thus, the step at its upper interface can be
placed anywhere over these circumferences. The crosses represent the location of
TEM soundings that could be explained with a 1D model (as shown in Porsani
et al. [17] while the crosses inside dashed circles represent the center of TEM
soundings that were better explained using 2D models. The crosses with full
white circles represent known exploitation wells. Crosses with full yellow circles

are wells were abnormally high groundwater flow was observed. The normal
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Figure 7. Topography of the basalt layer in Andes area and elevation values for soundings
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next to wells W07 and W10, which could explain the anomalous groundwater flow.
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italic labels indicate the elevation of the interface between the Adamantina and
Serra Geral Formations. The interpolated image in these figures represents the
upper interface of the basalt layer. Each 1D model has only one elevation value
for this interface, which is not shown in the figure for simplicity. On the other
hand, as it is not possible to correctly locate the step in this interface due to li-
mitation of the 2D analysis, each 2D model has two different labels for the inter-
face elevation. One label refers to the elevation exactly below the center of the
sounding and other label refers to the elevation far from its center. The topo-
graphy of the interface between the Adamantina Formation and Serra Geral
Formation was interpolated from 1D geoelectrical models obtained by Porsani et
al. [17], geological logs from the wells and from elevation values below the
sounding center in 2D geoelectrical models.

Figure 7 shows the location of lateral resistivity variations modelled for
soundings T10, T37, T39, T68, T69 and T74. The sounding T68 is the closest to a
well, located at approximately 110 m from well W10. Its geoelectrical model
shows the upper part of the interface between the Adamantina and Serra Geral
Formations at an elevation of 515 m, which is in agreement with the results from
the 2D model of sounding T69 and also with the elevation observed in the well
W09 data log (507 m and 506 m respectively). The shallower part of the 2D
model from sounding T68 shows this same interface at an elevation of 485 m,
which conforms to W10 geological log data (Figure 3). The geoelectrical model
suggests that there is a 30 m depth variation at the interface between these for-
mations, which represents a considerable structuration at the top of the basalt
layer. The sounding T39, located between wells W07 and W10, also shows a var-
iation of 30 m in the interface depth, suggesting that a great structuration
around these wells may also exist. The high groundwater flow rate reported at
those wells can be related to such structures that might be intercepted during the
drilling process. Sounding T39 is located a considerable distance from well W07
and it was not possible to allocate other TEM soundings closer to this well. Un-
fortunately, the ideal area for detailed surveys is located on private property and
the access was denied to IAG/USP researchers. Sounding T74 is the only one to
present lateral resistivity variation at the southern portion of the Andes area,
with a vertical variation of 10 m located 70 m from the center.

The northern portion of the map shows a general decrease in the elevation
from east to west, around soundings T10, T39, T68 and T69. The 2D models
show that the elevation values at the center of the soundings are lower than
those obtained through 1D modeling of surrounding soundings, but they are in
conformance with the values observed in the wells. This suggests that these
soundings are in an area with substantial structuration in the basalt layer. The
effects in their respective data curves could be caused by independent structures
or by one single, large structure. Considering the group of soundings T39, T68
and T69, one can observe that the decreasing topography is mainly in the
SE-NW direction. This may be indicative that the steps in the interface are lo-
cated in the southeastern portion of these three soundings, but it is not possible
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to say if all the modelled steps are related to one single structure that would be
aligned to the SW-NE direction. Despite this uncertainty, one can note that the
variation around sounding T10 suggests a similar behavior for the subsurface
structuration, Ze., it may be located also in its southeastern portion. In this
sense, the structure could be placed from the southeastern portion to follow the
decreasing in the SE-NW direction. Such comparison is more complicated for
soundings T37 and T74 because there are no 1D models or wells nearby. In these
cases, the step could be placed anywhere over the dashed circumference. Perhaps
for T74 the structure would be placed also in its southeastern or eastern portion,
which would also be in conformance with the structure location inferred for
T10, T39, T68 and T69 from a regional point of view. However, it is difficult to
reach such a conclusion because the vertical variation in T74 is just 10 m and
there is no other sounding close to it that could show such effects for compari-
son. It is important to note that these six soundings are distributed around small
brooks, which may be consequence of the probable structuration in subsurface.

Soundings T18, T50 and T56, located in the Botafogo area, form another
group where some structuration influence was observed in the geoelectrical
models. Figure 8 shows the topography map of the interface between the Ada-
mantina and Serra Geral Formations containing them and other soundings with
1D models nearby. These three soundings are also located near a small brook,
suggesting again that the existence of this drainage may be related to the exis-
tence of a structuration of upper interface of the basalt layer. Sounding T56
shows the greatest depth variation among all the 2D models studied. In this
sounding the interface has a vertical variation of 40 m, which is located 60 m far
from the sounding center. Sounding T50 has a vertical variation of 30 m, located
60 m far from the center.

One can observe on this map that the area around T18, T50 and T56 holds the
minimum values of elevation, which is caused by the interpolation with the ele-
vation values below the sounding center. As there is no sounding inside the im-
aginary triangle formed by these three soundings is difficult to infer a location
for the vertical variation caused by the stepped structures. The only exploitation
well available is located too far from the group to be helpful for this analysis.
Nevertheless, one can observe that the elevation values in the center of sound-
ings T50 and T56 are almost the same (464 m and 465 m respectively), suggest-
ing that the variation in the elevation of these points may be very small. Looking
to T18 and T56, one can see that the higher elevation values distant from the
center of each sounding (490 m and 505 m respectively) may be comparable. In
this sense, one possible interpretation is that the structures modelled for T18 and
T56 would be located at the eastern portion of each sounding, while the struc-
ture modelled for T50 would be located at its western or southwestern portion.
Comparing this to the brooks shown in the topography map of Figure 1 and
considering that they are somehow related to structuration in subsurface, the

southwestern portion may better for locating the structure in T50.
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6. Conclusions

In this paper a study was carried out for geoelectrical mapping in an area with
reported seismic activity. The study was done by means of several TEM sound-
ings, of which nine were selected because they presented data curves affected by
lateral resistivity variation effect and could not be well represented by 1D mod-
els. Then, those soundings were analyzed using a 2D modelling routine. The
analyses have shown that all these soundings were under influence of some
structuration at the upper interface of the basalt layer. This structuration was
modeled as a step-like feature for each selected sounding.

The possible presence of a structuration between the sediments of Adamanti-
na Fm. and the basalt of Serra Geral Fm. could be well-represented by the 2D
TEM geoelectrical models. The fit between the data and the modelled response
could be accomplished, as shown by the low fitting errors. The 2D modelling
presented itself to be stable and efficient, with good applicability for detection of
interface structuration. The modelling also allowed mapping the interface be-
tween a conductive layer over a resistive one, representing the inverse of an ideal
scenario for TEM method.

All the soundings that showed the influence of a lateral resistivity variation are
located near small brooks, observed in smooth valleys in the region. The pres-
ence of 2D structures near these features suggests that the local topographic var-
iation may be conditioned to variations at the top of basalt layer.

The structures at the interface between the Adamantina and Serra Geral For-
mations may have been intercepted by the wells during the drilling process, pro-
viding a new connection between the shallow and the deep aquifers. It could
possibly explain the anomalous groundwater flow at wells W07 and W10, sug-
gesting a relation between the most structured areas and the foci of the seismic
activities.

This sort of geoelectrical mapping would be useful for allocating groundwater
wells at a region of interest. Moreover, knowing the existence of such structures
can provide better models for the whole area, which might be used in other stu-
dies like for understanding the seismological processes occurring at that area.
Those models could be used to provide additional information about the possi-
ble groundwater flow between the different aquifers present at the area. One li-
mitation about the methodology used in this study is that the structuration could
be placed at any point in a circumference around the sounding center, given a
radius corresponding to the distance between the sounding center and the
structuration. In order to improve this analysis a new survey could be done at
the same area, with regular-spaced soundings along several parallel profiles. In
this sense, the use of 3D modeling and inversion is suggested as an improvement
to future research at this area. It would allow a more accurate location of the
structures in the basalt layer in relation to TEM profiles and allow a better inter-
pretation of the data sets, making possible the elaboration of a more plausible

geoelectrical model for the studied area.
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