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Abstract
The semiarid Punata alluvial fan is located in the central part of Bolivia. The main activity of this region is the extensive 
agriculture, and groundwater is the main water supply. Local villagers who use groundwater reported that in some places 
groundwater has a salty taste. In order to investigate the origin of this problem, several TEM soundings were performed in 
the study area, and they were complemented with ERT surveys. The results show top layers with resistivity values ranging 
from 30 to 200 Ωm and a bottom layer with resistivity values ranging from 1 to 20 Ωm, which might be interpreted as the 
main aquifer and a layer with high clay content, respectively. Between the top and bottom layer, a transition zone with saline 
water has been identified, with resistivity values ranging from 0.1 to 1 Ωm. The origin of this closed-basin brine might be a 
product of the evaporation of paleolakes during the lower Pliocene, where saline clays were deposited. This study demon-
strated the effectiveness of TEM sounding for mapping very low resistivity zones such as saline water.
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Introduction

In many parts of the world, agriculture is the main social 
and economic activity. The most common way of irriga-
tion in agriculture is by using surface water, e.g., rainfall, 
rivers, and lakes. However, climate change has affected the 
water budget in many regions of the world leading to severe 
shortages. The study by IPCC (2007) forecasted that climate 
change in the upcoming years will affect rainfall patterns, 
river flows, and sea levels all over the world. In many arid 
regions, there is an expected decrease in rainfall of 20% or 
more. Therefore, groundwater can be an important alterna-
tive water source, and this importance becomes more evident 
in arid and semiarid areas, where there is already a deficit in 
the surface water supply. However, knowledge of the aquifer 
characteristics such as layering and chemical composition is 
needed for a sustainable management of groundwater.

The Punata alluvial fan in Bolivia is a semiarid area, and 
this region has a low average rainfall of 350 mm/year and a 
potential evapotranspiration greater than 800 mm/year lead-
ing to a water deficit in the area (Montenegro and Rojas 
2007). In order to fill this deficit in water supply, the local 
people started to drill boreholes, and the number of wells has 
increased considerably in the recent years. The monitoring 
of the groundwater level shows a decreasing trend of the 
water table, and probably, the main reason for this decline 
is due to the fact that groundwater extraction has exceeded 
the natural recharge during the last few years (Gonzales 
Amaya et al. 2016). Furthermore, the drilling of the wells is 
performed without any technical criteria due to the lack of 
local information about geology and hydrogeology, which 
might cause further problems such as low yield and/or poor 
water quality. Local reports claim that in some boreholes 
the groundwater quality is unsuitable for drinking water 
and irrigation purposes due to high salinity. In these bore-
holes, the electrical conductivity (EC) can be higher than 
2400 µS/cm, and it is associated with the high concentra-
tion of salts. Some reports indicate that groundwater quality 
can vary in short distances. For instance, in borehole P179 
groundwater salinity can be as much as 3%, but 100 m away 
the groundwater sampled in borehole P177 has freshwater 
quality (refer to Fig. 1a for borehole locations). This change 
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in groundwater quality might be explained by the extraction 
of groundwater from different depths.

In order to determine the depth of these saline water 
zones, geophysical methods were applied in the Punata 
alluvial fan. The study by Gonzales Amaya et al. (2016) 
used electrical resistivity tomography (ERT) and normal-
ized chargeability to refine the hydrogeological conceptual 
model. However, results from these surveys have not showed 

layers with very low resistivity values, i.e., lower than 10 
Ωm, which might be typical for saline water. Consequently, 
other geophysical approaches more sensitive to low-resis-
tivity zones must be used such as electromagnetic methods.

The transient electromagnetic (TEM) is a ground-based 
geophysical method and has been used in many studies 
with environmental applications, e.g., Fitterman and Stew-
art (1986), Danielsen et al. (2003), Goldman et al. (1988), 

Fig. 1  a Study area and location of the geophysical surveys. TEM surveys are divided in two areas encircled in pointed lines, area 1 (A1) and 
area 2 (A2). b Cross section of the Punata alluvial fan, modified from Gonzales Amaya et al. (2016)
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Guérin et al. (2001), and Nabighian and Macnae (1991). 
The TEM method provides an excellent resolution of con-
ductive materials at large depths and highlights the contrast 
between high- and low-resistivity materials (Christensen and 
Sørensen 1998). The aim of the present study is the applica-
tion of TEM in combination with available reference data 
in Quaternary alluvial–fluvial deposits to delimit the depth 
and thickness of zones with saline water. This information 
is valuable for further planning and policies for sustainable 
and appropriate groundwater exploitation.

Study area

The Punata alluvial fan is located in the central part of 
Bolivia (Fig. 1a), in the department of Cochabamba between 
the coordinates latitude 17.59–17.49°S and longitude 
65.90–65.78°W. The study area is surrounded by a moun-
tainous massif, whose peaks can reach 3500 m above sea 
level (m.a.s.l.), and the area is gently sloping from northeast 
to southwest (Fig. 1b). The extension of the alluvial fan is 
around 90 km2. The main urban center is the Punata city 
in the middle of the fan. The regional geology is described 
by UNDP-GEOBOL (1978), GEOBOL (1983), and May 
et al. (2011). The basement of the study area is formed of 
Ordovician and Silurian rocks. The valleys are filled with 
unconsolidated sediments from the Quaternary; the main 
units are: fluvial, lacustrine, fluvio-lacustrine, and collu-
vial–alluvial sediments. These units form terraces on riv-
erbanks, beds, and alluvial fans at the mouths of creeks and 
rivers. During the lower Pliocene, due to the lifting of the 
mountain massif, tectonic valleys and enclosed lakes were 
created. The weather in this period was predominately dry, 
and saline material with high clay content was deposited 
(UNDP-GEOBOL 1978).

The deposition of Quaternary sediments in the Punata 
alluvial fan is as follows (Fig. 1b): (1) In the apex of the 
fan, fluvial (Qa) and terrace (Qt) sediments were deposited. 
These deposits are mainly composed of coarse material, 
varying from boulders to sand. (2) The middle of the fan 
is a transitory zone from alluvial (Qaa) to fluvio-lacustrine 
(Qfl) deposits. The grain size of these deposits ranges from 
gravel to clay and silt. (3) The distal part of the fan is mainly 
composed of fluvio-lacustrine deposits (Qfl). These deposits 
are mainly formed of clay and silt.

Methods

Time domain electromagnetics

The TEM is a controlled source method which measures 
several transient electromagnetic field diffusions (Goldman 

and Neubauer 1994; Guérin et al. 2001; Nabighian 1991). 
The principle of this method is that a current is alternately 
turned on and off. Then, the induced electric field will pro-
duce a primary proportional and perpendicular magnetic 
field. Changes in the magnitude of magnetic fields induce 
electromotive force (emf). Fast changes in the magnitude of 
magnetic fields will yield greater emf, while slow changes 
will induce smaller emf. As the emf is propagated into the 
ground, it will induce eddy currents, and these currents will 
produce a secondary magnetic field. This secondary mag-
netic field has an amplitude that decreases with time and will 
depend on the ground resistivity. Soils with high resistivity 
will yield magnetic fields with high initial amplitudes and 
quick decays, while soils with low resistivity will have an 
opposite behavior (Christiansen et al. 2009; Fitterman and 
Stewart 1986; Guérin et al. 2001).

The most common way for retrieving TEM data is by 
placing a square transmitter coil on the ground. After the 
electrical current is induced, the secondary magnetic field 
(b) is measured by a receiver coil. These measurements are 
conducted in discrete time intervals (db/dt) after transmit-
ted current termination. With longer acquisition time (i.e., 
late gates), information from deeper formations is retrieved, 
while with the early times (i.e., early gates) information of 
layers close to the surface is retrieved (Christiansen et al. 
2009; Mills et al. 1988).

This method is sensitive to natural background noise such 
as power lines, lightning storms, and radio antennas. In order 
to minimize the error from noise, every TEM sounding is 
composed of a large number of transients generally about 
1000–10,000. These transients are stacked, and a mean sig-
nal is obtained. The depth of penetration in the TEM method 
is affected mainly by three factors (Christiansen et al. 2009; 
Fitterman and Stewart 1986): the resistivity of the different 
geological formations, the intensity of the background noise, 
and the moment of the transmitter. Hence, the only practi-
cal way for increasing the depth of penetration is often by 
increasing the moment of the transmitter.

A high density of TEM soundings will assist in 1) 
improving the resolution of geological structures, and 2) 
identification of possible malfunctions of the instrument, 
capacitive induced coupling from the instrument, and back-
ground noise, so that later the corrupt soundings or noise 
can be identified and dismissed (Christiansen et al. 2009).

Fieldwork and data processing

The TEM soundings were carried out with an ABEM Walk-
TEM. A transmitter loop of 50 × 50 m was used for all the 
soundings. Two central receiver loops were used: the inner 
one of 0.5 × 0.5 m (RC-5) and the outer one of 10 × 10 m 
(RC-200). The RC-5 has a total receiver area of 5 m2, with 
20 turns internally. The RC-200 has a total receiver area 
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of 200 m2, with two turns internally. Both receiver anten-
nas measure soundings with high moments (HM) and low 
moments (LM). The HM allows to retrieve information from 
deeper levels with poor resolution near to the surface, while 
the LM allows to retrieve information with good resolu-
tion in levels close to the surface, but with a poor depth 
of penetration. Two batteries of 12 V each in series were 
used as a power source, which allowed a current injection 
of 18A. A total of 128 TEM soundings were performed in 
two different areas: area 1 (A1) and area 2 (A2), refer to 
Fig. 1a, with an approximately 150-m separation between 
each sounding. The inversion process of the TEM sound-
ings was performed in the SPIA version 2.1.3, while the 
interpolation and creation of 2-D profiles were performed 
in Workbench version 5.2.2. Both programs are distributed 
by Aarhus GeoSoftware.

The inversions were made by selecting the LM from RC-5 
and the HM from RC-200. The RC-5 has a better resolution 
near the surface, while RC-200 reaches deeper levels. This 
was done for all the sounding of A1 and for soundings 1–40 
in A2. For soundings 41–68 in A2, only the RC-5 antenna 
was used due to logistical problems in the field. Therefore, 
for the latter soundings both HM and LM from RC-5 were 
used in the inversions (Mårdh 2017). SPIA software allows 
the user to perform two types of inversions: the layered 
model which usually uses 3–5 layers, and the smooth model 
which predetermined uses 20 layers. The latter provides a 
model curve with a smooth appearance and greater vertical 
resolution, but the identification of abrupt changes in resis-
tivity is weak. On the other hand, the layered model will 

allow the user to evaluate sharp resistivity transitions but 
will not detect minor variations in resistivity. The evaluation 
of the inversion models is made by the data residual, and in 
order to obtain a data residual as low as possible, the start-
ing model might be modified. The modifications are made 
by changing specific layer thicknesses and resistivity ranges 
when there is a priori known information. This procedure 
may produce equivalent solutions (Fig. 2b), and the best 
equivalent solution might be the one with a residual value 
at least less than one. The final 1-D inverted models were 
exported to Workbench where 2-D profiles were created. The 
option of kriging with exponential variogram was used for 
interpolating the 1-D models to 2-D profiles.

Finally, several ERT surveys were performed in the 
Punata alluvial fan by Gonzales Amaya et al. (2016). Some 
of these profiles are within and close to the TEM soundings 
(refer to Fig. 1a). In order to complement the ERT surveys, 
some additional profiles were performed within A1 and A2. 
In addition to ERT surveys, data from drilling reports and 
geophysical well loggings were collected. The comparison 
between resistivity values from the different methods can 
assist in the interpretation and validation of the TEM results.

Results and discussion

Figure 2a shows the typical trend of apparent resistivity 
obtained from the TEM soundings in A2. In all the sound-
ings at later stages, the apparent resistivity decreases, which 
is an indicator that layers with low resistivity are reached. 

Fig. 2  Example of TEM soundings inversion process in A2, within a same data set. a Apparent resistivity versus acquisition time. b Layered 
solution, equivalent solutions in dashes lines, and model with the best fit in solid line. c Smooth solution with 20 layers interpretation
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In Fig. 2b, it is displayed that for each sounding there are 
several equivalent solutions (dashed lines). This means that 
different resistivity values and layer thickness can yield the 
same response of the apparent resistivity. After performing 
several inversions, a final solution (solid line) is achieved. 
The parameter used for selecting the best solution is the 
residual data, which must be smaller than one. Figure 2b 
and c shows the layered and smooth inversion models, 
respectively. Both models highlight a low-resistivity layer 
at approximately − 70 m, and both yield approximately the 
same depth of investigation (DOI). The DOI is basically 
limited to background noise, resistivity of the ground, and 
the moment of the current. In this study, the bottom layers 
are dominated by a high clay content layer with low resistiv-
ity, which dissipates the electromagnetic signals and reduces 
the DOI.

All the TEM sounding curves show a trend of decreasing 
resistivity with depth. Generally, in A1, the resistivity in the 
top layers is between 100 and 200 Ωm, while in A2 the val-
ues of resistivity on the top layers are lower, e.g., 20–60 Ωm. 
In both areas at the bottom of the soundings, the resistivity 
values are similar and range from 1 to 20 Ωm. However, the 
TEM soundings have detected a transition zone between the 
top and bottom layers, where the resistivity can be as low 
as 0.1 Ωm. This is observed in Fig. 2b, c at a depth close 
to 70 m. These low-resistivity values might be associated 
with high concentrations of salts, e.g.,  Na+ and  Cl−. Fig-
ure 3a displays the plot of electrical conductivity (EC) and 
resistivity versus the concentration of  Na+ and  Cl− obtained 
from 45 water samples within the Punata alluvial fan aqui-
fer and surroundings. From this figure, it is observed that 
the increase in the concentration of these ions increases the 

EC (or decreases the resistivity) of the water samples. The 
study by UNDP-GEOBOL (1978) reported EC for borehole 
P305 (refer to Fig. 1a) of 97 µS/cm (~ 103 Ωm) between 0 
and 100 m depth, 6000 µS/cm (~ 2 Ωm) at 150 m depth, and 
30,000 µS/cm (~ 0.3 Ωm) at 250 m depth, which indicates 
an increase in salinization and EC with depth. The increase 
in salt content with depth will lead to a decrease in the bulk 
resistivity of the soil. The high concentrations of salts might 
be explained due to the fact that during the lower Pliocene 
the climate was mainly hot and dry, and paleolakes in the 
regions were evaporated. During this evaporation, period 
clay with high content in salts was deposited. Studies about 
the evolution of closed-basin brines indicate that there are 
commonly paths of development of brines (Eugster and Har-
die 1978; Hardie and Eugster 1970), and these paths can be 
observed in the study area (refer to Fig. 3b). In the study 
area, the evolution of the brine layer might have occurred 
when freshwater acquired solutes by mixing water through 
saline deposits. In Fig. 3b, freshwater evolves from a carbon-
ate type to chloride type; according to Hardie and Eugster 
(1970), the brines in the Punata alluvial fan are of the car-
bonate–chloride type, probably due to the partial dilution of 
gypsum. The occurrence of brines, which is supported by 
the chemical analysis, explains the very low resistivity in the 
deeper layers of the Punata aquifer.

Figure 4 shows the resistivity values acquired from three 
different methods: TEM, ERT, and borehole resistivity at 
two different locations. The normalized chargeability curve 
is also included in the same plot. There is a good agreement 
between all the methods. In all the cases, the resistivity val-
ues decrease with depth. However, ERT results seem to be 
less sensitive to high conductive layer or have less capability 

Fig. 3  a Groundwater electrical conductivity and resistivity versus 
the concentration of chloride and sodium. Note the logarithmic scale 
for both vertical axes. b Evaporation paths and type of brines. Open 

circles stand for groundwater samples, and filled triangles represent 
surface water samples
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to resolve them, but TEM soundings highlight these layers. 
This is observed in Fig. 4a, b, where at depths between 120 
and 140 m, TEM models have values of resistivity close 
to 1 Ωm, while ERT values are close to 10 Ωm. Another 
explanation why ERT is unable to resolve the low-resistivity 
layers is because of the layout of the performed surveys (i.e., 
spread of 800 m with 10-m electrode separation). With this 
layout, the maximum depth coincides with the depth of the 
brine layers. Since the accuracy and resolution decrease 
with depth in ERT (Dahlin 2001; Loke 2010; Loke et al. 
2003), this might have affected the ability of ERT to resolve 
the low-resistivity layers. Furthermore, values of normal-
ized chargeability increase with depth. High values of nor-
malized chargeability might be related to sediments with 
high clay content, while soil with uniform particle size of 
sand and/or gravel might yield lower values of normalized 
chargeability (Alabi et al. 2010; Revil et al. 2015; Slater 
and Lesmes 2002). Therefore, the high values of normalized 
chargeability in the Punata aquifer are partially explained by 
the high clay content. However, as it is mentioned above, the 

very low values on resistivity might be explained just by the 
presence of brines.

The DOI often varies between ERT and TEM surveys. 
In the first case, it depends on the separation of electrodes, 
while in the second case it depends on the transmitter loop 
moment. Figure 4a, b shows that the effective depth of pen-
etration in TEM is around 170 m. The depths of investiga-
tion in A1 are between 150 and 200 m, while in A2 they are 
around 80–100 m. This difference is because of the fact that 
the layer with high clay content in A2 is shallower, which 
quickly dissipates the electromagnetic signals. When all the 
final models have been estimated with the SPIA program, 
these are exported into Workbench. The latter was used for 
generating 2-D profiles. For A1, a total of 9 profiles were 
created, while for A2 a total of 14 profiles were made.

Figure 5 shows two example profiles obtained from the 
1-D soundings, and in both cases different geological units 
can be interpreted. The interpretation was made with the 
lithological information from wells located close to the 
lines. The main material of each layer is shown by their 

Fig. 4  a and b Comparison of normalized chargeability and resistivity values from ERT, TEM, and borehole logging, acquired in wells P019 and 
P021, respectively (refer to Fig. 1a)
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initial letter (i.e., B stands for boulders, G for gravel, S for 
sand, and C for clay). The profile L1-2 (refer to Figs. 5a, 1a) 
is located in A1. This area is close to the apex of the fan, 
where the material is coarse in the top layers and decreases 
in size with depth. The same pattern occurs with resistivity 
which decreases from 200 Ωm in the top to less than 20 Ωm 
in the bottom. This profile shows a thicker layer of higher 
resistivity in the northern than in the southern part. As it is 
mentioned above, this is because close to the fan apex the 
rivers have more energy leading to deposition of coarser 
material, but further away from the apex the river energy 
diminishes, and finer material is deposited. In L1-2 profile 
approximately at a depth of 140 m (or 2620 m.a.s.l.), there 
is a layer with very low resistivity, which may be related to 
the presence of brines. The resistivity of this saline water is 
slightly lower than 1 Ωm.

In Fig. 5b, the profile L2-4 is shown, and the top layer 
seems to be dominated by sand and clay and clay solely. 
The high clay content in this profile is due to the fact that 
A2 is located in the distal part of the Punata fan, where the 
Quaternary sediments are of the lacustrine type. In A2, the 
layer interpreted as a brine has lower resistivity than in A1, 
and this might be explained by the less inflow of fresh water 

to the zone, which can dilute the salts and consequently 
decrease the resistivity. The brine is located approximately 
at depths of 70 m (or 2650 m.a.s.l.), and the resistivity of 
this zone can be as low as 0.1 Ωm.

Figure 6 displays the horizontal resistivity distribution 
for both areas. The separation between each horizontal map 
is not to scale. In Fig. 6a, the horizontal resistivity distribu-
tion of A1 is displayed. As expected, high-resistivity mate-
rials are found in the top layers, and the values decrease 
with depth. Close to 2655 m.a.s.l., a low-resistivity zone 
is detected, with values around 1 Ωm, and attributed to be 
brine deposits. When the deeper levels are reached in A1, it 
would be expected to locate a low-resistivity zone caused by 
the lacustrine deposits; however, a zone with high-resistivity 
values was detected (indicated in the lowest level of Fig. 6a). 
This high-resistivity zone is unlikely to be composed of 
coarse material such as sand or gravel since the brine is not 
sinking. Therefore, these high values of resistivity might be 
caused by a fault where bedrock is protruding through the 
lacustrine layer. The local geology shows fault lines that 
end in the Quaternary deposits (refer to Fig. 1a); however, 
if these lines are extrapolated, they cross over the area with 
high resistivity. Furthermore, the local geology indicates that 

Fig. 5  Resistivity profiles with geological interpretation derived from 
TEM soundings. Lithological descriptions from available boreholes 
close to the surveys are included too. a Profile L1-2 located in A1. b 

Profile L2-4 in A2. Both geoelectrical sections indicate a saline layer 
with resistivity values lower than 1 Ωm
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San Benito formation is underlying the Quaternary deposits, 
and this formation is composed of quartzitic sandstone with 
resistivity values close to 200 Ωm (GEOBOL 1983). The 
resistivity value from the San Benito formation corresponds 
to the resistivity obtained from the TEM sounding. This new 
discovery has also been discussed in the study of Mårdh 
(2017) and must be further studied in order to corroborate 
the hypothesis.

In Fig. 6b, the horizontal resistivity distribution of A2 is 
displayed. Lower-resistivity values are found in A2 than in 
A1 most likely due to the fact that the clay content increases 
toward the distal part of the fan, where A2 is located. The 
brine zone is mainly located approximately at 2650 m.a.s.l, 
and the resistivity in this zone is close to 0.1 Ωm. The Punata 
alluvial fan is delimited by a clay fringe in the western por-
tion (GEOBOL 1983; Gonzales Amaya et al. 2016). This 
fringe acts like an impermeable barrier whereby the brine 
cannot pass and therefore takes a southeastern dip direction.

The thickness of the low-resistivity brine layer in both 
areas is around 20 m. The depth of investigation in A1 is 
close to 200 m, while in A2 it is in average 130 m. In A1, 
the bottom zone with high-resistivity values might be inter-
esting for research purposes from an hydrogeological point 
of view since the high values of resistivity might represent 
the bedrock. It might be possible to find stored water in the 

bedrock which later can be exploited if a secondary poros-
ity exists. Therefore, it is advisable to perform more studies 
such as geophysics and drilling in order to understand this 
zone better.

Conclusions

The TEM soundings agree well with the ERT surveys, chlo-
ride/sodium ion data, and geological logs from boreholes 
where comparison was possible. The top layers of the Punata 
aquifer system are composed mainly of coarser material, 
and it is the main geological unit for groundwater exploita-
tion. The bottom of the aquifer system is composed of two 
layers: The first is a sandy clay with saline water content, 
while the deeper is a high clay content aquiclude, which is 
the bottom of the Punata aquifer system. The brine layer 
was not distinguished with previous ERT surveys, but it is 
detected with TEM.

The lacustrine bottom layers with high clay content dis-
persed the electromagnetic signals, and this restricted the 
depth of investigation to around 200 and 130 m reached in 
A1 and A2, respectively. Besides identifying brine zones 
in both areas, a possible fault line was detected in A1. This 

Fig. 6  a and b Horizontal resistivity maps at different depths for A1 
and A2, respectively. Note the different scales in depth and distance. 
Enclosed areas with dashed lines are zones interpreted as saline 

water. In a, the tick dashed line indicates a possible fault line. In b, 
the arrows resemble the dip direction of the saline water
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zone might be a possible lower aquifer, and in order to sup-
port this finding more studies are needed.

In general, the use of TEM assisted in delimiting a zone 
with brine within the Quaternary deposits of the Punata 
alluvial fan. The integration of other geophysical methods 
such as ERT and induced polarization improves the inter-
pretation and characterization of aquifer systems. There are 
some aspects that still need more investigation, such as the 
determination of the bedrock depth and to confirm the pos-
sible fault line.
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