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Abstract

In Bolivia climate change and anthropogenic activities such as extensive agriculture, industries and urbanization have
increased the groundwater demand and extraction, which is leading to severe stress on groundwater resources in several
regions of Bolivia. This research aims to present an overview of different geophysical surveys performed in Valle Alto (cen-
tral Bolivia), in particular in the Punata and Toco alluvial fans. The application of geophysics can have an implication in
broadening the knowledge about local aquifers, which later might assist in proposing sustainable groundwater exploitation
and protection plans. The geophysical results revealed two similar aquifer systems contained in unconsolidated sediments. A
refinement of the hydrogeological conceptual models in terms of layering, lateral variation and thicknesses was performed in
both areas. Moreover, geophysical surveys revealed geological features such as faults and saline regions which have not been
reported previously in other studies. Such information is aimed to be the basis for further debates on groundwater protection,

management, planning, and decision-making between local water user organizations and municipalities.
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Introduction

Access to water has always played an important role in
human settlements and its daily activities. However, in
developing countries, such as Bolivia, the water accessibil-
ity generally is not equally distributed in time and space due
to climate aspects, and in a less extent due to weak economy
aspects (Lobina 2000; Saldias et al. 2012). In Bolivia the
high prices for water access/services in addition to frequent
droughts are increasing the conflicts between farmers and
private companies (Wutich and Ragsdale 2008). In 2001 the
so called water war took place in the city of Cochabamba,
which in that moment was the third largest city of Bolivia.
This region is characterized for being a semiarid area with
constant water shortages. The conflict was triggered because
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the water and sanitation systems were privatized. The pri-
vatization increased the prices of basic services with 200%
or more (Lobina 2000), and allowed the private companies
to manage and control all kind of water sources such as
lakes, springs and wells. Furthermore, the effects of cli-
mate change and water shortages in many arid and semiarid
zones are threatening the already stressed water sources. For
instance, during the years 2015-2016, the second largest
lake in Bolivia, Poopo lake, dried up completely due to a
large number of man-made outlets along Desaguadero river,
which is the main tributary of Poopo lake (Allen 2016; Satgé
et al. 2017). Moreover, in the same years, the main cities of
Bolivia suffered from water supply shortages affecting more
than 3 million inhabitants. As a result, in several places of
Bolivia there is a deficit in water supply, such as in the Valle
Alto region of Cochabamba (refer to Fig. 1), which relies
mainly on the groundwater supply and is the case study of
this article.

However, in Bolivia (over)exploitation of groundwater
occurs under the absence of detailed knowledge and under-
standing about the dynamics of groundwater, and the main
hydrogeological processes (Duran 2018). Since groundwater
becomes a valuable common good and often is the corner-
stone of several ecosystems, it is necessary to implement an
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Fig. 1 a Study area location and Bolivia distribution of mean annual rainfall and ground surface elevation. b Study areas location within Valle
Alto, geological description, and drilled wells. ¢, d Performed geophysical surveys in Punata and Toco alluvial fans, respectively

effective policy of groundwater management and protection
based on an adequate understanding of the hydrogeological
properties and processes. To plan strategies for sustainable
groundwater management it is necessary to retrieve basic
information such as the aquifer geometry, where geophysical
surveys can be a key method.

Successful national groundwater management plans were
proposed after extensive geophysical investigation, such as
in New Zeeland, Denmark and Australia (Daughney and
Reeves 2005; Grey et al. 2013; Habermehl 2006; Klee 2013;
Thomsen et al. 2004; UN-Water 2013). For instance, Den-
mark succeeded in the elaboration of accurate maps of their
aquifers with respect to their location, extension, distribution
and interconnection. These maps assist in identifying weak
points in groundwater protection and exploitation. Ground-
water mapping based only on drilling information might
lead to many uncertainties in the models due to the frequent
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low borehole density. Therefore, one of the most important
means used by Denmark for mapping their aquifers was a
combination of a small number of boreholes investigations
with intensive and large-scale geophysical methods, in par-
ticular airborne electromagnetic (i.e., SkyTEM) surveys
(Klee 2013; Sgrensen and Auken 2004).

The International Hydrological Programme (IHP) of the
United Nations Educational Scientific and Cultural Organi-
zation (UNESCO) has been funding and promoting projects
where the enhance of water resources management and gov-
ernance are the priorities. These types of projects showed
that the involvement of different organizations, institutions
and local actors is important for improving the sustainable
management of water resources (UN-Water 2013; UNESCO
2015). Hence, in the Valle Alto region, the University Mayor
de San Simé6n (UMSS) forms part of the project Integrated
Water Resources Management (IWRM) cofounded by the
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Swedish International Development Agency (SIDA), and
of the project Sustainable Groundwater Strategies (SGS)
cofounded by the Swiss Cooperation in Bolivia (SWB).
Both projects have performed several geophysical surveys
to retrieve information about the aquifers geometry in the
Punata and Toco alluvial fans, both located in the eastern
and southern part of Valle Alto, respectively (Fig. 1). The
collected geophysical information can be used to support
the development and/or refinement of hydrogeological con-
ceptual models of the aquifers, which later can be used as
a basis for a discussion with the local actors (e.g., munici-
palities and water user organizations). The discussions must
deal with the planning of strategies and actions to be incor-
porated to design sustainable protection plans of ground-
water at local and regional levels. The interaction between
applied research and local actors at decision-making levels
is taking place through the on-going process of building-up
a methodology for the Plan of Aquifer Management (PAM)
of Bolivia, which is initiated by the same team at UMSS
which is researching at Valle Alto. Hence, there is a factual
chance to integrate hydrogeophysical studies into the man-
agement plans of the municipalities at Valle Alto. Therefore,
this paper aims to present an overview of the different geo-
physical methods and surveys carried out in the Valle Alto
region. The resultant conceptual models will be used for
interactive debates with local actors to develop sustainable
groundwater management plans.

Methodology
Study areas

The Valle Alto basin (Fig. 1b) is the second most densely
populated region in central Bolivia with an extension of
approximately 500 km? and 150,000 inhabitants (INE 2012).
This basin has large areas of fertile soils, which makes Valle
Alto one of the most important areas of Bolivia in terms of
agriculture production. For instance, in Punata and Toco
regions about 57% of the local population works in the agri-
culture and related activities (Saldias et al. 2013). However,
Valle Alto is a semiarid region, where access to surface
water is very limited. The annual rainfall is in average is
less than 500 mm, and the annual potential evapotranspira-
tion can be as high as 1900 mm. Therefore, to cover the sur-
face water deficit, the local population makes an extensive
use of groundwater. There are about 2000 wells drilled in
Valle Alto and the production rate varies from 1 to 25 I/s.
The Punata and Toco alluvial fans are considered the most
important areas in terms of groundwater production due to
its good water quality and high yields, therefore, they are
used as case studies.

The Valle Alto basin is surrounded by a mountainous
massif formed of Ordovician and Silurian rocks, where the
peaks can reach 4000 meters above sea level (m.a.s.l.). The
San Benito, Anzaldo and Amutara formations are most rep-
resentative rocks in the study area. These rocks, typically
sandstone, also formed the study area basement, and com-
monly are considered as impermeable. However, a second-
ary porosity might be originated after tectonic movements,
and is manifested as small springs in the northern part of
the basin. During the early Pliocene the tectonic activity
in the central Andes has caused the creation of several gra-
ben valleys located in the sub-Andean region (e.g., Valle
Alto), and consequently enclosed lakes were created. The
weather in that period was predominately dry, and saline
material with high clay content was deposited. With time
these graben valleys were filled with Quaternary deposits
(BRGM-SEURECA 1990; GEOBOL 1983; May et al. 2011;
UNDP-GEOBOL 1978).

The unconsolidated Quaternary deposits in Valle Alto are
mainly formed of lacustrine, fluvial, colluvial and alluvial
fan sediments. These deposits form terraces on riverbanks,
beds and alluvial fans at the mouths of creeks and rivers.
The grain size of the Quaternary deposits decreases towards
the central part of the basin, where the lacustrine sediments
(i.e., mostly clay) are dominant. Collected topsoil samples
showed that it is very likely to find a semipermeable layer
composed of clay and sand. The thickness of this topsoil
layer vary from few centimeters up to 2 m in the apex and
middle of the fan, respectively. The Quaternary deposits
with high primary effective porosity are important in terms
of groundwater storage. The main aquifers are located within
the alluvial fans, and generally are unconfined in the upper
parts and becomes semiconfined, by the semipermeable top-
soil layer, to confined towards the center of the basin. The
water table (Fig. Ic, d) can vary from approximately 2770
to 2680 m.a.s.l. in the Punata and Toco regions.

Geophysical surveys

There are several geophysical methods that can be used for
hydrogeological characterization, however, electrical and
electromagnetic methods are particularly useful since there
are often strong correlations between the measured resis-
tivity and the subsurface lithology. There are many scien-
tific researches which have used these methods worldwide
(Ahzegbobor 2014; Danielsen et al. 2003; Giocoli et al.
2008; Gonzales Amaya et al. 2016; Guérin et al. 2001; Keys
2017; Slater 2007; Weller et al. 2013; Yihdego and Nzikou
2018).This research has used the following geophysical
methods: electrical resistivity tomography (ERT), time
domain induced polarization (TDIP), and transient electro-
magnetics (TEM).
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ERT data were acquired using an ABEM Terrameter LS
equipment. The surveys were carried out by placing steel
electrodes in the ground and then performing simultaneous
automated measurements. The measurements are acquired
by different combinations of four electrodes, i.e., two cur-
rent electrodes and two potential electrodes, and involves
the measuring of the potential difference. The field meas-
urements are in terms of apparent resistivity, which can be
interpreted as the electrical resistivity of a homogeneous
equivalent medium. The values of apparent resistivity were
inverted for a two-dimensional image with RES2DINV
using the L1-norm (Loke 2010; Loke and Dahlin 2002; Loke
et al. 2003), for measurements conducted in both areas. For
more detail about the ERT surveys refer to Gonzales Amaya
et al. (2016).

TEM surveys were performed with an ABEM Walk-
TEM. The layout set up consisted in placing a transmitter
loop of 50 x50 m for all the soundings. Two receiver loops
were used: an inner one of 0.5 x 0.5 m (RC-5), and an outer
one of 10x 10 m (RC-200). Both receiver antennas meas-
ure 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 resolution close
to the surface, but with a poor depth of penetration. The
acquired measurements were inverted using SPIA software.
The inversions were made by selecting the LM from RC-5
and the HM from RC-200. The RC-5 has a better resolu-
tion near the surface, while RC-200 reaches deeper levels.
The final 1-D inverted models were exported to Workbench
where 2-D profiles were created. For more detail about the
TEM surveys refer to Gonzales Amaya et al. (2018b).

When time allowed, data acquisition was done with com-
bined measurement of resistivity and induced polarization.
The TDIP surveys are carried out by transmitting current
into the ground while potential difference is measured to
determinate the resistivity. After the current is turned off,
the potential decay in the ground is measured again in one
or several time windows. A common parameter used to
quantify the TDIP measurements is the chargeability, which
is defined as the ratio of the secondary potential over the
primary potential of the transmitted current (Magnusson
et al. 2010; Olsson et al. 2015; Power et al. 2018; Revil
et al. 2015; Slater and Lesmes 2002; Sumner 2012). Divid-
ing the chargeability with the measured resistivity yields
the normalized chargeability, which can highlight areas with
high surface conductance properties (Magnusson et al. 2010;
Slater and Lesmes 2002). The timing setup used for these
surveys applied a current-on of 1 s, with an acquisition delay
time of 0.4 s and an acquisition time of 0.6 s. A total of nine
time windows were measured, where each window time is
a multiple period time of 20 ms to suppress any power line
noise.

@ Springer

Together, in Punata and Toco areas, about 140 TEM
soundings and 43 km of ERT lines were performed. When
conditions allowed, the roll-along technique was applied for
getting continuous profiles. The selection of ERT, TDIP, and
TEM locations were planned according to the availability
of areas free of obstacles and noise such as houses, fences,
crops, power lines, and paved roads. After the processing
of the geophysical surveys, the results are interpreted with
lithology reports from boreholes close to or within the sur-
veys. The interpretation of the electrical resistivity values
makes it possible to evaluate the lateral and vertical variation
of different geological units, which later are used for pro-
posing and/or refining hydrogeological conceptual models.
The conceptual models are useful resources for depicting the
extension, distribution and layering of the aquifer system,
therefore, these models can be used for further discussion
between the technicians, decision-makers, and local actors.

Results and discussions
The Punata alluvial fan

Figure 2 shows the typical results found in the Punata allu-
vial. High resistivity values were found in the top layers
ranging from 100 to 500 Qm, and the profiles showed a
trend of decreasing resistivity values with depth. Generally,
the values in the bottom of the profiles are in the order of
10 Qm, however, in some regions the resistivity values can
be less than 5 Qm (Fig. 2a). Lithological information from
wells located close or within the geophysical surveys were
used for the interpretation process. Figures 2a and 4a include
wells located in the resistivity profiles. For both case stud-
ies, the main material of each layer is shown by their initial
letter: i.e., B, G, S, and C stands for boulder, gravel, sand
and clay, respectively; For example, a layer with letters GS
means that the material in that layer is mainly composed
of gravel and sand. Mostly all the lithology logs describe a
grain gradation from coarse at the top to fine at the bottom.
Figure 2a displays an example of how the interpretation
of the resistivity profiles was done. High values of resistiv-
ity in the top layers are related to coarse materials such as
boulder, gravel and sand. Coarser material is likely to have
been deposited by flash floods from Pucara river and other
smaller streams. On the contrary, low values on the bottom
of the resistivity profiles were related to fine material such
as clay and silt, and this might be explained by the deposi-
tion of fine sediments from former paleolakes during the
Pliocene (GEOBOL 1983; UNDP-GEOBOL 1978).
Figure 2b displays the normalized chargeability pro-
file. Conversely, high values were located at the bottom of
profiles, while lower values were found on the top layers.
Normalized chargeability can be highly dependent on clay
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mineralogy and clay content (Revil et al. 2015; Revil and
Florsch 2010; Weller et al. 2013). Moreover, the normalized
chargeability shows low values when uniform particle sizes
of sand and gravel are present, whereas for fine grains the
values are greater, similar results were found by Koch et al.
(2012). Therefore, in the study area values of normalized
chargeability assisted during the interpretation process in
clarifying the differences between areas with high clay con-
tent (high values of normalized chargeability at the bottom
of profiles) and coarse material (low values of normalized
chargeability at the top of profiles). Figure 2¢ displays the
hydrogeological interpretation of the example profile. Due
to the ERT layout restrictions the first meters of the topsoil
were not solved accurately. Collected topsoil samples, com-
posed mainly of clay and sand, indicated that the thickness
of this layer increases toward the middle and distal part of
the fan, thus it is possible to differentiate an unconfined and
a semiconfined aquifer in the upper and middle part of fan,
respectively. The unconfined aquifer is mainly composed

of coarse material, which has a good primary porosity, and
thus, groundwater storage capacity. The semiconfined unit
is formed by gravel in a matrix of sand and clay, and gener-
ally is located from the middle to the distal part of the fan.
This aquifer might be semiconfined by thin semipermeable
layers of clay and sand. The clay content increases with the
depth, therefore, the bottom part of the aquifer is considered
confined by the cap of approximately 100 m of sediments.
The confined aquifer is composed of sand, clay and silt, and
generally wells at that depth have very low yield. Finally,
the aquiclude is the confining bottom of the aquifer system,
composed of clay and silt.

However, due to the ERT layout restrictions, the maxi-
mum depth of investigation (DOI) was limited to approxi-
mately 150 m. The DOI did neither allow to determine the
thickness of bottom layer with a high clay content, nor to
detect the depth to the bedrock. Therefore, to achieve a better
knowledge about deeper layers the TEM method was used.
The DOI for TEM surveys varied from 170 to 210 m, and
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none of them could cross the high clay content bottom layer.
However, TEM surveys yielded important complementary
information. For example, local reports indicated poor
groundwater quality (i.e., high salts concentration) in some
wells, therefore, TEM surveys allowed to detect a saline
water zone which is overlaying the high clay content bottom
layer (Fig. 3a). The low values of resistivity (e.g., 0.5-1 Qm
in A1, and values as lower as 0.1 Qm in A2, refer to Fig. 1c
for locations) might be associated as a result of the mixing
of fresh water with residual saline pore water in the high
clay content bottom layer, and/or ion exchange within this
layer. Furthermore, the resistivity results in Al displayed a
zone whit high resistivity in the northern bottom part (refer
to the northern part of Fig. 3a). This region is conversely to
what was expected: the bottom layer is dominated by clay,
and therefore, low values of resistivity would be expected.
Therefore, this zone with high resistivity values might be
explained by a fault which is protruding through the high
clay content bottom layer. If this high resistivity zone is bed-
rock protruding and it is fractured, it might be interesting
from a hydrogeological point of view, since groundwater
might be stored within the fractures. Figure 3b, displays how
TEM results might contribute in enhancing the hydrogeo-
logical conceptual models within areas with large grain size
heterogeneity such as the Punata alluvial fan.

The Toco alluvial fan

Figure 4a displays an example of how resistivity values var-
ied in the Toco fan. In this figure the resistivity profile is
not continuous due to the fact that a paved road was located
at approximately at 2200 m of distance. Therefore, it was
not possible to install the electrodes in the road and conse-
quently no readings were obtained below the paved road.
Resistivity values in the top layers ranged in average from 50
to 400 Qm. The thickness of the top layer varies from 10 m
within the upper part of the fan to 60 m in the distal part of

the fan. The resistivity values tend to decrease with depth,
however, in the zones close to the mountain massif (southern
boundary of Valle Alto) the resistivity values ranged from
100 to 300 Qm. On the other hand, in the middle and distal
part of the fan, the resistivity values of the bottom layers are
between 10 and 25 Qm. Figure 4b shows how ERT surveys
were interpreted in the Toco fan. Boreholes close or within
ERT surveys were used for interpreting the resistivity dis-
tribution, as well as for the hydrogeological interpretation.
In general, the high resistivity values in the top layers are
associated to an unconfined aquifer formed of coarse mate-
rials such as boulder and gravel. Towards the distal part of
the Toco fan a semiconfined aquifer is located beneath the
unconfined aquifer. This semiconfined aquifer is formed of
finer sediments such as sand and it is surrounded by semi-
permeable layers of clay. The aquifer system is delimited in
the bottom by an aquitard formed of clay. Saline water might
be stored in the aquitard pores and might have the same ori-
gin as in the Punata region. The high resistivity values on
the southern bottom layer are associated to the Ordovician
sandstone rocks, which form the basement of the tectonic
graben of Valle Alto.

Figure 5 depicts the spatial distribution of the ERT sur-
veys in the Toco fan. Surveys located parallel and perpen-
dicular to the Sichez river (i.e., L26 and L.30, and L28 and
L31, respectively) showed higher resistivity values in the
top layers. These high resistivity values are due to the fact
that mountain rivers can transport coarse material, which
later is deposited after the river energy decreases. A similar
pattern can be observed in the encircled area in L33, where
the Tagapi and Chualoma streams cross. These streams are
considerable smaller than Sichez river, therefore, they can
transport less coarse material, and the thickness of the top
layer is thinner than in the Sichez river.

Moreover, in alluvial fans it is typical that the river
course changes with time, and this process can be seen in
L31 (Fig. 5). The high resistivity lobes in L31 represent the
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paleochannels of Sichez River, where coarse material was  showed that the bedrock has a softer dipping angle than in
deposited and forms unconfined to semiconfined units, and  the Punata fan (refer to Fig. 6b), which also coincides with
are the major pathways for groundwater flow. Finally, L26  the less steep mountains found in the Toco fan apex. ERT
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profiles which are not close to river or stream courses have
in general lower resistivity values, which is explained by the
dominance of lacustrine deposition (i.e., sandy clay, clay,
and silt deposits) rather than fluvial deposition. Hence, it is
expected that these areas are of less importance for ground-
water exploration.

General discussion

The use of geophysical methods was very useful for map-
ping the aquifer geometry in both study areas. In general,
the resistivity values acquired from ERT and TEM methods
showed a good agreement. The studies of Gonzales Amaya
et al. (2016, 2018b) assessed the variation of the resistivity
values from ERT, TEM, and borehole logging. Evidently
there are some small differences of resolution detail among
the methods; however, all of them followed the same trend.
The TEM method, besides of reaching deeper levels, was
especially useful for detecting a zone close to the bottom
of the aquifer system with very low resistivity values at
depths between 110 and 140 m below surface (2640 and
2610 m.a.s.l.), which was interpreted as a saline zone. Hence
the use of geophysical methods such as ERT and TEM are
of great value for the characterization and mapping of local
aquifers in Valle Alto.

As the interpretation of geophysical results showed a
good agreement with the lithology logs, it was expected
that a long ERT profile which crosses longitudinally the
Punata fan, and ERT surveys in the Toco alluvial fan might
provide a better understanding of the aquifer system. The

@ Springer

current hydrogeological conceptual model (Fig. 6a, and
location is displayed in Fig. 1b) is from 1978 (UNDP-
GEOBOL 1978), and was elaborated using few scattered
lithology logs. Therefore, the geophysical surveys per-
formed in the Punata fan, which cross from the head of
the fan towards the distal part, and the ERT surveys in
the Toco fan provided enough information for refining the
model from 1978. The interpretation of the geophysical
results provided more detailed information about the aqui-
fer system in terms of layering, extension, and thicknesses
(Fig. 6b). Consequently, it was proven that geophysical
surveys can assist in proposing new, or refining, hydrogeo-
logical conceptual models in similar environments such as
the Punata and Toco alluvial fans.

Geophysical results are improving the information about
the layering, layer thicknesses, location of faults, and water
of different quality types. Also the interpretation of geo-
physical results is used for refining the hydrogeological con-
ceptual models. The models in the Punata and Toco alluvial
fans, have top layers formed of coarse material, which are
the most important aquifer units in terms of groundwater
production. These aquifers are located within the alluvial
fan bodies, while zones close to the middle part of Valle
Alto are of less interest due to the high clay content which
reduces the groundwater yield and quality. There are large
areas close to the bottom of the aquifer systems, which prob-
ably are dominated by saline water. Many well owners have
reported bad groundwater quality due to high concentrations
of salts, and the reason is due to the fact that the bottom of
these wells are close or in contact with these saline layers.
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Therefore, the delimitation of these areas are important
when planning to drill new wells.

A conceptual model forms a first approach for under-
standing the hydrogeological characteristics and processes
within the study areas. Therefore, a well-founded concep-
tual model can be used as a tool for planning a sustainable
groundwater management, and for delimiting the most vul-
nerable areas. The elaboration of these conceptual models
constitutes one of the main foreseen instruments by the
Bolivian government to implement sustainable manage-
ment and protection plans of aquifers. Hence the Environ-
mental and Water Ministry of Bolivia (EWMB) has started
the design and implementation of the PAM, which aims to
generate awareness among all the social actors about the
importance of groundwater as a key driver for socioeco-
nomic development. Furthermore, the PAM aims to generate
a clear understanding about the role of groundwater in the
water balance of ecosystems, and the importance for the
welfare of living beings.

Consequently, a team of researchers from UMSS is cur-
rently working with the design of the PAM guidelines, which
aims to be based on a solid conceptual knowledge of ground-
water dynamics, properties, and hydrogeological processes.
It is intended to use the Toco fan, and/or the Punata alluvial
fan, as an example for the implementation of the methodol-
ogy of the proposed PAM guidelines. Since both areas, the
Punata an Toco fans, have large information about their local
aquifers, and there is predisposition from the municipalities
and water user organizations, it is intended to use all the
information generated from this paper for the developing of
the PAM guidelines.

Refining and proposing hydrogeological conceptual mod-
els is a task that demands the application of different exper-
tise and disciplines. Despite the fact that it is possible to
apply different techniques in alluvial fans for achieving this
task, the challenge was to seek appropriate approaches and
tools that can be used in the Bolivian context. This type of
context means that there is often a lack of primary/archive
information, it is difficult to access to cutting-edge equip-
ment, and the local idiosyncrasy might be hard to deal with.
This research demonstrated that the integration of geophysi-
cal methods is a key approach for refining the hydrogeologi-
cal information in the study area.

Conclusions

The geophysical methods used in both study areas demon-
strated the applicability and efficiency in defining the layer-
ing and thicknesses of the different geological units. In the
Punata and Toco alluvial fans a refinement of the hydrogeo-
logical models was proposed by integrating and interpret-
ing the ERT, TDIP and TEM surveys. These refined models

have more accurate information in terms of depth, lateral
variation, and thicknesses of hydrogeological units. Moreo-
ver, TEM surveys assisted in delimiting a saline zone, which
is important in the design and drilling of new wells. It was
also important the location of a possible fault beneath the
Quaternary deposits in the Punata fan due to the possibility
in finding water stored in fractures, however, more studies
are needed.

The results provided by this research are important for a
successful hydrogeological mapping, and eventually must
be used for formulating policies for groundwater manage-
ment and protection. This requires that groundwater must be
placed on the political agenda of the decision makers and
administrative units.
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