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Cover Picture: From the valley of Cochabamba waiting for a TEM measurement to finish. Facing north with the
highest peak of the surrounding mountains (Tunari) in the background. Photo: Hannes Pilser.



A geophysical survey in the Chocaya Basin in the central Valley
of Cochabamba, Bolivia, using ERT and TEM
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Pilser, H., 2020: A geophysical survey in the Chocaya Basin in the central Valley of Cochabamba, Bolivia, using
ERT and TEM. Dissertations in Geology at Lund University, No. 581, 40 pp. 45 hp (45 ECTS credits) .

Abstract:

The Chocaya Basin is situated in the north-western part of the Valley of Cochabamba, Bolivia, where a semi-arid
climate prevails. The increasing population is dependent on local aquifers for drinking water and irrigation. Wells
are used to extract water. Scarce amount of rainfall, mainly during the dry season, and constructions of buildings,
are reducing the infiltration of water in the soil and consequently the net recharge of the aquifers. This has resulted
in deeper wells, lower groundwater levels and the risk of depleting the aquifers.

This thesis investigates the current situation of the hydrology and hydrogeology of the valley, in particular
the Chocaya Basin, where a potential aquifer is located. The study area is mainly on farmland and at parts of the
Chocaya River. The aim is to map the geometry of this potential aquifer. Two geophysical methods were applied,
ERT (Electrical Resistivity Tomography) and TEM (Transient Electromagnetic Method). The ERT method is based
on passing a current through the subsurface and measuring the resistivity of the ground, while the TEM uses transi-
ent waves that are sent through the ground. The ground acts as a conductor that induces electrical current into the
surrounding material, which generates a secondary wave. Equipment at the surface registers these secondary waves
and makes it possible to calculate the resistivity of the subsurface, i.e. the ability of materials to resist the flow of
electrical current. Different geological materials have different resistivities, making it possible to determine the
lithology and thereby the dimension of the potential aquifer.

The use of both TEM and ERT helps to obtain more accurate results. In addition, lithology reports from
nearby wells were used to characterise the top 100 m of the subsurface. The data processing showed that the TEM
results in this area were more reliable. For this reason, data from the TEM were mainly used for interpretations and
conclusions. The results show that the top 50-100 m part of the subsurface in the study area has a high resistivity
(=1000-2000 Qm). High resistivities are linked to coarse sediments such as gravel and sand. Further down, the
resistivity drops to approximately 100 Qm. The lithology report indicates that the sediment consists of mainly grav-
el and sand down to 75 m and below finer sediments become more abundant. These results of the measurements are
in line with the geological history of the valley: alluvial fan deposits on top lacustrine and fluviolacustrine sedi-
ments. Overall, the dimensions of the potential aquifer can be linked to the high resistivities, i.e the top 50-100 m
of the ground. There, water can infiltrate and be stored in the potential aquifer.

An open surface is needed for a good infiltration of water through the local geological material. However,
there is a high demand of construction buildings due to the increase in the population, which would reduce the infil-
tration of water in this area for recharging the potential aquifer.

Some additional TEM and ERT measurements were performed outside of the study area. They should con-
tribute to assess the resistivity of the bedrock and to find an explanation for the existence of a thermal spring
(Liriuni) located near the study area.
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En geofysisk undersdkning av Chocaya bassangen i dalen av
Cochabamba i Bolivien med ERT och TEM
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Sammanfattning:

Chocaya Basin ligger i den nordvastra delen av dalen Cochabamba i Bolivia, dar ett halvtorrt klimat rader. Den
Okande befolkningen &r beroende av lokala akviferer for dricksvatten och jordbruk, dar brunnar anvéands for att ut-
vinna vattnet. Lag nederbérd, framst under torrperioden, och uppférandet av nya hus eller fabriksbyggnader, paver-
kar infiltrationen av vattnet i jorden och darmed akviferernas pafyllning. Detta har resulterat i djupare brunnar,
lagre grundvattennivéer och utokat risken for att tomma akvifererna.

Detta arbete undersoker den nuvarande situationen av hydrologin och hydrogeologin i dalen, sérskilt
Chocaya-bassangen, dar en potentiell akvifer forekommer. Omradet som utforskats ligger framst pé jordbruksmark,
men inkluderar &ven delar av Chocaya-floden. Malet &r att kartlagga geometrin for denna potentiella akvifer. Tva
geofysiska metoder har anvéants: ERT (Electrical Resistivity Tomography) och TEM (Transient Electromagnetic
Method). ERT-metoden bygger pa att leda en strém genom jorden vilket mojliggdr méatning av jordens resistivitet,
medan TEM anvénder transienta vagor som skickas genom i jordlager. Geologiska material/sediment kan fungera
som en ledare och kan inducera en elektrisk strom till omgivande material. Detta genererar i sin tur en sekundéar
vag. Utrustningen vid ytan registrerar dessa sekundara vagor och beraknar darmed materialets resistivitet, det vill
saga markens formaga att motsta en elektrisk strém. Olika geologiska material ger upphov till olika resistiviteter.
Med hjélp av de uppmatta resistiviteterna &r det mojligt att faststalla litologin och dérmed kartldgga dimensionen av
den potentiella akviferen.

De bada metoderna anvandes som komplement med syfte att uppnd detaljerade och mer exakta resultat.
Dessutom anvandes tva litologirapporter fran narliggande brunnar for att identifiera hur litologin varierar i de
Oversta 100 metrarna. Datahanteringen visade att TEM-resultaten inom detta omrade var mer tillforlitliga. Salunda
har framst TEM-data anvénts gallande tolkningar och slutsatser. Resultaten visar att hdga resistiviteter (=1000—
2000 Qm) dominerar i de Gversta 50-100 metrarna av marken i studieomréadet. Darefter sjunker resistiviteten till
cirka 100 Qm. Hoga resistiviteter ar kopplade till grova sediment, sésom grus och sand. Enligt litologirapporterna
bestar sedimenten huvudsakligen av grova sediment ner till 75 m djup. Andelen finare sediment blir déarefter hogre.
Resultaten av matningarna stdmmer vél 6verens med dalens geologiska historia: alluvialkoner deponerade Gver
lakustrina sediment. Sammanfattningsvis kan sdgas att geometrin hos den potentiella akviferen kopplas till de hdga
resistiviteterna och dérmed de 6versta 50-100 metrarna i marken. | den delen av marken kan vatten infiltrera och
lagras i den potentiella akviferen.

En 6ppen yta behdvs for en god infiltration av vatten genom det lokala geologiska materialet. Befolknings-
okningen genererar dock stor efterfragan pa bygglov, vilket skulle resultera i en minskad infiltration av vatten i
omradet och paverka nettouppladdningen av den potentiella akviferen.

Kompletterande TEM- och ERT-métningar genomférdes utanfor studieomradet. Dessa bidrar till att klar-
ldgga berggrundens resistivitet och finna en forklaring till forekomsten av ett termiskt kalla (Liriuni) beldget i nér-
heten.

Nyckelord: ERT, TEM, geofysik, Cochabamba, akvifer
Handledare: Andres Gonzales, Dan Hammarlund

Amnesinriktning: Geologi, Geofysik
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1 Introduction

The Chocaya Basin is located in the highlands of Bo-
livia, northwest of the city of Cochabamba. The cli-
mate is semi-arid, with annual precipitation rates lower
than 600 mm, resulting in water shortage. The local
population of over a million inhabitants is dependent
on local aquifers in the northern and western part of
the Valley of Cochabamba for fresh drinking water
supply and irrigation purposes. The high demand for
drinking water will increase further with a growing
population. Low precipitation rates in the area in com-
bination with urban expansion are threatening the local
groundwater processes and the infiltration capacity in
the groundwater recharge areas, which all have a nega-
tive impact on the groundwater storage of the aquifers.
Due to the increasing demand of drinking water, local
people are drilling numerous wells to extract water
from the aquifers. They are allowed to do so since
there is no strict regulation or law in Bolivia prohibit-
ing such activities. Assuming this process will contin-
ue, the aquifer will fail to recover its loss of groundwa-
ter since more water is extracted than its sources can
provide. In the long run the aquifer may risk being
depleted (Renner & Velasco 2000; pers.comm. Gon-
zales 2019).

The project is in collaboration with Laboratorio
de Hidréaulica (Hydraulics lab) and Centro Agua at
Universidad Mayor de San Simon (UMSS) in Cocha-
bamba, together with Engineering Geology at Lund
University, and with funding from SIDA (Swedish
International Development Cooperation Agency) and
Geoscientists Without Borders (GWB).

2 Objectives

The hydrology and hydrogeology within the Valley of
Cochabamba is currently not well known. The UMSS
has envisioned to investigate the knowledge of the
hydrology and hydrogeology of the Valley of Cocha-
bamba in order to be able to use and extract the water
from the aquifers as efficiently as possible without
risking their depletion. This thesis is part of this pro-
ject and primarily aims to map the general geometry of
a potential aquifer in the Chocaya basin. The geophys-
ical methods Electrical Resistivity Tomography (ERT)
and Transient Electromagnetic (TEM) were used. If
made possible by geophysical methods, the thesis sec-
ondarily aims to determine depth to the bedrock in this
area, for this is not well known within the valley. After
finishing all of the geophysical surveys there was time
over for further research. Firstly, to determine the re-
sistivity of the bedrock. For this, measurements were
performed closer to the mountain where the bedrock is
closer to the surface. Both ERT and TEM measure-
ments were performed. Secondly, within the moun-
tainous zone, there is a thermal bath called Liriuni.
The existence of this thermal bath is rather unusual
since Cochabamba and its surroundings is not in a
geological active area. Two ERT measurements were
carried out in Liriuni attempting to find an explanation
for the thermal activity in this area.

3 Study area

3.1 Geography

The study site is located in the central Valley of Co-
chabamba in the central part of Bolivia in the Eastern
Cordillera within the Andean mountain range (Fig. 1).
The study area lies in the north-western part of the
valley and is an open farmland and part of the adjacent
Chocaya River (Fig. 1). The farmland and the river
border each other. Additional investigations were done
at three locations of the mountain area north of the
study area. In this thesis the three locations will be
referred to as: “the forest”, “the soccer field” and
“Liriuni”, with the latter being furthest away from the
study area (Fig. 1). The area of the central Valley of
Cochabamba is approximately 1150 km? (Neumann-
Redelin et al. 1978). The Valley of Cochabamba is
situated within the latitudes 17.28°S — 17.18°S and
longitudes 66.23°W — 66.07°W. The valley hosts the
fourth largest city in Bolivia, Cochabamba, which also
is the capital of the department of Cochabamba
(Renner & Velasco 2000). According to the National
Institute of Statistics of Bolivia (INE, according to its
initials in Spanish), the Department of Cochabamba
was home to 1.9 million people in 2016, with an in-
creasing population. More than two thirds (69.1%) live
in urban areas and the rest in rural areas. Cochabamba
City has roughly 1 million people (INE 2016). The
lowest part of the valley is situated at 2470 m above
sea level (m.a.s.l.). The valley is surrounded by moun-
tains and the highest peaks are located in the northern
and western parts, which reach up to 5035 m.a.s.l. In
the east, the valley is divided from the Sacaba Valley
by a ridge with a NNW — SSE direction. The moun-
tains in the southern part are eroded and do not exceed
3200 m.a.s.l. (Neumann-Redelin et al. 1978).

Cochabamba and the Valley of Cochabamba
are located in the subandean belt. The climate is semi-
arid in the highland of the valley and temperate in the
valley. During the year the average temperatures stay
constant with only minor variations. The mean annual
temperature is 17.5°C. However, temperatures can
range from 35°C and 5°C during the day. The hottest
months of the year are during the wet season between
October and February, while June and July are regard-
ed as the coldest months (Renner & Velasco 2000).

The Valley of Cochabamba receives 400 — 600
mm of rainfall annually and the mountains surround-
ing the valley 800 — 1300 mm. Roughly 87% of the
total precipitation falls during the summer months,
especially in January. More than 10 mm/month of
rainfall are rare in the winter months (Neumann-
Redelin et al. 1978; GEOBOL 1979; Renner & Ve-
lasco 2000).

At the edge of the valley, the vegetation con-
sists mainly of high steppe and high mountain prairie,
naturally dominated by grass and bushes. Further to
the centre, the vegetation changes to trees, bushes and
denser vegetation. This area has also favourable condi-
tions regarding climate, humidity and soil. Therefore,
agriculture with the help of irrigation becomes domi-
nant and includes the cultivation of maize, alfalfa, veg-
etables, potatoes, tubers, cereals, vegetables and many
different kind of fruit (Renner & Velasco 2000;
Saldias et al. 2013).



chabamba where Cochabamba situated within the red circle. The study area is in the north-
western part of the valley (black box) and is marked by the big yellow area in the bottom left
picture. The smaller marked areas are where the additional investigations were done with
“the forest” (a) being the closes to the study area, followed by “the soccer field” (b) and
“Liriuni” (c) located within the mountainous area, furthest from the study area.

The Rocha River is the main river of the Valley
of Cochabamba. Its source is in the Sierra de Cocha-
bamba in the east and flows west through the Sacaba
Valley to the city of Cochabamba and further to the
village Vinto (southwest). In Vito it changes direction
to the south and flows out of the valley where it merg-
es with other rivers before reaching Rio Grande and
draining out to the Amazon River. Other rivers flow
through the valley and feed the Rocha River, but their
sources are in the Cordilleran mountain range in the
north and west. These rivers are either torrential or
intermittent, meaning that the amount of water de-
pends on precipitation rates or that water flow is only
occasional. (Renner & Velasco 2000). Due to irriga-
tion, farming and other purposes, water is extracted
from the rivers, which decreases the river flow down-
stream (pers. comm. Gonzales 2019).

3.2 Geology
3.2.1 General geology

Bolivia consists of two different types of territories
(i.e. lowlands and highlands), resulting in a diverse
geology. The lowlands with the Beni and Chaco Plains
(Fig. 2) have altitudes below 400 m.a.s.l. This territory
also contains part of the Amazon catchment (Argollo

& Iriondo 2008). The highlands are part of the Andean
mountain range. The widest section, approximately
700 km, of the Andes is located in the Central Andes
in Bolivia (Gregory-Wodzicki 2000). The Central An-
des in Bolivia vary are divided into three regions: The
Western Cordillera, the Altiplano, the Eastern Cordil-
lera (in which the Valley of Cochabamba is located).
Both territories are separated by a transition zone
known as the Subandean zone (Fig. 2) (Murray et al.
2010).

The Valley of Cochabamba can be divided into
three morphologically different zones: (1) the moun-
tainous zone, (2) the zone of slope and piedmont and
(3) the zone of the plain. The mountainous zone con-
sists of the Tunari and Mazo Cruz mountain ranges in
the north and west of the valley and hills in the south-
ern and south-eastern side. The high slope gradient in
the mountainous zone triggers landslides and collapses
are common. Due to rainfall and glaciation, sediments
from this area are transported to the valley, forming
alluvial cones. The numerous alluvial cones in the val-
ley form the slope and piedmont and are predominant-
ly found in the northern and western part of the valley.
In general, the sediments of the alluvial cones are
coarse-grained near the edge of the valley but become
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Figure 2. Bolivia is geologically divided into the
highlands in the west and the lowlands in the east.
The highlands are divided into the Western Cordil-
lera, the Altiplano and the Eastern Cordillera. The
lowlands are divided into the Beni and Chaco
plains. The highlands and lowlands are separated
by the transition zone known as the Subandean
zone. Modified from Murray et al. (2010).

gradually more fine-grained closer to the centre. The
zone of the plain is located in the centre of the valley,
including the city of Cochabamba. It is dominated by
fluvio-lacustrine sediments and consists mainly of fine
sediment such as silt and clays (Renner & Velasco
2000).
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3.2.2 Tectonic evolution

The tectonic evolution of Bolivia and of the central
Andes dates back to the Mesoproterozoic (1200 —
1100 Ma). At the time, cratons like Laurentia, Amazo-
nia and Pampia, as well as the Arequipa and Antofalla
blocks (as of now referred to as Arequipa-Antofalla)
were present. For simplification purposes, the Pampia
Craton is not included in this description. During the
Mesoproterozoic, Laurentia accreted to Arequipa-
Antofalla, and they in turn accreted to Amazonia (Fig.
3A) (Ramos 2008). Approximately 1000 Ma, the Are-
quipa-Antofalla were enclosed by Laurentia and Ama-
zonia, which also resulted in a slab break-off (Fig. 3B)
(Ramos 2008). As a consequence of this amalgama-
tion, the Grenville orogeny formed on Arequipa-
Antofalla and the Sunsas orogeny on Amazonia. At
this time the supercontinent Rodinia had formed. (Fig.
3B). In late Proterozoic times, 850 — 600 Ma, Rodinia
broke up and an aulacogen (failed triple junction)
formed between Arequipa-Antofalla and Amazonia
(Fig. 3C) (Ramos 2008).

At the transition from the late Proterozoic to the
Cambrian, the boundary between Amazonia and the
Arequipa-Antofalla experienced an extensional phase,
creating a retroarc basin (Fig. 3D) (Ramos 2008). Ra-
mos (2008) further mentions that there could have
been a subduction zone between the Chilenia terrane
and Arequipa-Antofalla (Ramos 2008). During the
Middle Ordovician the so-called Famatinian orogen
took place at the southwestern margin of the supercon-
tinent Gondwana. This orogeny set the boundary be-
tween the Altiplano and the Eastern Cordillera that
exists today and deformed the Eastern Cordillera in the
so-called Hercynian deformation (Fig. 3E) (Argollo &
Iriondo 2008; Rapalini et al. 2018; Rojas Vera et al.
2019). The orogeny continued during the Silurian and
Devonian, creating the Proto Eastern Cordillera (Fig.
3F). During the Carboniferous a viscoelastic basin
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Figure 3. Tectonic evolution of Bolivia and the central Andes from 1200 Ma — present. From Rojas Vera

et al. (2019).



formed at the retro-foreland basin (Fig. 3G). It is also
possible that the subduction and the beginning of the
Andes started during this time (Ramos 2008).

The Mesozoic is characterized as an extensional
regime. The extension was minor in the Early to Mid-
dle Mesozoic but at the onset of the Cretaceous a rift-
ing stage had matured (Fig. 3H) (Ramos 2018; Rojas
Vera et al. 2019). The Andes, as we know them today,
started to form in the Early Cretaceous to Eocene (Fig.
3I) (Lavenu et al. 2000). The formation of the Andes
also meant the start of volcanic activity, at approxi-
mately 20 Ma (Argollo & Iriondo 2008). According to
Gregory-Wodzicki (2000), the Eastern Cordillera had
only gained 25 — 30% of its current altitude around 14
— 20 Ma and half of the current altitude at 10 Ma
(Gregory-Wodzicki 2000). This has also been dis-
cussed by Lavenu (1992), suggesting that the Andean
Cordillera reached modern elevations during the Pleis-
tocene (Lavenu 1992). During the Miocene, the
Subandean fold-thrust belt formed (Fig. 3J) (Horton
2018).

It should be noted that this description of the
tectonic evolution within the Central Andes is simpli-
fied due to its complex nature. The tectonic evolution
changes regionally within the Andes and is not yet
fully understood.

3.2.3. Bedrock geology

Rocks from the Paleozoic era, especially Ordovician
rocks, dominate in the Eastern Cordillera. The Valley
of Cochabamba and the surrounding area is not differ-
ent. During the early Cretaceous, when the Andes
started to form, the Paleozoic rocks from a marine
environment were uplifted and exposed to deformation
(Lavenu et al. 2000; Renner & Velasco 2000). There-
fore, the rocks consist of sandstone, quartzitic silt-
stones, shales and in small amounts of limestone and
have been exposed to various degrees of diastrophism.
For this reason, Ordovician rocks can be found in con-
tact with rocks from the Tertiary (Renner & Velasco
2000). A geological map from GEOBOL (1994) is
shown in appendix A.

In general, Paleozoic rocks make up most of the
bedrock surrounding the valley and are found north,
east, south and to some extent southwest of the valley.
West of the valley, Mesozoic and Cenozoic rocks
dominate (GEOBOL 1994).

In detail, Ordovician rocks make up most of the
Paleozoic bedrock and are mainly found north, east
and south of the valley. Silurian rocks can be found in
the south-eastern sector. To some extent they can also
be found north of the valley. Devonian formations are
found west and southwest of the valley. The scarce
amount of limestone from the Paleozoic era was
formed during the Permian and is also found west of
the valley. The Cretaceous rocks make up a rather big
portion of the rocks west of the valley. They consist of
clays, marls, calcareous sandstone and conglomerate
and crop out in a wide zone following a northwest to
southeast direction. Lastly, the Tertiary rocks can also
be found in the western region, mainly consisting of
conglomerates and red clays (GEOBOL 1994; Renner
& Velasco 2000).

10

3.2.4. Tertiary - Quaternary

During the Late Tertiary, the area (as in the rest of the
Eastern Cordillera) experienced neotectonic move-
ments and compressions (Lavenu 1992; Lavenu et al.
2000). Two major fault-systems formed as a result.
The most important is the Tunari Fault, a normal dex-
tral fault with an east-west direction (App. A) (Lavenu
et al. 2000; Renner & Velasco 2000). Its location is in
the northern part of the valley, at the base of the Tu-
nari mountain range. The topographic difference that
exists between the valley and the mountain range to-
day is caused by this fault (SERGEOMIN; GEOBOL
1979). The second fault, the Sipe Sipe Fault, is located
in the southwestern part of the valley, which is a re-
verse fault with a northwest-southeast direction (App.
A). Due to its reverse nature, the Ordovician rocks
come into contact with rocks from the Mesozoic and
Cenozoic. These two fault systems created the Valley
of Cochabamba. The valley is therefore a tectonic ba-
sin formed by strike slip faults (Fig. 4) (Renner & Ve-
lasco 2000; Argollo & Iriondo 2008).

At the onset of the Quaternary, the basin was an
endorheic basin and the water running down from the
surrounding mountains filled the basin with sediments
and retained most of the water. Smaller lakes started to
form, eventually merging into a single lake, covering
almost all of the basin (Fig. 5a). Temperatures, climate
and to some extent tectonic processes oscillated during
the Quaternary, resulting in fluctuations of the size of
the lake. Lacustrine and low-energy sediments, such as
silt and clays, were deposited when the lake covered
large areas of the basin. During periods of lower
shorelines, rivers deposited fluviolacustrine sediments
and coarse-grained materials. This cycle continued
until the onset of the Quaternary. This alteration of
deposits has given rise to heterogeneous sediments in
the valley, in both lateral and vertical directions
(Renner & Velasco 2000).

During the Pliocene-Pleistocene, the basin ex-
perienced tectonic movements, resulting in drainage of
the basin (Fig. 5b). The cause of this drainage is still
unclear. Renner& Velasco (2000) has provided the
following hypothesis: A ridge extended northwest
from where the village Vinto is today, towards the
Tunari mountain range. Tectonic activities triggered
the downfall of the ridge, ensuring the drainage of the
basin and the endorheic basin ceased to exist. Recent
geophysical studies in this area have supported this
hypothesis (Renner & Velasco 2000).

In the mountainous zone, the Quaternary is represent-
ed by glacial formations, such as glacial shaped val-
leys, glacial lakes and glacial cirques and other land-
forms that are typical for glacial environments
(SERGEOMIN). The sediments consist predominantly
of till. Two generations of till have been identified,
estimated to have formed 28000 years and 15000 —
10000 years ago (Renner & Velasco 2000). However,
there is no evidence of glacial impact within the Val-
ley of Cochabamba. It is assumed that the maximum
extension of the glaciers did not reach below 3400
m.a.s.l. Sediments from the mountainous zone have,
with time, been transported down towards the valley,
creating alluvial fans. The alluvial fans are of different
ages and are superimposed at the edge of the valley.
Moreover, they are predominantly coarse-grained,
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the valley, only the Tunari fault is marked since it stretches through the whole valley form west to
east. The other fault, Sipe Sipe fault, is located in the south-western part of the valley. The figure is
modified from Gouzes& Delpont (1990).

adding to the heterogeneity of the sediments in the
valley. It should be noted that the general grain size of
the sediments decreases from the edge of the valley
towards the centre. The alluvial cones mainly contain
blocks and boulders, while the centre of the valley is
dominated by lacustrine and fluviolacustrine sedi-
ments, containing primarily silt and clays. Some geo-
physical studies have estimated the thickness of the
sediments. The basement dips towards the north, lead-
ing to an estimated sediment thickness of approximate-
ly 100 m in the south to up to 1000 m in the north of
the valley (Renner & Velasco 2000).

Two lithology reports from two wells were re-
trieved from the United Nation Development Pro-
gramme (UNDP 1979). One of the wells (hnumber 1) is
located in the south-eastern part of the study area and
the other (number 2) outside of the study area, also in
the south-eastern part. They are approximately 700 m
apart and their respective locations are shown in figure
21. The lithology report from well #1 (left in Fig. 6)
has a depth of 120 m. The first few meters is made up
of finer sediments (mud). Downwards to 70 m, the
most abundant grain size is sand and gravel and
blocks. Within this layer there are three thin layers
where the grain size decreases: 29 — 36 m, 46 — 50 m
and 55 — 60 m. Below 70 m the grain size becomes
finer. The lithology report from well #2 (right in Fig.
6) has a depth of 105 m. The lithology generally fol-
lows the same pattern as in well #1. Mud is more fre-
Figure 5. Tectonic evolution of the Valley of Cochabamba. quent in the shallow part of the ground. At 5 — 97 m
(A) During the late Tertiary, an endorheic basin formed gravel and blocks become the main grain size. Alt-
from streams flowing down from the mountain. (B) Tec- hough there is a variation of the amount of mud and
tonic processes caused drainage of the basin during the  sand in this layer, the layers of finer sediments seen in
Pliocene-Pleistocene. Modified from Renner& Velasco  well #1 cannot be seen in well #2. In the bottom part,
(2000).
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the grain size seems to decrease. It is important to un- small variations can occur over short distances.
derstand that the lithology generally is the same but

#1 #2

Mud

Gravel and blocks

Gravel and blocks

. e\
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<o {0
o
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Figure 6. Lithostratigraphic well logs retreived from UNDP (1979). Their locations are marked
in Fig. 21.
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In the study area rocks from the river are mined and
used for construction of roads. At a few places within
the river the first 10 to 15 m are exposed as a result
from the mining activity, revealing the sediments of
the top layer of the farmland and hence, the study area
(Fig. 7). The sediments have been transported and de-
posited by water and the grains are rounded. In gen-
eral, the structure of the outcrop is massive (no struc-
ture such as lamination can be seen) and graded. It is
predominantly clast supported but matrix supported at
a few places. The lithofacies was determined as cob-
bles and gravels clast supported, CoGem(g). The ma-
trix is poorly sorted and the smallest grain size could
not be determined exactly during the field work but is
estimated to be fine sand according to the Wentworth
classification (or 3 to 2 on the Phi scale). The geome-
try of the layers is primarily tabular and wedge shaped.
At the top, where the tree is (Fig. 7), boulders have not
been deposited naturally and are therefore not part of
the description. The thin layer beneath could not be
reached and thus not examined. If it formed from the
river or as a result of farming or by other natural or
human activities is not known. It is important to em-
phasize that the description of the outcrop (Fig. 7) has
been generalized since the layers and textures can
vary.

Figure 7. Picture of an outcrop of the top 10 to 15 m found in
the river within the study area. It consists of rounded grains
deposited by water. The grain size varies. The picture is taken
facing west.
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3.3. Hydrogeology

It should be noted that the knowledge and information
about the hydrogeology in the valley of Cochabamba
is still limited. A report of the Servicio Geologico de
Bolivia (GEOBOL 1979) provides an overview of the
hydrogeology in the valley. Most of the information
about the hydrogeology in this thesis is retrieved from
this report. However, it is important to keep in mind
that it was written 40 years ago. Furthermore, a master
thesis of Stimson (1991) and a report of Renner& Ve-
lasco (2000) add some further aspects about the local
hydrogeology.

As mentioned in section 4.2.1, the northern and
western parts of the valley are made up of alluvial
fans. Within these fans the main aquifers are present
and extending to the central part of the valley. It
should be noted that there are other aquifers in the
valley as well but at greater depths than these main
aquifers. The fans have a high permeability due to
their sediments mainly containing coarse grains: boul-
ders, gravel and sand. The aquifers are limited by the
Mesozoic rocks in the western part and the Paleozoic
rocks in the northern part (GEOBOL 1979). Regarding
the vertical limits of the aquifers, the report from GE-
OBOL (1979) states that the aquifers are limited by the
Paleozoic basement. However, according to Stimson
(1991), the deepest sediments are assumed to be clays,
before making contact to the Paleozoic basement. Ren-
ner& Velasco (2000) confirmed this assumption be-
cause deep drilling in the area revealed that the lowest
layers consist of fluviolacustrine sediments. In general,
the Paleozoic rocks in the area are considered to be
impermeable, although secondary permeability, such
as fractures, can occur. The lower boundary of the
aquifers is roughly south of the city Cochabamba and
north of the Rocha River. This lower part consists of
fluviolacustrine and lacustrine sediments (GEOBOL
1979).

The main aquifers in the upper part of the fans
can be classified as unconfined aquifers. The thickness
of the permeable material, although difficult to esti-
mate, varies between 15 and 45 m, with only few and
thin clay horizons (GEOBOL 1979; Stimson 1991).
The hydraulic conductivity within these sediments
generally decreases when transitioning from the coarse
grain sizes to the fine sediments at the bottom (Renner
& Velasco 2000). However, the abundance and thick-
ness of these clay horizons increase toward the south
within the aquifers. The lithology changes at the base
of the fans and a transition zone (approximately where
the discharge zone is) (Fig. 8) with semi-confined ag-
uifers evolves, containing multiple layers of material
with a lower permeability (clays). Here, the thickness
of the permeable layers varies between 10 and 30 m.
Moreover, the piezometric level is above the ground in
this region and wells are of artesian nature. Near the
Rocha River, fine sediments start to dominate, and the
aquifers become confined to occasional sandy hori-
zons. The permeable layers in this area decrease from
20 m to only a few cm in thickness (GEOBOL 1979).

The water table within the aquifers varies in
depth throughout the Valley of Cochabamba and has
been measured in numerous wells. Fluctuations of the
water table can occur within the aquifers and are main-
ly due to rains and river water from the highlands. At



the fan zone (high recharge area) (Fig. 8), the water
table can fluctuate by up to 10 m, while fluctuations
are minimal in the transition zone. In the lacustrine
zone the water table is affected by the rainy season and
irrigation and varies by 0.5 to 2 m. In general, the wa-
ter table decreases with elevation. In the north-western
sector of the valley, the depth of the water table was
54 m. In the El Paso area (northern area), the depth of
the water table ranged from 7 to 34 m. Within the tran-
sition zone (Fig. 8), the water table was close to the
surface, varying from 0.2 to 1 m and during dry peri-
ods the water table lowered further. In the lacustrine
zone (Fig. 8), the topographically lowest part, the wa-
ter table fluctuated from 1 to 5 m (GEOBOL 1979).
According to Stimson (1991), the depth of the water
table is between 30 and 50 m in the alluvial fans. At
the transition zone it varies from 2 to 10 m and at the
Rocha River it is close to the surface (Stimson 1991).
The allegations about the depth of the water table
should the taken with caution since they were written
many years ago. Today, the water table is, in general,
lower. How much is has lowered is unknown, there-
fore monitoring campaigns of water table are needed
(pers. comm. Gonzales 2019).

The groundwater flow is in general from the
north to the south and towards the centre of the valley.
The outflow is mainly in two areas; (1) west of the
airport of Cochabamba, characterized by a swampy
area and (2) in the southwestern sector of the valley
(GEOBOL 1979; Renner & Velasco 2000).

The aquifers are recharged through water from
rain, infiltration from the many rivers and streams that
the mountain range provide and by irrigation. Re-
charge occurs mainly during the rainy season, from
November to March. However, rivers recharge
through surface flows until September, before they
decrease in size and cease to exist until the next rainy
season (GEOBOL 1979). The main recharge areas are
in the northern and western sector where the upper
alluvial fans (Fig. 8) create optimal conditions for in-
filtration due to their high permeability (GEOBOL
1979; Stimson 1991). Given that the annual precipita-
tion in this zone is around 600 mm and assuming 15 to
20% infiltration of the rain, it is estimated that the ag-
uifers are recharged with a volume of 15 to 20 ~ 10°
m*/year (GEOBOL 1979). Infiltration of surface flows
is difficult to measure according to GEOBOL (1979),
but assuming 15 to 20% infiltration of the total flow
within the valley, it is estimated to add a volume of 35
to 50 ~ 10° m3/year to the aquifers. Finally, infiltration
by irrigation extracted by local surface water consti-
tutes only a minor component of the volume of water
that feeds the aquifers. Approximately 20% to 25% of
the water used for irrigation infiltrates and the estimat-
ed volume for recharge is 3 to 5 ~ 10° m®/year
(GEOBOL 1979).

The discharge zone coincides with the lower
portion of the alluvial fans and the transition zone
(Fig. 8) (GEOBOL 1979; Stimson 1991). The direc-
tion of the groundwater flow is generally towards the

Airport [ Fluvial material, gravel - sand, high recharge area
—~~ River [ Fluviolacustrine material, clay, discharge area
O Cities/Towns :l Lacustrine material, clay, low recharge area

Lake Alalay [ Mountainous area

COCHABA

Rocha River

Figure 8. Recharge and discharge areas in the Valley of Cochabamba. In the recharge areas the infiltration
of water is favourable. In the discharge area infiltration normally does not occur. Note that in the text, the
fan zone and transition zone are used as synonyms for the recharge and discharge areas respectively. The
red area in the picture roughly represent the location of the study are. The flow direction of the river is
from east to west, i.e. right to left in the figure. Modified from Renner & Velasco (2000).
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centre of the valley but due to the decreasing permea-
bility, the groundwater is close to the surface and
sometimes emerges (as mentioned above) and dis-
charges into springs. Discharge of the aquifers is relat-
ed to evapotranspiration, the base flow of the Rocha
River, wells and springs. Considering a discharge area
of approximately 30 km? the evapotranspiration is
estimated to discharge a water volume of 13 to 15~
10® m®/year. Base flow from the Rocha river is esti-
mated to discharge water with a volume of 15 to 22 °
10® m3/year. When measuring the discharge from wells
and springs, only drilled wells are used to measure and
estimate the water balance of the aquifers. The esti-
mated volume of extracted water from wells is 13 to
19 “ 10° m*/year and the discharge from springs is esti-
mated to be 4.7 to 5.5~ 10° m*year (GEOBOL 1979).
However, GEOBOL (1979) mentioned that the latter
estimates may not be precise because of insufficient
information when calculating the yearly discharge
(GEOBOL 1979).

With this estimation of the recharge and dis-
charge of the aquifers it is possible to estimate the wa-
ter balance of the aquifers. This total estimation is
summarized in Table 1.

Table 1. Estimated amounts of recharge and discharge from
aquifers in the Valley of Cochabamba. Numbers are taken
from GEOBOL (1979) and the table is modified from GEO-

(o} 3
RESEGEE, 07 i Discharge, 10° m%year
year
Precipita- | 1520 Evapotranspira- | 13-15
tion tion
Surface | 3550 | Base flow 15 - 22
flows
Irrigation | 3-5 Wells | 13-19
Springs | 4.7-55

53 - 457 -

Total | 75 Total | 615

The factors that affect the discharge of the aqui-
fer are difficult to measure and vary with time, espe-
cially since more and more wells are being drilled. For
this reason, GEOBOL (1979) emphasized that the esti-
mates are only tentative and that the water balance
most likely will change and fluctuate in the future.
Repeated measurements of the water balance are there-
fore encouraged (GEOBOL 1979). GEOBOL (1979)
further mentioned, given the estimates of recharge and
discharge, that extraction of water from the wells does
not lead to depletion of the aquifer. However, this alle-
gation referred to the situation in 1979. Since then, the
number of wells and the demand of drinking water due
to the increased population in the Valley of Cocha-
bamba have increased. Today, the amount of wells and
extraction of water is affecting the aquifer negatively
and the discharge is possibly greater than the recharge
(pers. comm. Gonzales 2019).
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4. Methods

4.1. Geoelectrics

Geoelectric methods are based on transmitting a cur-
rent into the ground and measuring the potential differ-
ence between electrodes in order to measure the elec-
tric property of the ground. Electrical resistivity meth-
ods were first used in the early 1900s, but their popu-
larity increased in the 1970s when computers became
powerful enough to handle the data processing and the
data analysis. Today these methods are commonly
used for mapping subsurface features, especially in the
fields of hydrogeology, engineering and archaeology
(Dahlin 2001; Reynolds 2011).

4.1.1. Theory

Resistivity is a fundamental property of materials. It is
the ability of materials to resist the flow of an electri-
cal current. Consider a cube with the length (£) and the
side with an area (A4). A current (/) is passing perpen-
dicularly through one of the sides. The material of the
cube will resist part of the current while it is passing
through, causing a potential drop (V) when reaching
the opposite side of the cube. The resistivity of the
material is denoted by the Greek letter “rho” (r) and
the Sl-unit is Ohm-meter, Qm. The opposite of resis-
tivity is conductivity, s, and its Sl-unit is Sie-
mens/meter (S/m). A complete descriptions of the re-
sistance, Ohm’s law and resistivity is given in Reyn-
olds (2011).

The resistance of the material is described by the fol-
lowing equation

_pL

k="

(1.1)

Another definition of resistance is described by Ohm’s
law

R_V
I

(1.2)
Furthermore, the potential difference (1) is the product
of electric field strength, £ (V/m), and distance, L (m).
Also, the current (/) is the product of current density, J
(A/m?), and area, A (m?). Equation 1.2 and resistance
can therefore be rewritten as

E-L

R=71 (1.3)

Finally, given equations 1.1, 1.2 and 1.3, the resistivity
of a material can be calculated through the following
equations

R-A V-4 E

) 'L J (1.4)

The basic principle of resistivity surveys is directing a
current into the ground through two current electrodes
(C). A potential difference emerges and the magnitude
of this potential difference depends on the resistivity
of the materials in the ground. Two potential elec-
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Figure 9. Resistivity and conductivity of different geological materials. The two most important categories for this thesis
are resistivities for the glacial sediments and the sedimentary rocks. Modified from Palacky (1987).

trodes (P) measure this potential difference and with
Ohm’s law the resistance can be calculated, see equa-
tion 1.2 (Jeppsson & Dahlin 2017).

When conducting electrical resistivity methods,
the resistivity of the geological formation of the sub-
surface is measured, i.e. the ability of the ground to
resist an electrical current. Different geological for-
mations have, in general, different resistivities
(Jeppsson & Dahlin 2017). The spectrum of the resis-
tivity of geological materials can vary between 1.6 x
10® and 10 Qm according to Reynolds (2011).
Palacky (1987) has summarized the resistivity of com-
mon geological materials, which is presented in Fig. 9.
As seen in Fig.9, the resistivity of any given geological
formation can vary and different geological formations
can have overlapping resistivities, sometimes making
interpretations difficult. Factors affecting the resistivi-
ty of a geological formation are: porosity, the amount
of liquids in the pore space, the liquid in the pore
space, mud content, salinity content, fracture zones,
weathering and to some degree temperature (Reynolds
2011; Jeppsson & Dahlin 2017). The geoelectric
method used during the field work was the Electrical
Resistivity Tomography (ERT) see section 5.3.1.

4.1.2. Current diffusion patterns

Given a homogenous material and a simple electrode
setup, the current spreads radially into the material.
The current density spreads according to a hemisphere
and therefore loses its density away from the original
source (Fig. 10A) (Reynolds 2011). For several elec-
trodes aligned, the current diffusion pattern would be
as illustrated in Fig. 10B and 10C.
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Figure 10. Current diffusion patterns for
given homogenous ground and a simple
electrode setup. The current spreads ac-
cording to a hemisphere and loses its
strength further away from the source. (A)
seen from the z-axis. (B) seen from the y-
axis. (C) seen from the x-axis. Taken from
Jeppsson& Dahlin (2017).



4.1.3. Apparent resistivity

If all the measured materials were homogenous, the
measured resistivity would be the real resistivity and
interpretations could be done. However, this situation
never occurs in the field and the resistivity measured
which is an average of the heterogeneous material.
This resistivity is called apparent resistivity and should
never be used for interpretation. In order to retrieve the
real resistivity of the material a so-called inversion
process has to be made (Jeppsson & Dahlin 2017).
This can be done by a computer programs. In this the-
sis the program RES2DINV was used. More about
inversion will be discussed in section 5.4.

4.1.4. Penetration depth

The penetration depth of resistivity surveys depends
on the distance between the electrodes, the used array
and the resistivity of the layers. A rule of thumb is that
the penetration depth increases with the increase of
distance between the current electrodes and the poten-
tial electrodes. This applies for all types of arrays. The
penetration depth further depends on the array used.
Some arrays have a greater penetration depth than oth-
er. The current that is sent out is concentrated in mate-
rials with lower resistivity. If layers with low resistivi-
ty occur at shallow depths, the penetration depth will
decrease as opposed to low resistivity layers located
deeper within the ground (Jeppsson & Dahlin 2017).

4.1.5. The Schlumberger array

When performing resistivity surveys there are several
arrays to choose from. The three most popular are the
Wenner, Schlumberger and Dipole-dipole arrays.
These arrays in turn have variants of themselves. All
methods have advantages and disadvantages depend-
ing on the objective of the survey. Table 2 summarizes
the most important features and how they differ be-
tween these three arrays.

Table 2. Comparing different characteristics of the three
most common arrays. Modified from Reynolds (2011).

Criteria Wen- | Schlum | Dipole-
ner berger dipole

Vertical resolu- . .

Depth penetra-

Insensitivity to

-+ - =good, - -=moderate, - = poor

For this work, a variant of the Schlumberger
array was used because this array renders a moderate
vertical resolution and penetration depth, both of
which are desired for this study. The variant of the
Schlumberger array that was used is called gradient. It
is an asymmetric variant of the Schlumberger array
allowing two potential electrodes (P) to be placed
wherever between two current electrodes (C).
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4.2. Electromagnetics

An electromagnetic wave is energy (W/m?) containing
an electric and a magnetic component that are perpen-
dicular to each other and vary with time (Fig. 11)
(Jeppsson 2017). They are described by Maxwell’s
equations. Christiansen et al. (2009) describe this phe-
nomenon in more detail. The waves can either be peri-
odic or transient. The former refers to a wave with a
given frequency, period, wavelength and velocity. The
latter has a period that is infinite and is therefore not
repetitive (Fig. 11) (Jeppsson 2017). The formation of
an electromagnetic wave is also described by Max-
well’s equations. They prove that a time-varying elec-
tric field give rise to a time-varying magnetic field and
vice versa. Hence, in order to create an electromagnet-
ic wave, only either a magnetic or and electric wave
needs to be created (Jeppsson 2017).

s

Figure 11. Transient (left) and periodic (right)
electromagnetic waves. The difference between
the two is that the periodic wave has a frequency,
period, wavelength and velocity, whereas the tran-
sient wave does not have a period. Modified from
Jeppsson (2017).

Electromagnetic methods can be divided into
two main groups: induction methods and reflection
methods. The induction methods use low frequencies,
1 - 100 000 Hz, where the primary waves induce sec-
ondary electromagnetic waves. Reflection methods use
higher frequencies, 1Mhz — 1GHz, where the waves
are reflected at the boundary between two geological
layers. The sources for the electromagnetic methods
can be divided into artificial and natural sources, the
latter being applied less. When performing electro-
magnetic measurements, two kinds of waves can be
used: periodic (repetitive) waves or transient (non-
repetitive) waves (Fig. 11) (Jeppsson 2017).

Electromagnetic methods use electromagnetic
waves that vary with time. A primary wave is sent into
the ground. The ground acts as a conductor and induc-
es an electrical current into the surrounding material.
A secondary wave is formed as a consequence, that in
turn creates other waves, and so on. Equipment at the
surface registers these waves, which provide infor-
mation about the conductivity in the ground. It is
therefore possible to measure the electric and magnetic
properties of sediments and bedrock with electromag-
netic methods. Examples of these properties are elec-
tric conductivity (mS/m), magnetic susceptibility (k)
and resistivity (2Qm) (Christiansen et al. 2009; Jepps-
son 2017).

The Transient Electromagnetic Method (TEM)
was used in the fieldwork for this thesis. Transient



waves are sent into the ground and the data are regis-
tered as a function of time. This is an induction meth-
od that uses an artificial source to create transient
waves (Christiansen et al. 2009; Reynolds 2011;
Jeppsson 2017). The method was developed in the
1980s, making it a “young” method in comparison to
other electromagnetic methods. Its late development is
due to the need for advanced electronic equipment and
computers, which have become better and more acces-
sible in recent years. For the last two decades this
method has been used more frequently for hydrogeo-
logical purposes, despite being developed for mineral
and ore investigations. The downside of using it for
hydrogeological purposes is that the response of the
hydrogeological formations does not differ much from
background responses. Therefore, small error percent-
ages are desired (Christiansen et al. 2009).

4.2.1. Theory

The physical phenomena behind the TEM are de-
scribed by Maxwell’s equations. When performing a
TEM survey, a direct current (DC) is turned on
(“Turn-on”) (Fig. 12A) and passed through an un-
grounded receiver loop. A constant (primary) magnetic
field is created in the process. The current is then
sharply suspended and marks the end of the “On-time”
(Fig. 12B). This causes an electromaotive force (emf) to
induce in conductors in the ground according to Fara-
day’s law during the “Turn-off”. The magnitude of the

emf depends on how fast the magnetic field changes.
A rapid change will create an emf of larger magnitude
than a slow change in the magnetic field. Therefore, it
is of interest to turn the DC current off as quickly as
possible. The emf will induce so-called eddy currents
in the existing conductors in the ground. These cur-
rents will decay while moving through the conductor
and produce a secondary magnetic field during the
“Off-time” (Fig. 12C). This secondary magnetic field
will reflect the shape, size and conductivity of the con-
ductor when it is measured by a receiver coil. It should
be noted that the primary magnetic field is absent dur-
ing the “Off-time”, when the measurements are taking
place. Measurements are done in cycles and time inter-
vals, so called gates (Fig. 12C). These gates are ar-
ranged with a logarithmically increasing time between
the measurements in order to improve the signal-to-
noise (S/N) ratio during late measurements (Mcneill
1980; Christiansen et al. 2009; Reynolds 2011). In-
formation about the resistivity at greater depth is ob-
tained by measuring the secondary fields as a function
of time (Reynolds 2011). A normal measurement is
made up of 1 000 — 10 000 pulses (transients) that are
sent out during each sounding. After each pulse the
current shifts direction (Fig. 12A). Normal times for
the pulses are 50 — 200 ms “Turn-on” time, with a total
“On-time” of 1 — 40 ms. “Turn-off” time is typically 1
— 30 msand 1 — 40 ms “Off-time” (Christiansen et al.
2009).

L On-time — *— Off-time ——

C
Induced elektro-
motoric force

©
Secondary
magnetic field

- ‘Measurement during’
; off-time :
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Figure 12. Theory behind a TEM measurement. (A) A current is turned on and is marked by the “turn-on”
time until it reaches its highest value. The current is then turned off. A quick “turn-off” time is desired. This
process is repeated, and the current is shifted each time. (B) An induced electromotoric force (emf) is created
and its magnitude is dependent on the “turn-off” time. A rapid “turn-off” time will yield a greater emf. (C)
The emf induces eddy currents in existing conductors in the ground. Their shape, size and conductivity are
reflected by the secondary magnetic field that they create. Measurements are done with so-called gates that are
arranged in a logarithmically increasing time between each other. Taken from Christiansen et al. (2009).



The use of dual moment is applied for the
TEM. Dual moment means that all transients during
the measurement consist of so-called high moment
(HM) and low moment (LM). The HM transmits a
current of 16 A in the receiver loop and generates a
strong emf and thereby a large penetration depth.
However, the turn-off time for the HM is longer and
results in a poor signal quality for early gates (but not
late gates) since the current will not fade completely
during the turn-off time. The LM transmits a lower
current of 2 A in the receiver loop. This will generate a
weak emf that will have a quick turn-off time and
therefore a lower penetration depth. The quick turn-off
time will allow a good signal quality for early gates
and therefore accounts for the lost data from the HM.
Since the method is a function of time, the LM obtains
data at shallow depths and the HM at greater depths
(Fig. 13). Combining the HM and LM will assemble a
continuous depth profile of the resistivity (Danielsen et
al. 2003).

4.2.2. Current diffusion patterns

When the DC is turned off, it will disperse outwards
and downwards. The movement will be at a 30° angle
in relation to the ground, i.e. it will move further out-
wards than downwards. Fig. 14 (left) is a simplified
representation of the spread and direction of the cur-
rent density at three different times (10 ms, 100 ms
and 1000 ms) after the DC current is switched off. Fig.
14 (left) represents a homogenous ground and Fig. 14
(right) a layered ground with different resistivities.
Decay rates depend on the resistivity of the layers in
the ground. Higher resistivity will cause the current to
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Figure 13. Theory behind a TEM measurement.
A TEM measurement uses dual moments, meaning a
measurement is made up of a so-called high moment (HM)
and a low moment (LM). The HM uses a current of 16A,
enabling measurements at greater depth. The LM uses a
2A current instead, enabling measurements at shallower

decay more quickly, whereas lower resistivities will
keep the current for a longer period of time and pro-
vide more information about the layer. In Fig. 14
(right) the layers have resistivities of 30, 100 and 10
Qm from the top to the bottom. At first the density is
congregating at the top layer but will then directly
jump to the lowest layer due to the low resistivity and
only a fraction of the current density will be in the
middle layer. This will result in little information on
the middle layer (Christiansen et al. 2009).
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Figure 14. Illustration of spread and direction of current density at three different times and
two different scenarios: homogenous ground (left) and heterogenous ground (right). In the
homogenous ground the current density spreads outwards and downwards. In the hetero-
genous ground the current moves in the same direction as in the homogenous ground but
will concentrate in layers of lower resistivity since the current decays faster in layers of



4.2.3. Noise and resolution

Data points always have an uncertainty due to back-
ground noise. For this reason, a TEM sounding has 1
000 — 10 000 pulses (transients) because a single pulse
often is affected by background noise. By making
many pulses, the pulses can be stacked and back-
ground noise can be accounted for. Fig. 15 represents
two different TEM sounding, one with 50 transients
and the other with 5 000 transients. From the figure it
is obvious that the measurement containing 5 000 tran-
sients is easier to interpret. It is assumed that the noise
follows a Gaussian (normal) distribution and the S/N
ratio is proportional to ON, where N is the number of
pulses in the measurement (Christiansen et al. 2009).

Noise can originate naturally from lightening
that can travel large distances and from fluctuations of
the Earth’s magnetic field. The latter have virtually no
influence on the equipment. Electricity supplies, elec-
tric installations and communication equipment can
also generate noise (Christiansen et al. 2009).
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Figure 15. lllustration of the difference between a
TEM sounding consisting 50 and 5000 transients.
The latter yields a more accurate graph, making
interpretation easier. Taken from (Christiansen et
al. 2009).

4.2.4. Penetration depth

When calculating penetration depths with geophysical
methods, uncertainties can be high, depending on char-
acteristics and geometry of the layers in the ground.
Equation 1.5 can be used for calculating the maximum
penetration/diffusion depth for TEM soundings,
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where M is the moment of the current loop, s the con-
ductivity and V., the noise level. The equation
shows that for increasing or decreasing penetration
depth, the moment of the current loop and the noise
level would have to be increased or decreased respec-
tively (Christiansen et al. 2009).

Two receiver loops (RC-5 and RC-200) with
different sizes were used (see section 5.3.2). The dif-
ference in size of the loops generates different penetra-
tion depths. The bigger loop has a greater penetration
depth. The LM in the RC-5 will therefore obtain data
at shallow depth and the HM at medium depth. The
LM in the RC-200 will also obtain data at medium
depth and the HM at greater depth.

4.2.5. Coupling effects

Coupling noise is another form of noise that can affect
the data. Christiansen et al. (2009) describe this as an
effect of man-made conductors. It originates from
pipelines, cables, power lines, rail, metal fences and
cars. If these conductors are too close to the measure-
ment site, they disturb the transmitted electromagnetic
field during measurements. These effects are difficult
to remove, and the interpretation of the data will prob-
ably be faulty. The minimum recommended distance
from these mentioned conductors is 100 m
(Christiansen et al. 2009).

These man-made conductors can be classified
as galvanic and capacitive couplings (Fig. 16). Galvan-
ic coupling is essentially a R-L circuit, a circuit con-
sisting of a resistor (R) and an inductor (L) (Fig. 16,
left). It can originate from e.g. power lines, metallic
fences and crash barriers. When interpreting data, gal-
vanic coupling is difficult to identify because the
sounding curve is only shifted with an exponential
decay and the curve has no major outliers (Fig. 16,
left). Due to this effect, data can easily be misinterpret-
ed as low resistive layers. The only way to identify
such a coupling is to compare data with data at nearby
points. Capacitive coupling is essentially a R-L-C cir-
cuit, a circuit consisting of a resistor (R), an inductor
(L) and a capacitor (C) (Fig. 16, right). It can originate
from e.g. isolated/buried cables. If the data are affected
by capacitive coupling it can be relatively easily rec-
ognized because the decay has a saw-tooth shaped
pattern (Fig. 16, right) (Danielsen et al. 2003; Christi-
ansen et al. 2009).
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Figure 16. Galvanic coupling (left) and capacitive coupling (right). Both coupling effects can affect
the data. Galvanic coupling is the more difficult to identify of the two since the curve is only shifted.
Capacitive coupling can easily be identified due to its saw-tooth shape. Taken from (Christiansen et

al. 2009).

4.3. Field methodology

The fieldwork was done in the Chocaya Basin (Fig. 1)
in August and September 2019. As mentioned, two
geophysical methods were used: TEM and ERT. Field-
work was performed three days per week, with a total
of 8 weeks. Every week, an update of the tentative
plan was made for the TEM and ERT locations.

4.3.1. ERT

Equipment and applications used for the ERT meas-
urements:

- A Terrameter LS with an integrated PC by ABEM.

- Four cable wheels, each 200 m long cable with 21
sockets each for connecting the electrodes.

- 64 electrodes.

- 64 cable jumpers to connect the electrodes to the
sockets from the cable wheel.

- Two cable joints to connect the cable wheels with
each other.

- One 12V battery that connects with the Terrameter
LS.

- A GPS to mark differences in altitude when the ter-
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rain had varying topography. It was also used for as-
suring the cable was laid out as straight as possible.
- A hammer for fastening the electrodes in the ground.

The ERT method is not sensitive to coupling
effects like the TEM. Metal fences and powerlines did
therefore not have to be taken into consideration when
choosing the location for performing the ERT meas-
urements. The step-by-step instructions to set up the
ERT-configuration were as follows:

1. Choosing an appropriate area as close as possible to
the planned location for rolling out the cable wheel.

2. Two people start rolling out the wheel in a straight
line. Two people are needed due to the weight of one
cable wheel. Four wheels are rolled out. When rolling
out a new cable wheel, an overlap of the cables was
done: the first socket of the new cable was placed next
to the last socket of the already rolled out cable. The
end of each 200 m cable was then connected with a
cable joint.



3. Two other people start hammering in the electrodes
in the ground where the sockets are on the rolled-out
cable. The distance between these sockets is 10 m. The
electrodes are then connected with the cable by the
cable jumpers.

4. The Terrameter LS is connected to the cable in the
middle of the configuration, i.e. two cables of 200 m
on either side of the Terrameter LS. The battery is also
connected to the Terrameter LS.

5. The last step was to turn “on” the Terrameter LS
and to start taking the measurements.

The Terrameter LS has the option to confirm
that all electrodes are connected properly or do not
have good contact with the ground. Before every
measurement, this was checked. There were always
electrodes that fell in either of the two just mentioned
categories. This was often the case within the Chocaya
River since the sediments consist of gravel and boul-
ders. The best contact with the ground is when the
sediments are more fine grained, which they were on
the farm land. These electrodes were then adjusted and
checked by the Terrameter LS again. If there still were
electrodes that were not connected or had bad contact
with the ground after several tests, they were discarded
from the measurement. This was done with another
option of the Terrameter LS.

The Terrameter LS was configured for the de-
sired purposes. The most important configurations
were the spread, the protocol, the spacing of the elec-
trodes and the measure mode, which were setto 4 ~ 21,
Gradient, 10 m and “RES, IP”, respectively.

The use of multiple electrodes along a straight
line (Fig. 17A) with the gradient array is called mul-
tielectrode gradient surveying. Once the measurement
starts, the Terrameter LS controls which electrodes are
being used for measurements. Each measurement con-
sists of two chosen current electrodes (C) and two cho-
sen potential electrodes (P) (Fig. 17B). After the meas-
urement is done, two other current electrodes and po-
tential electrodes are chosen by the instrument (Fig.
17C). This process is repeated with different spacing
and combination between the current and potential
electrodes for reaching different depths in the ground
(Fig. 17D and 17E). Further, the whole measurement
is divided into two steps. The first step uses all the
cable wheels but only every second electrode in order
to obtain data at greater depth. The second step uses
only the two cables situated in the middle but uses all
the electrodes in order to obtain data from more shal-
low depth. One whole measurement consists of many
hundreds of measurements and normally takes be-
tween 30 and 90 minutes to complete depending if all
electrodes were active of if some had to be discarded
due to reasons mentioned above. The obtained data
consists of apparent resistivity that is graphically rep-
resented in a so-called pseudosection. These data
(pseudosections) should not be used for interpretation
since they only show apparent resistivity (see section
5.1.3) (Jeppsson & Dahlin 2017). In order to be able to
interpret the data, an inversion has to be made. This is
done by the computer program RES2DINV. This will
be discussed in section 5.4.
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Figure 17. (A) the ERT electrodes are set up in a straight line.
(B) During the measurement the Terrameter LS regulates
which electrodes are used as current electrodes (C) and which
electrodes are used as potential electrodes (P). (C) Two new C
and P electrodes are chosen to perform another measurement.
(D) The distance between the C and P electrodes increased to
obtain measurements from deeper parts of the ground. (E)
Schematic illustration of all the locations and depths of the
measurements obtained during measurements with the Ter-
rameter LS. Modified from Jeppsson& Dahlin (2017).

For one of the ERT measurements that were
performed (line 6), a technique called “roll-along”
(Fig. 18) was used. It is used when the desired meas-
urement exceeds the length of the available length of
the cable wheels, which was 800 m in this case. The
ERT line is approximately 2000 m long. The setup is
the same as described above (Fig. 18 A and 18B). The
difference is when the measurement is finished. In-
stead of rolling in all the cables and removing all the
electrodes, only one of the four cables (cable 1) is
rolled in and the electrodes removed. Cable 1 is then
moved and rolled out next to cable 4. Cable 1 thus
becomes cable 5 (Fig. 18 C). The Terrameter LS is
also moved in order to be placed in the middle of the
new setup. A new measurement is carried out. This
procedure is repeated until the desired length of the
ERT profile is obtained.
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Figure 18. Roll-along technique. (A) Electrodes are set up in a straight line. (B) The line
of electrodes is 800 m long consisting of four cables, each 200 m long. Measurement is
started with the instrument in the middle. How the measurement is done is described in
figure 17. (C) After the measurement is complete, cable 1 (with all the electrodes) is
moved and connected to cable 4. Cable 1 becomes cable 5. The instrument is moved ac-
cording to the picture. A new measurement is made. This process continues until the de-
sired length of the line is reached. Modified from Jeppsson& Dahlin (2017).

4.3.2. TEM

Equipment and applications used for the TEM meas-
urements:

- A WalkTEM with an integrated PC by ABEM.

- A 200 m transmitter cord laid out in a square shape
of 50 x 50 m.

- Two receiver loops: RC-5 and RC-200. The RC-5
receiver is a square of approximately 0.5 x 0.5 m. The
RC-200 receiver is a 40 m long cord that was laid out
in a square shape of 10 x 10 m.

- An external power source of two 12V batteries.
- A 330 Ohm damping resistor.

- Cables connecting the batteries with the WalkTEM
and the transmitter.

- A foldable measuring stick for checking the required
distances for the setup.

- The application “Google Maps” on an iPhone 6s was
used for marking the locations of the measurements.
- The application “Compass” on an iPhone 6s to en-
sure the RC-200 receiver was parallel to the transmit-
ter when using the “Offset” setup (see below for more
details).

A 200 m separation between each measurement
was envisaged. When needed, the tentative plan was
adapted during the field work. Keeping the minimum
100 m distance from man-made conductors in mind,
some measurements had to be cancelled or were
moved depending on the proximity of power lines,
metal fences, houses and metal trash found in the field.
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In some cases, measurements were performed despite
the proximity to power cables and possible coupling
effects were marked in the notes (App. B) of those
measurement points.

Depending on nearby power lines and metal
objects, two different setups were used; the “Centre-
loop” or the “Offset” (Fig. 19). The difference be-
tween the two setups is that the RC-200 receiver is
inside the transmitter-loop in the “Centre-loop” setup
and outside the transmitter-loop in the “Offset” config-
uration (Fig. 19). When possible, the “Offset” setup
was used because the RC-200 receiver coil can affect
the RC-5 receiver coil during measurement times
when using the “Centre-loop” setup (pers. comm.
Gonzales 2019). Appendix B shows which points were
done with the “Offset” and “Centre-loop” configura-
tion and a short comment if they had powerlines, metal
objects etc. near them or not.

The step-by-step instructions to set up the “Offset”
configuration were as follows:

1. Placing the equipment as close as possible to the
planned location. The RC-5 receiver coil was placed
on the spot and was marked on Google Maps. The
cable from the RC-5 receiver coil was unravelled in
the direction of one its corners. Comments on the sur-
rounding and the type of setup used for the specific
measurement were noted.
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Figure 19. lllustration of the setup of the two loop configurations: center-loop (left) and offset loop (right). The
only difference between the two configurations is that the RC-200 loop is outside of the transmitter loop in the

offset loop configuration. Modified from ABEM (2019).

2. With the measuring tape, the corners of the trans-
mitter loop were measured from the RC-5 receiver
coil. The corners were marked on the soil. The dis-
tance from one corner to the centre is 35.36 m, half the
distance of the hypotenuse of a 50 “ 50 m square.

3. The start and end point of the transmitter cable was
the corner were the cable of the RC-5 receiver coil was
located. Then the transmitter cable was unravelled
along the marked points.

4. The transmitter cable was put straight to a square as
far as possible by persons pulling at each corner of the
square.

5. The RC-200 receiver coil has then to be put outside
of the transmitter loop (Fig. 19), 50 m from the centre
of the RC-5 receiver coil and perpendicular to the
sides. The 50 m mark represents the centre of the RC-
200 receiver coil. This spot was marked.

6. Setup of the RC-200 receiver loop: A distance of 5
m was measured from the marked spot (see point 5) in
the direction of the RC-5 receiver coil. From that
marked spot, two people went 5 m in opposite direc-
tion, parallel to the sides of the transmitter loop. A
compass was used to ensure that the sides of the RC-
200 receiver coil and the transmitter loop were paral-
lel. The corners were marked. This process was repeat-
ed for the other corners. Afterwards, the RC-200 re-
ceiver cable was setup to a square in the same manner
as described in point 4. When using the other “Centre-
loop” setup, the same steps were taken but the RC-200
receiver was put around the RC-5 receiver coil, inside
the transmitter loop.
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7. The RC-200 receiver coil was connected with a con-
nector cable to the WalkTEM in the Input B. The cable
of the RC-5 receiver coil (input A), batteries (in se-
ries), the dampening resistor and the transmitter loop
were also connected to the WalkTEM.

8. The last step was to turn “on” the WalkTEM and to
start taking the measurements.

The script of the WalkTEM was set to
“DualMoment_10ms_32gates” and the number of cy-
cles was set to five. The measurements therefore used
HM and LM and the 10 ms and 32 gates mean that the
“Turn-off” time for the current is 10 ms and 32 meas-
urements is done during each “Off-time”. The number
of cycles mean that the measurement was done five
times. The configuration of the loop-type was set to
“50 " 50m_24V". This means that the WalkTEM is set
to measure the RC-200 transmitter loop that is a square
with 50 m on each side and the external power source
was 24 V (two batteries, each 12 V).

Two receiver loops (RC-5 and RC-200) were
used as mentioned. The difference in size of the loops
generates different penetration depths. The bigger re-
ceiver loop has a greater penetration depth. The LM in
the RC-5 will therefore obtain data at shallow depth
and the HM at medium depth. The LM in the RC-200
will also obtain data at medium depth and the HM at
greater depth (pers. comm. Gonzales 2019). The total
measurement time was between 6 and 7 minutes for all
measurements.



4.4. Data processing

Processing the data of the ERT and TEM measure-
ments follow the same steps in general. It starts with
exporting the data from the Terrameter LS or the
WalkTEM. Necessary files are created that include the
topography of the terrain if needed. The files are im-
ported to a program used for processing the data of the
ERT and TEM respectively. The inversion is then
made within respective programs. Inversion is a math-
ematical and statistical process that uses measured
geophysical data to acquire a fitting model that can be
used for interpretation. The process is done in itera-
tions, meaning it creates a model, repeats this process
from the previous iteration until a final model is ob-
tained. Each model is then given a data residual or
percentage related to the reliability of each model,
where a low number indicates good reliability.

4.4.1. ERT

The data from the Terrameter were exported to a com-
puter. With the program Terrameter LS Toolbox *dat-
files are created and stored on the computer. If meas-
urements have been done in a terrain with varying to-
pography, this was added within these files. The files
are then opened in the program RES2DINV. Within
this program there is an option called “exterminate bad
datum points”. This option enables to view all the data
points and to exclude those that are believed to be bad.
Thereafter, the inversion can be made. For the inver-
sion, the program Workbench was used, a GIS pro-
gram. The files were opened in the program and the
inversion was done with the laterally constrained in-
version (LCI).

Smooth model

4.4.2. TEM

Two programs were used to process the TEM data,
SPIA and Workbench. SPIA was used for inverting all
data points. The data obtained from SPIA make inter-
pretation difficult, since it can only create 1D models.
Therefore, Workbench was used for generating 2D and
3D models, making it easier to visualize and interpret.

The data were imported to SPIA. In the inter-
face of the program, the points are divided into sta-
tions. Before performing the inversions, it is necessary
to analyse which points to use. Each station contains
the HM, LM and noise, which were obtained from
each measurement. Axes were set to stacked dB/dt
against time. This makes it is easier to visualize when
the noise starts interfering with the data (compared to
when using stacked Rhoa (r) against time). All the
points which interfered with the noise were excluded,
but also the first 2 — 3 points from the LM, due to the
long turn-off time for the HM, that can affect the relia-
bility of early gates.

SPIA uses a 1D inversion algorithm when per-
forming the inversions. It creates two types of inver-
sions: smooth and layered (Fig. 20). The smooth inver-
sion consists of 20 layers with predefined thicknesses,
whereas the layered inversion consists of five layers
whose thickness of the layers are not predefined. There
are pros and cons with both models but due to the ap-
parent heterogeneity of the geology the smooth model
was preferred for this study, since this model is more
likely to detect small variations within the ground.
Each inverted model has a data residual. A desired
data residual below 15 was aimed for this study, alt-
hough data residuals above 15 were acceptable but had
to be interpreted with caution. In order to obtain the
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Figure 20. The two types of inversion models that can be created in SPIA
are shown: the smooth inversion model (left) and layered inversion model
(right). The smooth model assumed the ground is made up of 20 layers,
creating a more detailed result. The layered model assumes the ground is
made up of five layers, creating an overview of how the resistivity changes

with depth.
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best model, and hence the most reliable, points were
excluded and included several times to receive as low
data residual as possible. Appendix B summarizes the
data residual of all measurement points/stations and
ERT profiles.

Within SPIA, all smooth and layered models
with the lowest data residual were saved for each sta-
tion. The smooth and layered models were separately
imported to Workbench. When opening the models in
Workbench, the coordinates were automatically plot-
ted on the program interface, since each station had
coordinates attached to it in SPIA. In Workbench the
following was created: mean resistivity at different
depths within the ground from the smooth and layered
models, 2D profiles at points of interest for the study
containing the smooth model and a 3D model from the
created 2D models.

For the mean resistivity at different depths, six
layers of different depths were created for each station.
The top layer is located at 2660 m.a.s.l. and the separa-
tion of each layer is 40 m. A 2D grid, with the mean
resistivity of the smooth model, was applied to each of
the eight layers at all stations. In the options the num-
ber of processors was 4, the search radius was set to
400 m, the node spacing was set to 10 and the interpo-
lation method used was inverse distance with the pow-
er of 4. The same was done for the layered model. The
2D profiles were drawn manually at points of interest.
The search distance was set to either 100 or 250 m
depending on which search distance gave the most
coherent looking profile. This means that, from where
the profiles were drawn, Workbench searches for near-
by measurements, at the given distance, to make the
interpolation. Appendix C shows search distances for
the different profiles. Only the smooth model was used
for the TEM profiles. A 3D model was also created
from the previously created 2D models.

4.5 Limitations of the methodology

Some limitations were detected when performing the
geophysical method of Transient Electromagnetic
Method (TEM) and Electrical Resistivity Tomography
(ERT) during the fieldwork. TEM is sensitive to me-
tallic objects, such as metal trash, and powerlines close
to the measurements and can in their presence influ-
ence the results. Consequently, measurements were
not performed in some areas. Other planned measure-
ments could not be performed due to inaccessible
property. However, the number of measurements
proved to be sufficient for providing accurate and de-
tailed results. ERT measurements provide optimal re-
sults on a horizontal topography. The variation of the
topography in some areas can affect the signal strength
at greater depths during measurements, resulting in
lower penetration depth (pers. comm. Gonzales 2019).
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5. Results

Three ERT lines and 33 TEM measurements were
performed in the study area (Fig. 21). The red and
light blue lines represent the locations and directions
of the ERT and TEM lines and the white and blue dots
all locations of the TEM measurements. During data
processing three measurements/stations (points 6, 21
and 33, marked in blue on Fig. 21) had to be excluded
because of inaccurate results. Points marked in black
on Fig. 21 were foreseen for TEM measurements, but
these locations were either inaccessible properties or in
proximity to powerlines or metal objects that posed a
high risk of galvanic coupling resulting, in poor data.
To complement the ERT and TEM results, two UNDP
(1979) lithology reports from nearby wells (Fig. 6)
were used (see yellow points on Fig. 21). Appendix D
shows a geological map containing all ERT an TEM
measurements.

Before inverting the TEM data in SPIA, it was
necessary to identify possible coupling effects at all
stations. In the field notes (mentioned in section 5.3.2),
13 stations (App. B) are marked for being close to
powerlines, metallic objects, trash and other noise
sources. that possibly could suffer from coupling ef-
fects. However, none of them showed effects of gal-
vanic or capacitive coupling and all stations (except
station 32) had data residuals below 15 (see 5.4.2).
Regarding the other 20 stations, a few data residuals
were higher than 15 (App. B). The cause for their high
data residual is not known. Nevertheless, they were
kept during the data processing since they did neither
show obvious signs of galvanic or capacitive coupling,
nor were there any known disturbances nearby. How-
ever, the possibility of galvanic coupling cannot be
ruled out due to difficulties identifying such effects.

A total of nine lines were drawn in Workbench
from the TEM data. Three of these lines were drawn at
the same locations and directions as the ERT lines in
order to compare and assess the TEM and ERT results.
These lines are named TEM lines 1, 2 and 6. Appendix
E shows the locations and directions of all TEM lines
made in Workbench.

For providing an overview, not all results are
shown in section 6.1. The results not shown in this
section are included in appendix F. A Workbench op-
tion allows to merge 1D models and to present them in
a graph. Two graphs are presented in Fig. 22. One with
selected locations from the farmland and the other
graph with selected locations from the river. These
graphs make it possible to determine a general resistiv-
ity trend within the farmland and the river. This is fol-
lowed by TEM and ERT lines 1, 2 and 6. Then the
smooth and layered models of mean resistivity at dif-
ferent depths are presented. Finally, one 3D model
containing TEM lines 1, 2 and 6 illustrates how the
resistivity varies with depth throughout the study area.

Results from three ERT lines and four TEM
measurements in the mountain area are shown in sec-
tion 6.2.

Reliable interpretations of ERT and TEM pro-
files can only be done down to a certain depth, as de-
fined by the so-called depth of investigation (DOI).
There are two types of DOIs: the conservative and the
standard types. The TEM profiles only contain the



conservative DOI, while the ERT lines include both
DOls. The conservative DOI is always located below
the standard DOI. Within the conservative DOI no
interpretations should be made. Data within the stand-
ard DOI are considered reliable but interpretations
have to be done with caution. Both DOIs are marked
with shaded areas. Furthermore, descriptions and inter-
pretations of the profiles are done by analysing the
main features that the profiles are presenting. The
ground consists of sediments where higher resistivities
are associated with coarser grained materials (sand,
gravel and blocks), whereas lower resistivities are
linked to finer grained materials (mud). In this thesis,
differences in resistivity are only interpreted based on

TEM points used during
data processing

during data processing

Planned, but not
performed, TEM points

@
e TEM Points not used

# Location of retrieved
lithology report

. ERT [inies

Location of TEM lines
drawn on Workbench

lithological differences. It should be noted that the
resolution of the profiles is not high enough to enable
distinguishing individual thin layers. Therefore, a layer
that is considered consisting of coarse-grained sedi-
ments (high resistivity) does not exclude the existence
of fine sediments within the same layer.

Although the electrode contact with the ground
was controlled twice before each ERT measurement, a
bad contact of some electrodes with the ground was
inevitable. This affected some results and can be seen
as small areas of high resistivity at the top of the ERT
profiles. However, this is not a relevant issue since the
aim of this thesis is to investigate the deeper part of the
ground.

TN [

Figure 21. Study area showing locations of ERT lines (red) and TEM measurements (white & blue). The TEM
lines drawn in Workbench are also marked (light blue). White dots are TEM points used during data processing,
while the blue dots were disregarded. Black dots represent locations where measurements were supposed to be
done but could not be due to either inaccessible property or proximity to powerlines or metal objects. Finally,
yellow points are the locations of the retrieved lithology reports by UNDP (1979).
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5.1. Results
5.1.1. General resistivity trend from the farmland
and river

In general, all resistivity values range from 20 to 2000
Qm. The lowest and highest resistivities measured are
around 1 and 20000 Qm respectively. Two 1D profiles
from the farmland and the river provide how the resis-
tivity varies throughout the study area (Fig. 22). All
used and not used stations for the profiles are listed in
appendix G. Within the farmland, the resistivity values
from the TEM soundings do not follow a clear trend
(Fig. 22a). The reason could be due to unknown prox-
imity of metal trash during some measurements, giv-
ing rise to the variation in resistivity. Therefore, an
interpreted interval of resistivity at all depths is
marked as a shaded area in the profile below. Overall,

Resistivity trend farmland

Depth (m)

i
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Resistivity[Ohmm]

the resistivity increases the first 25 m in the ground,
then it decreases between 25 to 55 m. At 55 m and
down 200 m, the resistivity remains relatively un-
changed. The general trend from the river (Fig. 22b) is
more distinct. The resistivity at the surface is 100 Qm
and increases down at 50 m, reaching its maximum
resistivity value of around 2 000 Qm. Then the resis-
tivity decreases to values lower than 100 Qm down to
115 m. Afterwards, the resistivity increases again, re-
cording values close to 300 Qm at 200 m.

Comparing the two resistivity trends, the meas-
urements from the river show more consistent values
than in the farmland. The major difference is in the top
100 m, where the high resistivity extends further down
in the ground at the river and yields higher resistivity
values.
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Figure 22. Resistivity trend from selected TEM measurements from the farmland (a) and the river (b). The general trend at
both sites is that the resistivity increases at first, then decreases and finally remains the same or rises slightly until 200 m.
The measurements from the river are more coherent compared to the farmland. Both graphs were made in Workbench.
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5.1.2. TEM line 1 and ERT line 1

TEM line 1 has a maximum penetration depth of 230
m (Fig. 23). The profile is in the farmland. A high re-
sistivity area with a thickness of 40 m (2620 — 2580
m.a.s.l.) is located in the eastern part (right side of the
profile). Westwards (left side of the profile), the thick-
ness of the layer decreases to only a few m. Beneath
this layer, the resistivity remains more or less the
same, at about 100 Q@m down to the DOI. It should be
noted that the resistivity is slightly higher with around
300 Qm at 210 — 280 m (x-axis).

ERT line 1 has a maximum penetration depth
of 110 m (Fig. 24). The small areas of high resistivity
in the surface of the profile is possibly due to bad elec-

trode contact (see above in section 6). Down to 2590
m.a.s.l., the resistivity varies horizontally throughout
the profile between 100 — 400 Qm. The high resistivity
in the top eastern part, as seen in TEM line 1 above
(below 1°), cannot be seen in the ERT line 1 profile.
Below 2590 m.a.s.l., the resistivities have values of
around 100 Qm. However, three vertical structures of
approximately 600 Qm between 200 — 250 m, 380 —
440 m and 580 — 640 m are extending downward to
the DOI. Despite having a data residual of 8.27, the
TEM profile probably indicates a more accurate de-
scription of the resistivity, because vertical structures
with such distinctive differences in resistivity are not
plausible in this geological area.
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Figure 23. A 2D profile showing the variations in resistivity within TEM line 1.
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Figure 24. A 2D profile showing the variations in resistivity within ERT line 1.
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5.1.3. TEM line 2 and ERT line 2

TEM line 2 has a maximum penetration depth of 180
m (Fig. 25). The profile spans across the farmland in
the west and central part (180 — 460 m, x-axis) and the
river in the eastern part (460 — 700 m, x-axis). The
highest resistivities are located in the first 20 and 90 m
in the west and east respectively. In this hig resistivity
layer the resistivity reaches up to 2 000 Qm. The data
indicates a thin low resistivity layer (300 Qm) at 2620
— 2600 m.a.s.l., but this can also be due to incorrect
interpolation. Below this high resistivity layer, the
resistivity is around 100 Qm down to the DOIL. In the
western part at 2550 — 2510 m.a.s.l., a low resistivity
area appears with a resistivity of approximately 10
Qm.

2660

ERT line 2 has a maximum penetration depth
of around 100 m down to the standard DOI (Fig. 26).
Bad electrode contact possible causes inconsistent
resistivities at the top of the profile. The topography of
the river can be seen in the eastern part. Below the
farmland, a layer of low resistivity of (between 40 —
200 Qm) is located at 2635 — 2620 m.a.s.l. and below
the resistivity increases to 2000 Qm. Below the river,
there is a 25 m thick layer of high resistivity up to
2000 OQm. Further down, the resistivity decreases and
at around 40 m a rounded structure with low resistivity
(5 — 20 Qm) reaches into the standard DOI. Therefore,
the existence of this structure is not certain.

2 TEM Line 2 2’

2620F
2600 f
2580F
2560 F
2540F
2520 .

2500F

Elevation [ma.s.l.]

2480F

2460F

2440°F

2420F

2400

180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700
Distance [m]

1.0 10.0

T
100.0 1000.0

Resistivity (Ohmm)

Figure 25. A 2D profile showing the variations in resistivity within TEM line 2.
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Figure 26. A 2D profile showing the variations in resistivity within ERT line 2.



5.1.4. TEM line 6 and ERT line 6

TEM line 6 has a maximum penetration depth of 260
m (Fig. 27). The line extends almost 2000 m from the
northern to the southern part of the farmland. Resistiv-
ities reaching 2000 Qm dominate the shallow parts of
the profile. The thickness of this layer varies in the
range of 30 — 80 m. Below this layer, resistivity values
drop to around 100 @m down to the DOI. In the south-
ern part (1600 — 1900 m, x-axis), the resistivity is
slightly higher, reaching values of approximately 300
Qm down to at least 2400 m.a.s.l.. In the northern part,
a vertical structure of low resistivity (10 — 50 Qm) can
be observed. It extends from 2600 to 2460 m.a.s.l. and
is approximately 100 m wide.

ERT line 6 has a maximum penetration depth
of 110 m (Fig. 28). The inconsistent resistivity values
at the top are possibly due to bad electrode contact.
The profile indicates that the subsurface does not have
any horizontal structures. Instead, vertical and elongat-
ed oval structures of higher resistivities (up to 2000
Qm) are the main feature. The surrounding ground has
resistivities ranging from 60 to 400 Qm.
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Figure 27. A 2D profile showing the variations in resistivity within TEM line 6.
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Figure 28. A 2D profile showing the variations in resistivity within ERT line 6.
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5.1.5. Mean resistivities at different depths

The mean resistivities at different depths are shown in
Fig. 29. The smooth (left) and the layered model
(right) have six layers with a separation of 40 m be-
tween each layer. It should be noted that the northern-
most measurement (left on both model images) will
not be taken into account within this description be-
cause its location is too far away from the other meas-
urements. In the smooth model, the top two layers
(2660 — 2580 m.a.s.l) record the highest resistivity
values. The only exceptions are the middle eastern part
of the top layer and the south-western part of the sec-
ond layer where the resistivities are around 100 Qm. In
general, the resistivity drops to approximately 100 Qm
at 2580 — 2540 m.a.s.l.. In the mid-eastern part, the
resistivity remains high, while a low resistivity area
(10 — 20 Qm) appears in a small area of the mid-
western part. In the layers at 2540 — 2500 and 2500 —
2460 m.a.s.l., the high resistivity areas ceases to exist,
and the area of low resistivity in the mid-western part

Smooth model

increases in size. In the south, resistivities drop to 5 —
40 Om. In the bottom layer (2460 — 2420 m.a.s.l.), the
resistivity increases slightly in the central areas. How-
ever, it should be noted that the bottom layer lies close
to or in the DOI and interpretations should be avoided.

The layered model shows a resistivity pattern
similar to the smooth model. The first two layers have
slightly higher resistivities in some areas compared to
the smooth model. The third layer (2580 — 2540
m.a.s.l.) shows a small circular area in the mid-
southern part with a resistivity close to 1 Qm and con-
tinues down to the bottom layer. This low resistivity
area does not appear to be natural and is probably due
to poor data. The bottom three layers have similar re-
sistivities as the smooth model, except in the northern
part where the resistivity increases from approximately
100 Qm in the higher end of the resistivity spectrum.
In addition, the bottom layer shows higher resistivity
in the mid-western part than in the smooth model.
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Figure 29. Mean resistivity at different elevations from the smooth and layered model. Each layer is 40 m apart.
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Figure 30. 3D model containing TEM line 1, 2 and 6. The model shows the variations of resistivity from the study

area.

5.1.6. 3D model TEM lines 1, 2 and 6

The 3D model containing TEM lines 1, 2 and 6 are
shown in Fig. 30. Generally, the top layer shows resis-
tivity values up to 2000 Qm. The thickness of this lay-
er varies throughout the study area. In the northern and
eastern parts, the layer is more noticeable and thicker
than in the southern and western parts. A maximum
thickness of 90 m in the eastern part (TEM line 2) and
in the northern part (TEM line 6) is observed. The
thickness decreases to 30 m in the south and to a few
m in the south-west. Deeper down and to the DOI,
resistivities generally drop to approximately 100 Qm
throughout the area. Two areas in the southern and
south-western parts show slightly higher resistivities.
The low resistivity area (10 — 40 Qm) is located in the
northern and north-western parts of the 3D model (Fig.
29).

5.2. Results from the additional investiga-

tions in the mountain area

In total three ERT and four TEM measurement were
performed: two TEM measurements in the forest
(points 37 & 38); one ERT line and two TEM meas-
urements in the area of the soccer field (line 3 and
points 39 & 40). Finally, two ERT lines were per-
formed at the thermal bath of Liriuni (lines 4 & 5).
Locations of these ERT lines and TEM points are
shown in Fig. 31. The data residuals for all measure-
ments are presented in appendix B.
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Figure 31. Locations of ERT lines (red) and TEM measure-
ments (white) from the extra research in the mountain area.
TEM lines drawn on Workbench are also marked (light blue).
The forest area (bottom picture) is where TEM points 37 and
38 are located. The soccer field (bottom area) is where TEM
points 39 and 40 are located. Liriuni (top picture) is located
north of the forest and the soccer field).

33



5.2.1. Forest

TEM line 11 has a maximum penetration depth of 240
m (Fig. 32). The results indicate a higher resistivity in
the top 60 m (400 — 2000 Qm), especially in the west-
ern part of the profile. The resistivity decreases further
down to around 100 Qm towards the DOI, except in
the western part, where the resistivity values reach a
minimum of 20 Qm at a depth of around 200 m.

5.2.2. Soccer field

TEM line 3 has a maximum penetration depth of 300
m (Fig. 33). This profile contains four distinctive lay-
ers of different resistivities. The top layer at about 80 —
100 m shows resistivity values of around 20000 Qm.
Below, a layer of about 30 m appears at 2780 — 2750
m.a.s.l. with resistivity values reaching 10 Qm. A re-
sistivity of around 100 Qm follows in the next 100 m.
Finally, a low resistivity layer is located in the western
part of the section reaching resistivity values down to

around 1 Qm. This profile contains the highest (20000
QOm) and lowest (1 Qm) resistivity values recorded
overall. The data residuals of measurements 39 and 40
are high, 17.3 and 16 respectively. It should be men-
tioned that the soccer field was surrounded by metallic
fences, probably causing these high data residuals.

ERT line 3 has a maximum penetration depth
of 110 m (Fig. 34). There is a total elevation difference
of about 50 m in the profile. Bad electrode contact
might cause the inconsistent resistivities in the upper
30 m of the profile. The resistivity pattern has no re-
semblance to TEM line 3, but is more realistic that
TEM line 3. Below, the resistivity reaches values of
about 300 Om in the western part, while values of
around 1000 Qm appear in the eastern part. The resis-
tivity drops to around 100 Qm in the middle section,
down to 2770 m.a.s.l.. It should be noted that the
standard DOI is close to the surface in most parts of
the profile.
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Figure 32. A 2D profile showing the variations in resistivity within TEM line 11.
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Figure 33. A 2D profile showing the variations in resistivity within TEM line 3.
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Figure 34. A 2D profile showing the variations in resistivity within ERT line 3.

5.2.3 Liriuni

ERT line 4 has a maximum penetration depth of 60 m
(Fig. 35). The elevation difference in this profile is
around 65 m. High resistivities at the top might be due
to bad electrode contact. Overall, the profile shows
resistivities of approximately 100 Qm. The main fea-
ture is in the central portion, where resistivities are low
in two spots (10 — 40 Qm). The standard DOI is close
to the surface, especially in the eastern part, making

further interpretations difficult.

ERT line 5 has a maximum penetration depth of 120 m
(Fig. 36). As in the previous profile, the varying resis-
tivity at the surface is possibly due to bad electrode
contact. The profile mainly consists of resistivities of
about 100 Qm. In the southern part, low resistivities
are recorded (30 — 40 Qm). Two spots in the central
part of the section have low resistivity (30 — 40 Qm),
similar to ERT line 4.
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Figure 35. A 2D profile showing the variations in resistivity within ERT line 4.



5 ERT line 5 5

32504
32404
32304
32204
32104
32004~
3190
3180~
31704~

3160 4§~

Elevation [ma.s.L]

31504~
31404
31304~
31204~
31104
31004~

30904

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400
Distance [m]

1.0 10.0

10‘0 o 1000.0

Resistivity (Ohmm)
Figure 36. A 2D profile showing the variations in resistivity within ERT line 5.

6. Discussion
6.1. Geometry of the potential aquifer
and the depth and resistivity of the

bedrock

The results of the geophysical measurements provide
insight as regards to the geometry of the aquifer. The
measurements show resistivities up to 2000 Qm in the
upper parts of the subsurface. According to the resis-
tivity chart (Fig. 9) by Palacky (1987), coarse-grained
sediments, like gravel and sand, have resistivities rang-
ing from 500 to 10000 Qm. The lithology reports,
mentioned in section 4.2.4, show that coarse grain siz-
es dominate the lithology in the top 70 — 100 m. More-
over, the geological map (App. A and D) shows sur-
face sediments in the study area consist of alluvial fan
deposits (boulder, gravel, sand and silt). Thus, it can
be concluded that the top layer of high resistivity
mainly contains sand, gravel and blocks in different
proportions. This creates favourable conditions for
water to infiltrate and to be stored. The high resistivity
layer in the upper parts of the ground therefore repre-
sents the potential aquifer. Fig. 37 shows a 3D model
containing TEM lines 1, 2, 6, 7, 8, 9 and 10. This mod-
el, combined with the resistivity trends from the farm-
land and the river (Fig. 22), gives a clear overview of
the geometry of the potential aquifer. The models
show that the potential aquifer is thicker in the north-
ern and eastern part than in the southern and south-
western part of the study area. This is in accordance
with the decrease in grain size towards the centre of
the valley (see section 4.2.1). The maximum thickness
of the potential aquifer is 110 m and is located in the
north-eastern part (where TEM lines 8 and 10 cross,
App. E). The thickness in the north and east is about
90 m. In the central-eastern part of the study area it is
around 80 m thick, while its thickness is 20 m in the
mid-western part. The thickness is 40 m in the south-
ern part. Finally, the minimum thickness of the poten-
tial aquifer is 5 m in the south-western part.
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With regards to the boundaries of the potential
aquifer, a boundary could be set in the south-western
part, since a 5 m thick potential aquifer would not be
economical to extract water from. However, it would
still serve as an important area for infiltration of water
to feed the potential aquifer. In the southern, western,
northern and eastern parts of the study area, the thick-
ness of the potential aquifer is significant, and no
boundaries could be set. Further investigations would
be needed in order to set the boundaries of the aquifer
in the south, west, north and east. In addition, it is like-
ly that this study area is representative for the rest of
the northern part of the valley because the geology
does not change significantly (App. A & D).

Further down, the resistivity decreases to ap-
proximately 100 Qm. This resistivity is in line with
resistivities of clay (3 — 100 Qm) according to Fig. 9.
Although 100 Qm is in the higher end of the resistivity
spectrum for clay, some sand, gravel and blocks within
the layer are probably increasing the overall resistivity.
The existence of fine-grained sediments below the
coarser grains would also be in line with the geological
history. Deposition of fluviolacustrine sediments dur-
ing the upper Tertiary were followed by the accumula-
tion of coarser sediments transported from the moun-
tainous area during the Quaternary.

As mentioned in section 4.2.4, the thickness of
the sediments in the valley increases from 100 m in the
south to up to 1000 m towards the north (Renner &
Velasco 2000). The maximum penetration depth of the
measurements is 260 m (TEM line 6) and since the
study area is located in the northern part of the valley,
the thickness of the sediments is expected to exceed
260 m. Therefore, the depth of the bedrock cannot be
determined in the study area. Instead, additional inves-
tigations in the forest and the soccer field could pro-
vide information about the resistivity of the bedrock.
The bedrock within the study area consists of Ordovi-
cian siltstone (App. A). Although the resistivity of
siltstone is not shown in Fig. 9, it can be assumed that



it will be in the range of shales and sandstones (5 —
1000 Qm). TEM measurements from the forest (Fig.
32) show a drop in resistivity to 20 Qm at 160 m at the
bottom part of the profile. In the soccer field, TEM
line 3 (Fig. 33) with its abrupt changes in resistivity
between the layers, and in combination with their high
data residuals (App. B), make the measurements unre-
liable. However, ERT line 3 (Fig. 34) shows a more
plausible result. The proximity of the standard DOI to
the surface throughout the profile is probably due to
topographical changes of the profile. Although no
clear boundary can be seen in the profile, the central
bottom part shows resistivities of around 100 Om at a
depth of approximately 70 m. The low resistivity at the
bottom of the profiles (TEM line 11 & ERT line 3)
could mark the boundary between the Ordovician silt-
stone and the overlying sediments. Previous geophysi-
cal surveys from Renner& Velasco (2000) found that
the resistivity of the bedrock range from 150 to 210
Qm. Given the discrepancy of the resistivities, it is not
certain if the drop in resistivity in TEM line 11 and
ERT line 3 indeed represents the basement at the depth
of 70 m and 160 m respectively. Further TEM and
ERT measurements would be needed to confirm this.

The potential aquifer is a major recourse for the
inhabitants of the Valley of Cochabamba. It can be
served as a source for drinking water now and in the
future. Therefore, it is important that the farmland (and
the surrounding area) remains as open land, enabling
the water to infiltrate. Construction of houses and oth-
er buildings on the farmland would thus hinder such
processes. Furthermore, some measurements had to be
discarded due to high abundance of metal trash or ob-
jects (see section 5.3.2). These would have to be re-
moved from the farmland since they potentially could
be a source of harmful elements to the groundwater.

6.2. Notes for further research

ERT and TEM measurements were used for determin-
ing the geometry of the potential aquifer. These two
methods are supposed to complement each other.
However, the TEM data have provided more plausible
results and a greater penetration depth.

The TEM seems better suited for the measure-
ments of the local sediments. The coarse material, es-
pecially from the river, made it sometimes difficult for
the electrodes to make good contact with the ground,
which probably affected the ERT measurements,
which show strange structures in the profiles. For ex-
ample, the existence of a coarse-grained layer (high
resistivity) oriented in a vertical direction is not proba-
ble, as indicated in ERT lines 1 and 6. The rounded
structure of low resistivity in ERT line 2 does not fit in
the geological setting and its position at the standard
DOI could be affected by faulty data, while the com-
plementing TEM profile does not display that struc-
ture. Due to these inconsistencies in ERT lines 1, 2
and 6 and the relatively high data residual in ERT line
6 (14.26), interpretations are primarily based on the
TEM results.

Despite the differences between the ERT and
TEM profiles, ERT line 2 and TEM line 2 indicate a
low resistivity layer in the shallow parts of the profile.
This is more noticeable in the ERT line 2 profile. As
the TEM line 2 profile is an interpolation between sev-
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eral points, it is difficult to assess the existence of a
thin layer of low resistivity, i.e. a layer of fine-grained
sediments. If this impermeable layer would exist, the
infiltration of water into deeper parts would be
blocked.

The 1D models of TEM measurements in
Workbench of the points 24 and 31(Fig. 21) show a
drop in resistivity from around 100 Qm down to 6 — 20
Qm at 90 m. This is seen in Fig. 37, Fig. 29 and App.
F (TEM line 9). This indicates that the lithology below
90 m includes more finer grains. It should be noted
that the planned measurement between these points
(Fig. 21) was not performed due to the proximity to
metal objects. This missing measurement would have
provided more detailed data for assessing the presence
of this layer of more fine-grained sediments.

The depth of the water table is assumed to be
around 40 m in the study area (pers. comm. Gonzales
2019). As the resistivity of a fluid depends on its salin-
ity and ion content, the resistivity will be lowered if
the concentration of ions is high within the fluid
(Jeppsson & Dahlin 2017). At the moment, no data
regarding the water chemistry is available. According
to Gonzales (2019), the groundwater in this area has
relatively low concentrations of ions, since it is used
for drinking water without any treatment (pers. comm.
Gonzales 2019). The measurements show no signs of
changing resistivity at 40 m depth where the water
table is assumed to be located. Since the resistivity of
the fluid is not known, an explanation could be that the
resistivity contrast is not large enough to appear in the
results. Additional investigations are needed to clarify
this issue.

The depth to the bedrock in the Valley of Co-
chabamba is not fully known. Renner& Velasco
(2000) provide some information about the depth to
the bedrock, but mainly in the southern part of the val-
ley. The increasing thickness of the sediments towards
the north make it difficult to determine the depth,
which also is the case for this thesis. However, if at-
tempts are made in the future, resistivities in the range
of 20 to 210 Q@m would likely indicate the bedrock.

6.3. Liriuni
Despite the distance from active volcanoes and low
geological activity, the baths of Liriuni are geother-
mally heated. This phenomenon is not unique to this
area and it occurs in other places on earth which are
not geologically active, such as the thermal springs of
Bath, UK (Gallois 2007), and several thermal springs
in Hungary (Korim 1972). The hot springs in Bath are
of meteoric origin (Gallois 2007). Due to the low geo-
thermal gradient in the area, water infiltrates down to
2500 m and is heating up. Then the water rises adia-
batically through fractures in the rocks. A similar pro-
cess is likely to occur at Liriuni. It is not known where
the meteoric water infiltrates. A hypothesis is that wa-
ter infiltrates in faults and cracks in the mountainous
area. However, the required depth of water infiltration
and the geothermal gradient in the area is not known.
A fault is located close to the thermal spring of Liriuni
(App. A and D), where heated water could rise adia-
batically and feed the thermal springs of Liriuni.

The dominating resistivity range throughout
ERT line 4 and 5 (Fig. 35 & 36) is around 100 Qm. As



Liriuni is situated in the mountains it can be assumed
that the resistivity values reflect the bedrock
(Ordovician siltstone) and not finer sediments, such as
clay. A clear fault line cannot be seen from the ERT
lines. However, the spots of low resistivity (10 — 40

Qm) can be interpreted as more weathered parts of the
bedrock. Weathering lowers the resistivity of rocks
and therefore these areas probably contain faults or
cracks, enabling the water to rise to the surface. The
low depth of the profile is probably a consequence of

3D model of TEM line 1,2, 6,7,8,9 & 10

TEM line 9
\ &

TEM line 8

TEM line 2

TEM line 7

TEM line 1

W

§TEM line 10

/Q TEM line 6

1.0

10.0 .. 1{;00
Resistivity (Ohmm)

1000.0

Figure 37. Same 3D model as in Fig. 30, but with the addition of TEM line 7, 8, 9 and 10. The model shows the variations in

resistivity within the study area in greater detail.
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the topographic differences within the profile.
7. Conclusions

This thesis has primarily aimed at determining
the geometry of the potential aquifer in the
study area. This aim could be achieved. Its
maximum thickness of about 100 m is located
in the north-eastern part of the study area. In
the northern and eastern part of the study area,
the thickness is around 90 m. Towards the
southern part, the thickness decreases to ap-
proximately 40 m, whereas it is about 20 m
thick in the western part of the study area. In
the south-western part the thickness of the po-
tential aquifer drops to about 5 m. The south-
western part could therefore be regarded as the
boundary of the potential aquifer, while no
boundary can be set in any other direction.

This thesis secondarily aimed at determining
the depth of the bedrock. Due to inadequate
penetration depth of the measurements this
could not be done. The thickness of the sedi-
ments is likely to be close to 1000 m thick in
the study area, while the maximum penetration
depth of the measurements is 260 m. The bed-
rock consists of Ordovician siltstone, which
assumedly has a resistivity range of 5 — 1000
Om. Additional measurements that were per-
formed outside of the study area, show resistiv-
ities between 20 and 100 Qm at about 70 and
160 m depth, potentially indicating the bounda-
ry between the bedrock and the overlying sedi-
ments. Previous geophysical studies have
shown that the resistivity of the bedrock is 150
— 210 Qm, slightly higher than the observed
resistivities in this thesis. Further TEM and
ERT measurements are therefore needed to
confirm the depth and resistivity of the bed-
rock.

The surficial coarse-grained sediments allow
water to infiltrate easily. This potential aquifer
is therefore a necessity for the local inhabitants
of the Valley of Cochabamba regarding drink-
ing water. Any constructions on the open farm-
land will negatively affect infiltration of water
and lower the recharge of this potential aquifer.
Consequently, this potential source of drinking
water would be lost. Furthermore, metallic ob-
jects and trash are present in some areas. These
would need to be taken away, since they poten-
tially could act as a source of harmful elements
in the groundwater and thus drinking water.

For future research. 1) it is suggested to use
TEM prior to ERT if possible, because TEM
has provided better penetration depth that ERT.
The ERT measurements have generally not
been reliable due to the fact that the coarse sed-
iments make it difficult for the electrode to es-
tablish a good contact. The topography of the
area probably affected the measurements as
well. 2) Although the evidence is not conclu-
sive, the bedrock most likely has a resistivity in
the range of 20 to 210 Qm. When attempting to
determine the depth of the bedrock, this resis-
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tivity range could be used as a reference.

] Fine-grained sediments dominate the sediments
below the potential aquifer, lowering the infil-
tration of water to greater depth. The measure-
ments at ERT and TEM line 2 indicate a 15 —
20 m thick layer of fine-grained sediments
close to the surface on top of coarse-grained
sediments. This could potentially represent an
aquiclude that locally blocks infiltrating water.
Further ERT measurements with smaller elec-
trode distances would be needed to confirm this
assumption.

] In addition, measurements were performed to
explain the existence of the nearby thermal
baths of Liriuni. Two spots of lower resistivity
in the profiles indicate that weathered rock al-
lows heated water from deep parts to rise
through cracks or faults.
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Geological map from GEOBOL (1994) together with its legend.
Appendix B
Data residuals for all TEM stations (measurements) and the loop configuration used for each measurement. The

Data residual igu-
Station Type of f:onﬂgu Comments
Smooth Layered ration

1 3.38 3.47 Centre loop All OK

4 3.28 3.35 Centre loop All OK

5 8.63 8.73 Centre loop All OK

6 32.1 295 Offset All OK

7 3.67 3.38 Offset All OK

8 2.64 2.62 Offset All OK

9 1.71 1.75 Offset All OK

10 3.13 3.46 Offset All OK

12 154 15.3 Offset All OK

13 3.09 3.09 Offset All OK

14 17.7 17.7 Offset All OK

15 9.91 10.2 Offset All OK

16 4.22 4.18 Offset All OK

17 16.2 14.9 Offset All OK

18 3.66 3.64 Offset All OK

19 24.6 245 Offset All OK

20 4.08 4.06 Offset RC-200 coil close to powerlines.

22 3.98 3.99 Offset All OK

23 13.7 13.6 Offset 10 m proximity to metallic fences.
Metallic fences were removed 100m from

24 4.38 4.21 Offset setup. Powerline approx 50-100m from set-
up.

25 19.2 18.9 Offset All OK
Powerline approx 100m away from the setup.

2% 129 121 Offset CAT trucks were 200m away. O_ne came
approx 100m from the setup during measure-
ment time.
One of the corners is slightly lower topo-

27 4.46 4.39 Centre loop graphically. Another corner is approx 50m
from powerlines

28 4.5 4.42 Offset Slight topographic difference.
Topographic differences in the terrain. Ca-

29 4.54 441 Offset bles were not horizontal. Could have affected
the data.
Topographic differences in the terrain. Ca-

30 4.71 4.52 Offset bles were not horizontal. Could have affected
the data.
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Metallic fence south and powerlines north
of the setup but more than 100m away.

31 8.29 8.3 Centre loop Metallic trash was found on the ground,
inside and outside of the setup. They were
removed but there may have been more.

32 17.3 17.1 Offset Metal objects 100 m away.

Topographic differences in the terrain. Ca-

33 10.4 10.1 Centre loop bles were not horizontal and could have af-
fected the data. This station was removed.

34 5.05 5.05 Offset All OK
Measurement was on a football pitch. Two
metallic goals were N and S of the setup.

% 10.7 108 Centre loop Distance from the goals were approx 100m
away.

Metal trash on the ground. Some was re-

36 14.4 14.4 Centre loop moved but there may have been more.

37 7.88 7.8 Missing field notes

38 11.3 9.67 Missing field notes

39 17.3 4.17 Missing field notes

40 16 124 Missing field notes

ERT
Linel 8.27
ERT
Line 2 7.84
ERT
Line 3 11.95
ERT
Line 4 8.34
ERT
Line 5 526
ERT
Line 6 14.26
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comments provide available information on the proximity to metallic objects, powerlines or any other disturbances.

Appendix C
On Workbench it is necessary to set a search distance for each created profile. The used search distances for each

Search distance for the TEM profiles on Workbench Meters
TEM line 1 100
TEM line 2 100
TEM line 6 100
TEM line 7 250
TEM line 8 250
TEM line 9 100
TEM line 10 100
Forest (TEM line 11) 250
Soccer field (TEM line 3) 250
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TEM profile created are shown below.
Appendix D
The same geological map as in appendix A but focused where the study area is located. Red dots represent the TEM
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measurements and the blue lines represent the ERT lines.
Appendix E
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All locations of the created TEM lines on Workbench within the study area is shown below.
Appendix F

Here all remaining profiles not shown in the results are presented. In total it is four profiles: TEM line 7, 8, 9 and

7 TEM Line 7 I
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10.
Appendix G

Points used for general trend

Points not used for general trend

Farm River
1 26 31
4 27 32
5 28 35
7 29 37
8 30 38
9 34 39
10 36 40
12
13
14
15
16
17
18
19
20
22
23
24
25
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