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English abstract  

MÅNS LARSSON 

Larsson, m., 2016: TEM investigation on Challapampa aquifer, Oruro Bolivia. Dissertations in Geology at Lund 

University, No. 494, 44 pp. 45 hp (45 ECTS credits) .  

Keywords:  Geophysics, Hydrogeology, Geology, Sedimentary, Survey 

Supervisor(s): Per Möller, Torleif Dhalin 

Subject: Geology, Geophysics 

Måns Larsson, Department of Geology, Lund University, Sölvegatan 12, SE-223 62 Lund, Sweden. E-mail: 

mablarsson@gmail.com 

Abstract:  

In this study a TEM (transient electromagnetic) investigation where preformed on the Bolivian altiplano north of 

the city Oruro. There is a deficit of drinking water in Oruro and the aquifer Challapampa is their main source of 

water. With this investigation the objective was to map the bottom limitation of the Challapampa aquifer and, if 

possible, restraining structures within the aquifer, aquitards. The surrounding bedrock consists mainly of sandstones 

and shale’s that has been penetrated by intrusions in several locations. Quaternary sediments on top of the bedrock 

hold most of the groundwater in the area. The general structures in the bedrock surrounding the Quaternary sedi-

ments are in a northwest to southeast direction and similar structures are expected to be found underneath the sedi-

ments.  

The method used in this investigation was TEM, which uses transient electromagnetic (EM) waves to penetrate the 

ground. TEM is a geophysical technique that creates a magnetic field by passing an electrical current through an 

ungrounded cable. When the current is cut off, as quickly as possible, the magnetic field induces a current in its 

surrounding ground that results in a secondary magnetic field. The secondary magnetic field induces a current in 

the receiver antenna and electrical potentials are measured and registered in the instrument. The variation of the 

secondary magnetic field depends on the ground properties.  

The TEM method is well suited for investigating groundwater properties in sand- and gravel-dominated deposits. A 

depth of investigation (DOI) to 850 m b.s. (meters below surface) was achieved in several points, which is over 

expectations. Two low resistivity valleys were found and interpreted as water saturated sedimentary valleys, where 

extend in a northwest to southeast direction over the studied area. The depth to the bedrock is interpreted to be 

around 75 m b.s., both in the western and eastern part of the area. The basal boundary for the interpreted sedimen-

tary valleys crossing profile 3 (NorthH2, Fig. 24) is around 130 m b.s. for the eastern valley and 120 m b.s. for the 

western valley. 

 



Svensk abstract 

MÅNS LARSSON 

Larsson, M., 2016: TEM investigation on Challapampa aquifer, Oruro Bolivia. Examensarbeten i geologi vid Lunds 

universitet, Nr. 494, 44 sid. 45 hp.  

Nyckelord:  Geofysik, Hydrogeologi, Geologi, Sedimentologi, Kartering, 

Handledare: Per Möller, Torleif Dahlin 

Ämnesinriktning: Geologi, Geofysik 

Måns Larsson, Geologiska institutionen, Lunds Universitet, Sölvegatan 12, 223 62 Lund, Sverige. E-post: 

mablarsson@gmail.com  

Sammanfattning:  

I denna studie utfördes en TEM (transient elektromagnetisk) undersökning på den Bolivianska altiplanon, norr om 

staden Oruro. I Oruro finns det ett underskott av dricksvatten och deras huvudsakliga vattenförsörjning kommer 

från aquiferen Challapampa. Målet med undersökningen var att kartlägga djup till bottnen på aqviferen, topografin 

av botten samt, om möjligt, akvitarder innom akviferen. De omkringliggande berget består av sandsten, skiffer och 

intrusioner. Ovanpå berget finns det Kvartära avlagringar som innehåller de största grundvattenreserverna. I det 

omkringliggande berget sträcker sig strukturer från nordväst till sydöst, och det är förväntat att strukturer med 

samma trend ska återfinnas på botten av akvifären, men även strukturer kopplade till de intrusioner som finns.   

TEM metoden är en transient elektromagnetisk sonderings metod som använder elektromagnetiska vågor för att 

undersöka marken. Ett magnetisktfält skapas när elektrisitet leds genom en kabel på marken. När strömmen stängs 

av induceras en elektromotorisk kraft ner i marken som inducerar virvelströmmar i lager med avvikande elektrisk 

ledningsförmåga. Virvelströmmarna skapar i sin tur ett sekundärt magnetfält som inducerar ström i mottagarspolen. 

Det sekundära magnetfältet varierar med markens elektriska ledningsförmåga och innehåller på så sätt information 

om markens fysiska egenskaper.  

TEM metoden var väl lämpad för att undersöka hydrogeologiska egenskaper i en sand- och grus-dominerad 

avlagring. Ett större undersökningsdjup än väntat uppnåddes på 850 m under markytan i flera mätpunkter. Två 

lågresistiva dalar, som sträcker sig i en nordväst till sydöstlig riktning, hittades. Dalarna är tolkade att innehålla 

vattenmättade sediment. Djupet till berggrund i undersökningsområdets, absolut västra samt östra delar, är tolkat att 

vara cirka 75 m under markytan, medans djupet till berg i de tolkade dalarna är ca 130 m under markytan i den 

östra dalen och 120 m under markytan i den västra dalen. 
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1  Introduction  
 

This Master’s thesis is written at the Geology depart-

ment, Lund’s university and in cooperation with LTH 

– Engineering Geology. The objective of this study 

was to map the bottom limitation of the Challapampa 

aquifer that is located adjacent to the city Oruro on the 

Bolivian altiplano. The aquifer is mainly situated in 

Quaternary sediments within an alluvial fan. The sur-

rounding bedrock consist of shale’s, sandstone and 

intrusive rock. It is expected to find bedrock as the 

bottom limitation of the aquifer and structures similar 

to those in the surrounding mountains. Most recharg-

ing to the aquifer consists of run off from surrounding 

mountainous terrain and is transported to the area via 

rivers. The method used for this survey is TEM, which 

is a transient electromagnetic method. This method is 

relatively new and has been used in Denmark to map 

groundwater resources. The method uses short pulses 

of current to create an electromotive force that propa-

gate down in the subsurface inducing eddy current in 

layers with deviating resistivity and emitting secon-

dary magnetic fields back to the receiver on the sur-

face. The secondary magnetic field properties depend 

on the ground properties, and contain thereby informa-

tion about the subsurface. Upsides with the TEM-

method are; the deep depth of investigation (DOI), fast 

setup and measuring time, point based surveys giving 

the possibility for customized designer grids and sensi-

tivity in detecting and mapping low resistivity forma-

tions. 

The survey was carried out by me (Måns Larsson) and 

Etzar Gómez during an eight week long field cam-

paign. During the campaign we lived in an apartment 

in Oruro and went to the field area by a natural gas 

powered taxi. To transport the equipment between the 

measuring points within the field area a bicycle cart 

was used. As help in the field, two students from 

Technical University of Oruro (UTO), Rafael Men-

doza Huayhua and Jorge Larrea, was recruited, taught 

basic theory behind the method and setting up the in-

strument.   

After the field campaign, in the post data gathering 

and evaluation process, the program ViewTEM was 

used to sort the data and make it ready for visualisa-

tion in Aarhus Workbench.  In Workbench a series of 

horizontal maps and profiles where produced to visual-

ise the results of the survey. These maps were used as 

base in the discussion to draw the conclusions of this 

report.   

 

2 Study area 
 
The study area is located 15 km northeast from Oruro 

city (Fig. 1) in Bolivia, South America. The area is 

bounded by latitudes 17°35’–18°00’ S and longitudes 

66°59’–67°12’ W. The topography in the study area is 

flat, plateau-like, with an average elevation of 3 700 m 

a.s.l. The surrounding landscape is mountainous, with 

peaks reaching 4 700 m a.s.l. and characterized by a 

semiarid climate throughout the plateau and in the 

surrounding mountains. The vegetation is scarce or 

almost non-existent due to the semi-arid climate and 

the high elevation. The mean annual temperature is 

about 10°C and shows large differences between day 

and night. The rainfall is in the range of 300 to 500 

mm/y, with a markedly wet summer from December to 

March, and dry winter from June to August. Quater-

nary sediments hold most groundwater in the area and 

are part of the Oruro-Caracollo hydrologic catchment, 

forming the Challapampa aquifer with an area of ca. 

525 km2. 

 

3  Background 
 

The Challapampa aquifer is located on the Bolivian 

altiplano adjacent to Oruro. The city Oruro is depend-

ent on water supply from this aquifer and at the mo-

ment of writing the water supplied to the city is not 

enough to cover the needs of its inhabitants.  Among 

the local farmers north of Oruro there is a high suspi-

cion against both the water company and foreigners 

making investigations in the area. A fear of running 

Fig. 1. Overview of the study area in Bolivia. 
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out of water and that outsiders will mark their land 

for commercial use are some of the reasons for this 

general attitude. This has somewhat limited our in-

vestigations in the area since we were not allowed to 

make coherent measurements as wished for. The east-

ern limitation of our investigation area (Fig. 2) is 

mountainous terrain and exposed bedrocks, which is 

not the target of the study.  

The general groundwater flow is from north to south 
and the local recharge source except of rain is the 
Paria River. The investigated area is located in a de-
sert with high salt content, both on the surfaces and 
within clay layers on greater depth.  During the dry 
season the evaporation is very high and salt precipi-

tation over ground surfaces  is large (Fig. 3), especially 
in the eastern part of the investigated area, close to 
the natural hot springs (Fig. 2) which produce highly 
saline water (360 mS/m or 2.8 Ω m).  

 

3.1 Bedrock geology 
 

The San José mine is located directly west of Oruro in 

an elevated hill complex, called the Oruro massif. It is 

an old mine that have produced tin, silver and lead as 

the main metals during the last 400 years. The most 

common minerals in the intrusion are listed by 

Patureau (2007), and are silica (SiO₂), cassiterite 

Fig. 2. This is a contour map put on top of the investigated area showing an interpretation of the top bedrock surface. Red 

dots are TEM measurements and black dots are previous geophysical investigations and boreholes. The PP_ boreholes are 

located within the Khala Kaja area and the Sela well field are located within Challapampita. The contours for the bedrock 

surface are based on information from Banks et al. (2002).   
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(SnO₂), pyrite (FeS₂), estannine (Cu₂FeSnS₄), tetra-

hedrite  ((Cu,Fe,Ag,Hg,Zn)₇(Sb,As)₂S₈), andorite 
(AgPbSb₃S₆), zinkenite (PbSb₂S₄) and boulangerite 

(Pb₅Sb₄S₁₁). The intrusion contains two mineralization 

stages. The first stage is the mineralization of tin and 

the second stage is the mineralization of silver sul-

phosalt. The tin mineralization is located on top of the 

silver sulphosalt and is decreasing with depth. The 

Oruro massif consists of Tertiary igneous rock that has 

intruded into Palaeozoic metasedimentary bedrock 

(black slates). The intrusion dates back 16 Ma (Banks 

et al., 2002) and is represented by lavas, limonites, 

tuffs and aphanites (Patureau, 2007). These Tertiary 

igneous rocks are surrounded by Quaternary sediments 

and black slates from the Silurian-aged Uncía Forma-

tion (Banks et al., 2002). 

Bedrock mega structures in the area have a northwest - 

southeast trend and are consistently faulted in the same 

direction (Appendix Fig. App.  1). The bedrock units 

in the area are part of the eastern margin of the central 

Altiplano. Four important formations are present adja-

cent the Challapampa aquifer, from oldest to youngest 

(i) the Llallagua Formation, (ii) the Uncía Formation, 

(iii) the Catavi Formation  and (iv) the  Vila Formation 

(Swedish Geological AB, 1992). 

The Llallagua Formation was formed during the Silu-

rian and is stratigraphically underlying the Uncía For-

mation. The Llallagua Formation is exposed around 

Oruro to a much lesser extent than the Uncía Forma-

tion, but follows the same megastructures as described 

for the area. The Llallagua Formation consists of sedi-

mentary rocks; sandstone, siltstone and shale’s that 

vary from light grey and brown quartzite’s to greenish-

grey sandstones. The Uncía formation is interpreted to 

be formed in the distal or middle part of the shelf and 

the transitional change from Llallagua formation to 

Uncía formation indicates a gradual change towards a 

less tectonic active basin. The Uncía Formation consist 

of grey to green shale’s with element of olive green 

sandstones and siltstones interbedded (Fig. 4) 

(Swedish Geological AB, 1992).  

The Catavi Formation consists of sand- and mudstone 

that superimpose the Uncía Formation and is exposed 

in outcrops around the investigated area. In the north-

ern extension of the Challapampa aquifer, and in align-

ment of the megastructures from Uncía Formation, the 

Catavi Formation is exposed but not the Uncía forma-

tion or any of the stratigraphically older formations. 

The Catavi Formation was deposited during the early 

Devonian in a proximal shelf and beach environment 

(Swedish Geological AB, 1992). The youngest Vila 

Vila formation was formed during the latter part of the 

Devonian and is exposed only in the northern part of 

the area. It consists of red-brownish saccharoidal sand-

stone, interpreted to have formed in a near shore envi-

ronment. 

It is expected to find ridges and topographical ir-

regularities in the bedrock formations underneath the 

flat lying Quaternary strata on the altiplano north of 

Oruro (Banks et al., 2002). The northwest to southeast 

fault trend in the surrounding bedrock can be an ex-

pected feature in the buried bedrock as well as other 

features linked to the intrusions. The presence of hot 

springs in the eastern part of the area suggests a higher 

geothermal gradient in this part.  

Fig. 3. Precipitated salt on top of the clayey sedimentary strata. Photo by Måns Larsson.  
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3.2 Sedimentary geology 
 

The Quaternary altiplano sediments have a varying 

thickness. Most of the sediments are deposited by flu-

vio-lacustrine processes, but also Pleistocene volcanic 

deposits are found within the area. The Quaternary 

sediments are most common and contain a significant 

groundwater resource (Banks et al., 2002; Dames and 

Moore, 1967).  

Rigsby et al. (2015) performed eight drillings in a 

north-south transect between Lake Titicaca and Lake 

Poopó in the Desaguadero valley. However, none of 

them are located inside the study area, but irrespective 

of this of some interest. The drillings were limited to a 

depth of 50 m and thus only show the composition of 

the top part of the sediments on the altiplano. The 

three boreholes most relevant for this paper are those 

at Tejopa, Caquingora and Challacolla. Tejopa is lo-

cated north of the investigated area and Challacolla 

south of it. Caquingora is located on the same latitude, 

but to the west of the area of investigation.  The infor-

mation retained from the eight drilling cores and down

-hole logging with natural gamma radiation resulted in 

a differentiation with four facies associations. These 

four facies associations that form the subsurface strata 

of Rio Desaguadero are part of the hydrogeological 

drainage system between Lake Titicaca and Lake 

Poopó. The differentiated facies associations consist of 

(i) braided stream deposits, (ii) meandering stream 

deposits, (iii) lacustrine deposits and (iv) deltaic de-

posits (Rigsby et al., 2015). The meandering stream 

and lacustrine deposits (facies association’s ii and iii) 

are present throughout the whole valley, while the 

Fig. 4. In the outcrop east of the intrusion the bedrock consist of shale, micaceous limonitic 

sandstone and jarosite that has suffered propylitic hydrothermally altered to kaolinite. Photo by 

Måns Larsson. 

braided stream deposits (i) are only present in two of 

the northern cores at Callapa and Zambrana. The del-

taic deposits (iv) are only present in the southernmost 

core at Hauna Khaua (Rigsby et al., 2015).  

The present study is focused on the flat-lying strata 

north of Oruro and will thereby not describe the braided 

stream deposits found in the northern cores, nor the 

deltaic deposit found in the most southern core, only 

the meandering stream and lacustrine deposits. 

Characteristic of the meandering stream deposits in 

Rio Desaguadero is medium to coarse sand, fining-

upwards into massive to planar laminated silts and 

muds, and with local concentrations of carbonate and/

or evaporites. The lacustrine deposits are characterized 

by laminated to massive, variable coloured clay to 

clayey silt, with local concentration of carbon biologi-

cal debris (Rigsby et al., 2015). 

As described by Rigsby et al. (2015) the cause be-

hind the sedimentation process for the deposited flat-

lying strata of Desaguadero valley and Lake Titicaca is 

still under debate. Bills et al. (1994) present geophysi-

cal data that indicate a non-tectonically driven sedimen-

tation of Quaternary strata during Holocene and late 

Pleistocene. Other authors (Baker et al., 2001a, 2001b; 

Fritz et al., 2004) suggest, based on drill cores and high 

lake-stands around Lake Titicaca, that during the last 

50 000 years neither tectonic nor hydrological thresh-

olds have changed the basin configuration.  

Close (north) to the investigated area, close to the 

river Paria (Fig. 1), a few outcrops are exposed in con-

junction with sand and gravel exploration. Here the 

sediments consist of sand to coarse gravel, but the top 

30-50 cm consist of well sorted clay. In some outcrops 

there are distinctive layers of clay with high concentra-

tions of salt present within deeper layers, but also big 

rip-up clasts of clay, and smaller lenses of sand and 
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gravel, coated in clay (Fig. 5).  

The surficial, fairly consistent and well sorted clay 

layer that is present all over the investigated area indi-

cates that the latest depositional environment was a 

lake(s), while the well-rounded pebbles beds within 

the chaotic sediments below indicate fluvial transport. 

The size and concentration of the large pebbles sug-

gest transport over shorter distances, probably from 

the surrounding mountains.  

The investigated outcrops are located close to the 

interpreted discharge area of the Paria River and a rea-

sonable conclusion is that the coarse-grained gravel 

content should decrease the further we move into the 

Challapampa aquifer. However, boreholes SELA and 

PP (Fig. 2 and Figs. 6-7) show the presence of gravel 

in the centre of the aquifer. From the drill protocols 

and exposed sediment sections it cannot be concluded 

the areal extension of the gravel deposits, but it is rea-

sonable to assume that particle sizes are much smaller 

further down the alluvial fan at the drilling location, 

than shown in Fig. 5. The wide grain-size distribution, 

well rounded particles and particle orientation, as well 

as the lateral size of the exposed sections, suggest that 

the sediments within the investigated area have been 

transported under major but punctuated avalanche 

events, triggered by high energy water flows. This 

colluvium, shown in Fig. 5, is likely representing the 

upper part of an alluvial fan. The more distinct layers 

of clay were probably deposited during calm periods 

when the area was covered by lakes in between the 

high-energy flow periods and should be more frequent 

in the middle and lower fan segment. 

The drilling technique used for the described bore-

holes was rotational drilling with mud-weighted drill-

ing fluid. Such technique makes it hard to interpret the 

Fig. 5. Outcrops close to the Paria River. (A) Close up of the exposed sedimentary section north of the investigated area. 

(B)The exposed wall was around 4 m (Etzar Gomez poses as scale). Photo by Måns Larsson. 

clay content from different layers. The concentration 

of different fractions is also hard to interpret purely 

from drill protocols chip analysis. The original drilling 

protocols are in the appendix section, Table. App.  1.    

However, the drill protocols indicate that parts of the 

alluvial fan deposits consist of well sorted sand and 

gravel and thinner sections with higher content of clay. 

All this is consistent with the expected deposits of a 

semi-arid alluvial fan. Alluvial fans are deposited by 

debris flow, sheet-flood deposits, stream flow and 

sieve deposits (Reading, 1986) and can extend hun-

dreds of kilometres from the apex, normally in gradi-

ents between 3° and 6° (Reineck and Singh, 1975). 

Today the slope from the fan apex at Paria to Challa-

pampita is less than 1°, and the top of the flat-lying 

strata over the investigated area has its origin in 

younger lake deposits superimposed on top of the allu-

vial fan. The exposed sections shown in Fig. 5 are in-

terpreted as debris flow deposits and according to drill 

protocols the majority of the sediments within the 

study area are suggested to have the same properties as 

those exposed in the sections. Debris flow deposits are 

varying a lot depending on their source rock; when the 

weathered product of the source rock gives rise to high 

clay contents,  it gives a fine-grained matrix  that pro-

mote rapid flow velocities even at very low slope gra-

dients. In Challapampa the investigated debris-flow 

deposits consist of sand as finest matrix fraction and 

large pebbles (<10 cm). The surrounding mountains 

around the Paria River consist of both shale and sand-

stone. However, investigated debris-flow deposits 

probably originate from sandstone beds as they lack 

the clay component (Reading, 1986). Further into mid-

fan/fan-base positions are more fluvially-dominated 

deposits the norm. In the SELA drilling logs there are 
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Fig. 6. Borehole logs for boreholes Sela_2, 3 and 4. Beds less than 2 m thick are generalised. The profiles are based on 

information retained from the consulting companies; Scide et al.  (1981).  
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Fig. 7. Borehole logs for boreholes PP_11 and PP_13. Layers less than 1 m thick are generalised. The profiles are based on 

information retained from the consulting companies; Scide et al. (1981). 



 

14 

sections of well sorted sand and gravel that supports 

this assumption. To link this with one of the previous 

mentioned depositional environment is extremely hard 

as the drill protocols do not give any information about 

structures, sorting and the sections horizontal extent.  

 

3.3 Hydrogeological features 
 

The depth to the bedrock is in general closely linked to 

the hydrogeological flow trends, though the groundwa-

ter flow usually follows the topography of the bottom 

limitation of the aquifer. A contour map based on geo-

physical profiles and drilling logs has been produced 

by Dames & Moore (2000) and further developed by 

Banks et al. (2002). This map suggests that the base-

ment of the aquifer is dipping towards northwest from 

Challapampita to Khala Kaja (Fig. 2). The general 

trend for the bedrock surface topography in the inves-

tigated area is that it is dipping towards west, with 

exposed outcrops to the east. There is a 150 m deep 

channel in the Khala Kaja area west of the investiga-

tion area, which is suggested to host the thickest sedi-

ment sequence in the area.  At Challapampita the bed-

rock surface is at 100 m b.s. (meter below surface) 

(Banks et al., 2002).  Swedish Geological AB pro-

duced in 1996 (Swedish Geological AB, 1996) a 

groundwater flow map based on the piezometric 

groundwater surfaces from wells in the area. This map 

suggest a general flow trend from northeast towards 

southwest, with an induced groundwater flow around 

the SELA well field with an approximate radius of 5 

km. The groundwater flow seems thus not to follow 

the  bedrock dipping trend between SELA and PP 

boreholes, which could be due to the locally induced 

flow towards the SELA well field.  

The origin of the groundwater within the aquifer is 

debated by Gómez et al. (2016). Three sources for  

groundwater formation is presented based on isotope 

analyses and water conductivity; (i)the water tested in 

the central part of the aquifer at 40 m b.s. correspond 

with water from the Cayhuasi or Pongo Jahuira rivers,  

located significantly more north than the closest  river 

Paria, the flows in these rivers are almost negligible 

during the dry season. (ii) The values from the 

well field within the alluvial fan correspond better 

with those from the Paria river, which is more adjacent 

to the area and (iii), in the wells more southern posi-

tion there are higher concentrations of evaporated min-

erals, which indicates a recharge source mostly from 

precipitation. These wells are not deeper than 100 m 

b.s.  

Four different flow systems have been identified; (i) a 

shallow system characterized by high salinity with an 

electrical conductivity up to 0.1 S/m (10 ohm), reach-

ing from ground surface and down to ca. 20 m b.s. 

This system is probably driven by precipitation during 

the wet season. The high evaporation during the dry 

season is increasing the salinity concentration in the 

top layers. The retention time for the water in the top 

layers are short and probably not more than one year 

old, though streams and ponds dry up fast during the 

dry season. (ii) Below this system is the next system, 

which is the target of most extraction wells. The con-

ductivity ranges widely from 0.06 to 0.2 S/m (5 - 16.7 

Ωm). This system reaches from 20 m b.s. until around 

100 m b.s. This water is recharged by drainage from 

the surrounding mountains, the water transported to 

the alluvial fan with rivers. The main discharge area 

for this system is probably the well field. (iii) The third 

system is located underneath this and is a transitional 

system to a much older and deeper system. It is un-

clear if this system is located in sediments or bedrock, 

or both. No current wells are pumping below system 

number two, so there is no conductivity data from the 

deeper systems (iii and iv). (iv) The fourth and oldest 

system is characterized by the most depleted  

isotopes. This indicates a recharge from high altitudes 

and/or from the latest palaeo-lake event. Groundwater 

in this system is suggested to flow through bedrock 

below 400 m b.s. (Gómez et al., 2016; Lizarazu et al., 

1987).  

3.4 Resistivity 
 

Resistivity is a measurement of a material's capacity to 

resist conduction of electricity through it, and is de-

fined as the potential drop (V) of the electricity when 

it passes through the material. The resistance (R) of 

the material is proportional to the length (L) of the 

electricity passage and inversely proportional to the 

cross-section area (A). When more than one medium is 

present both medias geometry and electrical properties 

becomes important and also the direction of measure-

ment. Layered models can have different resistivities 

depending on what direction the measurement is made 

(anisotropy). Electricity passage following the orienta-

tion of clay particles will, e.g., give much lower resis-

tivity than if the measurement is made 90° degrees to 

their orientation. Measurements will include all hetero-

geneities within a sediment/rock unit and the resulting 

resistivity will be an average value of all variations 

within the material (apparent resistivity). Resistivity is 
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measured in ohm-meters (Ωm) and its inverse, conduc-

tivity, is measured in Siemens/meter (S/m). Usually it 

is resistivity that is measured during geophysical in-

vestigations, but in high-current densities it can be 

more suitable to use conductivity (Reynolds, 2011).   

The measured resistivity from the subsurface will vary 

with many involved factors. The most important pa-

rameter that affects the resistivity is the presence of 

water in the pore spaces and/or fractures of rock or 

sediment, this since air has high resistivity and water 

have relative low resistivity. There is a range of factors 

that affects the mean resistivity for a subsurface layer. 

In a dry medium the relation of air and interconnection 

between grains and their mineralogy are the most deci-

sive factors of resistivity. Grain to grain relationship in 

unconsolidated sediments depends on the grain size 

distribution and clay content. A well sorted sediment 

has a higher porosity than a poorly sorted sediment. 

Clay particles are flat and can have a much higher 

grain to grain contact during the same porosity as big-

ger sized particles, and thereby lower resistivity. The 

general rules are that the resistivity is decreasing with 

increasing clay content, pore water and salt concentra-

tion. Crystalline non-fractured bedrock has higher re-

sistivity since it cannot contain as much water. Tem-

perature is also a factor that affects the resistivity. The 

resistivity is decreasing with increasing temperatures 

at a constant salinity until 300 ̊C (University of Al-

berta, 2014). All standardisations mentioned above are 

much generalized and there are a lot of different cir-

cumstances that can change the formations apparent 

resistivity. Bedrock with very high concentrations of 

conductive minerals can for example have a significant 

lower resistivity than wet sediments or even the same 

resistivity. These circumstances are called the equiva-

lence problem. There are a number of different geo-

logical formations that might have the same resistivity 

response, as illustrated in Fig. 8. A summary of resis-

tivity values for pure sediments and bedrocks that are 

relevant for this specific area are presented in Table 1.  

If there is significant pore space in the sediment and if 

it is water saturated, then the chemistry of the pore 

water is highly affecting the sediment resistivity. Fresh 

water has a higher resistivity than salt water; thus the 

resistivity is decreasing with increasing salt content. In 

salt water there are more free ions available that can 

carry the electrical current. If the pore water is salty, 

the resistivity of the mineral grains is almost always 

higher than for the salty pore water (University of Al-

berta, 2014). When this is the case, Archie’s Law can 

be used saying that . The equa-

tion describes the effective resistivity ( ) of a forma-

tion and considers the formations porosity ( ), how 

much of the pores that are filled with water (s) and the 

resistivity of the pore water ( ), while “a”, “m” and 

“n” are constants (Reynolds, 2011). 

 

4 Method 
 

The Challapampa aquifer was mapped using the Tran-

sient Electromagnetic Method (TEM). TEM is a geo-

physical technique that uses transient electromagnetic 

(EM) waves to penetrate the ground. The method is 

point based, meaning that different investigation de-

signs can be used for different purposes. In general the 

Fig. 8. Resistivity and conductivity ranges for different geological materials. A number of different materials might show 

overlapping resistivity. Figure taken from Palacky (1987). 
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method has a high depth penetration with good resolu-

tion, but is varying a lot with different geologies. It is 

thus well suited to find and map low resistivity layers 

(Reynolds, 2011).  

The first electromagnetic method was developed by 

Karl Sundberg in Sweden (Sundberg, 1931) for min-

eral exploration. But the electromagnetic methods did 

not take off until mid-1960s; since then it has gotten a 

wide range of applications, e.g. from petroleum and 

mineral exploration to environmental applications 

(Reynolds, 2011). The TEM method has mostly been 

developed during mid 1980s and it is thereby a young 

method in the context. This “hold back” is due to two 

main problems that had to be solved: (i) the response 

signal covers a wide dynamic range so highly ad-

vanced electronics are required and (ii) interpreting 

TEM data requires a lot of computing power which 

has not been available earlier (Christiansen et al., 

2009).  

 

4.1 Theory 
 

The TEM method is based on Maxwell equations that 

describe the behaviour of electromagnetic waves. A 

magnetic field is created by an electrical current pass-

ing 

through an ungrounded cable. When the current is cut 

off, as quickly as possible, the magnetic field induces a 

current in its surrounding ground that results in a sec-

ondary magnetic field. The strength of the field and 

induced current will vary depending on the strength of 

the primary field and the resistivity properties of the 

conductors. The secondary magnetic field induces a 

current in the receiver antenna and electrical potentials 

are measured and registered in the instrument.  

Magnetic fields change over time by growth in size 

and decrease in strength the longer from its source 

(Nabighian and Macnae, 1991). Getting information 

about the subsurface is based on the differences in 

phase and amplitude of the secondary field compared 

to the primary field, which is a result of different resis-

tivity in the subsurface. The resistivity in the subsur-

face changes according to electrical properties of earth 

materials, geometry, size, porosity, pore fluids, etc., 

and results in different strength on eddy currents 

(Christiansen et al., 2009; Reynolds, 2011; Loke, 

2013). The instrument measures the induced electricity 

in the receiver coils that is proportional to the secon-

Material 
Resistivity  

Gravel (dry) 1400 

Gravel (saturated) 100 

Quaternary sand 50 - 100 

Sand (dry) 80 - 1050 

Clay 1-100 

Clayey sand 30 - 215 

Sand and gravel 30 – 225 

Slates 
600 - 4  

Conglomerates 
 

Sandstone 
 

Limestone 
 

Table 1. Resistivity values of different geologic materials. From Reynolds (2011). 
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forces emitting secondary magnetic fields according to 

Faraday´s law (Fig. 9b)(Reynolds, 2011).  At the same 

moment the primary field shuts down, the secondary 

field intensity is equal to the primary field. The secon-

dary magnetic field is indirectly measured through a 

receiver coil that is induced with electricity (Fig. 9c). 

This field is normally measured 0.00001 s after the 

current is turned off until 0.001 s. The early stage of 

the measured signal will be much stronger than the late 

stage. The time window that register the signal, called 

a gate, increases logarithmically in time to compensate 

for background noise of the late weaker signal. The 

measurement needs to be in an interval long enough to 

give the amplitude of the signal a dynamic range or 

variation factor to around 1 000 000.  During one 

measurement the pulse is normally turned on and off 1 

000-10 000 times and an average for each gate is cal-

culated, called stacking, to increase the signal to noise 

ratio (S/N). The electrical pulse consists of different 

phases; the turn on ramp starts when the first electric-

ity enters the loop and stops when the desired current 

is reached, which this takes about 1-30 μs. The on time 

for one pulse is 1-40 ms and is followed by a 1-40 ms 

off time when the measurement is made (Fig. 9a) 

(Christiansen et al., 2009).  After every pulse the next 

one is sent in the opposite direction (negative). 

The first current passes through the loop in a clock-

dary magnetic field (B) over time (dB/dt). A recalcula-

tion is then transforming dB/dt to apparent resistivity (

). Apparent resistivity is the mean resistivity 

over the area influenced by the magnetic field. Only 

when applied in a complete homogenous medium the 

apparent resistivity is equal to the real resistivity 

(Christiansen et al., 2009; Loke, 2013).  

The area that is influence by the magnetic field is in-

creasing with depth and, as a result, there are higher 

uncertainties linked to apparent resistivity on the 

deeper layers. Configuration of the TEM setup also 

affects the magnitude of apparent resistivity. More 

about this is described in the practical section of the 

methods chapter.  

TEM is a time-domain method that measures the am-

plitude of a signal as a function of time in logarithmic 

time gates. This gives an indirect measurement on the 

secondary field. To accomplish this, short pulses are 

used to create the primary magnetic field (Fitterman 

and Stewart, 1986). By sending electrical pulses, a 

static magnetic field proportional to the current is cre-

ated. When a pulse stops the primary magnetic field 

disappears, leaving eddy currents that propagate down 

in the subsurface. This is due to electromotive 

Fig. 9. The figure demonstrates what happens during a pulse event in a TEM instrument. (a) The different stages in a turn-on and 

off cycle. (b) The electromotive force that propagate downwards in the ground during the turn off. (c) The gates where the sec-

ondary magnetic fields are registered in logarithmic scaled gates. From Christiansen et al., 2009.        



 

18 

wise direction, based on the “right hand rule”, which 

gives a magnetic field that propagate down in the 

ground inside the loop (Reynolds, 2011), but as earlier 

stated the pulses change direction after every turn off 

and so will the resulting magnetic fields. 

The S/N ratio follows a proportion to (N= num-

ber of measurements in a stack), which means dou-

bling the stacking in logarithmic gates leads to an im-

provement of the S/N by 1.41. Stacking helps delaying 

the signal from drowning in noise by elevating it on 

the dB/dt graph (ads shown in Fig. 10). Since the 

measurements cover a wide range of amplitudes the 

method is sensitive to natural background noise as, 

e.g., lightning, radio and radar signals (McNeil 1994). 

In the top layers it is easy to distinguish signals from 

noise, but in the deeper layers when the signal has 

been decreasing it is harder, and the depth penetration 

of the measurement thus depends on when the signal 

“drowns” in noise. The natural background noise nor-

mally follows the trend , while the earth´s 

natural response normally follows the trend . 

When the latter crosses the noise the transition from 

good S/N to bad S/N happens (Fig. 10). More direct 

noise is emitted from power lines, which can be cor-

rected for by stacking though the frequency is often 

known (50 Hz in Bolivia). Increasing the depth of 

penetration is a matter of being able to distinguish the 

late signal, which can be done, as previously men-

tioned, by stacking that will prolong the transmitting 

t ime and increase the ini t ial  signal  strength 

(Christiansen et al., 2009).  

Apart from natural background noise other distur-

bances might affect the measurements significantly. It 

is important to keep at least 100 m distance from man-

made constructions that involve laterally extensive 

conductors such as pipes, cables, railroads and fences. 

Constructions like these are very conductive and if 

they are within the primary magnetic field they will 

emit false signals not representing the ground proper-

ties. The signal emitted from these have the same de-

lay time as the signal from conductors in the ground 

Fig. 10. Station 97, showing the general trend of the natural noise and the trend of earth response The solid black 

line indicates the effect of stacking, delaying or raising earth's natural response line out of the noise.  
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and cannot be sorted out in the data (further described 

in the Magnetic field section).  

During the turn off, an electromotive force is sent 

downward close to the speed of light (as illustrated in 

Fig. 11). This force is measured in current density and 

propagates down asymptotically along a cone with a 

30° angle to the horizontal plane. The horizontal area 

affected is thereby growing by a factor of 2 for every 

unit of depth of penetration. The lateral extent covered 

by the magnetic field in the ground will thereby be 

much greater with depth, which will affect the appar-

ent resistivity. Over time, the horizontal spread will be 

twice the vertical spread, creating a smoke ring like 

pattern. In reality these smoke rings spread almost 

instantly but are only shown on greater depth after 

time has passed since the signals are many magnitudes 

lower at 1 000 μs than at 10 μs. Every smoke ring 

causes continuously secondary magnetic fields con-

taining information about that depth. 

Introducing a layered model to this concept with a top 

layer of higher resistivity followed by a low resistivity 

layer and then a new high resistivity layer in bottom, 

makes the smoke rings behave differently. In the top 

layer the current density behaves as normal but when 

the current density enters the low-resistivity layer, it is 

easier for the current to travel within this layer instead 

of propagating down in the higher-resistivity layer. 

The effect of this will be that the lower high-resistivity 

layer will be hidden, emitting no or a very weak secon-

dary magnetic field (Fig. 12). Since the bottom limita-

tion of the low-resistivity layer can be located, an indi-

rect assumption of where the top of the high-resistivity 

layer is located can be made (Christiansen et al., 

2009). 

4.2 Magnetic fields 
 

Under the theory section in the method chapter it is 

stated that the primary magnetic field is varying in 

strength according to Faraday’s Law depending on the 

induced voltage. There is a lag between the primary 

magnetic field and the secondarily induced electricity. 

This means that the secondarily induced electricity 

will be zero in amplitude when the primary magnetic 

field is at its maximum or minimum. This phase lag is 

defined as π/2. The eddy currents that create the secon-

dary magnetic fields are created from the induced volt-

Fig. 11. Current density as a response of a pulse in a 

resistivity-homogeneous material. Note that this is the 

current density maximum and not absolute values 

where the maximum is several magnitudes lower in the 

1000 μs than in the 10 μs. From Christiansen et al., 

Fig. 12. Current density distribution in a layered 

model. The low resistivity layer “consumes” the cur-

rent, blocking the higher resistivity layer beneath it. 

From Christiansen et al. (2009).   
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age over finite time, defined as (α=tan-1L/R), varies 

with the electrical properties of the material. Good 

conductors result in low amplitude fields with slower 

decay process and bad conductors result in large am-

plitude fields and a faster decay process (McNeil, 

1980). Since the instrument only records induced elec-

tricity in the receivers there is an additional lag of one 

π/2, giving the total lag time between the primary 

magnetic field and the resulting induced electricity in 

the receivers to 2(π/2)+ α. This lag makes it possible to 

indirectly measure the secondary magnetic fields with-

out the primary magnetic field present (Reynolds, 

2011; Beck, 1981).  

Assuming that the primary electrical pulse is sent in a 

clockwise direction it will create a primary field 

propagating up in the centre of the transmitter loop 

(Fig. 13). The resulting secondary field will thereby 
propagate up through the centre loop but down 
through the offset loop, giving negative Values. On 
deeper levels the primary field has not only propa-
gated down but also out, when it passes the RC-200 

receiver in the lateral direction the secondary mag-
netic field will change from propagating down in the 
RC-200 to up, as illustrated in fig. 13. In the data set 
this can be detected in the LM (low moment) data 
from the RC-200, where the measured data peaks and 
changes direction. In the HM (high moment) data this 
is not detectable, because it happens in the early 
gates. In the RC-5 the magnetic field do not change 
direction, though it is located inside the transmitter 
loop. This makes the RC-200 more sensitive to correct 
placement than the RC-5 receiver.    

4.3 Inversion 
 

When inverting the acquired data the aim is to find a 

model that fits the measured data as good as possible. 

The created model is a mathematical representation of 

the measured data, including model parameters. The 

model parameters vary and makes sure that the model 

is realistic and, if possible, supported by additional 

reliable information. From the created model, includ-

Fig. 13. Illustration of primary fields and resulting secondary fields. From Grant and West, 1965. 
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ing model parameters, synthetic data can be calculated 

(model response). The model response should be as 

similar to the measured data as possible, this to repre-

sent the subsurface as closely as possible (Loke, 

2013). Inversion theory uses measured result to esti-

mate the causes or model parameters which created the 

result (Fig. 14). Forward theory is the opposite of this; 

in such the model parameters are known or observed 

and used to calculate a prediction of the results (Fig. 

14) (Menke, 1989). It is possible to create an infinite 

number of models that fit the data and it is thus impor-

tant to have complementary information in order to be 

able to select the most applicable model(s). As an ex-

ample, this can be carried out within an expected 

model that is created based on available archive infor-

mation prior to the investigation. The inversion can 

then be used to refine or reject the expected model. 

In geophysical investigations inversion theory is the 

norm, since the model parameters often are unknown. 

Model parameters in TEM investigations include 

depth to layers, layer boundaries and resistivity values 

nected in series with two 12 V car batteries, which 

produced a current in the transmitter of around 20 

amps during high moment and 2 amps during low mo-

ment. This is specific to our setup and can be varied 

for other purposes.  

The RC-5 was placed in the middle and RC200 with 

and offset of 50 m from the centre of the transmitter 

loop. When two receiver coils are used the RC-5 is 

used in a central loop configuration and will only use 

data from LM, while the RC-200 is only using HM.  

A field guide was produced prior to the campaign. A 

short version of it is summarized below: 

 

Setting up the instrument with a 50 m x 50 m trans-

mitter loop 

1. It is imperative to have a measuring plan with exact 

coordinates for the centre of the layout. Place the 

RC-5 receiver antenna on the premarked coordi-

nate. A minimum distance of at least 100 meters 

to existing conductive installations such as pipes, 

vehicles, metallic cases or reels is recommended.  

2. Use a rope to mark the corners of the transmitter 

loop, with a distance of 35.71 meters from the far 

corner of the RC-5 receiver antenna. Start in a 

predefined corner and unroll the transmitter cable 

clockwise.  

3. From the instrument corner, follow the transmitter 

cable to a 20 m mark and at this mark use a 20 

rope to mark the RC-200 connector corner. The 

three remaining corners on the RC-200 should be 

marked. Make sure that both corners closest to 

the transmitter cable are at a distance of 20 m. 

Stretch the sides and fix the remaining 2 corners. 

4. When all loops are in place, make sure that the RC-

5 connection cable crosses the transmitter cable 

in a 90 degree angle to minimize interference. 

Connect the RC-5 to input A, and the RC-200 

antenna to input B. 

5. The instrument should be connected to an external 

power source before starting the instrument. A 

three meter long cable should be used to connect 

the transmitter loop and be connected with a 

damping resistor.  

6. Start the instrument and run a measurement. If all 

the loops are connected clockwise a positive sig-

nal is registered and shown as red markings in the 

dB/dt-graph, while a blue marking indicates a 

negative signal.  

Fig. 14. Forward theory vs. inverse theory. From Måns Lars-

son 

for the layer(s). Every parameter that affects the physi-

cal properties of the subsurface is a model parameter 

(Parker, 1994). 

 

4.4 Data acquisition  
 
There are different setups of the TEM instrument de-

pending on what the target is for the investigation. 

Normally a centre loop configuration is used with a 

40x40 m cable as a transmitter and the receiver placed 

in the middle. Different sizes on the receiver and trans-

mitter can be used to get better resolution from deeper 

layers, but also different setups of the instrument.  

In this project a 50x50 m AWG 12 cable was used as a 

transmitter loop, together with two receiver coils, one 

at 0.59x0.59 m (RC-5) and the other at 10x10 m (RC-

200). The instrument WalkTEM by ABEM was con-
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4.5 Data processing and inversion 

 
At the post-data gathering and evaluation process a 

sorting of outliers and editing of the channels from the 

different receivers are made. This is done in the inver-

sion program ViewTEM, the same program which 

runs the numerical inversions on every measurement. 

The arrangement is a 50x50 m central loop configura-

tion with the RC-200 receiver placed as offset 50 m 

outside the transmitter loop. Channel 2 (CH2) records 

high moment for RC-5 and channel 3 (CH3) records 

low moment for RC-200, both of these channels are 

disabled. The HM pulse (CH2) will saturate the RC-5 

amplifiers due to the high induced voltage from the 

turn off of the primary field. It is technically difficult 

to turn off the current instantly, so after the turn off, 

smaller amounts of current “leaks” to the surrounding, 

adding to earth´s natural response giving away false 

readings (Christiansen et al., 2009). Channel 3 was not 

used since the RC-5 has an improved resolution for the 

top layers. The early data points in channel 1 (low mo-

ment for RC-5, CH1) was disabled as well since the 

focus of this investigation is to detect the bedrock po-

sition at deeper depths. Early data points in CH1 can 

be disabled to get a better fit of the deeper layers and 

also to avoid ringing effects if the damping resistor is 

not working perfectly.  

When all data are processed, the ViewTEM program 

runs an inversion algorithm creating a model that fits 

within the error bars of every measurement point. In 

practice there are no measurements that are noise free, 

which means that all measurement points are assigned 

an error bar. This results in an infinite number of mod-

els that can fit the data. If the error bars are small, 

most of the models that fit the data will be very similar 

and thereby more probable. Different model parame-

ters can be determined by fixing; thickness, depth, and 

or resistivity of the layers. A good fit of the model 

with as few layers as possible, called a layered model, 

indicate a higher probability that the mean resistivity 

within a specific layer is correct. The smooth models 

have the specification of always using 20 layers with 

increasing thickness with depth. It is preferable to de-

tect smaller and more gradual resistivity transitions 

with the smooth model. However, big jumps in resis-

tivity, e.g. sharp transitions, will still be displayed as a 

more gradually transition and thereby not true.  

When visualizing the data a program called Aarhus 

Workbench was used. Workbench can be used for 

visualization of geophysical data from several differ-

ent techniques, but can also run inversion. In this study 

Workbench has only been used for visualization of the 

TEM-data in horizontal maps on different depths and 

also to produce profiles with interpolation between the 

measured data points. A selection of maps and profiles 

are presented under the result chapter and all maps and 
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profiles produced are presented in the appendix Fig. 

App 2-8.  

 

5 Results 
 

As results for the investigation a selection of three 

profiles and six horizontal maps have been produced 

to visualize the resistivity range at different depths 

over the investigated area. The profiles and the loca-

tion of the two correlation points are marked in Fig. 

15. The program used to visualize this is Aarhus 

Workbench, developed by the Hydrogeophysics Group 

from Aarhus University.  

 

The horizontal visualizations of the results present 

resistivity values for different depths of all the meas-

urements made in the area. The color scale in Fig. 16-

24. is logarithmic with dark blue indicating the lowest 

value (1 Ωm) and bright purple indicating the maxi-

mum value (1000 Ωm). The maps present the mean 

resistivity value over the thickness of a chosen inter-

val. The top 20 m b.s. have been visualized with a 2 m 

thick intervals based on the layered model to make the 

transition from the top dry sediments to saturated sedi-

ments as visual as possible. After constructing the 20 

m b.s. maps, the others are produced with 10 m thick 

intervals down to a depth of 300 m b.s. At this depth 

significant gaps in the data appear. The deepest meas-

urements extend to 850 m b.s. All produced maps are 

presented under the appendix section, Fig. App. 2-5. 

The general trend is that the resistivity values are 

lower in the top layers and are increasing with depth. 

The east parts of the survey area have lower values 

than to the west for the top 2 m b.s. 

In the eastern part of the investigated area, adjacent to 

the hot springs, the groundwater surface is situated 

directly underneath the surface and is highly saline. 

This represent the lowest resistivity values around 2 Ω

m (Fig. 16). Two correlation points located remotely 

northwest and east of the studied area are situated di-

rectly on top of bedrock with resistivity values around 

25 Ωm in the surface (Fig. 15). 

Changes in resistivity, mainly in the western part 

of the area, to around 10 Ωm in the 10-12 m b.s. inter-

val is interpreted as the depth at which the sediments 

Fig. 15. The presented profiles within the investigated area and the two correlation points marked.  
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become fully saturated (Fig. 17). The eastern part still 

shows low resistivity values for this level, around 2 Ω

m, indicating the highly saline water that is present on 

the surface for this part of the area. In between the 

eastern and western parts, the resistivities range from 8

-30 Ωm.  

 

The next tangible change in the horizontal maps is in 

the interval 60-70 m b.s. (Fig. 18). Higher resistivity 

values are distinct along the Sne2 profile, as well as in 

the southwest part of the area, at around 100 Ωm. A 

first indication of resistivity values around 200 Ωm 

can be detected where the southern right line meets the 

grid. Lower resistivity valleys (8-20 Ωm) are shown in 

a northwest to southeast direction in the central and 

eastern part of the area. Both correlation points show 

increased resistivity values, mostly the eastern point 

that is around 200 Ωm at this depth, while the northern 

point is around 100 Ωm. 

 

The interval between 120-130 m b.s. still shows lower 

resistivity values for the western valley, but higher 

than previous interval, now between 20-40 Ωm (Fig. 

19). There are continuous low resistivity values for the 

eastern valley between 8-20 Ωm. Likewise, higher 

resistivity values for the western part of the area are 

expanding with depth. The high resistivity values oc-

curring where the southern east profile meets the grid 

show increased resistivity to around 1000 Ωm. The 

northern correlation point has the same resistivity as in 

the previous map (100 Ωm), while the eastern point 

have decreased its resistivity to 30 Ωm from previ-

ously 200 Ωm. Some of the sounding points have no 

resistivity data from this depth and downwards be-

cause of a limited DOI (depth of investigation). As a 

result the first gaps in the grid appear. 

At the interval between 170-180 m b.s. a clearer high 

resistivity ridge appears in the western part of the area 

(Fig. 20). The resistivity of this ridge is between 200-

1000 Ωm and trends southwest to northeast direction, 

i.e. in the same direction as the low resistivity valleys. 

There is still a small indication of the western low re-

sistivity valley, while the eastern low resistivity valley 

is still very clear. The correlation points are similar as 

in previous map, 100 Ωm in the northern point and 30 

Ωm in the eastern point.  

The deepest interpreted map is in the interval between 

280-300 m b.s. The deeper maps are characterized by 

gaps in the data grid. For Fig. 21, high resistivity val-

ues mark the general trend of this map. The low resis-

tivity values are representing the east part of the area 

with values as low as 5 Ωm. The general trend shows 

decreasing resistivity values towards east until the hot 

springs, while the high resistivity ridge in the western 

part is more coherent. The eastern correlation point 

shows increased resistivity to from 30 Ωm to around 

100 Ωm over this depth interval, while the northern 

correlation point remains unchanged at 100 Ωm.  

Fig. 16. Mean resistivity values for the interval 0-2 m b.s.  
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Fig. 17. Mean resistivity values for the interval 10-12 m b.s.  

Fig. 18. Mean resistivity values for the interval 60-70 m b.s. 
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Fig. 19. Mean resistivity values for the interval 120-130 m b.s. 

Fig. 20. Mean resistivity values for the interval 170-180 m b.s. 
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Three profiles, two in northeast to southwest directions 

and one from west to east (Fig. 15) are presented be-

low. The three profiles were selected to highlight the 

trends recognized in the horizontal maps. All produced 

profiles and their location are in the appendix section 

(Fig. App. 6-8).  

The westernmost profile (Profile 1), shows high resis-

tivity values in its SW part and low values in the NE 

(Fig. 22). There is a transition from 20-30 Ωm to 

around 100 Ωm between 50-100 m b.s. in the southern 

part of the profile. There is a first indication of a high 

resistivity wedge between 1200-1600 m around 150 m 

b.s. and one very distinct high resistivity wedge be-

tween 3000-3800 m at 125 m b.s. This represents the 

highest resistivity values in the investigated area. The 

northern part of the profile shows low resistivity val-

ues between 10-30 Ωm down to 350 m b.s. 

 

Profile 2 (Sne2; Fig. 15) is located east of profile 1. 

This profile shows a distinct resistivity drop between 

1000-3400 m from 100-200 Ωm to 20-30 Ωm with 

great depth (Fig. 23). This correlates with the western 

Fig. 21. Mean resistivity values for the interval 280-300 m b.s. 

Fig. 22. Resistivity data for profile 1 (Snw). Interpreted depth is on the y-axis and distance is on the x-axis. 
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low resistivity value shown in Figs. 18 and 19. There 

is a shallow low resistivity valley situated on top of 

this resistivity drop with lower values to around 10 Ω

m between 2000-3200 m with a lower limitation of 

250 m b.s. The top layers have resistivity values at 10 

Ωm until between 50-100 m b.s. This low resistivity 

layer is slightly thicker to the south but is interrupted 

at 4400 m, where it decreases in thickness to around 

20 m b.s. and then increases slightly again towards 

northeast. 

Profile 3 (northH2) was laid out from west to east 

( Fig. 15). At the western and eastern ends of this pro-

file (Fig. 24) the resistivity increases from 10-20 Ωm 

to around 100 Ωm between 75-100 m b.s. The depth to 

increasing resistivity values increases towards the cen-

ter of the profile. At 1700 m there is a low resistivity 

zone at the surface, continuing to 4800 m (Fig. 24). At 

2900 m there is an indication of a slightly higher resis-

tivity ridge at 60-70 Ωm that divides the low resistivity 

zone into two valleys. The top layers have higher re-

sistivity to the west (around 100 Ωm) before entering 

the saturated sediments, and as low as 2 Ωm to the 

east. This is interpreted as due to the highly saline and 

water saturated sediments in the eastern part of the 

area. To the east there is a low resistivity zone (10 Ω

m) down to 800 m b.s.  

 

Fig. 23. Resistivity data for profile 2 (Sne 2). Interpreted depth is on the y-axis and distance is on the x-axis. 

Fig. 24. Resistivity data for profile 3 (northH2). Interpreted depth on the y-axis and distance on the x-axis. 
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6 Discussion 
 

The top 0-2 m interval of our surveyed sediments 

shows two high resistivity measurement points in the 

eastern part of the area (Fig. 16). These deviating re-

sistivity values are probably due to the equivalence 

problem during the inversion of the measurement. The 

visualizations on the top layers (Figs. 16 and 17) are 

based on a layered model to make the transition from 

dry to water saturated sediments as visual as possible. 

On the smooth inversions, the resistivity values in the 

deviating points for this level are in line with its sur-

rounding measurement, supporting the assumption that 

the deviating values in the layered inversions for this 

level are due to the equivalence problem.  

In the western part of the area the average resistivity is 

higher than in the east but with a quite high degree of 

variation. The varying values are probably due to 

changes in the clay content in the top sediments. High 

clay content correlates with low resistivity values, and 

vice versa. A transition from dry surface sediments to 

saturated sediments is also clearly illustrated in the 

western part of the area. The dry surface sediments 

have resistivity values above 25 Ωm, correlating with 

clayey sand (Table 1). On the map for the thickness 

interval 10-12 m (Fig. 17) there is a distinct transition 

from dry sediments above 25 m to water saturated 

sediments around (resistivity ~10 Ωm). This correlates 

with the measured conductivity values for the second 

flow system (ii) with water conductivity between 0.06 

and 0.2 S/m (5 - 16.7 Ωm). The very low resistivity 

values in the eastern part of the area for the same depth 

are most likely due to the increased salinity concentra-

tion. In this part the groundwater surface is at the same 

level as the ground surface, and due to the high evapo-

ration during this season, the increased salt concentra-

tion explains the very low resistivity values at the top. 

Both correlation points show resistivity values around 

25 Ωm in the top 12 m (Fig. 16-17). This could be 

representative for a mix between dry sandstone and 

shale (Fig. 8). Both points show increases in resistivity 

with depth, but only the northern point keep an con-

stant value of 100 Ωm after around 20 m b.s. This in-

dicates fairly homogeneous bedrock to a depth of 470 

m b.s. The outcrop adjacent to the northern point con-

sists of the Catavi formation, which consists of sand-

stone.  

The eastern correlation point shows variations between 

25 to 200 Ωm from 12 m b.s. to 45 m b.s., and down-

wards between 200 to 40 Ωm down to  130 m b.s., and 

then  to 100 Ωm again for 220 m b.s. These variations 

can have many explanations; grade of erosion, frac-

tures, lithology, mineral content and presence of dif-

ferent pore fluids.  

The resistivity changes in the northern reference point 

are most likely due to changes of lithology, fractures 

and mineral content. The low resistivity section in the 

top is probably linked to shale from the Silurian Uncía 

formation that is present in outcrops adjacent to this 

point. The high resistivity, starting at 45 m b.s., is hard 

to link to a specific formation but it could represent a 

transition from shale to sandstone or it could represent 

a transition to less fractured rock. The drop in resistiv-

ity at 130 m b.s. can be due to higher concentration of 

conductive minerals, or a transition back to shale 

dominated bedrock. At this level, the resistivity values 

are still higher than the interpreted resistivity for satu-

rated rock, especially in this part where the groundwa-

ter is characterized by high concentration of salt. In 

both correlation points there are no resistivity values 

below 24 Ωm. 

Two low resistivity valleys are shown in Fig. 18., ex-

tending in a northwest to southeast direction. The val-

leys have a signature resistivity of around 10 Ωm and 

are separated by a higher resistivity zone with values 

from around 25 to 90 Ωm. The western valley is ex-

tended to around 130 m b.s. along profile 3 before 

entering into what is interpreted as bedrock, as  visible 

in Figs. 19 and 24. This valley dips towards northwest 

and extends all the way down to around 300 m b.s. in 

Figs. 21-22. The DOI is limited in the northern most 

point in Fig. 22. to around 300 m b.s., so below that 

the uncertainty if the data decreases.  

The eastern low resistivity valley as shown in Fig. 18, 

extends to profile 2 (Sne2). In Fig. 23. the southern 

limitation of this valley is at 2 100 m and the northern 

at 4 000 m. The depth of the valley along the profile is 

around 250 m b.s. and the interpreted bedrock below 

has lower resistivity (25 Ωm ) than the surrounding 

bedrock at but still falls within the values for the corre-

lation points. Profile 3 (Fig. 24.) shows a depth of this 

valley to around 120 m b.s., this valley is also plung-

ing towards northwest. Between 3 800 m and 4 500 m 

(Fig. 24) there is a wedge of low resistivity extending 

down to 850 m b.s. with resistivity values between 7-

20 Ωm. It is unlikely that these values are linked to a 

sedimentary valley extending to that depth. The fact 

that this low resistivity wedge is situated adjacent to 

the hot springs and that there are intrusive bedrock in 

the close surrounding makes it highly likely that this 

low resistivity wedge represents an intrusion with 

higher concentrations of conductive minerals than in 

the surrounding rock. 

A first indication of a high resistivity ridge is shown in 

the 120-130 m b.s. interval (Fig. 19), with resistivity 

values up to 1000 Ωm. The two interpreted peaks for 

this ridge are shown in Fig. 19. The orientation of the 

ridge shows up well on maps deeper than 130 m b.s in 

a northwest to southeast direction, just as the structures 

in the surrounding bedrock. In the profile presented in 

Fig. 22 the western ridge peak is  at 100 m b.s., which 

is deeper than the eastern ridge top at around 70 m b.s. 
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7 Conclusions 
 

 

- The TEM is a method well suited for investi-

gating groundwater properties in sand- and gravel-

dominated deposits. A depth of investigation (DOI) to 

850 m b.s. was achieved in several points, which is 

over expectations. As the Challapampa aquifer is situ-

ated beneath a flat surface with low vegetation, it 

makes the measurements easy to setup and perform. A 

few power lines run through the area, but except for 

that there are almost no other sources for disturbance 

of the measurements. 

- Saturated sediments have a signature resistivity 

below 25 m and are decreasing in resistivity with in-

creasing salinity. The salinity is increasing towards the 

hot springs in the eastern part of the area. 

- Interpreted bedrock has resistivities between 25 

Ωm and 1000 Ωm. The large resistivity variations 

within bedrock are probably linked to different litholo-

gies in which the maximum values are close to 1000 Ω

m. The resistivity values of the correlation points are 

varying between 24-200 Ωm, which do is not repre-

senting intrusive rock. 

- Low resistivity values, between 10-20 Ωm, 

encountered on greater depth in the eastern part of the 

studied area suggest intrusive rocks here. However, 

the low resistivity values can also be due to a higher 

geothermal gradient and/or salt content. 

- Two low resistivity valleys, interpreted as water 

saturated sedimentary valleys, extend in a northwest to 

southeast direction over the studied area.   

- The depth to the bedrock is interpreted to be 

around 75 m b.s., both in the western and eastern part 

of the area. The basal boundary for the interpreted 

sedimentary valleys crossing profile 3 (NorthH2, Fig. 

24) is around 130 m b.s. for the eastern valley and 120 

m b.s. for the western valley. From the horizontal 

maps and profile 2 it looks like the western valley is 

increasing in depth towards northwest. For the eastern 

valley it is harder to interpret a dip direction due to the 

highly conductive feature on greater depth for this part 

of the area.  

- A ridge of high resistivity values in the western 

part of the study area is interpreted as bedrock influ-

ence. It has the same northwest to southeast direction 

as features in the surrounding mountainous area, and 

two peaks at 70 m b.s. and 100 m b.s. 

-  The Challapampita well field is situated on top 

of a bedrock ridge. The water production could be 

increased if extraction was moved into one of the sedi-

mentary valleys more to the northeast. The Khala Kaja 

well field has overall better conditions for a higher 

water extraction from the aquifer.  
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10 Appendix 

Fig. 1. Geological informational map of the investigated area with interpretations, produced by Swedish Geological AB, 1992. 
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PP_13               

start end cod_estrat x y z desde hasta 

0 11 64 699888 8022009 3705 3705 3694 

11 26 46 699888 8022009 3705 3694 3679 

26 31 463 699888 8022009 3705 3679 3674 

31 36 46 699888 8022009 3705 3674 3669 

36 43 34 699888 8022009 3705 3669 3662 

43 46 436 699888 8022009 3705 3662 3659 

46 50 346 699888 8022009 3705 3659 3655 

50 51 463 699888 8022009 3705 3655 3654 

51 52 46 699888 8022009 3705 3654 3653 

52 53 463 699888 8022009 3705 3653 3652 

53 69 346 699888 8022009 3705 3652 3636 

69 72 463 699888 8022009 3705 3636 3633 

72 77 643 699888 8022009 3705 3633 3628 

77 80 346 699888 8022009 3705 3628 3625 

80 83 643 699888 8022009 3705 3625 3622 

83 85 346 699888 8022009 3705 3622 3620 

85 86 643 699888 8022009 3705 3620 3619 

86 87 346 699888 8022009 3705 3619 3618 

87 88 364 699888 8022009 3705 3618 3617 

88 92 346 699888 8022009 3705 3617 3613 

92 93 436 699888 8022009 3705 3613 3612 

93 96 346 699888 8022009 3705 3612 3609 

96 102 643 699888 8022009 3705 3609 3603 

102 107 463 699888 8022009 3705 3603 3598 

107 110 643 699888 8022009 3705 3598 3595 

110 111 346 699888 8022009 3705 3595 3594 

111 129 643 699888 8022009 3705 3594 3576 

129 130 463 699888 8022009 3705 3576 3575 

130 133 64 699888 8022009 3705 3575 3572 

133 154 463 699888 8022009 3705 3572 3551 

Table 1. Drilling protocols with interpreted grain size distribution for every depth. Reference list is in the end of the table. 

Produced by the consulting companies: Scide et al. (1981). 
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PP_11               

start end cod_estrat x y z desde hasta 

0 1 65 701130 8023860 3707 3707 3706 

1 3 46 701130 8023860 3707 3706 3704 

3 24 456 701130 8023860 3707 3704 3683 

24 30 43 701130 8023860 3707 3683 3677 

30 38 435 701130 8023860 3707 3677 3669 

38 40 436 701130 8023860 3707 3669 3667 

40 42 34 701130 8023860 3707 3667 3665 

42 45 346 701130 8023860 3707 3665 3662 

45 50 36 701130 8023860 3707 3662 3657 

50 63 346 701130 8023860 3707 3657 3644 

63 64 365 701130 8023860 3707 3644 3643 

64 71 346 701130 8023860 3707 3643 3636 

71 73 36 701130 8023860 3707 3636 3634 

73 80 364 701130 8023860 3707 3634 3627 

80 90 346 701130 8023860 3707 3627 3617 

SELA_2               

start end cod_estrat x y z desde hasta 

0 3 6 701937 8020922 3710 3710 3707 

3 11 46 701937 8020922 3710 3707 3699 

11 20 4 701937 8020922 3710 3699 3690 

20 30 34 701937 8020922 3710 3690 3680 

30 42 63 701937 8020922 3710 3680 3668 

42 54 43 701937 8020922 3710 3668 3656 

54 61 4 701937 8020922 3710 3656 3649 

SELA_3               

start end cod_estrat x y z desde hasta 

0 2 6 701517 8020397 3711 3711 3709 

2 20 46 701517 8020397 3711 3709 3691 

20 32 43 701517 8020397 3711 3691 3679 

32 51 4 701517 8020397 3711 3679 3660 

51 64 3 701517 8020397 3711 3660 3647 

SELA_4               

start end cod_estrat x y z desde hasta 

0 4 64 701167 8019989 3707 3707 3703 

4 11 46 701167 8019989 3707 3703 3696 

11 20 4 701167 8019989 3707 3696 3687 

20 30 43 701167 8019989 3707 3687 3677 

30 45 63 701167 8019989 3707 3677 3662 

45 59 43 701167 8019989 3707 3662 3648 

59 61 4 701167 8019989 3707 3648 3646 

61 64 46 701167 8019989 3707 3646 3643 
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Reference       

type cod   

boulder 1   

cobble 2   

gravel 3   

sand 4   

silt 5   

clay 6   

colloid 7   

rock 8   

    

examples    

 6 clay  

 26 cobble + clay  

 463 sand + clay + gravel  
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Fig. 2. Horizontal maps 10 m thick intervals from 0 m b.s. to 90 m b.s. 
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Fig. 3. Horizontal maps 10 m thick intervals from 90 m b.s. to 170 m b.s. 
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Fig. 4. Horizontal maps 10 m thick intervals from 170 m b.s. to 250 m b.s 
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Fig. 5. Horizontal maps 10 m thick intervals from  250 m b.s. to 310 m b.s. 
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Fig. 6. Profile location names. 
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Fig. 7. Profiles in ascending order; northH1, northH2, CenterH and sncenter. 
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Fig. 8. Profiles in ascending order; SouthH1, sne2 and snw. 
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