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This study presents thefirst high resolution geophysical survey conducted in The El Tatio geothermalfield, north-
ern of Chile, focused on the detection of shallow subsurface structures and identification of ascending fluid path-
ways. TEM data was collected along 5 profiles crossing the two main geothermal basins (Upper and Middle
Basin) to obtain an electrical resistivity model up to 200 m depth. The models show important structures that
allowed us to improve the conceptual model of the field connecting these geophysical observations with the ge-
ology and the geochemistry of the area. We found a shallow (<60m) high conductivity layer in all profiles. This
layerwas interpreted as a shallow aquifer of thermalwater, which is probably thewater supplier of surfaceman-
ifestations. In the Upper Basin a main permeable zone allows the ascent of fluids from deep aquifers to the
shallower one, and a structure that probably act as impermeable geological barrier that forces thefluids to ascend
has been detected. In theMiddle Basinfluid ascent zones are less clear than in theUpper Basin but it is possible to
observe areas of lower resistivity that could be associated with higher permeability.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

The El Tatio geothermal field is located in the Chilean Altiplano at an
elevation of 4200m above sea level (Fig. 1). It is the largest geyser field
in the southern hemisphere and the third largest in the world (approx-
imately 10%of the geysers in theworld), coveringmore than 30 km2 and
containing more than two hundred active geothermal manifestations
such as: geysers, perpetual spouters, fumaroles, hot spring pools and
mud-pools (e.g., Glennon and Pfaff, 2003; Munoz-Saez et al. 2018).

Systematic exploration of El Tatio began around 100 years ago with
geological studies of the geothermal potential in the area (Tocchi 1923).
However, today the internal structure and physical processes control-
ling fluid flow at El Tatio are still poorly understood. In the 1960's and
1970's 13 deep drillings between a depth of 571 m and 1816 m were
conducted and the first local geological maps were obtained (Lahsen
and Trujillo 1976). Other studies in the 1970's included geochemical
analysis (Cusicanqui 1975; Giggenbach 1978) and geophysical imaging
usingVertical Electrical Soundings (Lahsen and Trujillo 1976). In the last
two decades, new studieswere conducted to understand the large-scale
dynamics of the geothermal area (e.g., Cortecci et al. 2005; Glennon and
Pfaff, 2003; Lucchi et al. 2009; Mourguesr, 2017; Munoz-Saez et al.
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2015, 2018; Tassi et al. 2010; Cumming et al. 2002; Ardid et al. 2019;
Figueroa 2019). Most of these previous studies were on a regional
scale, providing insights into the subsurface water flow, possible geo-
thermal heat source, and electrical resistivities at kilometer scale. How-
ever, they did not address the local subsurface structure of the El Tatio
geothermal field.

The conceptual models of the geothermal field have been mainly
based on geochemical data and information from the wells (e.g.,
Giggenbach 1978; Munoz-Saez et al. 2018). Geothermal wells (Fig. 1)
identified two permeable zones at different depths forming geothermal
aquifers confined by relatively impermeable rock formations
(e.g., Cusicanqui 1975; Giggenbach 1978; Lahsen and Trujillo 1976). Ac-
cording to the geothermometry, the temperature of the deepest reser-
voir is ~230 °C, and the heat flow of the system is greater than
150MW(Munoz-Saez et al. 2018). The isotopic signature of the thermal
waters suggested that snowmelt from the mountains, located >15 km
to the east of El Tatio at an elevation of >5000 m, recharge the aquifers
through a deep fault system (Giggenbach 1978; Munoz-Saez et al.
2018). The surface water geochemistry and isotopic composition indi-
cated that regional meteoric water interacts with the surrounding
rock in the geothermal reservoir, before ascending to the surface as
a 2002, Santiago, Chile.
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boiling water (e.g., Cusicanqui 1975; Giggenbach 1978; Cortecci et al.
2005;Munoz-Saez et al. 2018). The lack of tritium in the surface thermal
waters indicates residence times of>60 years for thewater in the reser-
voir (Cortecci et al. 2005;Munoz-Saez et al. 2018). Local meteoricwater
accumulated in a shallow aquifer (Munoz-Saez et al. 2018) reached the
surface and created the existingwetlands in the area (Fig. 1). During the
ascent, the thermal waters were mixed in different proportions with
this local meteoric water (Giggenbach 1978). Those previous studies
provided good explanations about the origin and evolution of the as-
cending fluids, however the subsurface structures that control the path-
ways of the fluids have not been well defined.

There have been limited geophysical imaging studies at El Tatio, and
most that have been done focused on regional scales. Some magnetot-
elluric soundings were collected near the main volcanic centers in the
area (Cumming et al. 2002; Figueroa 2019), and these data produced
electrical resistivity images which verified the existence of deep aqui-
fers as well as confining impermeable layers. The overall objective of
this study is to improve the existing conceptual model using high reso-
lution geophysical data from the main basins and identify the subsur-
face fluid pathways. It is the first geophysical survey which focuses on
shallow depths (< 200m) on a local scale around the geothermal man-
ifestations and sinter hydrothermal deposits, which typically have a
high electrical resistivity (Munoz-Saez et al. 2016).

The loop source Transient Electromagnetic method (TEM) is widely
used for imaging shallow subsurface structures related to groundwater
and salinization problems (e.g., Fitterman and Stewart 1986; Ruthsatz
et al. 2018), sedimentary basin studies (Danielsen et al. 2003;
Yogeshwar and Tezkan 2017), general geomorphological studies, and
Fig. 1. Simplified geological map of El Tatio geothermal field. Dotted lines show the approxima
yellow stars are other geothermalmanifestations (Munoz-Saez et al. 2018); red circles indicate
red lines are the cross sections of the conceptual models (Fig. 6). Geology and main faults (F1
Fig. S1 shows the location of additional TEM stations along the selected profiles.
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environmental and engineering studies (cf. Tezkan 1999; Goldman
et al. 1994). TEM is also a reliable method for determining the subsur-
face structure and the composition in volcanic and geothermal areas
(e.g., Martínez-Moreno et al. 2016; Arnason et al., 2010 ;Cumming and
Mackie 2010; Kajiwara et al. 2000; Goto and Johmori 2011; Jousset
et al. 2011; Descloitres et al. 1997; Dickey 2018; Bouligand et al. 2019;
Gresse et al. 2017; Lévy et al. 2019).We collected dense TEM data
alongfive profiles in order to derive the electrical resistivities of the sub-
surface beneath El Tatio geothermal field. The models are derived from
applying 1D inversion techniques. Since the resistivity structure varies
significantly along the profile, we also performed a 2D modeling analy-
sis to verify the structures and the interpretation.

2. Background

2.1. Geology and hydrogeology

The El Tatio geothermal field is located in northern Chile (22.32° N,
68.02° W, Fig. 1) and is one of the surface expressions of the ongoing
magmatic activity of the Altiplano-Puna Volcanic Complex (APVC)
(e.g., De Silva et al. 1994). The surface geothermal activity at El Tatio
began ~27,000 years ago and it has been continuous since (Munoz-
Saez et al. 2020). The El Tatio geoethermal area is bounded by Pliocene
- Pleistocene volcanic rocks called the Serrania Tucle-Lucero horst in the
west, while no clear boundary is exposed towards the east. Probably,
the east boundary is located in the Pleistocene Volcanic Group also
called El Tatio, which has a horizontal width of ~7 km. The strong topo-
graphic change between the Serrania Tucle-Lucero and the El Tatio
te extent of the Upper, Middle and Lower basins; red stars are the location of geysers and
boreholes; blue line represents zones of wetland; thick black lines show TEMprofiles; and
and F2) are obtained from Lahsen and Trujillo (1976) and Marinovic and Lahsen (1984).
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geothermal field suggest a N-S graben, where the geothermal field oc-
cupies the hanging wall (Lahsen and Trujillo 1976). This graben has
been related to an extensional tectonic phase during the Pliocene
(Tassi et al. 2010; Lahsen and Trujillo 1976). However, Lucchi et al.
(2009) proposed that the structural pattern of El Tatio consists mainly
of thrust faults largely striking NNE-SSW, intersected by local NW-SE
trending lineaments.

Most of geothermal manifestations in El Tatio are distributed along
three basins: The Upper, Middle and Lower Basin (Glennon and Pfaff,
2003). Here, we focus on the Upper Basin (UB) and the Middle Basin
(MB), which are two largest (Fig. 1). The Upper Basin (UB) contains
the largest number of geysers and erupting springs on a sinter platform.
They are distributed in a preferential NE to SWalignment, parallel to the
normal fault that limits the El Tatio graben proposed by Lahsen and
Trujillo (1976). The Middle Basin (MB) corresponds to a flat sinter
plain characterized by an alignment of mostly perpetual spouters in a
NW-SE direction. Parallel to this orientation, Lahsen and Trujillo
(1976) inferred a strike-slip fault (F2 in Fig. 1).

The El Tatio area is characterized by volcanic units from the Late Ce-
nozoic to present, including stratovolcanoes and lava domes, as well as
ignimbrite sheets related to the APVC (Glennon and Pfaff, 2003; Lucchi
et al. 2009). Almost all lithological units are pyroclastic deposits or vol-
canic/subvolcanic bodies, associated with Neogene and Quaternary
eruptions (Lahsen 1969; Marinovic and Lahsen 1984). The main units
observed in stratigraphic order from oldest to youngest in the El Tatio
area are the Pliocene Puripicar Ignimbrite (Cusicanqui 1975),
Pliocene-Pleistocene Tucle formation, Pleistocene El Tatio Ignimbrite
and Holocene/Late Pleistocene sands/gravels of glacial origin (Munoz-
Saez et al. 2020). Three sets of volcanoes and lava of different ages
which outcrop in the area are identified by Marinovic and Lahsen
1984: Miocene volcanic group I, Pliocene volcanic group II, and Pleisto-
cene volcanic group III (Fig. 1). The Copacoya Dome is part of the first
unit and corresponds to a 7.35 Ma dome of dacitic composition
(Marinovic and Lahsen 1984).

The boreholes drilled in the area provided significant data to con-
strain the geology and hydrogeology of the El Tatio geothermal field,
but only a few samples from the wells were described in detail in an in-
ternal report from the Empresa Nacional de Geotermia (ENG-FCFM,
2008). At depths <200 m, there are three main lithologies: quaternary
deposits (sandstones and gravels), the Tucle tuff, and the El Tatio Ignim-
brite. The borehole data also describe the presence of mineral alteration
(e.g., quartz, illite, illite-montronite and nontronite) by using XRD in
two samples at 123 m and 256 m of depth, in wells P1 and P2, respec-
tively. But these samples have no description of the shallow sinter de-
posits. A deep (> 600 m) and hot (260 to 270 °C) aquifer was found
by the geothermal wells. This is located in the Puripicar and Salado ig-
nimbrites, and confined by the impermeable Tucle tuffs. A shallower
(200‐250 m depth) and cooler (160 to 170 °C) aquifer was formed in
the Tucle dacite, which is confined by the impermeable El Tatio ignim-
brite (e.g., Cusicanqui 1975; Giggenbach 1978). Both aquifers occur at
depths greater than those analyzed in our study. The boreholes do not
provide specific information about the local meteoric water and depth
of the water table.

2.2. Electrical resistivity in geothermal fields

High enthalpy geothermal systems present great variations in their
resistivity/conductivity structure. The presence of high electrical con-
ductivities is not only related to the occurrence of fluids, but also the
presence of hydrothermal alteration minerals (Arnason et al., 2000;
Munoz 2014; Oskooi et al., 2005). The presence of saline fluids is char-
acteristic of geothermal systems (Nicholson 2012), which increases
the electrical conductivity. The presence of fresh or meteoric water in
rocks results in enhanced electrical conductivity too, although it has
lower conductivity than saline water. Dry volcanic rocks usually have
high resistivities, but water saturation or the presence of alteration
3

minerals can significantly reduce its electrical resistivity. It is difficult
to differentiate saline water or alteration minerals using only electrical
resistivity data. High enthalpy geothermal systems have been widely
studied using geophysical methods which image the subsurface electri-
cal resistivity (e.g., Arnason et al., 2000; Heise et al., 2008; Manzella
et al., 2010; Oskooi et al., 2005; Ussher et al. 2000; Cumming and
Mackie 2010). In general, electrical resistivity surveys can identify 3
important areas: the shallow superficial layer of undisturbed rock at
temperatures below 70 °C with resistivities >100 Ωm; the low resis-
tivities layer <10 Ωm, associated with impermeable clay minerals
(e.g., smectite); and usually below, there is a permeable zone that corre-
sponds to the geothermal reservoir. The reservoir shows high resistivi-
ties (10–60 Ωm) due to the formation of resistive alteration minerals
(e.g., illite) at temperatures higher than 200 °C (e.g., Munoz 2014;
Ussher et al. 2000). The depths of these structures can vary for each geo-
thermal field. Figueroa (2019), using the magnetotelluric method,
mapped the electrical resistivities around El Tatio in an area of ~20
km2, reaching up to depths of 5 km. This survey describes the two
deep aquifers by identifying impermeable and altered zones/layers.

3. Methodology

The TEMmethod consists of a loop source and a loop receiver. An in-
ductively ungroundedwire is used as the source, while an induction coil
is used as the receiver to record the time derivative of the secondary
magnetic field. The resolution of the upper layer and the depth of explo-
ration of the TEMmethod depend primarily on the loop size and trans-
mitted current. Below, we provide details of the configuration used in
this study.

3.1. Survey setup and data acquisition

To model the electrical resistivity structures and observe the main
differences between the Middle Basin (MB) and the Upper Basin (UB),
a total of 5 TEM profiles were collected: 2 crossing the UB, 2 crossing
the MB and 1 in the transition between both basins. The TEM profiles
A, B and C were oriented in NW-SE direction and crossed the fault
bounding the UB and MB (F1). Profiles D and E were located within
the MB and bounded to the west by the strike slip fault F2 (Fig. 1).
These profiles crossed the main geological formations, fault zones and
therefore, possibly the areas of fluid ascent associated with geothermal
surface manifestations. The target depth was roughly 150 m which re-
quired a relatively small, 40 m × 40 m square central loop transmitter.
In total, we collected 50 TEMsoundings. To acquire dense data, the spac-
ing between the center of each sounding was 40 m. The measurements
were done with the ABEM WalkTem instrument. At each station 3 full
measuring cycles were realized, which correspond to approximately
600 stacks. For the early time recording we used a low moment with a
current of 1 A to acquire data between t ~ 1 μs and t ~ 1ms. The highmo-
ment acquisitionmode has a better signal to noise. It uses currents up to
7 A and obtains deep late time TEM data with a maximum recording
time of ~25 ms.

3.2. Data processing, 1D inversion and 2D modeling

Stacked transients and error estimated for low moment and high
moment data were obtained by calculating the mean and standard de-
viation of all stacks. The late time measurement errors were around
20%, affected by electromagnetic noise. We removed data with larger
errors prior to the inversion.

The low and high moment transients had a current switch-off ramp
of 5 and 7 μs, respectively. Both transients were merged into one single
transient. The data set of low moment was used for early times, while
the high moment was used for the late times because a higher moment
allows a deeper penetration and generates a better signal/noise ratio at
late times (Danielsen et al. 2003; Sørense and Auken, 2004; Auken et al.



Fig. 2. Field data obtained along the profile AA’ as color-coded pseudosection using the apparent resistivity late time (ρa, LT) transformation (Spies and Frischknecht, 1991).
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2006). To account for systematic errors, we set aminimumerror floor of
2% (e.g., Yogeshwar et al. 2013). Fig. 2 displays the data obtained along
profile AA’ as a color-coded pseudosection using the apparent resistivity
late time (ρa, LT) transformation (Spies and Frischknecht, 1991). At the
location of the fault, we observe a strong change in the data (left side
of the profile).

In the first step, a conventional 1D inversion technique was used to
evaluate the TEM data. We refer to Yogeshwar et al., 2020 for details
on the inversion algorithmwhichwas used. The algorithmallows differ-
ent approaches: (1) The Marquardt-Levenberg (ML) technique to ob-
tain models with a limited number of layers and discrete boundaries.
(2) An Occam-type inversion with smoothness constraints and two dif-
ferent roughness criteria. Roughness R1 minimized the resistivity con-
trast between neighboring layers, and R2 the resistivity curvature to
be small (Constable et al., 1987a,b). As the ML technique depends
strongly on the starting model, these were constructed based on
Occam inversion results. Typically, 3–5 layers were sufficient to explain
the field data.

Themisfit of the datawas calculated using an errorweighted relative
root mean square (here termed χ).
Fig. 3. Synthetic 2D forwardmodel and the 1D inversionmodels of 2D data. Themodel correspo
depth and 1Ωm of resistivity and a background of 100Ωm. A) 2D forward model considering a
upper basin profiles. B) 1D inversion models of the synthetic data obtained from 2D forward o
station located at 80 m along the profile. D) Example of the 2D synthetic data and 1D inversio
differences in the data obtained by 1D/2D model and bad representation of the model reprodu
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χ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N
∑
N

i¼1

dobs,i−dcalc,i
� �2

δd2obs,i

vuut ð1Þ

A χ=1 corresponds to an optimal data fit within themeasurement
errors. N is the number of data points, dobs, i the ithmeasured data, dcalc, i
the ith calculated data and δdobs, i the measurement error. A global χ is
obtained by averaging the misfit along each complete profile.

In the following, we will present only the derived ML models, as we
expect reasonably distinct resistivity contrast between the layers of the
model, e.g., between background and conductive layer. In sedimentary
environments a smooth model can be geologically more meaningful.

InmanyTEM case studies the 1D interpretation has proved to be fea-
sible. However, significant inaccuracies can occur when the geological
structures are multidimensional (Goldman et al. 1994). To avoid misin-
terpretation, we used a 2D forward modeling approach in the second
step of our study to analyze the field data and validate the 1D inversion
models. Fig. 3A displays a simple 2D forward model that considers a
conductive truncated layer. The 2D response for an example sounding
nds to a layer of 20m depth and 10Ωm of resistivity, a truncated conductive layer of 40m
conductive truncated layer. Model based on the structures observed in the models on the
f model show in A. C) Example of the 2D synthetic data and 1D inversion response from a
n response from a station located at 200 m along the profile. The study shows significant
ced by 1D inversion in a 2D case.
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located at the left of the truncated conductor (Fig. 3C) shows a deceler-
ated voltage decay. This is because of the electrical current prevailing in
the conductive layer. While on the right side of the truncated layer, the
results are the inverse (Fig. 3D). The 1D inversion results along the com-
plete profile using 2D simulated data results in an incorrect subsurface
model (Fig. 3B). A false deep conductor is produced at the soundings lo-
cated left of the conductor and the resistivity of half-space on the right
side is overestimated. This simple study demonstrates the significance
of using 2D interpretation techniques to avoid miss-interpretations.

The 2D TEM forward models were computed using the well-
established time domain finite difference algorithm SLDMem3t
(Druskin et al., 1999). The following three steps were used for our
modeling approach:

(1) A 2Dmodelwas derived for each profile based on stitched 1DML
models. Each 2D model column was 40 m wide and located beneath
each sounding. The model was extended to infinity in the strike
direction.

(2) A 2D forward model was performed and the misfit of each
sounding was calculated using eq. (1). To gain information about data
not well fitted, which correspond mostly to deep or shallow zones, we
calculated the relative percentage difference for each transient time
point at each sounding.

RDfield−2D ¼ Vfield−V2D

Vfield
:100 ð2Þ

Where Vfield corresponds to the voltage datameasured, V2D to the 2D
forward data. An RD< 0 indicate that V2D < Vfield, while RD> 0 indicate
that V2D > Vfield.

(3) In this step we evaluated the resulting misfit of the 2Dmodels. If
the data was fitted equally well as by the 1D inversion results, we con-
cluded that the 1D interpretation was adequate and can be relied on. In
caseswhere data fit becamemuchworse, the 2Dmodelwas altered and
the forward simulation was repeated. Based on eq. (2), those zones of
the 2D model corresponding to systematic poor data fit were modified.

4. Results

4.1. Comparison of 1D and 2D models

1D inversion modeling results are optimally fitted (≈1) at most
stations, however some profiles showed strong lateral electrical resis-
tivity variations (e.g., profile AA’, Fig. 4). Fig. 4A shows the model ob-
tained by 1D ML inversion and Fig. 4B displays the relative differences
between the 1D inversion results and field data, showing an optimal
fit of =0.96. Nevertheless, the 2D forward results obtained by the
same model results in a significantly increased data fit (χ = 4.17),
which indicate that a lateral variation of resistivity has a significant im-
pact on the soundings, and the1D inversionmight produce amisleading
interpretation. It is striking that similar to the simple 2Dmodeling study
shown in Fig. 3, a deep conductor is placed below sounding T23 to T25
and the slight thinning of the shallow conductor between T25 to T27,
these could be caused by a 2D effect. The 2D model of profile AA’ was
modified and the best fitted (Fig. 4D)model was obtainedwhen remov-
ing the conductor between T23 to T25 andmodifying the shallow layer.
These main modifications improve the 2D global fit considerably
(χ = 2.31) and for most soundings (Fig. 4F), which can be observed
in 2 exemplary stations (T24 and T26) on Fig. 4G.

A similar study was performed along profile BB’ (Fig. S2). The best
fitted model was obtained by modifying the resistivity structure of C3
below soundings T4 and T5. As for profile AA’, the modified 2D forward
model improved the data fit. The 1D inversion results along profiles CC’,
DD’ and EE’ did not show strong lateral variations of the resistivity. Con-
sequently, in the case of these profiles the 2D forward models were
fitted well (χ = 1.64, χ = 1.50 and χ = 1.66 respectively).
5

4.2. Result from 2D models

The following nomenclature is used in this section: HC for highly
conductive bodies (resistivities <3 Ωm); C for conductive bodies
(3–30Ωm); LR for low resistive bodies (30–100Ωm); HR for highly re-
sistive bodies (>100Ωm). The structures identified on themodels have
been named by the resistivity nomenclature and a number depending
on their interpretation.

Along profile AA’ (Fig. 5A), we observe four important zones: a shal-
low (20–60m depth) highly conductive structure HC1 (resistivities be-
tween 0.5 and 2.5Ωm) whose thickness decreases towards the west; it
is underlain by a more resistive LR3 layer with resistivities over 50 Ωm
extending below soundings T27 to T32; a second conductive structure
C2 at the northwest side of the profile with resistivities between 5 and
10 Ωm below T24-T26; and a highly resistive zone HR4 is observed
below T23, with a resistivity value of approximately 250 Ωm. Although
the C2 structure is observedmore clearly in the 1Dmodel because of the
contrast with the adjacent sounding, we consider the 2D model to bet-
ter represent the true resistivity structure. Profile BB’ (Fig. 5B), presents
similar structures compared to profile AA’: the conductor HC1 with re-
sistivities less than 3 Ωm and 20–60 m depth, a less conductive layer
C3 (resistivities of 5–30 Ωm) below T4-T9 and a conductive zone
HC2 at the northwest side of the profile with resistivities between 1
and 2Ωm. Profile CC’ (Fig. 5C) shows a conductive layer HC1with resis-
tivities between 0.5 and 2Ωmand10–60mdepth, becomingmore shal-
low towards the northwest. Underlying HC1 is amore resistive layer C3,
but still quite conductive, with resistivities between 3 and 10 Ωm. In
profile DD’ (Fig. 5D), as in profile CC’, a conductive layer HC1
(10–60 m depth) of resistivities between 0.8 and 1.5 Ωm is observed
that overlaps a less conductive layer of resistivities that vary between
4 and 10Ωm (C3). Finally, along the profile EE’ (Fig. 5E), similar to pro-
file CC’ andDD’, a conductive layerwith resistivities between 0.8 and 1.3
Ωm is observed at 10–60 m depth, overlapping a less conductive layer
C3 of resistivities between 8 and 13 Ωm.

The derived 2Dmodels show two common features: HC1 which is a
shallow (< 60 m depth) very low resistivity body (< 3 Ωm) which ex-
tends laterally in all basins. It appears to be closest to the surface in
areas with active geothermal manifestation; C3/LR3which is a more re-
sistive zone (but still considerably conductive) at depths >50 m below
HC1. Furthermore, the shallowest layer (above HC1), varies in its resis-
tivities along each profile. It is generally more conductive beneath the
profiles CC’, DD’, and EE’ with resistivities less than 10 Ωm. Along the
profiles AA’ and BB’ it has resistivities <10Ωm close to the geothermal
manifestation, but they increase up to around 50Ωmormore at the sta-
tions towards the east. In addition, there is a very shallow layer (< 3m)
at the surface that is difficult to imagedue to the scale of themodels. The
TEM method cannot resolve such a shallow structure uniquely and the
interpretation is uncertain. However, according to the well information
(P1, P2 and P4), the most superficial layers corresponds to gravels and
sandstones, which can highly differ in resistivity due to fluid content
and/or hydrothermal alteration (an example of the comparison of the
well's stratigraphy and 1D resistivity curve is shown in the supplemen-
tary material, Fig. S3).

5. Discussion

In the following sectionswewill discuss the obtainedmodels shown
in Fig. 5with respect to geothermal and geological background informa-
tion, considering the stratigraphy and alteration of nearby wells (ENG-
FCFM, 2008).

5.1. Shallow conductor HC1

The shallow structure HC1, common in all the profiles, is
stratigraphically correlated with sandstones and gravels that even
when dry, are less resistive than dry volcanic rocks. Sandstones and



Fig. 4. Example of 2Dmodeling approach for the profile AA’. A) 2D forwardmodel based on 1D inversionmodels. B) Relative differences between 1D inversionmodel responses and field
data. C) Relative differences between 2D forwardmodel andfield data. D)Altered andbest fitted 2Dmodel of profile AA’. E) Relative differences between 1D forwardmodel based onD and
the field data. F) Relative differences between best fitted 2D model and field data. G) Response curves of T26 sounding. H) Response curves of T24 sounding.
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gravel are porousmedium capable of sustaining liquid/fluid flow. HC1 is
directly related with the presence of geothermal manifestations in the
surface (Fig. 5) and in consequence to the presence of fluids.

The surface thermalwaters in El Tatio showed high salinity and elec-
trical conductivities (e.g., Giggenbach 1978; Munoz-Saez et al. 2018).
Munoz-Saez et al. (2018) determined that the electrical conductivity
of the water is 10–20 mS/cm which corresponds to the electrical resis-
tivity values of 1 Ωm and 0.5 Ωm. The high conductivity of HC1 can be
associated to porous rock saturated with thermal conductive fluids.
However, the presence of fluids alone, cannot explain the high conduc-
tivity of HC1. A simple exercise based on Archie's Law (Archie 1942),
was performed to determine the resistivity of this layer (Fig. S4, eq.
6

(1) in Supplementary material). The cementation exponent varies be-
tween 1.3 and 2.0 for gravels (Archie 1942) and between 1.6 and 2.0
for sandstones (Pengra et al. 1999). Porosities for gravel and sands can
be between 30% to 40% (Bear 2013). Considering these factors in addi-
tion to the resistivities of the thermal fluids, the extreme conductivity
of our model (with 40% fluid-filled porosity) provides a lower-bound
on the resistivity of HC1 of 1.7Ωm,which is more resistive than the ob-
served in several of the TEM stations (e.g., ~ 0.5Ωm in T28-T30). A sec-
ond test considered the conductivity of a two-phase effective medium
proposed by Hashin and Shtrikman (1962), where the upper bound of
effective conductivity of the rock describes the case that the conductive
material is perfectly interconnected, which correspond to the lower
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bound of effective resistivity (Fig. S5, eq. (2) in the Supplementary ma-
terial). The results, similar to Archie's Law, shows that the lower bound
of effective resistivity varies between 2.5 and 1.7Ωm in the case of 30%
to 40% of porosity. The existence of brines with Cl concentrations up to
185 g/l in the area (Cusicanqui 1975; Giggenbach 1978) could explain
easily the resistivities of HC1, however those appeared only in discrete
areas and are not reaching the surface.

The temperatures registered in the boreholes at depths of HC1 varies
between 100 and 150 °C, which corresponds to an argillic alteration
zone (Huenges and Ledru 2011), where the resistivities are between 1
and 10 Ωm (Ussher et al. 2000). Such type of alteration may explain
the low resistivities of HC1 as well, however, there is no information
available that validates the presence of clay minerals at depths of this
layer.

The general range of low resistivities is similar to the observed in
other geothermal systems such as Yellowstone National Park, USA
(Bouligand et al. 2019), where high conductivities are dominated by hy-
drothermally altered and water saturated rocks. This suggests that the
low resistivities that we observe in most of the profiles are dominated
by both the presence of water and hydrothermal alteration of the rocks.

Munoz-Saez et al. (2018) proposed the existence of a shallow aqui-
fer of local meteoric water that reaches the surface at the eastern end of
profiles AA’ and BB’ forming a wetland in the UB. Our data is not show-
ing a clear connection between HC1 and the wetland suggesting that
HC1 is either unrelated to this meteoric aquifer or our method is not
fine enough to resolve this connection. However, in the MB, the HC1
conductor becomes shallower on profiles CC’, DD’ and EE’, suggesting
that this aquifer can be connected to meteoric water. The water geo-
chemistry in MB showed greater dilution of thermal waters with mete-
oric water compared to UB (Giggenbach 1978; Cortecci et al. 2005;
Munoz-Saez et al. 2018). HC1may interactwith themeteoric aquifer to-
wards the surface in the MB, and therefore those waters are more sus-
ceptible to dilution. This could also explain the differences between
the resistivities of HC1 observed in the UB, for example in profile AA’
with zones of ~0.5Ωm, in comparisonwith theprofiles inMBwith resis-
tivities mostly around 1 Ωm.

5.2. Conductive deep layer C3/ Low resistive layer LR3

We found a relatively low resistivity layer (C3/LR3) that is
stratigraphically correlated with the El Tatio Ignimbrite unit. This litho-
logical unit has been described as an impermeable layer, and it is
interpreted to be the confiner layer for a thermal aquifer located at
~250 m (Cumming et al. 2002; ENG-FCFM, 2008; Lahsen and Trujillo
1976; Lucchi et al. 2009). Rocks acting to cap hydrothermal reservoirs
are usually highly altered resulting in an abundance of clays which in-
crease the conductivity of rocks (Oskooi et al., 2005, 2016). XRD studies
(ENG-FCFM, 2008) support the presence of alteration minerals at those
depths.

The C3/LR3 (El Tatio ignimbrite) resistivities observed beneath the
AA’ profile differ from other profiles, possibly because electromagnetic
methods do not have good resolution below a conductive layer, and
therefore it is difficult to accurately resolve the thickness of HC1 and
the resistivities of the last layer C3/LR3. However, the models show dif-
ferences between the resistivities of the deeper layer observed in the
north (LR3) and in the south (C3). Apparently, the resistivities of this
unit tends to decrease towards the south, which may be explained by
a greater fracturing in the southern zone. An increased fracturing im-
plies a greater permeability of the rock, making it capable of storing
more fluids that increase its conductivity and hydrothermal alteration.
Fig. 5.Best fitted 2D forward electrical resistivitymodels togetherwith their geological interpre
The surface location of geothermalmanifestations (Munoz-Saez et al. 2018) and stratigraphy of
Red arrows indicate fluid ascent areas. Black solid lines delimit interpreted bodies.
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Different fractures in the south of the field are observed transverse to
the main fault F1 mapped by Lahsen and Trujillo (1976), for example,
in one of the thermal manifestations near the CC’ profile a fracture in
the EW direction has been photographed (Fig. S6).

A SW-NE strike-slip fault (F2 in Fig. 1) has beenmapped perpendic-
ular to DD’ and EE’ profiles (Lahsen and Trujillo 1976). This fault could
act as a preferential zone of ascent of the deepest fluids to the surface.
It was expected that profile DD’ and EE’would cross this fault, however
its presence is not clearly distinguishable in the TEM data. In profile EE’,
the contrast in resistivity of C3 between T33-T34 and T35, could be an
indication of the presence of the fault, as in profiles AA’ and BB’
(which cross-cut F1). Thus, the models show a possible pathway for
fluids to ascend from deeper aquifers.

5.3. High resistive body HR4

Another important zone observed on the AA’ profile (Fig. 5A) is the
most resistive structure (HR4) to the northwest, below T23. This area
is geologically correlated with the El Tatio Ignimbrite and the presence
of the Copacoya Dome, a dacitic dome of Miocene age. Below T23,
there are two very thin layers that cannot be visualized in the models
due to the axis scale. A 50 Ωm layer overlies a 0.3 Ωm layer here, but
both are only 1m thick. The first one probably corresponds to a shallow
layer of the El Tatio Ignimbrite. However, interpreting such thin layers
using TEM is difficult as they are at the limit of its resolution. Copacoya
Dome has been described as an impermeable layer that would act as
geological barrier to the waters flowing from the east, impeding its
flow to the west and forcing them to ascend to the surface
(e.g., Figueroa 2019), which is coherent with the resistivity of the
body HR4. The resistivities of the dome are coherent with the resistivi-
ties found in other regional studies (e.g., Cumming and Mackie 2010;
Figueroa 2019; Healy and Hochstein 1973; Lahsen and Trujillo 1976).

The high resistivity of HR4 is also consistent with resistivities ob-
served outside of geothermal areas such as at Yellowstone National
Park (e.g., Bouligand et al. 2019). However, the resistivity of HR4 is
around 250 Ωm which is lower than those observed in Yellowstone,
which are reported to be >1000 Ωm (e.g., Bouligand et al. 2019). The
equivalent models for sounding TEM 23 in Fig. S7 show a wide range
for the resistivities, indicating a structure of poor resolution. The TEM
methodology has a better resolution for conductors than for resistors,
and therefore, HR4 could have a much higher value and is interpreted
to be outside the boundary of the geothermal area.

5.4. C2/HC2 connection of shallow and deep conductor

An important feature observed on the UB profiles (Fig. 5A and B) is
the conductor C2/HC2, which is directly connected with the shallow
conductive layer HC1 at the surface. C2/HC2 is stratigraphically corre-
latedwith the El Tatio Ignimbrite and spatially correlatedwith the pres-
ence of the F1 fault (Fig. 1). The high conductivity of C2/HC2 (especially
apparent on BB’) suggests the presence of a permeable zone that allows
the ascent of fluid from hotter and deeper aquifers (200 m and 600 m).
C2/HC2 is interpreted as the structure that feeds the aquifer HC1 with
deep geothermal fluids. The presence of fluids in the zonewould signif-
icantly reduce the resistivity of the ignimbrite, giving high lateral resis-
tivity contrast with the other part of the ignimbrite C3/LR3.

Electromagnetic geophysical studies in other areas of theworld have
been useful to define fault zones distinguishing different stratigraphic
units as zones of different resistivity, even being able to observe quanti-
fiable vertical displacements of some formations (Suzuki et al. 2000;
tation for each profile. Segmented lines show the depth of investigation (DOI) (Spies 1989).
the boreholes aremarkedwith symbols. Faults described in Fig. 1 aremarked as F1 and F2.
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Yogeshwar and Tezkan 2017). Along the profiles AA’ and BB’ a change in
the thickness of HC1, that corresponds to quaternary deposits, is ob-
served (between T25 and T26 for profile AA ‘and between T3 and T4
for profile BB’), which becomes thinner towards the north-west. This
abrupt change in sediment thickness could be associated with the
presence of a fault, but it would be difficult to make conclusions
about the fault geometry or its kinematics. In El Tatio, a normal fault
F1 (see Fig. 1) with vergence towards the SE in the UB has been
mainly inferred by the topography, the alignment of geothermal man-
ifestations and invoking an extensive regional regime (Lahsen and
Trujillo, 1976). On the other hand, Lucchi et al. (2009) proposed that
this area is mainly dominated by thrusting. The profile BB’ shows
C2/HC2 dipping in direction NW that would be incompatible with a
normal fault of vergence SE. However, with the methods used in this
study, we are able to observe only the shallow part of the system and
not the fault geometry in depth.

In the Solfatara Plateau Thermal Area and Old Faithful in Yellow-
stone National Park, the ascent of fluids is associated with areas of
weakness due to the contact between two lithological units
(Bouligand et al. 2019; Wu et al. 2017). In El Tatio, C2/HC2 can indicate
a weak zone associated to the lithological contact in depth between the
Copacoya dome (HR4 in AA’ discussed above) and the sequences of ig-
nimbrites (Fig. 1). Even though the presence of the fault F1 is commonly
invoked (e.g., Cusicanqui 1975; Lahsen and Trujillo, 1976; Munoz-Saez
et al. 2018), thermal fluids could also ascend through this lithological
contact without having a fault in the area. On the other hand, the prop-
erties of younger rocks are typically more heterogeneous compared to
older rocks that have been highly indurated and are therefore more
likely to produce fracture networks (Cumming 2016). A network of
fractures in the El Tatio ignimbrite is also a possibility that would pro-
vide the necessary permeability for the ascent of fluids.
Fig. 6. Conceptual model of the El Tatio geothermal field that integrates the previously existi
reaches to higher depths than our study, so we present a zoom in that allows us to obser
considers the location of geothermal manifestations (Munoz-Saez et al. 2018) and stratigra
deeper aquifer (>200 m). The impermeable geologic barrier associated with the Miocene Co
HC1 through a permeable zone (C2/HC2). HC1 is the direct feeder of the geothermal manifest
and impermeable structure acting as a barrier, and zones of ascending fluids are not imaged a
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5.5. Summary of the local conceptual model

A conceptual model of UB andMB is summarized in Fig. 6. The ther-
mal fluidsmove from east towest in the deeper aquifer (>200m). InUB
(Fig. 6A) the fluids ascend from the deeper aquifers through a perme-
able zone, here named C2/HC2. This area could be related to the pres-
ence of F1 fault, the lithological contact between two units, or a
fracture network, however, it is difficult to clarify this with our dataset.
Specifically in profile AA’, the fluids flowing westward through deep
aquifers encounter a geological barrier corresponding to the resistive
anomaly HR4, associated with the Copacoya impermeable dome,
which forces fluids to ascend. The El Tatio Ignimbrite and Tucle Tuffs
are the confining layers of the deepest aquifer. They are highly hydro-
thermally altered, so C3/LR3 has high conductivity.

In the MB (Fig. 6B), profiles CC’, DD’ and EE’ have similar character-
istics without any clear zones of fluid ascent as in the UB. For interpre-
tation, we consider the area around CC’ as part of the MB. A shallow
conductive layer HC1 and the surface layer appears to be more conduc-
tive in areas with perpetual spouters. The geochemistry of thermal wa-
ters (Munoz-Saez et al. 2018), indicates a largermixture of deepmature
waters with local youngwaters in theMB. HC1 is closer to the surface in
the MB than in the UB, and it could be associated with a connection be-
tween the thermal and meteoric water in the shallow subsurface. Simi-
lar to profile EE’, a contrast of C3 between T53-T54 adjoining soundings
(T52 and T55) could indicate the presence of ascending fluids zone and
then a permeable zone.

The previous conceptual model presented by Munoz-Saez et al.
(2018) indicates the existence of the shallow meteoric aquifer HC1.
However, we interpret HC1 as a thermal aquifer, which is connected
to the shallowmeteoric water at the surface in the MB. The resistivities
of hydrothermal alteration minerals such as clays dominate over the
ng information and that obtained in this study. Depths are approximated and the model
ve the depths covered by de TEM models in more detail (black solid box). The model
phy of the boreholes. A) Upper Basin: The thermal fluids move from east to west in the
pacoya dome forces the ascent of fluids from the deeper aquifers to the shallow aquifer
ations. B) Middle Basin: Has similar characteristics as Upper Basin but there is no resistive
s in the Upper Basin.



D. Montecinos-Cuadros, D. Díaz, P. Yogeshwar et al. Journal of Volcanology and Geothermal Research 412 (2021) 107198
chemistry of the reservoir fluids, so it is not possible to differentiate the
type offluids that HC1 containswith ourmodels. Nonetheless, the direct
connection of C2/H2with HC1 indicates that HC1 may be fed by deeper
aquifers, as explained in section 5.2. In addition, Munoz-Saez et al.
(2018) propose that the wetlands of the UB occurs when the water
table reaches the surface, but we do not observe that HC1 become
more superficial in the wetland areas, for example beneath the profile
BB’ which crosses the wetland. Therefore, we propose that the fluids
present in HC1 correspond predominately to thermal fluids, interacting
only locally with meteoric water.

We observed structural differences between the UB and MB, which
could be affecting the type of geothermal manifestations existing in
each basin. Nevertheless, it is not possible to draw a conclusion from
our data. The influence of the underground geometry and the presence
of cavities and ducts have been described as an important factor in the
dynamics of geysers (e.g Belousov et al. 2013; Vandemeulebrouck
et al. 2013; Ardid et al. 2019; Wu et al. 2017). These cavities at El Tatio
are located at depths <20 m (Munoz-Saez et al. 2015; Ardid et al.
2019) and we are not able to resolve these geometries with our data.

6. Conclusions

This TEM study has yielded, for the first time, an electrical resistivity
model of the shallow structures beneath the El Tatio geothermal field.
Five profiles crossing two of the most important basins (Middle and
Upper basins) were analyzed. The 2D resistivity models contained con-
ductive features with resistivity values which were consistent with the
low resistivity values usually found in highly altered geothermal areas
with large quantities of high temperature circulating saline fluids.

As a common feature in all profiles, a very low resistivity zone HC1
(< 3 Ωm) was detected at depths up to 60 m. This structure coincides
with a unit of quaternary deposits. Due to its permeability and high con-
ductivity, it was interpreted as a superficial aquifer containing saline
thermal water which feeds geothermal manifestations at the surface.
A second common feature (C3/LR3) has been imaged and, although
still conductive, is more resistive than HC1. C3/LR3 corresponds
stratigraphically to the El Tatio Ignimbrite, which is highly hydrother-
mally altered and likely represents an impermeable zone that confines
the deeper thermal aquifer (>200 m). It has low resistivities between
5 and 10Ωm in most cases.

Structural differences were identified between the profiles located
in the Upper Basin and the Middle Basin. A high conductivity zone
(C2/HC2) is observed in the Upper Basin, which has been interpreted
as a permeable zone that allows the ascent of fluids from deep thermal
aquifers (>200 m) to the shallow aquifer HC1. In addition, beneath the
profile AA’ a highly resistive zone was identified to the NW that is
interpreted as an impermeable geological barrier, correlated with the
Copacoya dome, that impedes the westward fluid flow. In the Middle
Basin, the exact pathways through which hot fluids move from deep
aquifers to CH1 are uncertain, but small changes in conductivity can
be related to a strike-slip fault present in the area. This work suggests
that a shallow aquifer containing thermal waters (HC1) exists beneath
El Tatio geothermal field. This shallow thermal aquifer has not been de-
scribed before and this new information will help improve the current
conceptual model of El Tatio geothermal field.
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