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ABSTRACT

Because geothermal systems produce strong variations in underground electrical conductivity, electromagnetic methods such as
magnetotellurics (MT) have become commonly used in geothermal reservoir exploration. Over the last years, several imaging
methods for MT data have emerged. These methods can use different mathematical approaches (finite differences, finite elements
or integral equations) to provide an estimate of the 3D resistivity distribution within the subsurface. Here we use field data sets to
study the capacity of two end members 3D MT imaging methods to characterize some key features of geothermal systems. The
two methods we applied have been developed to obtain solutions using different ways of parameterizing the subsurface,
regularization and inversion strategies. The main difference relies in the relationship between constraints and unknowns, or simply,
data and parameters. They have been characterized as over-determined inverse problem (ODIP) in which the number of data is
larger than the number of parameters, and under-determined inverse problem (UDIP) when the number of parameters is larger than
the number of data. We demonstrate that the resulting images obtained by both methods can describe the main structures of the
geothermal system such as the clay cap, heat source and faults system. Differences lay in the resolution power of the different
techniques. UDIP models tend to generate shallow features (bubble like) and to produce smooth distributions at depth. The UDIP
inversion method gives good results for areas where the subsurface resistivity changes in a gradual manner. This is related to the
large number of parameters used and the mesh size, which needs to be small. In contrast ODIP models present stronger and
continuous conductors and resistors. The model features tend to be blocky but the ODIP inversion method gives significantly better
results where there are sharp boundaries. It is able to recover the main strikes of the geothermal fault system. The horizontal
resolution of both methods can be limited due to site spacing however the obtained results from each of the approaches present
stable solutions, fit to the data and general agreement.

1. INTRODUCTION

In recent years, there has been an increasing interest in the development and use of three-dimensional (3D) electrical imaging
surveys. Such surveys have been successfully used in several complex environments such as geothermal systems (Bibby et al.,
2009; Mufioz, 2014; Gao et al., 2018; Samrock et al., 2018) where other geophysical methods are traditionally used. Geological
units related to geothermal sources induce large variations in the electrical conductivity of the subsurface, due to water content,
porosity, salinity of pore fluids and alteration of mineralogy (e.g. Spichak and Manzella, 2009). The presence of faults, for
example, plays an important role in geothermal systems. They can behave as pathways to geothermal fluids increasing the
permeability controlling flow rate, direction and fluid infiltration. Geothermal fluids have high concentrations of dissolved salts,
increasing the conductivity within a rock matrix. The temperature also contributes to changes in conductivity of the fluids and the
rock matrix. High temperatures for example, leads to a significantlarge reduction in the bulk resistivity. Hydrothermal alterations
usually lead to the formation of highly conductive conductive clays caps (illite, smectite, montmorilonite) over a wide temperature
range from under 100°C to 200°C. At temperatures over 220 — 240°C, alteration is mainly in form of chlorite and epidote minerals,
showing higher resistivity values than the clay cap. Thus, an increase in resistivity beneath a highly conductive clay cap, reflecting
an increase in temperature with depth, is a common signature of high-temperature geothermal systems.

In order to image the subsurface and characterize the geological units inside a geothermal system, different inversion routines may
be used to determine the resistivity and provide model responses that agrees with the observed data. A number of inversion
techniques have been applied in the interpretation of MT data (e.g. Mackie and Madden, 1993; Newman and Alumbaugh, 2000;
Siripunvaraporn et al., 2002; Hautot et al., 2000; Avdeev, 2005; Egbert and Kelbert, 2012). These methods choose different
mathematical approximations to the problem (finite differences, finite elements or integral equations), different strategies to
construct and constrain the solution and different approaches to parameterize the subsurface.

This study examines two inversion methods set out to obtain solutions using different ways of parameterizing the subsurface,
regularization and inversion strategies. One of the main difference relies in the relation between constraints and unknowns, or
simply, data and parameters. We refer to these methods as over-determined inverse problem (ODIP) and under-determined inverse
problem (UDIP). Both are iterative, providing a solution in several steps. We analyze and compare the methods under three points
of view: i) strategy used to solve the MT inversion problem; ii) number of unknowns vs number of data; iii) their ability to extract
important properties and features of geothermal systems, such as faults, clay cap, intrusions, deep sources.

To compare both methods we used a field data set from a MT survey carried in the Sol de Mafiana geothermal system, Bolivia
(JICA, 2015) (Figure 1). We show that 3D MT inversion can provide a geological meaningful image of the main structures present
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in the geothermal system. Additionally, the MT data can also provide important information about the fault system which control

the flow and distribution of geothermal fluids.
Legend
Quaternary
Neogene
Paleogene-Neogene

Paleogene

<
Cretaceous
B Ordovician

68°W

CHILE

22°S

B
b 49 &o\
Atacama H CHYLE
95 g6 g7
105 0 10Kilometers
e 36
[l:- o
¢ 39
A 43 32 &9 &0 T

Figure 1: Geological map of Southern Bolivia (SERGEOMIN 2019), with emphasis on the area of Sol de Mafana
geothermal system (JICA, 2015, JOGMEC, 2011). The orange circles illustrate the position of the MT sites and the
lines represents the MT profiles AA’ and BB’.

2. TRI-DIMENSIONAL MAGNETOTELLURIC INVERSION

The inversion process aims at estimating a resistivity distribution within the subsurface based on real observations of the MT data.
The responses are given at specific locations and frequencies. Thus, solving the inverse MT problem involves finding one or more
resistivity models that reproduces the observed data within their error. In most cases, the inversion process seeks to minimize the
residuum between observed and predicted data, known as the penalty function (or misfit function).

Distinct approaches can be applied to minimize the penalty function. Over the last decades, several three-dimensional (3D)
inversion codes have been developed and were applied to real data (e.g. Avdeev, 2005; Heise et al., 2008; Newman et al., 2008;
Avdeev and Avdeeva, 2009; Bibby et al., 2009; Munoz et al., 2010; Siripunvaraporn, 2012; Kelbert et al., 2014; Coppo et al.,
2018). The differences between them rely either in the parametrization of the Earth, regularization techniques or the chosen
inversion strategy (Miensopust et al., 2013).

In this study, two different inversions methods were adopted. The inversion package ModEM (Modular Electromagnetic
Inversion), developed by Egbert and Kelbert (2012) and Kelbert et al. (2014) and the inversion algorithm, Minim3D, developed by
Hautot et al. (2000), Hautot et al. (2007). For clarity, they will be differentiated according to the relationship data/parameters.
ModEM belongs to the techniques classified as an under-determined inverse problem (UDIP) since it uses a much larger number of
parameters than the number of data. Minim3D, classified as over-determined inverse problem (ODIP) uses a number of parameters
smaller than the number of data. Typical numbers for the ratio parameter/data are observed as > 10 for UDIP inversions and < 0.2-
0.4 for ODIP inversion.

The inversion package ModEM uses the non-linear conjugate gradients (NLCG) method to solve the MT inverse problem in the
model-space. NLCG is related to the linear CG method, which solves normal equations derived from a quadratic approximation of
the penalty function. The NLCG method, however, directly minimizes the penalty function avoiding the iterative linearized
inversion procedure (Rodi and Mackie, 2001). Gradient based inversion schemes such as NLCG, require accurate solutions to
ensure precise computation of the called sensitivity matrix. Because the accuracy of the computed solution in the forward
modeling depends mainly on the discretization of the subsurface, the dimension of the cells in the 3D grid must be kept small
compared to the skin depth (Weaver, 1994) to ensure a good approximation of Maxwell’s equations and to reduce numerical
instability (Megbel, 2009). However, keeping cell dimensions small causes a huge number of model parameters to be solved both
in the forward modeling and the inverse problems. NLCG is a regularized inversion scheme and a smoothness criterion is
commonly applied which often results in uniformly blurred features that tend to not appear geologically meaningfully. Several
strategies may be used to choose a value for the regularization parameter to ensure that neither the data misfit term nor the
smoothing term dominates the penalty function (e.g. Megbel [2009]; Yang et al. [2015]).
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The full 3-D MT inversion algorithm Minim3D (Hautot et al., 2000; Hautot et al., 2007) is based on the minimization of the misfit
between the data and the model response using a non-linear steepest gradient method. The inversion is based on a local minimum
search algorithm derived from Rosenbrock method (Rosenbrock, 1960). The approach allows to easily implement an inversion grid
(1G) independent from the forward calculation grid (FCG), finer with adequate boundary conditions for accurate results. In practice,
the 1G is built by merging several cells of the FCG into larger blocks. The merging takes into account the data distribution and the
resolution loss with depth. The inversion usually starts with a homogeneous half space and once a good agreement is obtained
between the 3D model response and the data, a regularization factor is added to the error function and a new solution is searched
again. The regularizing term controls the resistivity contrast between blocks and is the sum over all vertical and horizontal squared
differences in the logarithm of the resistivity between two adjacent blocks (Hautot and Tarits, 2009). The benefit of this approach is
that a minimum of the penalty function is found in a smaller number of calls to the forward solution than in NLCG approaches. In
addition, unlike ModEM, the gradient of the penalty function is not required and it is not necessary to calculate the sensitivity
matrix. Only the forward problem is solved at each iteration through the 3-D finite difference algorithm derived from Mackie et al.
(1993).

3. FIELD DATA EXAMPLE

3.1 Geophysical, geological and geothermal context

Sol de Mafiana of Laguna Colorada geothermal system is located in Southwest of Bolivia (Figurel). The tectonic structure of the
Sol de Mafiana can be characterized by two orthogonal fault systems in NW-SE and NE-SW directions (Terceros, 2000). The NW-
SE faults are considered to be extended to depth and they are potentially serving as pathway for geothermal fluids to shallower
areas and feeding the high-permeability and high-temperature reservoir of the field.

3.2 Magnetotelluric data

Seventy broad band MT soundings were carried out in the geothermal field area of Sol de Mafiana, Bolivia (Figure 1). The MT data
of this survey have been acquired by Teranov using Metronix data acquisition system. Five components of the time-varying, natural
EM field have been recorded in three frequency bands, 4096, 2048 and 128 Hz: three components of the magnetic field (magnetic
north Hx (t), magnetic east Hy (t) and magnetic vertical Hz (t)) and two horizontal components of the electric field (Ex (t) and Ey
(). The electric and horizontal magnetic field time-series were processed using the robust remote reference method of Chave and
Thomson (2003) (BIRRP - Bounded Influence Remote Reference Processing), to obtain, in the frequency domain, the 2 x 2
complex impedance tensor Z composed by the elements, Zxx , Zxy , Zyx and Zyy . The impedance tensor is usually converted into
apparent resistivity and phase for the various observational frequencies or periods, providing information about the resistivity (or
conductivity) for a non-uniform half-space Earth. An example of MT sites is shown in Figure 2.
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Figure 2: The MT impedance tensor from selected sites. Both the amplitude and phase of the diagonal and off-diagonal
terms are shown. Amplitudes are expressed in apparent resistivity (2m), and phases (degrees). The solid line is the
impedance predicted by the best-fitting 3-D model obtained from (a) UDIP method and (b) ODIP method. See
Figure 1 for the site locations.
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4. INVERSION RESULTS

The differences in the inversion parameters used in the 3D inversion of the data set using either ModEM code (UDIP) and
Minim3D code (ODIP) are summarized in Table 1. In this section we show the final resistivity models and report the main features
of the methods in terms of number of data and parameters, grid dimensions, type of regularization, error assignment, misfits and
number of calls of the forward solution.

To compare the fit between the observed data and the model responses obtained from each inversion method, the root mean square
(rms) values are computed in each step and/or iteration of each inversion method. The rms calculation considers the data errors
weighted by an error-floor, adequately selected according to each inversion method. The minimization procedure stops when a
target rms is obtained given a minimum error-floor (UDIP) or when the rms no longer change significantly (ODIP). The data
weighting being different for each approach, the final rms considered satisfactory is different for UDIP and ODIP.

Table 1: Model parameters used in the 3D inversion of the data set using ModEM and Minim3D. The number of degree of
freedom (NDF) here is understood to be the number of sites times the number of periods times 4 components of the
impedance tensor times 2 for real and imaginary parts.

ModEM - UDIP Minim3D - ODIP
Approache Egbert and Kelbert [2012] Hautot et al. [2007]
NDF 15,244 19,652
Number of parameters 128,968 4,000
Layer thickness Log increase after 1500 m  Log increase from surface
Number of frequencies | 31 all available (31 to 38)
Frequencies per decade | 5 N/A
Initial model 60Q2.m 60€2.m
Inverted data Full tensor Full tensor
Topography Yes Yes
rms 3.2 5.5

4.1 Results using the UDIP method

Data set used in this inversion was formed by the non-rotated full impedance tensor components of 31 periods distributed on a
logarithmic scale that varied from approximately 107 s to 10° s. The total number of data is 15,244. A starting error floor of 10%
were assigned in the first step of the inversion. After, this value decreased gradually to 1.5% for the off-diagonal elements and 3%
for the diagonals.

The study started by using a fine model formed by a mesh of 53 x 83 x 53 cells totaling in 233,147 parameters to be estimated. The
large number of parameters due to the small size of cells, associated with the UDIP method, leads to a concentration of resistivity
features forming circular shapes around MT sites in the near-surface area. In an attempt to reduce this effect, a new inversion was
realized with a coarser model formed by 49 x 56 x 47 cells with minimum dimension of 450 x 450 x 50 m. The total number of
parameter to be estimated decreased to 128,968. To track the misfit obtained from each inversion method, the rms was computed
for each step of inversion. A final rms of 3.2 was obtained for the best-fitting model, and an acceptable agreement between
observed and predicted data is observed (Figure 2). Closer inspection of the data indicates good fit at shorter periods and some
difficulty to fit the data at longer ones.

The results presented in this work are shown as horizontal and vertical sections of the resistivity distribution for different elevations
in Figures 3a and 4a. The main electrical features in these model sections include a strong conductor with isolated resistive
structures at 4,700m elevation above sea level (asl); a regional and smooth conductor at 3,800m asl and a very smooth model
section showing no relevant electrical structures below 1,000m asl (Fig 5a). We observe that the electrical structures produced by
the inversion using UDIP method tend to concentrate at near-surface while the deeper areas remain smooth then disappear below
1,000m asl (Figure 5a). This is evidenced by the flatness of the predicted data curves of some MT stations over longer periods,
shown in Figure 2.

4.2 Results using the ODIP method

For this inversion we used the full MT tensor at all available periods and at all available sites, thus a larger number of data than for
UDIP inversion (Table 1). The data error ranges from a minimum error floor of 1.5 and 3% of the impedance amplitude for the off-
diagonal and the diagonal components respectively to the standard deviation obtained from the data processing. For the grid
dimensions, an inversion grid (IG) independent from the forward calculation grid (FCG) was used. While the FCG grid is formed
by a finer mesh composed by 20 x 29 x 15 cells with minimum dimension of 250 x 350 x 20 m, the IG is formed by a coarser one
that may be updated during the inversion. The grid is easily refined around sites that show large misfits. For our study case, the
final 1G is composed of 4,000 parameters to be inverted, around 32 times less than the number of parameters necessary for the
coarse UDIP inversion. An homogeneous starting model was adopted, with resistivity of 60 Qm. The small number of parameters
in the deeper layers associated with the ODIP method, leads to resulting models characterized by blocky features at depth. Final
rms of 5.5 was obtained for the best-fitting model. The agreement between observed and predicted data for selected sites is shown
in Figure 2.

Figures 3b and 4b provides the results obtained from the the ODIP inversion. From the model sections we can see the same
conductor of Figure 3a, at 4700m asl, but the resistive feature seems stronger and more continuous. A regional and smoother
conductor at 3800m asl is also observed in Figure 3b, comparable toto the UDIP result. Different patterns of main electrical
structures are evidenced in the presented results: continuous structures at near-surface, blocky features and less smoothness at
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deeper areas and structures below Om asl (Figure 5b). This type of pattern is related with the relative small number of parameters
used in the ODIP method.

5. INTERPRETATION OF THE 3D RESISTIVITY MODELS

The final 3D resistivity models obtained by both inversion methods are presented as horizontal sections in Figure 3 for elevations
4,700 and 3,800 m asl. The fault system plotted as black lines in Figure 3 was obtained in JICA (2015). We can observe that most
faults are in the NW-SE direction, and some are displaced by faults in the NE-SW direction. The fault system control the
conductive geothermal fluids in the Bolivia geothermal system.

In the plan section at 4700m asl in Figure 3, significant discontinuity between low and high values of resistivity are observed In
this figure, we reported the fault system from JICA (2015). We can observe that most faults are in the NW-SE direction, and some
are displaced by faults in the NE-SW direction. The fault system control the conductive geothermal fluids in the Bolivia geothermal
system. The resistivity model for both UDIP and ODIP shows a zone of low resistivity that extends from the Southwestern toward
the center, in a Northeastern direction, following the NE-SW faults. We observe a good agreement between the actual main faults
and the transition between resistor and conductor in the resistivity models at 4,700m asl (Figure 3). The continuity of the large
structures in the ODIP model (Figure 3b) seems in better agreement with the major faults than the UDIP model (Figure 3a) because
the later tends to focus smaller scale structures. The main fault strikes are also visible at 3800m asl. At this depth, both resistivity
models are in better agreement.The low resistivity values are attributed to geothermal fluids controlled by the fault system as
observed in Figure 3. This zone characterizes the top of the smectite clay cap alteration zone (JOGMEC, 2011; JICA, 2015;
Villarroel-Camacho, 2014). The low resistivity anomaly is surrounded by a resistive zone. The general area of the geothermal
reservoir is highlighted by white dashed lines in Figure 3, obtained in JICA (2015). We observe the hydrothermal alteration zone
characterized by low resistivity values in the same area. The horizontal sections illustrating elevation 3,800 m, at Figure 3,
evidences the lateral range of the clay cap layer, characterized by a low resistivity zone. We can observe its extension in depth in
depth in Figure 4, reaching approximately 1 km thick. Between MT sites 041 and 075, it appears to be exposed at the surface,
reaching a thickness of 1.5 km. Enhanced resistivity within the cap rock layer is observed in the central region of the model, in the
reservoir area (Figure 3).

The vertical resistivity sections in Figure 4 highlight the main characteristics of the geothermal system. Information about the
temperature and composition of the geothermal field was obtained through boreholes located in the central part of the study area
(Villarroel-Camacho, 2014). Temperatures of 200°C are observed within the clay cap layer as showed in Figure 4. Enhanced
resistivity within the cap rock layer is observed in the central region of the model, in the reservoir area (Figures 3-4). The vertical
sections reveal its extension in depth beneath the conductive clay cap, stressed by the label S1. Both UDIP and ODIP models agree
on the main features. The difference between the two approaches is clearly visible. The UDIP model shows a very smooth
distribution of resistivity while the blocky structure of the ODIP model outlines well the strong resistivity contrasts, both laterally
and vertically. In particular, it is possible to suggest how the surface fault may extend in depth (Figure 4b). The increased
resistivity values correlates with the high temperature (240°C) heat source rocks. S1 is emplace between normal faults between MT
sites 075 and 072 in profile AA’ and 067 and 065 in profile BB’. What stands out in Figure 4 is the clear discontinuity in all
resistivity models around this area. This discontinuity, however, seems more evident in the ODIP models (Figure 4b), particularly
in profile AA’. From the vertical sections shown in Figure 5, we observe that the resistive feature, interpreted as the source rock, is
clearer in the ODIP models, as for the UDIP models, it appears as a weak and smooth structure.

These results are in agreement with the premises of the used inversion methods. Due to the large number of parameters, the UDIP
method tends to produce isolated shallow resistive features as observed in the resistivity model at elevation 4,700m asl (Figure 3a).
These features are most likely continuous, as suggested by the ODIP model (Figure 3b), and characterizes the volcanic rocks
present at shallower areas of Sol de Mafiana field. Moreover, at depth, the UDIP method produce smoother distributions of
resistivity. This makes it difficult to differentiate of discontinuities and the characterization of faults and strike directions. The
number of parameters close to the number of data in the ODIP method generates blocky structures but it is able to better recover
discontinuities in the resistivity distribution.
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Figure 3: Plane view showing the resistivity distributions at elevations 4700, 3800 obtained using (a) UDIP method and (b)
ODIP method. The circles represent the MT sites, black lines represent the surface fault system of the area and the
white dashed lines represent the interpretation of the geothermal reservoir.
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Figure 4: Plane vertical resistivity sections showing the resistivity distributions along profiles AA’ and BB’ (Figurel). (a)
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well as the temperatures) in JICA (2015) and Villarroel-Camacho (2014). Observe that high temperatures correlates
to the high resistivity area identified as the heat source S1 associated with the reservoir.
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6. CONCLUSIONS

We present the results from two alternative end members 3-D inversion methods applied to a MT data from a conventional
geothermal system. The first 3-D modeling of the MT data was carried out using the ModEM inversion package from Egbert and
Kelbert (2012) based on an iterative nonlinear minimization approaches based on NLCG. This method, named UDIP in this study is
characterised by a number of parameter much larger than the number of data. The second 3-D modeling was carried out with the
Minim3D algorithm by Hautot et al. (2000,2007) based on a steepest gradient optimization method. The approach named ODIP
uses a number of parameters lower than the number of data. The parameterization of the subsurface for both methods has been
tested and compared. The electrical structure reveals common features found in volcanic geothermal systems. The clay cap,
characterized by strong conductors was successfully recovered by both methods. The resistive structures are stronger and
continuous in the models resulted from ODIP inversion, at 4,700m asl. At depth (deeper than elevation = 0 m), models generated
with ODIP method present features that are absent in the models resulted from UDIP method. This happens because the second
produces smoother distributions, a difficulty related to the large number of parameters. For the UDIP inversion, it is necessary to
find the optimal relationship between the size of cells, number of parameters and desired misfits. A large number of cells with small
dimensions produce better misfits but tends to concentrate structures at shallow regions with very high or very low resistivity
values. In an attempt to fit the short and intermediate periods, it seems to penalize the longer periods, producing models with a
smooth resistivity distribution at depth. The ODIP method, with much less parameters, generates blocky structures but it is able to
image both shallow and deeper areas with reasonable resolution and desirable misfits. It better recovers discontinuities in the
resistivity distribution, very important to identify the fault system in the area.
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