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Executive summary
Deliverable 5.1 within the GEMex project is on synthetic model calculations to optimize the
results of 3D MT/TEM and avoid artefacts.
In this work efforts have been undertaken to further our understanding of the underdetermined
problem of inversion of resistivity data, i.e. by investigating how to regularize the inversion
with external constraints. The work carried out in this deliverable is a continuation of previous
efforts with an emphasis on how data from high-temperature geothermal fields could look like,
which artefacts emerge and what is the way forward from where we stand today.
The deliverable is composed of three parts i) synthetic data created from a generic hightemperature geothermal system, ii) synthetic data created for the Acoculco geothermal area in
Mexico and iii) investigation of the influence of fault systems on the magnetotelluric data.
In the first part, written by ÍSOR, four different models of a generic high-temperature
geothermal system are explored. Synthetic data are calculated from the four given models and
then the data are inverted for using the WSINV3DMT 3D inversion code. The synthetic data,
the misfit between them and the calculated/inverted data and the resulting models are explored
and compared. Several artefacts emerged, including large conductive anomalies outside the
data coverage, in the far corners of the model. Also, the conductive clay cap and the deepseated conductive layer show up connected in two of the models after the inversion.
Although these four cases do not represent the flora and fauna of the high temperature
geothermal fields found world-wide, they give us a hint of what attributes of the model are
well resolved and where the weaknesses are located. From the work presented here, it is clear
that the inversion routine should be re-considered if the part under investigation are the deeper
roots of the geothermal system. If the interesting part is the conductive clay cap only, then it
is sufficient.
In the second part, written by CNR, synthetic data are calculated for the Acoculco geothermal
area, based on geological modelling of surface and subsurface datasets. A test is carried out in
order to see whether MT data are able to resolve the reservoir or a partially melted and still
hot intrusion ( a conductive unit) embedded in a resistivity structure made of two main
conductive layers, e.g. a shallow lying clay cap in the volcanic units and a very conductive
Middle/Lower Crust. It turns out that the larger the dimensions of the conductive unit, the
better it is resolved. Also, if the Middle/Lower Crust is given a little higher resistivity value,
the conductive unit is better resolved. However, the resolution is not such that the dimensions
of the unit can be determined accurately. Therefore, it is recommended to use other
geophysical data sets to constrain better the MT inversion response at depth in Acoculco, such
as a detailed gravity and possibly TDEM acquisition at each site.
In the third part, written by KIT, a description is given on synthetic modelling which was
carried out in the framework of Subtask 5.1.3: Survey design and preparation for additional
6

measurements in Acoculco and Los Humeros. The purpose was to investigate the influence of
the fault systems on the magnetotelluric data and based on the structural mapping and the
productivity of the wells to investigate the influence of faults.
The following conclusions were derived in the third part from the synthetic mechanic and
magnetotelluric models:
 The mapped faults are favourably oriented for slip and dilation reactivation in the
current stress field. Thus, they may act as potential fluid pathways and reveal
hydrothermal alteration.
 It is well-known that hydrothermal alteration strongly influences the magnetotelluric
signal. Therefore, the presented starting models take into account resistivity reduction
by hydrothermal alteration production in the clay cap layer and the fault zones.
 A significant influence of such hydrothermally altered fault zones can be expected
according to our inversion results.
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1 Introduction
This report is deliverable 5.1 within the GEMex project. In the DoW it says on the content of
the deliverable: “Report on synthetic model calculations to optimize the results of 3D
MT/TEM. Refers to task 5.1.1. Contains results of model calculations that will show how
different but realistic synthetic resistivity models from high temperature geothermal fields will
appear in real MT and TEM data. Furthermore, demonstrate how artefacts can emerge in
inversion of resistivity data.”
3D inversion of resistivity data is a highly underdetermined problem, that is the number of
data points is much less than the number of unknown parameters. In the past years 3D
inversion of resistivity data has become more common among scientist, yet many models are
run through a “black-box” where the user does not know exactly what is going on in the
inversion. Different inversion codes use different constraints in order to get the problem to
converge and reach a stable solution.
When discussing 3D inversion of resistivity data, the resistivity data in question are usually
MT data. Co-located TEM data are often used to static shift correct the MT data that are then
3D inverted. The subject here is not the question of static shift corrections of MT data.
Therefore, this report is mostly restricted to MT data, not the least because of the much greater
depth of penetration of MT soundings as compared to TEM soundings.
Questions such as: “Are we gaining more detailed information from 3D inversion than from
1D inversion and are they more reliable” and “what is the depth resolution of MT resistivity
models geothermal settings” arise.
One of the best way to investigate whether an inversion scheme is successful or not is to feed
synthetic data from a reasonable/presumed resistivity model into the inversion and compare
the resulting model with the reasonable/presumed one. Doing that, the researcher can claim
where the inversion fails and in which parts it is successful.
In this deliverable, we examine the resistivity modelling in geothermal settings. Firstly,
synthetic data created from an imagined resistivity geothermal model are investigated and
inverted for (done by ÍSOR). The case-example model for the synthetic data generation is the
Nesjavellir high-temperature geothermal field in southwest-Iceland. The model varies in three
dimensions and four different scenarios are investigated in which the characteristics of the
conductive clay cap are varied. The different characteristics of the forward calculated data can
help to understanding real resistivity data, as the models behind the synthetic data are known.
By inverting data generated from a known model, artefacts in the inversion can be identified.
It is very valuable to know which parts of a model are artefacts, especially when it comes to
real data that are to be interpreted with other datasets.
Secondly, a synthetic model compiled from various geological datasets for the Acoculco hightemperature geothermal field in Mexico is investigated in order to get an idea about how the
8

resistivity soundings from the area could look like (done by CNR). The Acoculco field shows
indications of being a hot dry rock system, as inferred from the very few available direct
measurements from the area. The synthetic data can be used to optimize the planning of the
MT survey to be performed in Acoculco in 2018. A conductive unit (representing a partially
melted intrusion; a heat source) is emplaced in the resistivity structure and an analysis is
carried out to see if MT data are able to resolve the conductive unit. The resistivity structure
is based on crustal studies found in the literature and is comprised of a shallow lying
conductive clay cap (in the volcanic units) and a very conductive Middle/Lower Crust.
Thirdly, a description is given on synthetic modelling which has been carried out in the
framework of Subtask 5.1.3: Survey design and preparation for additional measurements in
Acoculco and Los Humeros (done by KIT). The purpose was to investigate the influence of
the fault systems on the magnetotelluric data. The model approach was derived from the first
results of the geological investigations at Los Humeros that have been acquired in Work
Package 4: Tectonic control on fluid flow. The structural pattern at Acoculco is comparable
concerning the orientation and setting of the faults with respect to the volcanic edifice. Based
on the suggested structural setting and the expected fluid pathways, 2-D forward modelling
was carried out crosscutting the major NE-SW and NW-SE faults at Los Humeros.

2 Synthetic data calculated from a generic geothermal model
(ÍSOR)
2.1 Synthetic data generation
Many geothermal systems exist world-wide which have different characteristics. In order to
imitate the resistivity structure of a high-temperature geothermal system we look at the caseexample of a typical high-temperature geothermal system as given in Figure 1. The Figure
shows a resistivity model from the Nesjavellir geothermal field in SW-Iceland based on 2D
interpretation of DC soundings, where it was for the first time shown that the resistivity
structure of a high-temperature geothermal system stems from the alteration mineralogy
(Árnason et al., 1986; Árnason et al., 1987). Figure 1 shows how a resistive core bulges up
and is overlain by a conductive clay cap. The geometry is attributed to the fact that a heat
source rises up at Nesjavellir, creating the observed geometry. By collecting resistivity data,
scientists can predict where a likely place of hot water is upwelling; or was upwelling as the
alteration persists for some time, even after the system has cooled down.
The main resistivity structure of a high-temperature geothermal field as observed in
Nesjavellir, and other high temperature areas in Iceland (and world-wide where the host rocks
are basaltic) is the following (the resistivity values in the parenthesis are indicative):
9







Resistive top layer (500 Ωm). A surface layer representing intrusive/extrusive
unaltered rocks. No water saturation.
Conductive clay cap (5 Ωm). Location of low-temperature alteration minerals
(smectite) giving rise to surface conduction with very low resistivity.
Resisive core (200 Ωm). Location of the resistive high-temperature chlorite alteration
minerals reflecting temperature in excess of ~230°C.
Deep-seated conductive body (5 Ωm). In Iceland a deep-seated conductive body/layer
has been observed underneath most of Iceland. Its origin is still being debated.
Intermediate deep background (50 Ωm). Background resistivity values, the same as the
initial model of the inversions.

Each and every high-temperature geothermal field has its own characteristics. Therefore, it is
a challenge to construct one synthetic model representing the average high-temperature
geothermal field. The approach was, therefore, taken to create four models in which the
thickness and depth to the conductive clay cap varies. In each of the four models the
conductive clay cap, the resistive core and the deep-seated conductive layer bulge up
underneath the center of the system, as observed in data from high-temperature geothermal
systems in Iceland.
The four models were designed on a grid such that they are symmetric about the x- and y-axis,
extending 79,252 m in each direction. In the z-direction there were 56 grid cells, extending
down to 71,360 m. Their vertical cell’s thicknesses are as follows, starting from the top; eight
30 m thick layers, two 40 m layers, six 50 m thick layers, eleven 100 m thick layers, two 125
m thick layers, one 150 m thick layer, two 190 m thick layers, nine 250 m thick layers, one
300 m thick layer, one 450 m thick layer, one 675 m thick layer and after that the thickness
increases exponentially. The vertical grid is shown in Figure 2.
The model grid had 48 cells in each horizontal direction (Figure 5). The same discretization
was used for both horizontal directions with 16 center-cells and with 500 m spacing. Outside
the center the cell’s width were 650 m, 650 m, 850 m, 850 m, 1,105 m, 1,436 m, 1,897 m,
2,427 m, 3,156 m, 4,102 m, 5,333 m, 6,933 m, 9,013 m, 11,720 m, 15,230 m and 19,800 m.
Therefore, 16 center cells with 16 cells on each side adds up to 48 cells.
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Figure 1: A case-example of the resistivity structure of a high-temperature geothermal field.
Resistivity cross-section through the Nesjavellir geothermal field, located in SW Iceland based on 2D
interpretation of DC soundings. NJ-11, NG-7 and NG-10 are wells and their alteration mineralogy is
shown. Isotherms are shown as black solid lines which correlate very well with the alteration
mineralogy as it was when it was formed. Figure from Árnason et al., 1986.

Figure 2 shows a cross-section through the middle of the four models. All the models exhibit
a three-dimensional structure, where the cross-sections through the middle of the model along
the x- and y-axis are the same. The structure of all the models shows a bulging up beginning
at 4,000 m distance from the center. Beyond these 4,000 m the model has a 1D structure as far
the grid extends.
 Model A: Consists of a thin and a shallow lying conductive clay cap. The center top is
at 120 m depth and the layer is 200 m thick.
 Model B: Consists of a thick and a shallow lying conductive clay cap. The center top
is at 120 m depth and the layer is 1,200 m thick.
 Model C: Consists of a thin and a deep lying conductive clay cap. The center top is at
1,120 m depth and the layer is 200 m thick.
 Model D: Consists of a thick and a deep lying conductive clay cap. The center top is
at 1,120 m depth and the layer is 1,200 m thick.
In model A and B, the deep-seated conductive layer is exactly the same, with an up-doming
box in the middle of the grid rising 2,250 m above a 2,500 m thick relatively conductive layer.
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In model C and D, the deep-seated conductive layer is exactly the same, with an up-doming
box in the middle of the grid rising almost 2,000 m above a 2,000 m thick relatively conductive
layer.

Figure 2: Cross-section through the middle of the four synthetic models. See the text above for a more
detailed description of the models
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Figure 3: Layout of the synthetic MT stations. The stations are on a 1 km x 1km grid. The name of
each station is indicated by a number.

2.2 The WSINV3DMT Code
The 3D forward and inversion calculations were performed using the 3D inversion program
WSINV3DMT written by Weerachai Siripunvaraporn (Siripunvaraporn et al., 2005;
Siripunvaraporn and Egbert, 2009). WSINV3DMT uses a finite difference forward algorithm
and utilizes a formulation of the inverse problem in the data-space rather than in the modelspace. This reduces the dimensionality of the problem dramatically and makes 3D inversion
of MT data attainable. The model space is discretized with rectangular cells, usually forming
a dense net in the middle which then becomes sparser towards the outskirts of the model space.
3D inversion of MT data is a highly underdetermined problem. The inversion, therefore, needs
to be regularized by imposing constraints on the model (mathematically speaking this means
to make the model parameters interdependent in such a way that the number of the actually
free parameters is similar to the number of data values). The method of regularization varies
from one code to another. WSINV3DMT follows Occam’s inversion scheme (minimum
structure) (Constable et al., 1987) that is formulated in the data space, rather than in the model
space as done originally by Constable et al. (1987). The regularization schemes used in this
work are listed in section 2.4.

2.3 Forward calculations and outlook of data
Figure 3 shows the location of the MT soundings. The synthetic MT data based on each of the
four models were forward calculated using the WSINV3DMT code described above on an 8
13

km x 8 km grid surrounding the center of the grid. The data were forward calculated for the
periodic range between 0.001 s and 10,000 s.
Figure 4 shows the synthetic data for MT sounding 25 and 29 for all the four models A-D as
well as for an additional one, model E where no clay cap is present, only the deep-seated
structure which is the same as in model C and D.
Sounding 25 is at the edge of the three-dimensional part of the model, where the largest
gradients in the model are found. This is quite clear for model A where the shallow and thin
clay cap and in particular the deep-seated structure give rise to some three-dimensionalities in
sounding 25, seen where the two polarizations (xy and yx) deviate from each other. Similar
patterns are seen for model A in sounding 29, especially for the high frequency part (caused
by the clay cap) and in sounding 29 for model B, all frequencies. Apart from that, the sounding
data are pretty one-dimensional. Therefore, we conclude that real data, where the two
polarizations deviate considerably, exhibit large gradients in the resistivity structure giving
rise to the difference in the two polarizations.
It is interesting to note that the MT data corresponding to the deep-seated conductive layer
always appears in the same periodic range for all the models, at a few tens of seconds, but less
than 100 s.
2.3.1 Location of the conductive clay cap in the soundings
One of the goals of this deliverable was to see how synthetic and at the same time realistic
models would appear in MT sounding data.
For the resistivity structure of a high-temperature geothermal field in basaltic environment we
can always expect a conductive clay cap which provides information about the content of
smectite, the low-temperature mineral alteration. Therefore, one of the most important
contribution from an MT sounding to the conceptual model is to give some insight into the
conductive clay cap (depth to it, thickness and resistivity). Here, we have four resistivity
models of a high-temperature geothermal field all of which have different characteristics of
the conductive clay cap. Therefore, we can compare how these different attributes would
appear in real soundings.
Model A and C both exhibit a very thin clay cap, of a similar thickness with the same resistivity
value. Interestingly enough, the lowest apparent resistivity value of the synthetic data in
sounding 25 in model A for the clay cap is 30 Ωm but close to 60 Ωm for model C. The same
is true for the lowest apparent resistivity value for model B and D, the values are lower in
model B where the conductive cap is shallower than in model D.
Thick conductive clay caps are observed over a larger period-span in the response curves
compared to the thin ones. (Figure 4). If the conductive clay cap were a half-space the apparent
resistivity curve would eventually reach the resistivity value of the half-space. In the cases
14

where the conductive clay cap is thicker, it resembles a half-space more than the thinner cases.
Therefore, it is closer to the true value of the conductive clay cap than for the thinner case.
To summarize:
 A clay cap located at a shallow depth is observed in the data at higher frequencies
compared to a clay cap located at a greater depth.
 A thicker clay cap is observed over a larger frequency span compared to a shorter
frequency for a thinner clay cap.
 Following the point above: For a thick clay cap the apparent resitivity is closer to
showing the true resistivity value, as the apparent resistivity curve is closer to reaching
an equilibrium (as if the layer was a part of a homogeneouse half-space) compared to
a thin clay cap.
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Figure 4: Synthetic MT data for sounding 25 (left) and 29 (right) for all the four models A-D as well
as an additional one, model E, where no clay cap is present. The filled circles are apparent resistivity
(left axis) and the filled stars are the apparent phase (right axis) for the xy-polarization (red) and yxpolarization (blue), respectively.
16

2.4 Skin depth
The skin depth of MT data is defined as the depth were the amplitude of the electromagnetic
(EM) wave has decreased to 1/e of its original amplitude. This is often used to estimate the
depth sensitivity of an EM wave. The skin depth depends on the resistivity of the Earth which
the wave passes through and the period of the EM wave,
𝛿 = 0.5√𝜌𝑇
where δ is the skin depth in km, ρ is the resistivity which the wave has penetrated through and
T is the period of the EM wave. From this relationship, it can be seen that the skin depth
increases with increasing resistivity and period of the EM wave. Similarly, the lower the
resistivity (the higher the conductivity) the shallower is the skin depth.
Given a mean resistivity value of ρ=40 Ωm and a period of T=1,000 s, the skin depth is, δ ≈
100 km. In high-temperature geothermal fields, the resistivity structure is such, that this is not
the depth resolution. The low-resistivity cap decreases the depth integrated mean resistivity of
the subsurface, and, therefore, decreases the skin depth. The thicker the low-resistivity cap,
the shallower is the resolution.
The skin-depth is first and foremost a tool to estimate the depth resolution. It does not include
any quantitative information about the depth resolution, it does not include statements such as
"at 10 km depth the model resolves bodies with a diameter greater than 100 meters". It is,
therefore, important to explore the depth resolution of MT data with synthetic calculations for
the specific resistivity structure in question.

2.5 Inversion of synthetic data
In Section 2.2 we discussed the WSINV3DMT code used for forward and inverse calculations.
In the code there are several possibilities to regularize the inversion by using model
constraints:
1. Fix the resistivity of certain cells in the model which remain fixed during the inversion.
This is important when there are bodies of known resistivity value, i.e. oceans and
lakes.
2. Specify a starting model.
3. Specify a prior model. In the inversion scheme the difference between the prior model
and the new model is minimized.
4. Weighing of data. The default is the same weight for each period at each sounding
location (equal to one). The user can specify another value for any data point (lower
value means that more weight is given to that point).
Also, a target RMS value is specified at which the inversion stops.

17

Here, the workflow is as follows:
1. In the first part of the inversion the starting and prior models are the same, a
homogeneous half-space with a resistivity value of 50 Ωm
2. After 10 iterations the inversion is re-started, now with the resulting best fitting model
of the first run as a prior and starting model
3. The inversion continues until the data have reached the target RMS of 1.0
The location of the stations is shown in Figures 3 and 5. We invert for the off-diagonal
elements of the impedance tensor for 26 frequencies equally spaced with 4-5 values per decade
(7 decades between 10-3 and 104 s). All the data points have equal weight.
The data inverted for were perfect in the sense that no noise was added to the data prior to the
inversion. A flat Earth model was assumed - no topography. The model grid is shown in Figure
5 and is identical to the one used for the forward calculations (see Section 2.1).

Figure 5: A horizontal view of the model grid . A. The model grid showing the densely gridded area

within the blue box and the sounding locations (black circles). Red star denotes the center of the grid.
B. The entire extent of the model grid.

2.5.1 Inversion results: Conductive clay cap
Figure 6 through 9 show the results of the inversion for model A, B, C and D. Two different
depths for the resistivity cross-sections are given, down to 5 and 15 km below sea level,
respectively. The four models are described in chapter 2.1. However, to repeat: All the models
exhibit a three-dimensional structure, where the cross-sections through the middle of the
models along the x- and y-axis are the same. The structure of all the models shows a bulging
up beginning at 4,000 m distance from the center – the rising bulge is placed exactly below
18

the data coverage indicated by the blue square on Figure 5. Outside the blue square, the model
has a 1D structure as far as the grid extends.
The first noteable result is that for all the models the top of the conductive clay cap is very
well determined from the inversion - as one would expect. The resistivity boundary (in the
imagined model) between the resistive layer above the conductive clay cap and the clay cap is
very sharp, with a change in resistivity from 500 Ωm to 5 Ωm.
At the bottom of the conductive clay cap in all models there is another, not as sharp boundary,
at the interface between the clay cap (5 Ωm) and the resistive core (200 Ωm). This boundary
is resolved by the low frequencies, compared to the boundary at the top of the clay cap. It is,
therefore, not a surprise that the resulting inversion model exhibits a resistivity gradient that
spans greater thickness than the top boundary of the clay cap, which is resolved by the high
frequencies - the transition is more gradual. Also, it is below the conductive clay cap and the
boundary, which decreases the skin depth and, thereby, the resolution.
From the discussion on the skin depth in Section 2.3 we learned that the skin depth is less the
more conductive the Earth is. Therefore, it is straight forward that the deeper boundary of the
clay cap is best resolved in model A, where the clay cap is shallow and thin. The boundary
appears as a larger gradient in model C because of an increased depth to the clay cap. In model
B the shape of the boundary over the center of the model (Figure 7) is better resolved than in
model D (Figure 9).
We saw in Figure 4 that the resistive core is merely detected in model D. This is quite clear in
Figure 9, where the clay cap and the deep-seated conductive layer seem to be somehow
connected. For model B, the deep-seated layer is only vaguely revealed.
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Figure 6: W-E resistivity cross-sections through the input and resulting models A and B at x=-2,750
m. Upper most panel: Location of the cross-sections. For each of the two models: top and bottom
panels are sections through the input model and model resulting from the inversion down, respectively,
down to 5 km below sea level (left) and 15 km below sea level (right), respectively.
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Figure 7: W-E resistivity cross-sections through the input and resulting model A and B at x= -750 m.
Same figure caption as in Figure 6.
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Figure 8: W-E resistivity cross-sections through the input and resulting model C and D at x=-2,750
m. Same figure caption as in Figure 6.
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Figure 9: W-E resistivity cross-sections through the input and resulting model A and B at x=-750 m.
Same figure caption as in Figure 6.
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2.5.2 Inversion results: Deep-seated conductive layer
The deep-seated conductive layer is observed at longer periods compared to that of the
conductive clay cap. Therefore, the gradual transition between the surrounding layers is
observed over greater depth compared to the boundaries of the conductive clay cap.
One of the most notable thing from the inversion is that the three-dimensional structure is
vaguely seen for some of the models. The doming up of the center of the deep-seated
conductive layer is hardly seen in model B and D where the area between the conductive clay
cap and the deep-seated conductive layer exhibits a resistivity value of 10-30 Ωm. This
structure appears like it is connecting the conductive clay cap and the deep-seated conductive
layer through a vertical low-resistivity (compared to the surroundings) column. A structure
like this one has been observed in 1D and 3D inversion of MT data in Iceland (i.e. in the
Hengill area, SW-Iceland, Benediktsdóttir et al., 2017). From these observations such a
structure can be considered as an artefact in the data, indicating a very thin layer of resistive
material between the conductive clay cap and the deep-seated conductive layer.
Another interesting feature of the deep-seated conductive layer in the output models is that it
is much thicker than the thickness of the input model and with a little less resistivity value.
There are three explanations that are viable. First is the discretization of the model. If the size
of the vertical cells were to be finer, the thickness might be reduced somewhat. Another is the
period of the waves in which the layer is observed, they are longer and the depth determination
is not as good as for the conductive clay cap. Third, which is probably the most important
factor, is the fact that the inversion is really fitting the product of the volume and the resistivity
value; a large volume with moderately low resistivity value gives the same result as a smaller
volume with a lower resistivity value. Here, it is clear that the inversion scheme favours a
larger volume and moderately low resistivity values.
In model A and C, where the conductive clay cap is thin, the deep-seated conductive layer is
much better resolved than in model B and D where the conductive clay cap is thick. A thick
conductive clay cap reduces the resolution by far as these observations demonstrate.
The deep-seated conductive layer in model B resembles that structure from the input model
least of the four models – there is hardly an indication of the layer. The difference between
model B and D is the depth of the thick conductive clay cap. From the results here it seems
that a deeper lying and thicker conductive clay cap does not reduce the resolution as much as
a shallower lying thick clay cap.
It is important to realize that the model also evolves outside the densely gridded area where
the data coverage is. Here, no constraints were put outside the densely gridded area which
resulted in large scale artefacts. In areas where the model cells are large, the inversion assigns
very low resistivity values (Figures 10 and 11). Interestingly enough, this creates a structure
that seems to reach from the surface and plunge into each of the corners of the model (Figure
11).
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Figure 10 shows a comparison of the input and output model for model B. The middle panel
of the Figure shows the bottom of the deep-seated conductive layer below which there is no
structure. In the output model this is not the case as large-scale artefacts emerge below that
point. We saw that in the densely gridded area the deep-seated conductive layer reached down
to approximately 10 km depth. From that depth, in the parts of the model where the cells are
large, a conductive artefact is created which plunges into each of the corner of the model space
(Figure 11). These are surely artefacts that are not real and one needs to avoid.
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Figure 10: Horizontal depth slices through model B; input model B (left) and the model resulting
from the inversion (right). Depths are indicated to the far left.
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Figure 11: Horizontal depth-slices through output model B. The input model is a homogeneous halfspace beneath the depth of 8192 m. Large-scale conductive anomalies are present, first close to the
densely gridded area which then, at a greater depth, seem to dive into the corners of the model
space.
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2.6 Conclusion and Recommendations
Below we review the steps taken during the present work and point out means of improving
the work.
1. A synthetic model of a generic geothermal high-temparature field was created. It
was clear, after the design was carefully carried out, that the model did not exhibit the
three-dimensonality. Therefore, should work like this be repeated, the structure should
have sharper transitions, and even not be symmetric in the horizontal directions. One
suggestion would be to create a system elongated in one principal direction to see how
the two polarizations differ.
2. Four different versions of the generic model were designed. The difference was the
depth and thickness of the conductive clay cap. All geothermal fields have their own
characteristics. The conductive clay cap was observed at different period intervals,
depending on its shape and depth but the deep-seated conductive layer appeared at a
few tens of seconds for all cases.
3. The part of the model that was well resolved is the geometry of the clay cap. The
top boundary is better resolved than the lower boundary.
4. The deep-seated conductive layer was thicker in the densely gridded area than in the
input model and the three-dimensionality was vaguely resolved, in particular when the
clay cap was relatively thick.
5. The artefacts that emerged from the inversion include a connection of the deepseated conductive layer to the conductive clay cap, where the cap was thick. A major
artefact was observed at the outer extent of the grid where the grid cells were large.
The input model exhibited a homogeneous resistivity half-space in this region. The
conductive anomalies seemed to plunge from the center and into the far corners of the
model. One way to estimate the influence of the conductive anomalies is to forward
calculate the resulting model with them included but putting the rest of the model space
to a homogeneous half-space.
Resistivity data are used to give insights into the properties of the sub-surface. The inversion
scheme should be designed such as to get the best results, for the desired area and
corresponding depth range under exploration.
In the past the shape and size of the conductive clay cap has been of a particular interest in
order to find new sites for drilling. If that is the only goal, one does not need to worry about
the deeper laying anomalies, and, therefore, an inversion such as the one presented here is
sufficient.
However, in recent years an effort is underway to explore the deeper roots of geothermal
systems for which a better understanding of the deeper laying anomalies is essential. If that is
the goal, then the inversion scheme presented here is not an ideal one. First, something has to
be done in order to minimize the effect of the deeper laying conductive anomalies. Should an
inspection leads to the conclusion that these artefacts do not add a significant signal to the
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soundings, at the lowest frequencies, then they can be regarded as a minor problem. However,
if they contribute to the low-resistivity anomaly in the low-frequency range, something has to
be done in order to avoid these.
One way to remedy this problem is to constrain the inversion outside the densely gridded area.
A model, with an even and a fairly large discretization of the model space can be obtained.
Assuming that there are soundings available throughout the model area, such a model can be
inverted for and used either as a prior model or to fix the model cells for the outer and deeper
parts of the model. After that an inversion scheme, such as the one performed here, can be
carried through without worrying about how the longer periods are fitted.
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3 3D MT synthetic calculations of the Acoculco geothermal
systems (CNR)
3.1 Introduction
The geothermal resources can be regarded as part of very complex systems where different
physical and chemical processes continuously and simultaneously occur.
The case study of the Acoculco Caldera (Mexico) is quite a challenge due to the peculiar
features of a super-hot geothermal system in volcanic setting with indications of dry
conditions, as inferred from the very few direct data. The lack of magnetotelluric (MT) data,
and in general of direct or indirect information related to the deep roots of the system, increases
the importance of 3D magnetotelluric synthetic responses, to be used for an optimized
planning of future MT surveys. A reasoned 3D model was created and then used to compute
the theoretical responses of MT soundings (3D forward modelling) in order to test hypotheses
on the physics of the system and to support further MT surveys. In particular, we wanted to
test whether MT is able to resolve the presence of a reservoir or a partially melted and still hot
intrusion, i.e. a conductive unit, embedded in a resistivity structure made of two main
conductive layers, e.g. the shallow clay cap in the volcanic units and a very conductive
Middle/Lower Crust, as defined in crustal studies available in literature.

3.2 The Acoculco geothermal system: Geological background
The Acoculco geothermal system is located in the Tulancingo–Acoculco Caldera Complex
and is a part of the Trans Mexican Volcanic Belt (TMVB), (Figure 12) a 1000 km long
Neogene continental arc generated in the frame of the Mexico subduction dynamics.
The surface geology of the study area is the expression of the volcanic evolution of the
Tulancingo–Acoculco Caldera. Only in the eastern corner the pre-caldera (Cretaceous)
sedimentary succession outcrops. The volcanic rocks are calc-alkaline in composition and
range in age from Pliocene to Pleistocene (see López-Hernández et al., 2009 for details). Two
main periods of volcanic activity are recognized in the caldera complex, related to: i) the oldest
caldera of Tulancingo between 3.0 and 2.7 Ma and ii) the recent Acoculco Caldera between
1.7 and 0.24 Ma where the active geothermal system was recognized. A younger monogenetic
volcanism close to the area occurred. Volcanic rocks mainly include rhyolites, dacites and
basalts. The most important features that surely will affect the magnetotelluric response is the
intense hydrothermal alteration that can be a main cause of the reduced permeability of the
system with a reduced hydrothermal circulation. Canet et al., (2015) described in detail the
hydrothermal alteration affecting the area and developed a conceptual model also from the
well data (Figure 13).

30

Figure 12: Schematic map of central Mexico showing the Trans-Mexican Volcanic Belt and the
locations of the Tulacingo–Acoculco area and of the main geothermal fields (from López-Hernández
et al., 2009): A, Amealco; H, Huichapan; LA, Los Azufres; LH, Los Humeros; LP, La Primavera; M,
Mazahua. Cities: G, Guadalajara; MC, Mexico City; Mo, Morelia; Pa, Pachuca. Tectonic features:
CP, Cocos Plate; EPR, East Pacific Rise; OFZ, Orozco Fracture Zone; PP, Pacific Plate; RFZ, Rivera
Fracture Zone.

Figure 13: Conceptual model of hydrothermal alteration for the Acoculco geothermal zone (from
Canet et al., 2015).

The hydrothermal alteration profile is that of typical fluid-rock interactions in volcanic
settings, with the occurrence of advanced argillitic zone at shallow depth (low temperature
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and PH of fluids) down to the propylitic zone close to the heat source and at higher
temperature.
We stress that at shallow depth an old granitic intrusion and a younger Aplitic subvolcanic
intrusion occur, but a clear imaging of a partially molten magmatic intrusion was not inferred
at shallow depth. The extremely high temperatures, above 300 °C at 2000 m depth, recorded
in a borehole and the 6.3 value of 3He/4He measured by Polak et al., 1982, suggest the
occurrence of an active plutonic heat source.
Finally, the Tulancingo–Acoculco Caldera Complex lies at the intersection of two regional
fault systems, one trending NE and the other NW (López-Hernández et al., 2009).

3.3 The 3D resistivity crustal model of Acoculco site
The 3D MT synthetic calculations of the Acoculco geothermal system, carried out in Task 5.1
of the GEMex project are based on resistivity models created in coordination with geological
modelling results of task 3.1 within GEMex.
The 3D resistivity model is very detailed for the Tulancingo–Acoculco Caldera Complex
corresponding to the study area (smaller red box in Figure 14). In order to avoid effects at the
boundaries of the model for the MT forward problem, we extended the area creating a firstorder approximation of a regional resistivity model (larger red box in Figure 14).

Figure 14: Extension of the resistivity model for the Acoculco area.Larger and small boxes are
outlines of the regional model and the detailed Acoculco caldera model, respectively.
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To build the 3D model, a critical review of data and studies available in the literature and
within the in the frame of the GEMex project was carried out. The data were firstly organized
in a GIS database (QGIS) and then processed and modelled using PETREL and WinGLink
software (Schlumberger).
The first activity was the organization of the main subsurface geometries; i.e. interfaces
between geological units with different electrical resistivity. Due to the very deep skin depth
of the MT method at long periods, it was necessary to model the whole crust. The regional
geological model was simplified from top to the bottom: i) Topography/Bathymetry, ii)
Middle Crust, iii) Lower Crust, iv) Moho. The Trans Mexican Volcanic Belt (TMVB) was
also taken into account.
The topography and bathymetry data at regional scale were retrieved from http://www.divagis.org/gdata
and
http://gcoos.tamu.edu/products/topography/SRTM30PLUS.html,
respectively. The depth of the main crustal boundaries was based on the study of OrtegaGutiérrez et al., (2008), which proposed an average depth of the Mohorovičić discontinuity at
45 km. The same authors defined a boundary between a granulitic Lower Crust and a Middle
Crust metamorphosed in an amphibolite facies at 25 km depth. Other authors described the
geophysical features of the Mexican lithosphere, pointing out substantial physical changes
among middle and lower crust, the underlying mantle, and within or outside the TMVB (e.g.
Chen et al., 2012). Jödicke et al., (2006) described the electrical resistivity of the lithosphere
of the Mexican subduction system along two coast-to-coast MT profiles. We considered these
resistivity profiles as benchmarks for assigning the electrical resistivity values to our modelled
geological units at a regional and a crustal scale.
In our opinion a fundamental feature, pointed out in these studies, is the occurrence of a low
resistivity Lower Crust below the TMVB, which disappears below the Terranes, i.e. outside
the TMVB (Figure 15).
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Figure 15: MT profile from Jödicke et al. (2006), plotted in the Petrel environment. The top and
bottom layers of the lower crust for our regional model are represented by the purple surfaces.

For this reason, we built a simplified regional resistivity model of electrical resistivity that
takes into account two different layered crustal structures, one in the Terranes i.e. outside
TMVB and another within the TMVB, as explained in Table 3.1. TMVB was schematically
modelled within the Terranes as a large E-W structure. Figure 16 shows a horizontal slice
through the model at depth of Middle/Lower Crust (20 km).
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Figure 16: Horizontal view through the 3D model, at 20 km depth (in the Middle/Lower Crust).The
lower-resistivity values (yellow) represent the TMVB.
Unit

Depth (km)

Resistivity (Ωm)

Upper Crust (Terranes and
TMVB)

Topography/Bathymetry to 5 km

500

5-10 km

2000

Middle/Lower Crust (Terranes)

10-45 km

1000

Middle/Lower Crust (TMVB)

10-45 km

10 or 500-10, see detailed model

Mantle (Terranes)

45 km to base of the model

1000

Mantle (TMVB)

45 km to base of the model

100

Table 3.1 Schematic sketch of the regional model

The detailed resistivity model refers to the study area and corresponds to the Tulancingo–
Acoculco Caldera Complex (smaller red box in Figure 14). The resistivity below 25 km is the
same as in the regional model within the TMVB. The model above 25 km was modelled in
detail as it is the target of the geothermal exploration by means of the MT method. The
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geological model, as produced in a 3D GeoModeller environment for Task 3.1 (for any details
the reader is referred to the D3.1), is constituted by a series of the following units, from the
top: i) volcanic unit, ii) carbonate unit, iii) skarn unit, iv) granitic intrusion, v) metamorphic
basement.
The topography corresponds to the top of the volcanic unit, except for the outcrop of the
underlying limestones. The topography is locally very steep, with abrupt elevation changes
from 2933 to 1700 m. a.s.l., which has to be taken into account when planning the MT survey.
Very few direct measurements and geophysical datasets are available in order to constrain the
resistivity of each unit with some accuracy, especially the deepest ones. The main sources of
data are represented by 61 Vertical Electrical Soundings (available within the frame of the
GEMex project) and stratigraphic logs from two exploratory wells (location map in Figure
17). Both datasets have been provided to the GEMex consortium by the Comisión Federal de
Electricidad, CFE.

Figure 17: Location of Vertical Electrical Sounding sites and EAC1 and EAC2 wells used for
defining the resistivity model of the Acoculco Caldera.

The stratigraphy of the EAC1 and EAC2 wells (Figure 18) shows that volcanic rocks are
affected by hydrothermal alteration, producing the typical conductive clay cap of
hydrothermal systems in volcanic areas. At a depth of about 800 m the EAC1 well reached a
volume of rock characterized by contact metamorphism and metasomatism, with skarn and
marble, at 1600 m an aplitic dike, and a granite cold intrusion below.
To assign a resistivity value to the volcanic unit we analysed the available VES data, having
maximum AB/2 of about 4-5000 m, which were imported and modelled using the WinGLink
software. Almost all VES data showed a low resistivity layer down to a depth of several
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hundreds of meters, in most sites underlying a high-resistivity unit. 1D data inversions
interpolated along Profile 1 is shown in Figure 19 (see Figure 17 for profile location).

Figure 18: Stratigraphic log and hydrothermal alteration of the EAC1 well (from López-Hernández
et al., 2009).

Figure 19: Cross section of interpolated 1D models from VES along Profile 1. See Figure 17 for
profile location. The VES data has been kindly provided by the Comisión Federal de Electricidad,
CFE.
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In order to assign a resistivity value to the units, we compared the results of the1D inversion
models of VES2 and VES17 data sites, located close to the EAC1 and EAC2 wells, and the
corresponding well stratigraphy. We observed that the low resistivity, clay cap portion
intersects the volcanic unit down to the contact with limestone and skarn units (see Figure 20,
showing VES2 inversion model to be compared to the EAC1 well stratigraphy of Figure 18).
We then assumed a simplified two-layered volcanic unit, having a shallow, outcropping layer
with a resistivity of 50 Ωm and 100 m of thickness, and assigned a resistivity of 5 Ωm to the
deeper volcanic layer down to the bottom of the unit. Based on the1D inversions of the VES
data, we assigned a resistivity of and 3000 Ωm to the granitic intrusion.

Figure 20: 1D inversion model of VES2 site data. The VES data has been kindly provided by the
Comisión Federal de Electricidad, CFE.

For the other units that are not well constrained by the SEV data or any other datasets, we
assigned values based on literature and experience. These values are the less constrained of
the resistivity models. We assigned a value of 80 Ωm to the skarn unit and 600 Ωm to
limestone, considering also the effect of the temperature, and 2000 Ωm to the crystalline
basement, also in consideration of essentially all SEV data which show high resistivity values
at depth (see Table 3.2 for details on the model).
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Unit

Resistivity (Ωm)

Upper Volcanic Unit

50

Lower Volcanic Unit

5

Skarn Unit

80

Limestone Unit

600

Granitic Unit

3000

Metamorphic basement

2000

Middle and Lower Crust and
Mantle

See regional model for TMVB

Table 3.2 Schematic sketch of the detailed Acoculco resistivity model

Our synthetic computation consists of 3D forward modelling, to compute MT response to 5
models. 2D inversion models were then obtained along an East-West profile, to check define
how well MT inversion was able to resolve the original, imposed, structure, and in particular
our exploration targets, e.g. a reservoir within the limestone units and a still hot intrusion
representing the heat source of the geothermal system.

3.4 Model grid and data points
The horizontal model grid for the forward model was 56 and 38 km in the East-West and
North-South directions, respectively, with a 2 km spacing. Outside this central area,
corresponding to our detailed model and study area, the grid spacing grew exponentially.
Number of cells in each horizontal principal direction was 44 (East-West) and 35 (NorthSouth), for a total dimension of 350 km and 330 km, respectively. Figure 16 shows the
geometry of the grid.
The vertical model grid consisted of 46 layers and increasing thickness with depth, from
topography down to a depth of 130 km below sea level (Figures 21-25).
Data sites corresponded either to SEV site locations or to a regularly spaced set, as shown in
Figure 16.
2D inversions were carried out along an East-West profile central to the study area. They were
obtained using the same a priori model, corresponding a layered resistivity structure with the
following resistivity-thickness, starting at the top: 100 Ωm topography-sea level; 500 Ωm sea
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level- 4 km; 2,000 Ωm 4-10 km; 10 Ωm 10-45 km; 100 Ωm 45-130 km. Figure 26 shows the
geometry of the grid.

3.5 The 3D synthetic calculations
Starting from a reference model, Case 1 (Figure 21), we checked various hypotheses.
In Case 2 (Figure 22), a very schematic reservoir was embedded in the reference model,
corresponding to a prism of 12 Ωm embedded the limestone and locally also crossing the
granitic intrusions, with dimension of 50 km (East-West) by 30 km (North-South) by 2 km
(vertical), located in the central part of the study area.
In order to check whether the reservoir is better resolved in the case of a more resistive under
laying unit, in Case 3 (Figure 23) the resistivity of the Middle Crust was set at 500 Ωm. It
should be pointed out, however, that the abundance of fluids in the Middle/Lower Crust of
TMVB was defined by both MT data inversion (Jödicke et al., 2006) and seismic velocity and
attenuation tomography (Cheng et al., 2012). Our attempt was to further investigate the
resolution of MT data, considering the possibility of a layered deep crustal structure. Further
investigation will be possible only with real MT data from TMVB.
Case 4 (Figure 24) and 5 (Figure 25) investigate the effect of a hot magmatic intrusion having
a resistivity of 15 Ωm and a thickness of 7 km, located below the EAC1 and EAC2 wells. In
Case 4 the intrusion has horizontal dimensions of 2 km both East-West and North-South. In
Case 5 the same dimensions are enlarged to 10 km. Table 1.3 shows the main differences
among the various cases.
Unit

Case 1

Case 2

Case 3

Case 4

Case 5

Reservoir

-

12 Ωm

12 Ωm

-

-

Intrusion
(15 Ωm)

-

-

-

2x2x7 km3

10x10x7 km3

Middle Crust
(10-30 km)

10

10

500

10

10

Lower Crust
(30-45 km)

10

10

10

10

10

Table 3.3 Main features of the five cases.

To understand the difference among the produced data we compared MT data on sites
corresponding to VES2 and VES17 sites. Figures 27-28 show the result; it is clear that a single
site does not provide any clear evidence of a conductor, either a reservoir or a magma intrusion,
among the two main conductive layers corresponding to the clay cap and the Middle/Lower
Crust. The only way to identify such features is by modelling the entire data set.
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3.6 The 2D inversion models
A quick response to the various features in a 3D structure with a regional 2D dimensionality
can be obtained by 2D inversion. Figure 29 shows the TM inversion models and Figure 30
shows the TE-TM inversion models of the five investigated Cases, obtained by Randy Mackie
code and WinGLink software. The inversions were obtained by smooth variation away from
a priori model (shown in Figure 26).

3.7 Discussion of results
Resolution of MT data does not only intrinsically depend on impedance contrasts and depth,
but is influenced by the number of conductors to be investigated. The ability of MT data to
resolve an intermediate conductive layer is very well resolved, but in a series of conductors
the deep conductive layers can be defined by MT when their conductance is larger than the
one of the shallower conductive layers.
This characteristic of MT method may create some problem using MT in Acoculco field, due
to the very high conductance of the Middle/Lower Crust, as depicted in the paper from Jödicke
et al., (2006). As resulting from 2D inversion models, in the case of a large reservoir hosted
in the limestone units (of which, indeed, at the moment there is no clear sign), our results show
that MT is able to identify a resistivity reduction at the depth of the reservoir, especially in the
case of a Middle Crust relatively resistive. MT is, however, unable to clearly define its
geometry, and other data to constrain the inversion are necessary. Both TM and TE-TM data
inversions are necessary to properly identify the target and its depth.
The identification of a magma intrusion is clearer, especially wherever, as in the cases here
investigated, there is a contact between the magma batch and the deep crustal structure
interested by fluids and melts, as envisaged for TMVB. Our result clearly shows, and it is not
a surprise, that the identification improves with increasing dimension of the magma intrusion;
the geometry of the intrusion is clearly visible in the TE-TM inversions, which laterally
constrain it much better than TM, provided that sufficient site density is available.
On the base of our results, we provide some final recommendations for future MT survey. It
will be imperative to accompany MT data with other geophysical data, such as a detailed
gravity and possibly TDEM acquisition at each site, in order to constrain better the MT
inversion response at depth. 2D and 3D inversion must be done with care and for both TM and
TE-TM data, without stopping at the first response but always checking further solutions that
satisfy the data fit. Moreover, considering the complexity of the investigated structure, a dense
3D array and a large number of sites is required.
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Figure 21: East-West cross-sections through the middle of the 3D forward model for Case 1. Left:
complete section. Right: Focus on the study area, down to a depth of 10 km below sea level. Green (at
the surface): Upper volcanic unit; orange: lower volcanic unit; green: skarn unit; dark blue:
limestone; purple: granitic unit.

Figure 22: East-West cross-sections through the middle of the 3D forward model for Case 2. Left:
complete section. Right: Focus on the study area, down to a depth of 10 km below sea level. Same
units as described in caption for Figure 21 in addition; yellow: conductive heat source body.
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Figure 23: East-West cross-sections through the middle of the 3D forward model for Case 3. Left:
complete section. Right: Focus on the study area, down to a depth of 10 km below sea level. Same
units as described in caption for Figure 22.

Figure 24: East-West cross-sections through the middle of the 3D forward model for Case 4. Left:
complete section. Right: Focus on the study area, down to a depth of 10.5 km below sea level. Same
units as described in the caption for Figure 22.
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Figure 25: East-West cross-sections through the middle of the 3D forward model for Case 5. Left:
complete section. Right: Focus on the study area, down to a depth of 10.5 km below sea level. Same
units as described in the caption for Figure 22.
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Figure 26: 2D a priori model along an East-West cross-sections through the middle of the 3D forward
model. Top: complete model. Bottom: Focus on the study area, down to a depth of 15 km below sea
level.
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Figure 27: Comparison of the response of the different cases at the same sounding sites, corresponding
to SEV2 data site location. From top to bottom, left to right panels: case 1 to 5. The VES data has been
kindly provided by the Comisión Federal de Electricidad, CFE.
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Figure 28: Comparison of the response of the different cases at the same sounding sites, corresponding
to SEV17 data site location. From top to bottom, left to right panels: case 1 to 5. The VES data has
been kindly provided by the Comisión Federal de Electricidad, CFE.
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Figure 29: TM inversion models. From top to bottom panels: case 1 to 5.
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Figure 30: TE-TM inversion models. From top to bottom panels: case 1 to 5.
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4 Status of synthetic calculations at KIT (KIT)
4.1 Introduction
This part of the deliverable on synthetic model calculations to optimize the results of 3D
MT/TEM modelling and avoid artefacts is a description of synthetic modelling at KIT which
has been carried out in the framework of Subtask 5.1.3: Survey design and preparation for
additional measurements in Acoculco and Los Humeros. The purpose is to investigate the
influence of the fault systems on the magnetotelluric data.

4.2 Approach
The model approach is derived from the first results of the geological investigations at Los
Humeros (Figure 31) that have been acquired in Work Package 4: Tectonic control on fluid
flow. Note that the structural pattern at Acoculco is comparable concerning the orientation and
setting of the faults with respect to the volcanic edifice.

Figure 31: First results on the structural setting at Los Humeros from Work Package 4: Tectonic
control on fluid flow (courtesy of D. Liotta, Uni Bari, unpublished).

Major regional faults at Los Humeros are NE-SW and NW-SE oriented. Inside the caldera fault zones strike
approximately N-S to NE-SW. In order to understand the importance of these structures for the fluid flow,
i.e. the natural productivity of the field, the reactivation potential of these structures has been investigated
using synthetic slip and dilation tendency analysis (e.g. Meixner et al., 2016). The orientation of stress field
at Los Humeros has been derived from the World Stress Map (Heidbach et al., 2016) with azimuth and
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plunge of σ1 (081/56), σ2 (222/28) and σ3 (322/19). The following assumptions have been made to fully
describe the stress field:
1.
2.
3.
4.

Hydrostatic pore pressure
σ1 = Sv using lithostatic pressure for a density of 2400 kg/m³
σ3 = Sh based on the stress limitation concept (Zoback et al., 2003)
σ2 = SH with a gradient between σ1 and σ3

The results are summarized in (Figure 32). The synthetic calculations reveal high slip- and dilation tendency
for the NE-SW trending faults. NW-SE trending faults reveal the highest dilation tendency, but comparably
low slip tendency. Faults with a strike between N20°E and N40°E reveal both, high strike- and dilation
tendency. This is consistent with the productivities in the conventional geothermal field at Los Humeros
(CFE, pers. comm).

Figure 32: Synthetic slip- and dilation tendency for the current stress field at Los Humeros and a dip
of 80°.

4.3 2-D starting models and methods
Based on the suggested structural setting and the expected fluid pathways, 2-D forward modelling has been
carried out crosscutting the major NE-SW and NW-SE faults at Los Humeros. The starting models are
shown in Figure 33. Comparable to the synthetic models of ISOR, in the starting model the following units
are considered:
1) the resistive background lithology with a resistivity of 500 Ωm,
2) the conductive cap layer with a resistivity of 10 Ωm
3) the major fault zones with a resistivity of 50 Ωm
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Figure 33: Starting models for 2-D forward modeling along a NE-SW and a NW-SE profile including
major fault zones with an estimated resistivity of 50 Ωm (light green), a cap layer with an estimated
resistivity of 10 Ωm (green) and the background lithology with a with an estimated resistivity of 500
Ωm (orange).

The NE-SW and NW-SE profiles are 13.5 km and 11 km long, respectively, including 11
synthetic magnetotelluric stations (Figure 33).
The responses of the two profiles were calculated using the 2-D forward modelling and
inversion code WinGLink (Geosystems).

4.4 Results
4.4.1 Forward calculations
The following transfer functions (Figure 34) are obtained for the magnetotelluric stations
given in Figure 33.
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Figure 34: Transfer functions obtained from forward modelling of the starting model (Figure 33) at the given magnetotelluric stations.
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4.4.2 2-D inversion of transfer functions
The 2-D inversions of the synthetic transfer functions are presented for the NW-SE profile
in Figure 35a and the NE-SW profile in Figure 35b. As expected the NW-SE profile is
characterized by a low resistive cap layer at short periods of < 1 s with a resistivity
corresponding to the starting model. The additional occurrence of faults in the NE-SW
influences the distribution of resistivity and phase significantly.

4.5 Conclusion
Based on the structural mapping and the productivity of the wells the influence of faults
has been investigated. The following conclusions can be derived from the synthetic
mechanic and magnetotelluric models:
1) The mapped faults are favourably oriented for slip and dilation reactivation
in the current stress field. Thus, they may act as potential fluid pathways
and reveal hydrothermal alteration.
2) It is well-known that hydrothermal alteration strongly influences the
magnetotelluric signal. Therefore, the presented starting models take into
account resistivity reduction by hydrothermal alteration production in the
clay cap layer and the fault zones.
3) A significant influence of such hydrothermally altered fault zones can be
expected according to our inversion results.
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Figure 35: 2-D inversion of
synthetic transfer functions
obtained along the NW-SE (a)
and NE-SW (b) magnetotelluric
profile (Figure 34)
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