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Abstract: The objective of this study was to obtain the deep subsurface structure of a saline-evaporitic
formation affected by an anticlinal structure, defining the position and thickness for its future
exploitation (potassium salts). To improve this knowledge, geophysical methods can be applied to
establish detailed information on geological structures at depth. This work analyzes the results of a
deep time domain electromagnetic (TDEM) survey acquired over the southern flank of the Barbastro-
Balaguer Anticline present in the Ebro Basin in the vicinity of Graus (Huesca, Spain), that controls the
geometry of the Barbastro saline-evaporitic formation, of interest from the mining point of view. A
deep time domain electromagnetic system (TDEM) is used, providing a penetration capability down
to 3.0 km depth. A parametric constrained inversion over a lithological known borehole (Monzén-1)
is used to obtain a resistivity model and then applied to the rest of the survey points. The applied
methodology contributes to improving the geological knowledge, revealing a new detailed geological
structure of the Barbastro saline-evaporitic formation affected by the Barbastro-Balaguer Anticline.
The survey shows that the Barbastro saline-evaporitic formation presents a structure with a ramp
hanging wall and close to flat footwall, generally dipping to the SW, with a decreasing thickness
from 1103 m to 601 m, in concordance with the previous accepted geological structural model. The
new geophysical study provides essential data, allowing design and drilling optimization in future
mining exploitations.

Keywords: deep time domain electromagnetics; geophysics; mineral exploration; saline deposits;
Barbastro Formation

1. Introduction

The constant increase in raw materials demand to supply the global industry neces-
sitates the investigation of increasingly complex mineral deposits at greater depths. This
type of project represents a challenge, in which the development of investigation tools is a
fundamental pillar. In this context, geophysical investigation techniques are presented as a
fundamental tool for the investigation and analysis of these new mineral deposits.

In the North of Spain there is an industry based on the extraction of potassium salts.
The exploitation of these salts is carried out by dissolution processes through drilling
and subsequent evaporation and processing of the extracted brine in ponds. These salts
are found within the Barbastro Formation, which is located in an outcropping anticline
structure (Barbastro-Balaguer Anticline). The progressive depletion of the currently ex-
ploited areas, located in the outcropping part of the formation and nearby areas, makes
necessary the investigation and delimitation of the saline materials at greater depths, given
its affectation by the regional anticline structure.

The application of geophysical tools in the resolution of geological and structural
problems has experienced an important evolution in recent times, due to the improvement
in the equipment power, resolution and penetration capacity. In this case, one of the most
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used geophysical investigation systems due to its high resolution and penetration capacity
is the time domain electromagnetic method (TDEM).

TDEM surveys have been widely applied to investigate and solve problems in geology,
hydrogeology, environmental studies, mining and geothermics, providing subsurface resis-
tivity models at relatively shallow depths (up to 1000 m) [1-8]. There are few publications
about the use of the TDEM system (Monex Geoscope LTD.; The Basin, VIC, Australia) to
analyze great depths, mainly due to the technical limitations of the equipment; however,
depths greater than 2000 m have been reached in hydrogeological studies [9-14], and also
in oil and gas exploration, in which TEM data allows a resources estimation and well
optimization [10]. The equipment used in this study, TerraTEM with TerraTX-50 transmitter
(Monex Geoscope LID.; The Basin, VIC, Australia) and the acquisition parameters and
configuration (coincident-loop 600 m x 600 m square configuration, 96 volts output voltage
and 40 ampere transmitter current, and late delay times (over 1 s)) allowed us to reach
larger depth ranges than usual in the industry, reaching up to 3000 m depth.

In this study, TDEM was applied to obtain a novel approach to the structure of the
saline-evaporitic Barbastro formation in the southern flank of the Barbastro-Balaguer anti-
cline in an area southwest of Graus (Huesca, Spain), where the development of new mining
projects related to the exploitation of potassium salts is expected. Different inverted models
were confronted with one parametric layered constrained model based on a lithological
drilling log (borehole Monzon-1). The parametric constrained model was then used in the
rest of the TDEM survey points as a starting model. Data, 1D models, and formation sur-
faces arising from a new electromagnetic survey are presented. The applied methodology
allows for an improved detailed geological and structural view of the saline-evaporitic
Barbastro Formation.

The new survey suggests that the general structure of the saline-evaporitic Barbastro
Formation, and, therefore, of the materials affected by the regional anticlinal structure,
presents a ramp hanging wall and close to flat footwall structure dipping to the SW,
in concordance with the previous accepted geological structural model. This structure
involves a thickness loss to the SW due to the defined structure, ranging in the survey area
from 1103 m to 601 m. Hence, our study contributes to improving the geological structure
and position of the saline materials, allowing design and drilling optimization in future
mining exploitations.

2. Geological Settings

The study area is located at the northern margin of the Ebro Foreland Basin in the
central sector of the South Pyrenean fold and thrust belt, which formed during the con-
tinental collision between the Iberian and Eurasian plates, from the Late Cretaceous to
Miocene [15-19] (Figure 1). This collision resulted in the growth of an antiformal stack of
basement-involved thrust sheets in the axial zone acting as a boundary between the South
and North Pyrenean fold and thrust belts [20]. The South Pyrenean fold and thrust belt
consists of a system of south-verging thrust sheets and the related Ebro Foreland basin
emplaced in a piggy-back sequence from the Late Cretaceous to the Oligocene Pyrenean
compression [21-24]. These tectonic units detached predominantly above Upper Triassic
evaporites [25] and above Eocene evaporites deposited in the foreland basin [26,27]. The
Foreland Ebro Basin is the late non-marine stage of the South Pyrenean foreland basin,
which developed since the middle Priabonian at 36 Ma [28]. The system of folds deform-
ing this foreland basin detached above the Cardona salt and gypsum from the Barbastro
Formation [27,29] resulting in the formation of the Barbastro-Balaguer Anticline [30].
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Figure 1. Simplified geological sketch of the Pyrenees and Ebro Basin area. Blue dotted line indicates

the location of the survey area reflected in Figure 2.
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Figure 2. Geological map of the study area based on 1:50,000 cartography (sheet 326, Monzén,
Instituto Geolégico y Minero de Espana, 1974). Location of the Monzén-1 borehole and TDEM survey
points are displayed with geophysical profiles described in Section 5.
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The study area is located in the surroundings of the Monzoén-1 well. It is located at the
southern flank of the Barbastro-Balaguer anticline [31] which detached in the evaporites of
the Barbastro Formation at the front of the Southcentral Pyrenean unit [32,33]. According to
Lanaja [31], the infra-detachment stratigraphy consists of: (1) Lower Triassic red sandstones
and claystones from the Bundanstein Facies; (2) Middle Triassic limestones, dolostones and
anhydrite from the Muschelkalk; (3) Upper Triassic red claystones and evaporites from the
Keuper; (4) Lower Jurassic limestones, dolostones and carbonatic breccias; and (5) Lower
Eocene limestones. Folded strata from the Barbastro anticline comprise Cenozoic strata
related to the later stages of evolution of the South Pyrenean foreland Basin. The main
detachment is the Barbastro Formation, which consists of Priabonian gypsum and grey
lutites deposited in a lacustrine evaporite sedimentary environment [34], with interbedded
decameter halite and anhydrite packages [33]. Significant halite deposits are also known in
this formation, as evidenced in the Monzon-1 well as in different wells where this material
is exploited for the electrochemical industry. Significant halite deposits are also known
in this formation, as evidenced in the Monzdon-1 and other wells in the area where this
material is exploited for the electrochemical industry. The upper part of the Barbastro
Formation consists of lacustrine limestones, mudstones, sandstones and minor contents
of gypsum acting as a transition to the overlying Peraltilla Formation. The Barbastro
Formation outcrops in the core of the Barbastro-Balaguer Anticline [30,35], a 150 km
NW-SE direction structure parallel to the Sierras Marginales front. The thickness of the
gypsiferous zone of the Barbastro Formation is difficult to measure at the surface, due to the
great deformation on the anticlinal outcropping area, although it decreases progressively
towards the South [36]. The Peraltilla Formation consists of Middle Rupelian to Chattian
conglomerates, sandstones and mudstones covered by similar sedimentary rocks from the
Chattian to Aquitanian Sarifiena Formation [36-38]. Both detrital siliciclastic formations
are interbedded with decimeter-thick lacustrine limestones and gypsum [39,40].

Monzon-1 Borehole

The Monzoén-1 borehole lithological drilling log with chronostratigraphic interpreta-
tion is available. Monzén-1 is an oil & gas wildcat borehole drilled by ENPASA in 1963
that reached 3714.60 m depth.

This borehole is a very important element, as it is the basis for the interpretation of
the geophysical data. The borehole crosses the Cenozoic continental series of the northern
edge of the Ebro Basin, reaching the base of the sedimentary basin constituted by the local
Mesozoic substratum. The Barbastro Formation presents a depth of 886 m, located between
1402 m and 2268 m deep. From the lithological point of view, the Barbastro Formation is
composed by an alternacy of gypsum and marls levels with interbedded decameter-thick
halite and anhydrite packages, with a 90 m thick massive gypsum level close to the hanging
wall of the formation. A detailed lithological log analysis lets us conclude that the salt
and evaporites content is not constant, decreasing to the hanging wall and footwall of the
formation; this content, being the zone of interest due its saline composition, is located
between 1433 and 2034 m depth, reducing the real thickness to 601 m.

3. Data and Methodology
3.1. Time Domain Electromagnetics (TDEM)

TDEM uses transient electromagnetic field diffusion under time-domain control [41,42].
A time-varying magnetic field is created using a loop of wire. The methodology is based
on a ground current injection through a transmitter (Tx) loop that is alternatively turned on
and off. As a consequence of the current injection, a magnetic field perpendicular to the
plane of the transmitter loop will be produced. When the current injection is turned off,
the decay of the primary field induces electromotive forces within the surface, generating
eddy currents that penetrate into the ground, creating a secondary magnetic field whose
amplitude decreases with time (transient). The voltage against time for the decay secondary
magnetic field associated with the eddy currents produced by the primary transmitter is
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measured during the turn-off period by the receiver loop (Ry). The decay is measured at
several times, obtaining of a curve which amplitude and shape reflects the distribution of
resistivity with depth, where early times provide information at shallow depths while later
times provide the information about deeper depths. Detailed description of the physical
background of the TDEM method can be found, for example, in Fitterman and Stewart [43].

3.2. Survey and Data Acquisition

A total of 15 deep TDEM survey points were executed on a close to flat area covered
mainly by vegetable crops. TDEM data were acquired using a TerraTEM system (Monex
GeoScope Ltd.; The Basin, VIC, Australia) together with a TerraTX-50 transmitter (Figure 3).
The Terra TX-50 transmitter delivers an output voltage of 96 volts and 50 A transmitter
current, with a GPS synchronization module. A coincident-loop 600 m x 600 m square
configuration was selected to obtain higher penetration and better signal to noise levels at
late points, allowing a more reliable apparent conductivity estimation at depth [44]. Loops
were laid out using a compass for correct placement. TDEM locations were determined using
a handheld 3 m accuracy GPS while topography heights were extracted from 5 m resolution
DEM (Instituto Geografico Nacional, https:/ /centrodedescargas.cnig.es/CentroDescargas/
indexjsp) (accessed on 11 October 2022).

Figure 3. Field picture of the (A) TerraTEM equipment with the (B) Terra TX-50 transmitter.

TDEM survey points were distributed in a self-regular grid covering the selected
survey area, where there was sufficient spacing for the loop laying and avoiding the close
presence of anthropogenic interferences. TDEM-13 was laid out in the vicinity of the
Monzén-1 borehole. The presence of power lines, plot fencing and lack of spacing in
some points, especially in the southern part of the study area, generated a deformation
of the recording grid, creating a final non regular grid with an important gap between
southern survey points (TDEM-7, 12, 13 and 15) and the northern ones (TDEM-5, 6, 8 and 11)
(Figure 2). To improve data quality during acquisition and decrease the interference
noise, a strong signal and enhanced signal-to-noise ratio proceeding was established
based on up to 4000 stacks per channel [45] and a high current external transmitter (up to
50 amperes)0020(Figure 4).

3.3. Processing Strategy

Raw recorded field data was downloaded and transformed into usf format to numeri-
cally process using TerraTEM equipment TEMPlot V 2.0.0 software (Monex GeoScope Ltd.;
The Basin, VIC, Australia), allowing the display of voltage/time curves, automatic and man-
ual filtering to remove wrong time windows and the exporting of initial preprocessed data.

TDEM was modeled using the commercial IX1D-V3 software (Interpex Limited;
Golden, CO, USA), designed for a 1D analysis of electric and electromagnetic data inver-
sion and interpretation. The inversion software obtains 1-D resistivity models, producing
geoelectric resistivity versus depth columns for each TDEM.
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Figure 4. Decay curves in TDEM-6 with 100 stacks and 4000 stacks. Noise effect can be noticed from
8 ms in 100 stacks survey decay curve, disappearing in the 4000 stacks acquisition parameters.

The inversion software allows the user to insert an initial geoelectrical model with a
preferred number of layers, resistivity values and thickness. For this task, data processing
started with a parametric TDEM (TDEM-13) executed close to the Monzon-1 borehole.
The available lithological information was used to define the number of layers and its
thickness, only allowing the inversion software to adjust the resistivity of the layers in the
model, to get the best fit of the model curve convergence with the field data. As a result of
this process, an initial model based on the lithological data from the borehole and layer
resistivity was obtained. The inversion process was repeated iteratively until a minimum
RMS % model was obtained, showing the model adjustment degree to the data.

The remaining TDEM survey points were then inverted using the parametric model,
allowing the inversion software to adjust the model curves to better fit with the field data,
adjusting its thickness and contacts.

4. Inversion Results

Inversion starts with the analysis of the parametric TDEM executed next to the
Monzén-1 borehole (TDEM-13 parametric). According to the lithological drilling log
of the Monzon-1 borehole, a seven-layer geoelectrical model with next defined thickness
and depth contacts is be defined (Figure 5).

Layer 1 consists of quaternary materials, with a thickness of 54 m. Layer 2 corresponds
to continental tertiary materials of the Sarifiena Formation, mainly silts, mudstones and
sandstones, extending between 54 and 982 m deep. Under this layer, the materials of
the Peraltilla Formation appear in layer 3, similar to the previous layer but with a higher
relative proportion of sandstones. This layer extends to 1433 m depth, comprising the first
meters of the Barbastro Formation, with low salt and gypsum content. Layer 4 consists
of the most saline and evaporitic part of the Barbastro Formation, with predominance of
anhydrite and massive salty layers. The layer is 601 m thick, extending between 1433 and
2034 m deep. Layer 5 constitutes the transition layer between the bottom non saline part
of the Barbastro Formation with the Red Marls Formation, up to the Jurassic, showing a
thickness of 413 m. The Jurassic limestones is layer 6, located between 2447 and 2656 m
depth. The last layer, layer 7, contains all the Triassic materials up to the end of the drilling,
composed of clays, evaporitic materials, sandstones and limestones.

Due to limitations of TDEM survey acquisition parameters (big loop size and mea-
suring windows), a lack of data (ramp) on the first meter’s depth is obtained, affecting
the layers near the surface, so the depth of layer one (quaternary) was fixed due to the
processing at close to 54 m, even thought the borehole lithological description only reflects
a few meters of these materials.

As a result of this process, an initial model based on the lithological data from the
borehole and layer resistivity was obtained. The designed model obtains an RMS % fitting
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error of 0.65, indicating a good fit of the model curve based on the proposed geoelectrical
model with the field data.
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Figure 5. Lithological log of Monzoén-1 borehole with indication of the geoelectrical model
layers position.

There are other models equally consistent with the measured data (Figure 6B). All
the equivalent models present similar results in the upper part of the data, layers 1 and 2.
Additionally, the contact position between layers 2 and 3 corresponds to the hanging wall
of the most saline-evaporitic part of the Barbastro Formation. The resistivity and contact
position between layers 3 and 4, and the rest of the layers, shows bigger disparity between
models. Taking into account that, although the equivalent models are viable from the
geophysical point of view, they imply a worse correlation with the observed lithological
data; these equivalent models were therefore discarded.
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Figure 6. (A) Apparent resistivity—time curve for parametric TDEM-13 and (B) geoelectrical model
based on the lithological log of Monzon-1 (red) and equivalence models (dashed green lines).
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After the obtaining of the parametric model, it was applied to the rest of the TDEM
resistivity—time curves (Figure 7) to obtain the geoelectric resistivity—depth columns.
RMS% residuals error obtained for all the TDEM survey presents acceptable values,
between 0.64-1.88%.

1000
——TEDM-1
TEDM-2
TEDM-3
TEDM-4
~—TEDM-5
100
~—TEDM-6
——TEDM-7
——TEDM-8
——TEDM-9

——TEDM-10

Apparent Resistivity (Ohm-m)

——TEDM-11

——TEDM-12
»—TEDM-13 PARAM

TEDM-14

TEDM-15
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Figure 7. TDEM resistivity—time curves.

5. Discussion

Once the parametric model was obtained and used to obtain the 1D model (resistivity-
depth) of all TDEM survey points, three profiles were elaborated to visualize the structure
and thickness variation of the saline-evaporitic Barbastro Formation (Figure 2): Profile A,
with NW-SE orientation, and Profiles B and C, with NW-SE orientation. Profile A’s path
follows the supposed maximum slope and strike of the Barbastro-Balaguer Anticline in the
survey area, deduced from the geological cartography (Figure 2), while Profiles B and C
were placed perpendicular to Profile A. All TDEMs reached a minimum penetration over
3000 m, enough to reach the hanging wall and footwall of the Basbastro Formation and
reach the Mesozoic local basement. TDEM is very sensitive to the conductive layers [45,46],
helping to distinguish the saline-evaporitic formation from the upper and lower geological
formations due to its higher resistivity.

Profile A (Figure 8) follows the deduced maximum slope of the saline-evaporitic
Barbastro Formation. The hanging wall is located at greater depths as we move to the SW,
ranging from 1000 m to 1433 m depth. The footwall shows a subhorizontal morphology
with slight depth variations, being located along the profile around 2050 m depth. As a
result of the defined structure, saline-evaporitic materials thickness ranges along the profile
from 1077 m to 601 m.

Profiles B and C follows the same direction as the Barbastro-Balaguer anticline, but at
different distances from the axis, so a thickness decrease of the saline-evaporitic Barbastro
Formation is observed towards Southwest, but with a constant value along the profile.
Profile B defines a 900 m thickness of the saline-evaporitic formation with the hanging wall
and footwall placed at 1125 and 2030 m depth, respectively (Figure 9B). Profile C, located
further to the SW, shows the thinning of the Barbastro Formation as it is placed away from
the core of the anticline, showing a formation thickness close to 670 m, with the hanging
wall lying at 1375 m depth, while the footwall is located at 2050 m depth (Figure 10B).
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Figure 8. Profile A. (A) TDEM-2, 6, 7 and 13 (parametric) resistivity-time curves and (B) resistivity-
depth models with indication of the inferred position of the saline-evaporitic Barbastro Formation.
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Figure 9. TDEM Profile B. (A) TDEM-14, 4 and 10 resistivity—time curves and (B) resistivity—depth
models with indication of the inferred position of the saline-evaporitic Barbastro Formation.

D Surfaces and Thickness Map

The processing and interpretation of the TDEMs attempted to obtain the position of
the hanging wall and footwall of the saline-evaporitic part of the Barbastro Formation. An
interpolation processing using Surfer V 15.1 software (Golden Software LLC.; Golden, CO,
USA) allows us to obtain both surfaces, defining the main structure of the formation and
Barbastro-Balaguer Anticline.

Figure 11 integrates all interpreted TDEM points, showing the spatial elevation of
the hanging wall and footwall of the saline-evaporitic Barbastro Formation in the survey
area. In case of the hanging wall surface, the outcropping mapped position based on the
official geological cartography 1:50,000. Magna [47] is used in the interpolation process
to define its morphology and limit due to its outcropping to the North. According to
the obtained surface (Figure 11A), the hanging wall surface becomes progressively less
steep as we move to the SW, with a dip varying between 40° in TDEM-2 zone to almost
subhorizontal in the southernmost TDEM survey points area (TDEM-13 and TDEM-15).
The hanging wall elevation ranges between —658 and —1135 m above sea level (masl)
(996 and 1433 m depth). The footwall shows a subhorizontal morphology, with small
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elevations and small local depressions, recording in the TDEM elevations between —1640
and —1762 masl (2001 and 2101 m depth) (Figure 11B). The inferred structure agrees with
the initial geological structure.
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Figure 10. Profile C. (A) TDEM-7, 12, and 15 resistivity—time curves and (B) resistivity-depth models
with indication of the inferred position of the saline-evaporitic Barbastro Formation.
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saline-evaporitic Barbastro Formation in the survey area.
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Once the hanging and footwall surfaces have been obtained, the saline-evaporitic part
of the Barbastro Formation thickness can be calculated, which ranges between 601 and
1103 m in the TDEM survey points, decreasing in the SW direction according to regional
anticlinal defined structure (Figure 12) constrained by the hanging wall depth variation.
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Figure 12. Thickness of the saline-evaporitic Barbastro Formation in the survey area.

No influence on the interpolated surfaces is observed due to the irregular distribution
of the TDEM points (Figure 2), presenting a realistic structure in accordance with the
accepted geological structural model.

The surfaces generated show the structure of the southern flank of the Barbastro-
Balaguer anticline in the survey area, and its affectation of the Barbastro Formation ma-
terials, generating a thinning of the formation towards the SW, as can be seen in a 3D
representation in Figure 13 created with the commercial Voxler V 4.1.509 3D modelling
software (Golden Software LLC).
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Figure 13. 3D representation of the hanging wall and footwall of the saline-evaporitic part of the
Barbastro Formation in the survey area, including TDEM position and results.

6. Conclusions

This study presents the new results of deep time domain electromagnetic soundings
(TDEM) study to gain insights into the Barbastro saline-evaporitic formation, affected
by the Barbastro-Balaguer Anticline regional structure. The survey was conducted in the
southern flank of the anticline in the vicinity of Graus, Spain. Resistivity data were obtained
from 15 TDEM survey points with a coincident-loop 600 m x 600 m square configuration,
allowing a depth penetration of up to 3.0 km. An initial inversion model was stablished
using a thickness and layered parametric constrained model based on the Monzén-1 drilling
lithological logging in the rest of the TDEM survey points. The applied methodology allows
for an improved detailed geological and structural view of the saline-evaporitic Barbastro
Formation affected by the Barbastro-Balaguer Anticline.

The results support the idea that that the Barbastro saline-evaporitic formation presents
a complex structure because of the regional anticlinal structure, dipping SW, where the
hanging wall shows a variable dip from 40° to close to subhorizontal (distally), ranging
from 996 to 1433 m depth, while the footwall shows a close to flat surface between 2001 and
2101 m depth. As a result of the defined structure, the Barbastro saline-evaporitic formation
shows a thickness reduction to the SW, ranging from 1103 to 601 m.

Therefore, our study has revealed that the TDEM research method can be an important
tool to study saline-evaporitic formations affected by major geological structures, such
as the Barbastro-Balaguer Anticline. The new TDEM structural and geoelectrical data
would be useful for allocating and designing mining drills at a region of interest for the
exploitation of potassium salts in new mining projects.
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