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We report the results of a systematic study carried out on the fracture systems exposed in the Sierra de La
Candelaria anticline, in the central Andean retrowedge of northwestern Argentina. The aim was to elaborate a
kinematicmodel of the anticline and to assess the dimensional and spatial properties of the fracture network char-
acterizing the Cretaceous sandstone reservoir of the geothermal system of Rosario de La Frontera. Special regard
was devoted to explore how tectonics may affect fluid circulation at depth and control fluids' natural upwelling
at surface. With this aim we performed a Discrete Fracture Network model in order to evaluate the potential of
the reservoir of the studied geothermal system. The results show that the Sierra de La Candelaria regional anticline
developed according to a kinematicmodel of transpressional inversion compatiblewith the latest Andean regional
WNW–ESE shortening, acting on a pre-orogenic N–S normal fault. A push-up geometry developed during positive
inversion controlling the development of twominor anticlines: Termas and Balboa, separated by further NNW–SSE
oblique-slip fault in the northern sector of the regional anticline. Brittle deformation recorded at the outcrop scale
is robustly consistentwith the extensional and transpressional events recognized at regional scale. In terms of fluid
circulation, the NNW–SSE and NE–SW fault planes, associated to the late stage of the positive inversion, are con-
sidered the main structures controlling the migration paths of hot fluids from the reservoir to the surface. The
results of the fracture modeling performed show that fractures related to the same deformation stage, are charac-
terized by the highest values of secondary permeability.Moreover, the DFNmodels performed in the reservoir vol-
ume indicates that fracture network enhances its permeability: its secondary permeability is of about 49 mD and
its fractured portion represents the 0.03% of the total volume.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The characterization of naturally fractured reservoirs continues to
challenge geoscientists due to their complexity and unpredictable
nature (Nelson, 1998; Jafari and Babadagli, 2011). Furthermore, natu-
rally occurring fractures have significant effects on reservoir fluid flow
(Evans and Hobbs, 2003; Roure et al., 2005, 2010; Fischer et al., 2009;
Bjørlykke, 2010; Faulkner et al., 2010; Beaudoin et al., 2011; Barbier
et al., 2012; Evans and Fischer, 2012; Bigi et al., 2013). As a matter of
fact not only they could increase or decrease the permeability of many
reservoirs worldwide, but also may induce significant permeability
anisotropy due to their geometry and type (Aydin, 2000). For this
reason, a correct evaluation of reservoirs means to obtain the best
fucci).
understanding of its fracture network in order to analyze the effects
on fluid flow (Guerriero et al., 2010, 2011, 2013, and references
therein). As a consequence, this is also a key target for the exploitation
of water dominated geothermal reserves (Grant et al., 1982; Brogi et al.,
2003; Vignaroli et al., 2013; Giordano et al., 2014).

The classification of naturally fractured reservoirs based on the
relationship between primary and secondary porosity and permeabil-
ity proposed by Nelson (1992) is generally accepted. Particular
attention must be paid in the evaluation of those reservoirs where
fractures produce significant reservoir anisotropy (barriers) creating
compartmentalization instead of providing additional porosity and/
or permeability (Odling et al., 1999; Aydin, 2000; Jolley et al., 2010;
Manzocchi et al., 2010). Having granular material the potential to de-
velop particularly low porosity deformation zones (Antonellini and
Aydin, 1994; Aydin, 2000), their occurrence in sandstone reservoir
can reduce permeability of some orders of magnitudewhen compared
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Fig. 1. Map illustrating the geological provinces of northwest Argentina, modified from
Carrera and Muñoz (2008).
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to that of the undeformed hosting rock (Matthai et al., 1998; Fossen
and Bale, 2007; Sternlof et al., 2004). Therefore, an accurate classifica-
tion of fractures and a quantitative evaluation of the fracture network
have a direct impact on the development planning of geothermal
fields, because production may strongly depend on the permeability
anisotropy created by fractures.

Discrete Fracture Network (DFN) modeling (Dershowitz and
Einstein, 1988; Cacas et al., 1990; Watanabe and Takahashi, 1995) rep-
resents an important tool during exploration and exploitation phases of
fractured reservoirs. It is widely accepted that it provides an accurate
prediction of the fracture network since it accepts as input data, statisti-
cal and probabilistic information on fracture properties, obtained by
means of systematic fracture field mapping.

In this framework, the reliability of fracture system characterization
highly depends on the quality of mapping and of outcrop conditions,
especially in the case of limited extension of rock exposures and/or lim-
ited depths of boreholes. For this reason, a variety of methodologies for
both data acquisition and analysis have been developed, from outcrop/
well scale to regional/seismic scale, in order to provide the best criteria
for predicting fracture networks (Van Dijk, 1998). Some acquisition
techniques are based on the characterization of outcropping structures
as analogues for subsurface portions of the reservoirs (Hennings et al.,
2000; Belayneh et al., 2006; Laubach and Ward, 2006; Barr et al.,
2007). These techniques comprise the acquisition of fracture data
along scan-lines (e.g. Priest and Hudson, 1981; Zeeb et al., 2013;
Bisdom et al., 2014 among many others), and on scan-areas (e.g. Pahl,
1981; Marchegiani et al., 2006), at outcrop scale, in order to elaborate
a probabilistic model representing fracture distribution at reservoir
scale and some tools that are more modern such as the light detection
and ranging technique (LiDAR, or laserscan) andnew, effective develop-
ments in phogrammetry (Tavani et al., 2014).

In this work, we have applied scan-line acquisition technique in
order to collect structural data to assess the quality of the geothermal
reservoir of Rosario de La Frontera system, belonging to the Sierra de La
Candelaria anticline, one of the positively inverted structures cropping
out between the provinces of Salta and Tucuman (NW Argentina). The
purpose of this approach is to compute its secondary permeability in
order to predict the reservoir behavior in prospect evaluation and reser-
voir management.

The Cretaceous deposits of the Salta Group (Pirgua Subgroup), pro-
vide the reservoir of this active geothermal system (Moreno Espelta
et al., 1975; Seggiaro et al., 1995; Seggiaro et al., 1997; Maffucci et al.,
2012b, 2013; Invernizzi et al., 2014). It consists of continental
deposits, mainly represented by sandstones and conglomerates, related
to the syn-rift stage (Late Neocomian–Early Maastrichtian) (Salfity and
Marquillas, 1994;Marquillas et al., 2005). In the area, they are deformed
in a N–S trending hangingwall anticline (Sierra de La Candelaria) and
dissected by subsequently strike-slip and normal faults.

The anticline and the associated deformative structures (faults and
fractures) represent the structural backbone of the studied geothermal
system.

2. Geological setting

Sierra de La Candelaria ridge is located in the foothills of the Central
Andean retro-wedge, in the Salta province (NW Argentina) between
the Eastern Cordillera to the west and the southern segment of the
Santa Bárbara System to the east (Fig. 1).

These units are characterized by a basement-involved thrust system
(Baldis et al., 1976; Rolleri, 1976; Allmendiger et al., 1983; Jordan et al.,
1983; Cahill et al., 1992; Kley and Monaldi, 1998; Seggiaro and Hongn,
1999), resulting from an eastward migrating shortening that occurred
during Miocene–Quaternary times (Grier et al., 1991; Salfity et al.,
1993; Kress, 1995; Cristallini et al., 1997; Kely and Monaldi, 2002;
Allmendiger and Gubbels, 1996; Kley and Monaldi, 1999; Reynolds et
al., 2000; Kley and Monaldi, 2002).
As a result, the Andean structure in this area is dominated by broad,
low-amplitude folds, generated in the hangingwall of east-verging
high-angle thrust faults (Kley and Monaldi, 2002; Mon and Gutierréz,
2007; Norini et al., 2013) mainly due to the Andean inversion of pre-
existing normal faults generated during the Cretaceous rifting event
(Bianucci et al., 1982; Grier et al., 1991; Carrera et al., 2006).

Sierra de La Candelaria ridge represents one of these broad anticlines
that is elongated in N–S direction for about 55 km andwith amaximum
elevation of about 2600 m a.s.l. (Fig. 2A; González et al., 2000; Salfity
and Monaldi, 2006). The main structural feature responsible of its uplift
is a high-angle reverse fault plane dipping to the west with top-to-the-
east sense of transport that borders the anticline along its easternmargin
(Moreno Espelta et al., 1975; Seggiaro et al., 1997). It is interpreted as an
inverted normal fault inherited from the rifting stage (Iaffa et al., 2013).

The stratigraphy of the geothermal system covers a wide time span:
from pre-Cambrian to Pliocene–Quaternary times (Fig. 2B). The older
stratigraphic unit crops out in the core of the anticline. It is the Precam-
brian basement made up of low grade metasedimentary rocks (Medina
Formation) that, in the northern portion and along the western limb of
the anticline, is unconformably overlain by a thick succession of conti-
nental Cretaceous to Paleogene strata (SaltaGroup) related to the Creta-
ceous rift stage (Turner, 1959; Salfity, 1982; Galliski and Viramonte,
1988; Salfity and Marquillas, 1994; Viramonte et al., 1999; Marquillas
et al., 2005). The Early to Late Cretaceous Pirgua subgroup, marks the
syn-rift fill stage (Salfity and Marquillas, 1994), whereas the Balbuena
and Santa Bárbara subgroups represent the post-rift thermal subsidence
stage (Bianucci et al., 1981; Salfity and Marquillas, 1994; Comnínguez
and Ramos, 1995). Post-rift deposits are in turn overlain by a thick con-
tinental foreland basin fill, related to the Andean mountain uplift and
erosion, that was deposited from Middle Miocene to Pliocene–Quater-
nary times (Gebhard et al., 1974). The retrowedge basin fill includes
two subgroups (Metán and Jujuy, according to Gebhard et al., 1974)
belonging to the Orán Group. The main outcrops of these subgroups
cover the northern portion of Sierra de La Candelaria ridge at the lowest
elevations.

The stratigraphic succession cropping out along the Sierra de La
Candelaria ridge forms an anticline whose general trend is N–S
(Fig. 2A). In detail, this trend is characterized by a NNE to NNW change
of the longitudinal axismoving from south to north as a result of the two
regional E–WandWNW–ESE shortening directions occurred during the
Andean compression (Marrett et al., 1994; Iaffa et al., 2011). In addition,
thenorthern portion of the anticline is offset by severalminor faults. The
most important is a NNW–SSE trending high angle fault that divides the
structure in two anticlines: Termas and Balboa (Moreno Espelta et al.,

Image of Fig. 1
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Fig. 3. Flow diagram illustrating the sequential steps followed in this study. Fieldwork and
the 3-D software modeling are at the base of the work (see text for detailed explanation).
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1975; Seggiaro et al., 1997; Barcelona et al., 2014). The Balboa anticline,
to the east, trends N–S and is characterized by the outcrops of Creta-
ceous sandstones of the Pirgua subgroup at its core (Figs. 2A, C, section
A). Whereas the Termas anticline, to the west, trends NNW–SSE. At its
core, where Anta Formation crops out, are located the hot springs,
close to the thermal complex of the Hotel Termas (Figs. 2A, C, section
B). They are characterized by surface temperatures ranging between
24.1 °C and 90.5 °C (Seggiaro et al., 1995; Pesce and Miranda, 2003;
Chiodi et al., 2012a, b; Invernizzi et al., 2014). This northern segment
is bordered to the south by an E–W inverted high-angle fault dipping
to the north.

Further to the south, along the western fold limb of the regional an-
ticline, a kilometric NE–SW strike-slip fault cross cuts the regional anti-
cline and is marked by the Ceibal hot spring with temperature of about
38 °C.

Fractured sandstones belonging to the Cretaceous syn-rift deposits
of the Salta Group provide the geothermal reservoir both in this area
(Moreno Espelta et al., 1975; Seggiaro et al., 1995; Seggiaro et al.,
1997; Maffucci et al., 2012b, 2013; Invernizzi et al., 2014) and in
the region (Giordano et al., 2013). On the contrary, the low perme-
able post-rift and the syn-orogenic deposits (respectively, Balbuena
and Santa Bárbara subgroup and Metán subgroup) are considered to
act as cap rocks (Moreno Espelta et al., 1975; Seggiaro et al., 1995,
1997; Di Paolo et al., 2012; Maffucci et al., 2012b; Invernizzi et al.,
2014).

3. Method

The method followed for the assessment of the studied geothermal
reservoir consists of different steps mainly focused on the structural
analysis at the outcrop scale and on fracture modeling (Fig. 3).

Field workwas dedicated both to qualitative and quantitative analy-
ses (orientation, dimension, spatial distributions, mode of deformation
and spacing) of structural data recorded in the outcropping sedimentary
succession. Structural data on faults, cleavages, fractures, and veins
were collected at 95 georeferenced field sites in the Sierra de La
Candelaria anticline (Fig. 2A). Measure sites were distributed in differ-
ent areas of the anticline, along the forelimb, the backlimb and in the
northern plunging nose, in order to illustrate the relationship of the
structural data features to folding and their influence on fluid flow.

The first phase of our investigation consisted of geometric analysis of
structures at the outcrop scale. Fractures were classified as longitudinal,
transverse and oblique with respect to the fold axis trend (e.g. Cooper,
1992; Stearns, 1968; Hancock, 1985; Hennings et al., 2000) and so di-
vided into different sets on the base of their orientation in order to per-
form the fracturemodelingwithin the reservoir volume. Furthermore, a
frequencydistribution of fracture datawithin the anticlinewas obtained
by the acquisition of spacing data derived from scan-line surveys (Priest
and Hudson, 1981; Rouleau and Gale, 1985; Priest, 1993; Wu and
Pollard, 1995). Themethod consists of counting the number of fractures
per unit length along a sampling line. Spacing values of fracture sets
were computed by applying the Terzaghi trigonometric correction, in
order to reduce the measurement bias (Terzaghi, 1964). For each
scan-line we also measured the attitude (dip-azimuth, dip angle), de-
formationmode and length of the different fractures in order to provide
themain fracture system parameters subsequently used for the fracture
modeling. In addition, owing to the long time required for the acquisi-
tion of scan-lines, in several localities fast scan-lines were also per-
formed. They were carried out perpendicularly to each fracture set
measuring only the spacing value of fractures. Features of the 15 scan
lines and 5 fast scan lines performed are reported in Table 1.

The next step concerned the construction of a 3-D reservoir geolog-
ical model representing the tectonic structure. The original data directly
Fig. 2. (A) Geological Map of Sierra de La Candelaria anticline. (B) Chronostratigraphic column
tectonic events that controlled their deposition (redrawn by Carrera et al., 2006). (C) Represen
gathered during our fieldwork, together with the already published
geological maps and schemes (Moreno Espelta et al., 1975; Seggiaro
et al., 1997; González et al., 2000; Bercheñi, 2003; Salfity and Monaldi,
2006;Maffucci et al., 2013), were integrated to drawdetailed geological
cross sections across the Sierra de La Candelaria anticline, oriented nor-
mal and parallel to the fold axes trend (Fig. 4). The 3D reconstruction
of the main geological surfaces (top and bottom of target reservoir,
faults and thrust planes) allowed the built of the reservoir volume, sub-
sequently converted into a geocellular volume. This latter consists of
regular, defined size, grid-like cells that can be converted into equiva-
lent properties (such as porosity and permeability) on the base of the
fracture modeling performed through the upscaling process.

The fracture modeling process was based on the elaboration of field
data in order to generate the DFN model in the 3-D volume of the geo-
thermal reservoir.
4. Results

4.1. 3-D reservoir model

The accurate reconstruction of the Sierra de La Candelaria structure
allows us to highlight the asymmetric shape of the anticline and to re-
construct in a 3-D view the structural framework of the geothermal
fluid of Rosario de La Frontera system (Fig. 5).

In detail, the anticline is characterized by a gently dipping forelimb
(30°) and a steeply westward dipping backlimb (60°). Its general
showing the tectonostratigraphic units cropping out in the study area, as well as the main
tative cross sections of the anticline. Their location is indicated in the geological map.

Image of Fig. 3


Table 1
Summaryof data for scan lines (SL) and fast scan lines (FSL) carried out on the outcropping
reservoir (R) and cap rocks (C) of the geothermal system.

Survey
type

Longitude Latitude Rock
type

Dip
direction/dip
angle

Length
(cm)

Number
of data

SL 1 −25.83554 −64.93138 CR 255/15 1000 81
SL 2 −25.83833 −64.93341 CR 330/05 1000 40
SL 3 −25.83650 −64.93487 CR 10/0 750 78
SL 4 −25.83790 −64.93052 CR 30/10 527 17
SL 5 −25.83461 −64.93719 CR 20/0 903 49
SL 6 −25.83854 −64.93333 CR 220/10 500 39
SL 7 −25.99150 −64.91741 R 290/15 490 15
SL 8 −25.98974 −64.91750 R 110/05 600 20
SL 9 −25.99024 −64.91951 R 280/05 1000 30
SL 10 −25.98809 −64.91719 R 340/25 990 21
SL 11 −25.97931 −64.93237 CR 100/10 976 91
SL 12 −25.83884 −64.93100 CR 30/0 452 26
SL 13 −25.89127 −64.87830 R 280/03 770 20
SL 14 −25.88923 −64.87990 R 310/03 940 35
SL 15 −26.14929 −64.95553 R 150/0 660 40
FSL 1 −25.83790 −64.93389 CR 310/60 200 9
FSL 2 −25.98981 −64.92008 R 170/0 200 14
FSL 3 −25.98804 −64.91776 R 210/50 97 10
FSL 4 −25.88990 −64.88186 R 74/0 96 16
FSL 5 −25.90636 −64.87943 R 100/0 63 11
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trend is N–S but further to the north it turns to a NNW–SSE orientation
in the axial plunging of the Hotel Termas area.

The eastern limb of the anticline is bounded by the high-angle
reverse fault striking N–S with a top-to-the-east sense of transport
(Fig. 5A). This fault plane and a backthrust on the western limb, striking
N–S and dipping to the east, are themain faults responsible of the uplift
of the anticline.

Furthermore, the anticline is offset by several minor faults. To the
north, the anticline core is truncated by a NNW–SSE trending oblique-
slip fault with a left-lateral strike-slip component; in the western area,
the backlimb is affected by a series of minor NW–SE trending faults
Fig. 4. Traces of the geological cross sections (black lines) and map used to construct the th
cross sections. Continuous pink and green lines represent top and bottom of the Medina
volume.
characterized by left-lateral strike-slip transtensional kinematic. In the
southern reconstructed sector along the western limb, a kilometric
NE–SW left-lateral strike-slip fault borders the reservoir and is marked
by the Ceibal hot spring.

In a 3-D reconstruction we propose a possible confinement of the
reservoir continuity at depth, in particular on the western side of the
main anticline, calculating a minimum conservative volume of the
reservoir's deposits (Figs. 5B, C). It is delimited to the east by the main
high angle thrust fault that borders the anticline on the eastern side.
To the north, it is confined by the normal fault plane trending E–W
and dipping to the north (Barcelona et al., 2013, 2014), and to the
west by a continuous, almost N–S oriented, lineament well visible on
remote sensing images (Invernizzi et al., 2014). To the south, the reser-
voir is confined by the outcrops of Pirgua subgroup and by the NE–SW
strike-slip fault occurring in the Ceibal area. Therefore, it can be assumed
that the Cretaceous sandstones, that form the main geothermal reser-
voir, consist of a single and continuous hydrogeothermal body with an
estimated volume of about 53 km3 and a mean thickness of about
450 m (Fig. 5D). The maximum depths reached by the top and bottom
surfaces of Pirgua subgroup are 2000 m and 2450 m, respectively
(Figs. 5B, C). They are calculated in the northern sector of the anticline,
along its western margin.

4.2. Structural data at the outcrop scale

The field surveys were performed in different structural domains
along the Sierra de La Candelaria ridge: backlimb, forelimb and plunging
northern nose of the two northern anticlines. In detail, structural data
were collected in the Guanaco, Jesús María, Anta, Yacoraite, Pirgua and
Medina Formations. The first three formations are mainly exposed in
the northern portion of the ridge; Anta Formation extensively crops
out both in the crestal sector of Termas anticline and along the western
limb of the main anticline. On the contrary, Yacoraite Formation and
Pirgua Subgroup are widely exposed along the limbs in the central sec-
tor of Balboa anticline and in the southern sector of the ridge.
ree-dimensional structural model. In the gray panels are some examples of geological
Formation and Pirgua Subgroup, respectively. They were used to build the reservoir

Image of Fig. 4


Fig. 5. Three-dimensional displays showing (A) the main interpreted fault planes, the contoured surface representing the top (B) and the bottom (C) of the reservoir, and (D) the
geocellular volume of the reservoir. The 3-D volume represents the buried portion of the Pirgua Subgroup, whereas no volume was considered for its outcropping portion.
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We identified in the field faults, generic fractures (e.g. defined as
discontinuities with small aperture not sufficient to exclude a shear
component during the opening, isolated weathered fracture) (Tavani
et al., 2008), shear fractures, deformation bands, gypsum- and calcite-
filled veins, and tectonic stylolites.
4.2.1. Southwestern backlimb
Along the south-western limb of the main Sierra de La Candelaria

anticline, structural data were collected in two different sectors: Anta
Yaco (north) and Ceibal (south) (Fig. 2A). In theAnta Yaco area, structur-
al analyses were performed on Anta, Yacoraite, Pirgua and Medina For-
mations. Conversely, in the Ceibal area structural data were collected
from the outcrops of Pirgua Subgroup and Jesús María Formations.

As a whole, the sedimentary succession cropping out along the
backlimb strikes N–S, dipping about 40° to the W. The analyzed struc-
tures include generic fractures, shear fractures, veins and tectonic
stylolites representing a spaced disjunctive cleavage produced by pres-
sure solution.
Generic fractures occur in all the mechanical units exposed along
the backlimb of the anticline. Poles to generic fractures show five
main directions both in their present orientation and after bed rota-
tion: N–S, E–W, NNW–SSE, ENE–WSW and WNW–ESE (Figs. 6A, B).
N–S fractures are dominant and well visible in all the outcrops, and
have generally high angle of dip (80°) both in the rotated and
unrotated analysis. They are particularly abundant within the youn-
ger strata (Jesús María Fms.) with a constant spacing of about 30 cm
and a length greater than 2 m; the aperture is from few centimeters
up to 15 cm. E–W fractures occur in the strata of Yacoraite Formation
and Pirgua Subgroup, in the area of Anta Yaco and Ceibal, respective-
ly; they show a constant spacing of about 30 cm; their length varies
from 30 cm to several meters and the aperture is mostly lower than
1 mm, but in some cases it reach a value of 3 mm such as in the strata
of Yacoraite Formations.

NNW–SSE striking fractures, with high angle of dip, occur mainly in
the strata of Medina and Pirgua Formations in the area of Anta Yaco.
ENE–WSW and WNW–ESE generic fractures characterize the strata of
Pirgua Subgroup in the Ceibal area.

Image of Fig. 5


Fig. 6. Stereographic projections (Schmidt net, lower hemisphere) of the structural data collected in the (A) Anta Yaco and (B) Ceibal areas, (C) Balboa and (D) Termas anticlines.
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In this latter area, calcite-filled veins are dominant in systematic sets
striking along ENE–WSWand EWdirections (Fig. 7A). They show a var-
iable spacing ranging from several meters down to 30–40 cm; their
thickness ranges from few millimeters to 2 cm.

Shear fractures were recognized in the strata of Anta and Pirgua For-
mations in the area of Anta Yaco. In the Anta Formation, they occur as a
conjugate strike-slip systems striking NNW–SSE and E–W, steeply dip-
ping andmutually cross cutting. The intersection line of these conjugate
systems is parallel to the bedding suggesting a direction of contraction
parallel to bedding dip (Fig. 7B). On the contrary, the strata of Pirgua
Subgroup show a pervasive deformation characterized by E–W shear
fractures with a right lateral component of motion and a constant spac-
ing of about 30 cm (Fig. 7C); they are in accordancewith theWNW–ESE
shortening Andean direction (Marrett et al., 1994).

Stylolites trending N–S were observed in the strata of Yacoraite
Formation (Fig. 7D). They occur normal to bedding and are
interpreted as contractional structures.
Fig. 7. Examples of the structural discontinuities observed in thefield (A) Calcite-filled vein in th
fracture system in the backlimb of the main Sierra de La Candelaria anticline (Anta Formation).
oriented parallel to the bedding strike in the backlimb of the main anticline (Yacoraite Formati
Although the cross cutting relationship are not always consistent,
N–S fractures are considered the younger one, because of their oc-
currence in the younger strata.
4.2.2. Northeast nose of Balboa anticline
Fractures datawere collected from this portion of the anticline in the

area of Balboa anticline, from the sandstones of Pirgua Subgroup
(Fig. 6C). In this area, bedding strike rotates from N75°W to N20°W, as
a consequence of the shape of the Balboa anticline (Fig. 2A).

Generic fractures, veins and deformation bands occur in the area.
Poles to generic fractures are clustered around two broad maxima cor-
responding to roughly NE–SW and NW–SE trends, both in the rotated
and unrotated analysis. These fractures are characterized by an average
spacing of 35 cm. Subordinately, N–S generic fractures are also present.
These fractures oftenmutually cross-cut, suggesting that they are essen-
tially coeval.
e southwestern backlimb of themain anticline (Pirgua Subgroup). (B) Strike-slip conjugate
(C) Shear fractures in the backlimb of the main anticline (Pirgua Subgroup). (D) Stylolites
on). (E) Deformation bands in the northeast nose of Balboa anticline (Pirgua Subgroup).

Image of Fig. 7
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In addition, NW–SE and N–S fractures are often characterized by a
positive relief with respect to the host rock, suggesting a high resistance
to erosion. Their thickness is up to 5mmand the higher compaction ob-
served within, suggests the occurrence of deformation bands (Aydin
and Johnson, 1978, 1983; Jamison & Stearns 1982; Underhill and
Woodcock, 1987; Mair et al., 2000; Antonellini et al., 1994; Fossen and
Hesthammer, 1997; Shipton and Cowie, 2001) (Fig. 7E).

Calcite-filled veins have the same directions NE–SW and NW–SE,
and thickness variable from few millimeters up to 1.5 cm. Spacing is
about 7 cm and 40 cm, respectively.

4.2.3. Northern nose of Termas anticline
In the area close to the Hotel Termas, the Anta Formation exten-

sively crops out, and subordinately, Jesús María and Guanaco Forma-
tions. In detail, these two younger formations crop out in the eastern
limb of the anticline, dip 15° to SE, and lay in unconformity on the
older units (mainly Anta Formation) (Fig. 8). Brittle deformation is
recorded only in the better cemented Guanaco beds, and consists of
poorly developed, open fractures striking N075°E and N–S, likely
compatible to the latest strike-slip motion along NNW–SSE linea-
ments and faults mapped in the Hotel Termas area.

In the same area, the well exposed strata of Anta Formation have
different trends. In the backlimb nose of the anticline, bedding
strikes ca. N–S and in the forelimb it strikes N030°W, dipping of
about 60° in both cases. In the periclinal closure area, bedding strikes
from N030°E, with a dip of about 50°, to N060°E with dip decreasing
down to 30°. On the base of the qualitative analysis, we recognized
on the field generic fractures, shear fractures and small faults,
gypsum- and calcite-filled veins and deformation bands.

4.2.3.1. Backlimb. In the backlimb nose of the anticline, shear frac-
tures striking NNW–SSE and E–W occur as a strike-slip conjugate
system, compatible with the WNW–ESE shortening direction
(Fig. 9A). The occurrence of NNW–SSE left-lateral faults suggests to
interpret this association as Type I fracture array of Stearns (1968),
indicating a direction of contraction parallel to dip direction of bed-
ding, confirmed by the occurrence of synthetic Riedel shears making
an angle of 15° with the main strike of these left–lateral faults.

Extensional ENE–WSW fault planes occur in the area. In some cases,
they show transtensive kinematics with pitch values of about 40°.

Northward dipping, E–W striking normal faults and extensional
fractures also occur in the area. Slickenlines on fault planes often show
the superimposition of a dip-slip motion (slickenlines pitch between
70° and 120°).
Fig. 8.Guanaco and JesúsMaría Formations croppingoutwith a visible unconformity separating
structural data set collected on the strata of Guanaco Formation.
A tighter packing of grains was observed in the area within frac-
tures striking NNW–SSE and NE–SW suggesting deformation mech-
anisms typical of deformation bands. Shear fractures striking
WNW–ESE and ENE–WSW cut-off these latter with a left-lateral ki-
nematic (Fig. 10A).

In addition, generic fractures are recognized in the area with differ-
ent orientations. In their present orientation (i.e. unrotated analysis),
the dominant sets strike N–S and NE–SW, gently dipping (about 20°)
to the east and south-east, respectively. The corresponding rotated anal-
ysis is characterized by a major maximum corresponding to N–S strik-
ing fractures that dip at high angle to the east. No shear or opened
mode was observed in the field and the abutting relationship shows
as NE–SW fractures post-dates the N–S trending ones.

4.2.3.2. Periclinal closure area. In the periclinal closure area where
bedding strikes N60°E, extensional fractures striking NNW–SSE
occur with a conjugate system of fractures dipping both to NE and
to SW (mutually cross cutting). Therefore, they are interpreted as
Type III fracture array of Stearns (1968), with the σ2 lying parallel
to bedding. This interpretation is confirmed by the occurrence of
normal faults striking sub-parallel to the fold axis that suggest exten-
sion parallel to bedding (Fig. 9B).

In the area of the Hotel Termas, where bedding strikes N30°E and
dips to WNW, a decimetric shear zone occurs. It is composed by a per-
vasive system of normal and transtensive fault planes. These fault
planes strike N30°W and they are sub-vertical or highly dippingmainly
towards the eastern quadrants. Slickenlines on fault planes have azi-
muth to N005°. The architecture of the damaged fault zones consists
of main shear surfaces and subsidiary Riedel planes striking N50°W
with slickenlines striking N20° and N290°. Furthermore, in this shear
zone is also present a spaced cleavage folded into Z-shaped folds with
steeply plunging axes and asymmetry suggesting a left-lateral motion
in correspondence to the major fault planes (Fig. 9C). Calcite infillings
often occur in correspondence to the transtensive WNW-ESE fault
planes.

In addition, in this area, in correspondence to the thick pelitic layer
that characterized Anta Formation, three families of gypsum-veins occur
(Fig. 9D). They strike NNE–SSW dipping to NW both steeply and gently.
Gypsum veins steeply dipping and sub-parallel to bedding are character-
ized by gypsum crystals both orthogonal and oblique with respect to the
fracturewalls. Both of these fill types seem to be compatible to shear par-
allel to bedding, developed during aflexural slip process. Thefirst one, ex-
tensional, suggests a first decompression of strata (σ3 normal to bedding,
σ1 horizontal), related to the first phase of folding, followed by shear
along bedding (flexural slip). A third family of gypsum veins is gently
them. The stereoplot (Schmidt net, lower hemisphere projection) shows the corresponding
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Fig. 9. Examples of the structural discontinuities observed on the strata of Anta Formation in correspondence to the Termas anticline: (A) Conjugate shear fractures (backlimb nose).
(B) Longitudinal normal fault (periclinal closure area). (C) Spaced cleavage folded into Z-shaped folds with steeply plunging axes (periclinal closure area). (D) Three families of gypsum
veins (periclinal closure area). In the square, two families sub-parallel to bedding characterized by gypsum crystals orthogonal and oblique with respect to the fracture walls.
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dipping and at high angle to bedding. It is characterized by gypsum crys-
tals oblique of about 30° with respect to the fracture walls indicating a
sense of shear with top to NE. This latter family overprints the other
sets and could be related to the final phase of compression (shear planes
cutting the fold limbs).

Generic fractures are also frequent in the area. Where bedding
strikes N30°E, they occur with a strike WNW–ESE and E–W. They
are often open, with an aperture of about 3 mm, and often occur in
association with gypsum-veins described above; abutting relation-
ship shows as generic fractures striking WNW–ESE cut the system
of gypsum-veins (Fig. 10B). Generic fractures striking N–S and steep-
ly dipping to both directions represent the most frequent set where
bedding strike N060°E. Even though no open mode was detected in
the field, in some cases, the occurrence of calcite-filled veins with
the same trend suggests a tensile origin for this fracture set.

4.2.3.3. Forelimb. Generic fractures are organized in this area in three
main trends striking E–W (dipping to south at low angle) and NW–

SE (dipping to south-west at a high angle). Subordinatley, a N–S frac-
ture trend occurs. It dips to the east at low angle.

Deformation bands strikingWNW–ESE and ENE–WSWwere recog-
nized in the area. Shear fractures striking WNW–ESE and ENE–WSW
occur in the area with a right- and left-lateral kinematic, respectively
(Fig. 10C).

5. Reservoir Discrete Fracture Network model

We built a DFN model within the 3D volume of the geothermal
reservoir. It represents themerge of twenty-four stochastic DFNmodels
generated for each fracture set recognized in the different portions of
the anticline in correspondence to the reservoir outcrops. In the area
of Termas anticline, where the reservoir does not outcrop, fracture
data collected from the strata of Anta Formations are considered to
model the fracture network in the buried portion of the reservoir.

Accordingly, fracture dataset was divided into six sets that can
be grouped into longitudinal (set I), transverse (sets II) and oblique
(IA, IB, IIA and IIB) with respect to the fold axis. In detail:

• Set I includes N30°W±10° fractures, striking sub-parallel to the fold
axis;

• Set IA and Set IB include fractures strikingN60°W±10° andN–S±10°,
respectively;

• Set II includes fractures strikingN60°E±10°, transverse to the fold axis;
• Set IIA and Set IIB includes fractures striking N30°E ± 10° and E–W±
10°, respectively.

The frequency of the different fracture sets varies through the differ-
ent formations and along the anticline (Fig. 11).

In order to perform the fracture modeling in the reconstructed
reservoir volume, the software requires some initial input parame-
ters concerning the fracture intensity, the mean orientation for
each set of fractures (obtained by the fracture set orientation analy-
sis), and the statistical fracture-size distribution. The required input
parameters were calculated for each fracture set from the scan-line
surveys carried out on the outcrops of reservoir and cap rocks in dif-
ferent portions of the anticline (Table 2).

Fracture intensity represents the amount of fractures per
measure unit, and can be expressed by the number of fractures per
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Fig. 10. Examples of structural cross-cutting relationships observed on the strata of Anta Formation in correspondence to the Termas anticline: (A) Left-lateral shear fractures (backlimb
nose). (B) Open fractures cutting gypsum veins (periclinal closure area). (C) Shear fractures offset deformation bands with a right-lateral motion (forelimb nose).
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volume (parameter P30), the fracture length per volume (P31), or the
fracture area per volume (P32) (Dershowitz and Herda, 1992). In par-
ticular, the software used during this modeling generates DFN models
using two of these intensity parameters, the P30 and P32 values.

In the present work, we have used the P32 intensity parameter
calculated from the number of fractures per length of scan-line mea-
sured during the fieldwork for each fracture set. Fracture frequency
value, derived from scan-line surveys and corrected by Terzaghi for
removing sampling bias, can be used as roughly equivalent to the 3D
fracture intensity (m2/m3) (Priest, 2004).

Fracture length distribution and fracture orientation are the other two
important input parameters for the generation of the DNFs. Fracture ori-
entation was computed through the Fisher model that provides average
dip, dip azimuth values and a concentrationparameter (K) for orientation
of each fracture set (Table 2). Analysis of fracture lengthsmeasured in the
field show a normal cumulative size distribution.

The last parameter requested by the software to complete the
modeling phase is the aperture value of each fracture set. It represents
an important parameter as it has a large influence on the calculated per-
meability of the model by the “cubic law” (Louis, 1969; Kranz et al.,
1979; Tsang and Witherspoon, 1981; Fetter, 1993). In fact, according
to the so-called parallel plate model (Snow, 1965; Witherspoon et al.,
1980) theflow rate along a fracture is related to the cube of the aperture
and thus permeability Kj of a single fracture is given by:

K j ¼ Hað Þ2
12

ð1Þ

where Ha represents the hydraulic aperture of the fracture.
Because the permeability of deformation bands can be one or

more orders of magnitude less than the matrix permeability
(Aydin, 2000; Sternlof et al., 2004), and permeability of other struc-
tural discontinuities, depending on their aperture, can be several
orders of magnitude greater than matrix permeability, the combined
effect of these structures on subsurface flow can be complex and sub-
stantial. For this reason, the deformation bands recognized in the
outcrops of Pirgua Subgroup in the area of Balboa anticline were
not included in the fracture modeling, since they are interpreted to
reduce the reservoir permeability acting as barriers to flow (reser-
voir type 4 of Nelson, 1992).

Moreover, for the other fracture types we have considered aper-
ture value as proportional to the trace length of fractures basing on
the non-linear, square root power-law distribution between aper-
ture and length, proposed by Olson (2003):

Dmax ¼ αL0:5 ð2Þ

where Dmax is the maximum (shearing) displacement along the
fault/fracture, L the length and α a proportionality coefficient:

α ¼ KIc 1−νð Þ2
E

ffiffiffi

8
p
ffiffiffi

π
p ð3Þ

including the fracture toughness KIc, Poison's ratio ν, and Young's
modulus E, all material specific constants of the host rock.

We do not consider a linear correlation between aperture and length
since Olson (2003) demonstrated that an exponent greater than 0.5 in
Eq. (2) could result from post-jointing relaxation or other secondary ef-
fects, whereas an exponent of 0.5 is related to a constant fracture tough-
ness, which describes the ability of a rock containing fractures to resist
further fracturing (Olson, 2003; Schultz et al., 2008).

Once calculated the different parameters for the six fracture sets, we
have considered their variability across the anticline. To represent this
in the DFNmodel, the entire volume was divided in different small vol-
umes, one for every different fracture density value considered within
the anticline. In fact, on the base of the structural analysis carried at
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Fig. 11.Histograms showing the fracture frequency values for each fracture set computed for the reservoir and cap rock in the (A) Anta Yaco and (B) Ceibal areas, (C) Balboa and (D) Termas
anticlines. Fracture frequency values are calculated from the number of fractures per unit length of scan-line measured during this specific survey for each fracture set and corrected by
Terzaghi for removing sampling bias.
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the outcrop scale we have recognized several different areas along the
anticline characterized by different deformation intensity: Balboa and
Termas anticlines, Anta Yaco and Ceibal areas (see paragraph 4.2 for
details).

Finally, we have generated twenty-four DFNmodels, six for every
area (Fig. 12), which formed the total one. It allowed to calculate the
fractured volume affecting the reservoir resulting of 0.02 km3

(Table 3). It is considered as the profit volume that enhances fluid
flow.

6. DFN upscaling

The upscaling process converts the Discrete Fracture Network
model to equivalent continuum medium of the required properties
distributed over a grid. Therefore, the volume referred to the reser-
voir rock was converted in a grid formed by 2506 cubic cells with a
side of 300 m. For each grid cell, a permeability tensor based on the
DFNs was computed using the geometric methodology proposed by
Oda (1985). The calculation of the permeability tensor that the frac-
ture modeling module performs is therefore geometric, and done on
the base of all fracture fragments that belong to each cell in the
geocellular volume. Therefore, the contribution to the permeability
of each fracture depends on the clipped fracture polygon area, the
aperture dimension, and the orientation of the fracture.

Table 3 shows the values of permeability tensor computed by the
software for the twenty-four DFNs performed.

In detail, permeability shows the highest values (between 8 and
10 mD) in correspondence to the Termas and Balboa anticlines and
in the area of Ceibal, where fractures are characterized by the highest
values of frequency. The comparison among permeability values due
to the different fracture sets shows that the highest values are due to
the oblique fractures belonging to set IB and IIA in correspondence to
the two minor anticlines, and to the transverse fracture set II in the
area of Ceibal. Accordingly, these fracture sets show high values of
aperture and frequency. On the contrary, the lowest values of perme-
ability occur along the backlimb of the main anticline, in the Anta
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Table 2
Parameters calculated for the six fracture sets in the four measurement areas of the anticline. Length values (mean and standard deviation) were obtained by distribution analysis per-
formed with EasyFit. All fracture sets show a normal distribution except for fracture set II in the area of Balboa anticline that shows a constant distribution. Mean principal plane includes
the average values of dip and dip direction obtained with the Fisher method implemented in Move 2013 (Midland Valley).

Set I Set IA Set IB Set II Set IIA Set IIB

Anta Yaco area
P32 1.03 1.56 4.03 7.05 10.03 9.57
Aperture (mm) 0.50 0.65 0.77 0.59 0.50 0.53
Mean length (m)–std. dev. (m) 0.55–0.26 0.79–0.50 0.82–0.84 0.72–0.37 0.59–0.32 0.64–0.27
Mean principal plane (°) 79/243 67/27 59/94 72/329 72/296 75/76
Fisher dispersion (K value) 83.29 18.00 17.83 33.54 27.36 37.51

Ceibal area
P32 0.27 1.25 0.99 12.74 2.43 7.96
Aperture (mm) 0.50 0.80 0.10 1.00 0.79 0.55
Mean length (m)–std. dev. (m) 0.55–0.26 0.98–0.91 0.04–0.03 1.18–1.65 0.81–0.94 0.83–0.18
Mean principal plane (°) 79/243 86/26 77/280 88/150 88/309 56/176
Fisher dispersion (K value) 83.29 1.30 109.30 1.23 2.13 1.50

Balboa anticline
P32 1.00 0.27 5.16 0.06 14.96 0.22
Aperture (mm) 0.84 0.72 0.79 0.35 0.89 0.59
Mean length (m)–std. dev. (m) 1.09–0.85 0.81–0.60 1.17–0.67 0.33 0.91–1.09 0.62–0.37
Mean principal plane (°) 76/239 55/210 73/260 65/150 80/120 72/171
Fisher dispersion (K value) 42.00 65.47 46.56 Constant 45.55 34.70

Termas anticline
P32 2.03 1.83 9.19 7.11 24.99 9.79
Aperture (mm) 0.70 0.69 0.79 0.56 0.74 0.57
Mean length (m)–Std. dev. (m) 0.82–0.56 0.80–0.55 0.99–0.75 0.52–0.37 0.75–0.71 0.63–0.33
Mean principal plane (°) 77/241 61/210 66/260 68/329 75/120 73/171
Fisher dispersion (K value) 62.65 64.37 46.56 35.00 45.55 34.70
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Yaco area (2 mD). In this latter area, the highest values are due to the
fracture sets IB, II and IIB that are the most frequent and open.

Fig. 13 shows the distribution of the permeability inside the
geocellular volume. Changes in the different directions (i.e. xx, yy, xy,
xz, yz, zz) are in agreement with the anisotropy of the distribution of
the fractures orientation.
Fig. 12. (A) Three-dimensional fracture model reconstructed inside the geocellular volume of th
cell illustrating the trend of the six main sets of fractures.
7. Discussion

7.1. Tectonic interpretation of the deformation sequence

The best starting point in order to assess the reservoir quality for ex-
ploration programs consists in the elaboration of a reliable tectonic
e reservoir. (B) Detail of the 3-D fracture model shown in panel a. (C) Top view of the grid
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Table 3
Permeability tensor (mD) computed for each fracture set and for the fracture network (all fracture sets together) in the four areas of the anticline. Fracture volume was obtained by the
software on the base of the reconstructed DFN models considering aperture, length and density of each fracture set.

Set I Set IA Set IB Set II Set IIA Set IIB Fracture network

Anta Yaco area
Permeability (mD) 0.11 0.48 1.85 1.22 1.11 1.21 5.98
Fracture volume (km3) 8.3E-05 2.2E-04 5.7E-04 6.8E-04 8.5E-04 8.7E-04 3.3E-03

Ceibal area
Permeability (mD) 0.04 0.58 0.10 10.38 1.36 0.76 13.22
Fracture volume (km3) 1.2E-05 9.3E-05 4.2E-05 1.2E-03 2.2E-04 3.5E-04 2E-03

Balboa anticline
Permeability (mD) 0.67 0.17 1.89 0.002 8.69 0.06 11.48
Fracture volume (km3) 6.3E-05 1.7E-05 2.9E-04 1.6E-06 1.1E-03 8.9E-06 1.5E-03

Termas anticline
Permeability (mD) 0.69 0.65 4.49 1.17 9.78 1.60 18.37
Fracture volume (km3) 2.9E-04 2.9E-04 1.7E-03 8.3E-04 4.1E-03 1.1E-03 8.3E-03
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model of the studied geothermalfield. It helpsmaking predictions about
lithology, faulting, and fluidflow in and out of the reservoir.Moreover, it
provides a robust data set for the interpretation of faulting and place-
ment of wells. In particular, the formation and evolution of natural frac-
tures are closely related to the deformation history of the host rock.

The kinematic evolution and timing of the studied anticline is
deciphered by analyzing (1) the structural relationships with the faults
mapped in the area, (2) the geometry of the different stratigraphic units,
and (3) the structural data collected at the outcrop scale.
Fig. 13. Color map showing the distribution of permeability
In general, the analysis of the deformation pattern shows that both
the attitude and kinematic of most tectonic structures are consistent
with two main deformation phases, that can be traced throughout Cre-
taceous to present day: 1. extension and 2. positive inversion and fold-
ing. Data at the outcrop scale allow refining the timing of deformation
of event 2 into early, intermediate and mature sub-stages.

Extension due to Cretaceous rifting is recorded by an increase in total
thickness (from 400 to 450m) and bed thickness (from less than 1mup
to 5–6 m) of the syn-rift Pirgua Subgroup. Moreover, their clastic facies
inside the reservoir (see text for detailed explanation).

Image of Fig. 13
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evolves from mainly arenitic to mainly conglomeratic moving from the
area ofAnta Yaco to the area of theBalboa anticline. This facies and thick-
ness lateral variation indicates that the area of the Balboa anticline was
proximal to a syn-sedimentary normal fault that limited the succession
to the east, in agreement with the syn-rift paleogeography proposed by
Marquillas et al. (2005). This evidence supports the hypothesis that the
fault that borders the Sierra de La Candelaria to the east started as nor-
mal fault during the Cretaceous rifting process and was inverted during
the Cenozoic tectonic phase (in agreement with Iaffa et al., 2013)
(Fig. 14A). The same high-angle inverted fault shows a left strike-slip ki-
nematic component compatible to the latest Andean regional WNW–

ESE shortening direction (also in agreement with Marrett et al., 1994).
Furthermore, it is responsible of the uplift of the Sierra de La Candelaria
structure, deformed in a N–S trending hangingwall anticline (Moreno
Espelta et al., 1975; Seggiaro et al., 1997).

In the early stage of inversion, deformation is recordedmainly at the
outcrop scale by:

• gypsum extensional veins striking NNE–SSW, steeply dipping and at
low angle to bedding in the pelitic strata of Anta Formation. They indi-
cate the initial stage of folding under overpressure condition
(Shearman et al., 1972; Sibson and Scott, 1998; Gustavson et al.,
1994);

• N–S-striking stylolites in the strata of Yacoraite Formation.

In the intermediate stage of inversion, the deformation in the
hangingwall was accommodated by growing of the regional anticline
and activity of a N–S trending backthrust bordering the western limb
of the anticline. This last is likely to be connected at depth to the
inverted fault (Fig. 14B). At this stage, the anticline development was
accompanied by a series of related syn-folding features at the outcrop
scale. In the southern sector of the anticline, along its western limb in
the area of Anta Yaco and Ceibal, they are represented by:

• NNW–SSE and E–W striking conjugate strike-slip fractures observed
in the strata of Anta Formation;

• E–W shear fractures with a right-lateral kinematic, mainly occurring
in the strata of Pirgua Subgroup. They are in accordance with the
WNW–ESE shortening direction;

• E–W and WNW–ESE striking generic fractures recorded in the strata
of Yacoraite Formation and Pirgua Subgroup, in the area of Anta Yaco
and Ceibal, respectively.

In the northern nose of Termas anticlinewhere Anta Formation crops
out, syn-folding features are represented by:

• Shear veins in gypsum bearing pelites of Anta Formation. They testify
flexural slip on both limbs;

• NNW–SSE and E–W conjugate shear fractures occurring in the
backlimb. They are interpreted as Type I fracture array of Stearns
(1968);

• N–S-trending joint and calcite filled veins in the periclinal closure
area. They record an extension sub-parallel to the fold axis trend;

• NNW–SSE striking conjugate systemof extensional fractures recorded
in the periclinal closure area. They are interpreted as Type III of
Stearns (1968);

• WNW–ESE striking deformation bands and shear fractures with a
right-lateral kinematic occurring in the forelimb nose of the anticline;

• WNW–ESE and E–W generic fractures in the periclinal closure area
and in the forelimb nose of the anticline.
Fig. 14. Schematic interpretation of the kinematic evolution of the Sierra de La Candelaria anticlin
produced the regional anticline. (E) A scheme of the different mesostructures associated to the
of the anticline. See text for details.
In the late stage of inversion, the northern portion of the regional an-
ticline was dissected by a NNW–SSE oblique fault plane. It dissects the
main anticline enhancing the development of the Balboa and Termas
minor anticlines, in agreement with Barcelona et al. (2014). The occur-
rence of this fault characterized by reverse dip-slip and left-lateral
strike-slip components defines a positive flower-like structure with as-
sociated minor NW–SE faults. These latter splay off the NNW–SSE fault
plane in the sense of Riedel shears with a left-lateral strike-slip
transtensional kinematic (Fig. 14C). Different meso-structures, charac-
terizing the outcrops of Anta Formation in correspondence to the Termas
anticline, testify the strike-slip kinematic along these faults:

• NNW–SSE left-lateral faults and the associated Riedel shears occurring
in the periclinal closure area;

• NNW–SSE striking deformation bands recorded in the backlimb of the
anticline;

• N–S, NW–SE and NE–SW generic fractures occurring in the backlimb
and in the forelimb of the anticline.

In the younger strata of theGuanaco Formation (Jujuy Subgroup), NS
and ENE–WSW trending fractures are compatible to the latest strike-
slip motion along NNW–SSE lineaments and faults mapped in the area
of the Hotel Termas.

A strike-slip kinematic is also recorded in the strata of Pirgua Sub-
group, in the area of Ceibal and Anta Yaco, and in correspondence to
theBalboa anticline. In detail, in this latter area, NW–SE andN–S striking
deformation bands and N–S, NW–SE and NE–SW generic fractures tes-
tify the occurrence of this kinematic. On the contrary, the left-lateral
strike-slip fault trending NE–SW and off-setting the stratigraphic suc-
cession in the area of Ceibal, is better recorded at the outcrop scale
from fractures striking E–W, NE–SW and WNW–ESE. The map view
analysis suggests that this fault occurred after fold development. Fur-
thermore, the occurrence of the highest frequency of the fracture sets
related to the NE–SW strike-slip fault in the strata of Pirgua Subgroup
suggests that this fault was active after the deposition of the units of
Salta Group and before the deposition of Jesús María Formation in
which they are not observed. At the same time, the ENE–WSW left-
lateral shear fractures occurring along the limbs of Termas anticline
are correlable to this deformative event.

Later on, in the late stage of inversion, in the central and northern
portions of the structure, E–W trending normal faults dipping both to
the north and to the south dissect main compressive and transpressive
deformation (Fig. 14D). These faults are interpreted to occur in the final
stage of the regional fold growing generated by an extension perpendic-
ular to fold axis on the base of cross-cut relationships. This latter event
chronology differs from Iaffa et al.'s reconstruction (2013) that con-
siders these faults as passively inherited Cretaceous normal faults. At
the outcrop scale, the E–W conjugate system of extensional fractures
and the ENE–WSW and E–W normal faults occurring in the strata of
Anta Formation in correspondence to the backlimb nose of Termas anti-
cline are interpreted to reflect this final stage of the folding process.

The original results presented in this paper allow us to propose a ki-
nematic evolutionarymodel of the area in an integrated framework that
was missing in the past literature. Previous structural investigations of
the area provided a kinematic interpretation invoking only a generic
model of positive inversion based on structural pieces of evidence col-
lected at regional scale (Moreno Espelta et al., 1975; Cristallini et al.,
1997; Seggiaro et al., 1997; Iaffa et al., 2011; Iaffa et al., 2013). On the
other hand, the new interpretation takes into account a refined
e. It shows the (A) early, (B) intermediate and (C, D)mature stages of the deformation that
early (pink color), intermediate (blue) andmature deformation stages (green and orange)
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kinematic model of progressive positive inversion based on data at var-
ious scales, that explains the formation of the regional anticline, the
later flower-like structure and the normal faults that dissect it.

We consider that the pre-orogenic normal faults have exerted a
strong control on the nucleation and localization of the subsequent
thrust ramp development (e.g. Hayward and Graham, 1989). Accord-
ingly, the basement-involved normal fault responsible of the uplift of
the anticline, may be transpressionally reactivated as an oblique thrust
ramp during the thrust system emplacement since it had a trend
oblique with respect to the compression direction (i.e. oblique or
transpressional inversion; Butler, 1982; Crane, 1987; McClay, 1989;
Lacombe and Mouthereau, 2002). Therefore, a push-up geometry
formed during the positive inversion produced the two minor anti-
clines: Termas and Balboa.

Many examples derived from seismic interpretation and analogue
modeling have demonstrated that in a positive inversion, push-up ge-
ometries are related to the transpressional reactivation of pre-existing
normal faults (Cooper and Warren, 2010; de Jager, 2003; Deeks and
Thomas, 1995; Harding, 1985; Krzywiec et al., 2003; McClay, 1989;
Pace and Calamita, 2013; Pace et al., 2012; Vejbaek and Andersen,
1987).

7.2. Implications for geothermal exploration

The results of the qualitative and quantitative structural analysis,
carried out on the reservoir and cap rocks, together with the DFN
model performed on the reservoir of the studied geothermal system,
show that tectonic and fracture network affect fluid circulation
(Maffucci et al., 2012a).

NNW–SSE andNE–SW fault planesmarking the late stage of positive
inversion, can be considered the main structures controlling the migra-
tion paths of hot fluids from the reservoir to the surface as demonstrat-
ed by some associated calcite-filled fractureswell exposed in the area of
Ceibal and of the Balboa and Termas anticlines. These mineralized frac-
tures are not included in the DFN model since they are considered im-
permeable at present for self-sealing processes. Nevertheless, the
results of the fracture modeling show that generic fractures with the
same orientation, related to the same deformative stage, are character-
ized by the highest values of permeability (Table 3).

In particular, in the area of the Balboa anticline, the upscaling process
confirms that the highest values of the secondary permeability are due
to the N–S, NNW–SSE and NNE–SSW striking fractures (sets IB, I and
IIA, respectively) characterized by the highest values of aperture and
frequency (Tables 2, 3). At the same time, in the area of Ceibal, modeling
shows that the secondary permeability is mainly due to the ENE–WSW
and NNE–SSW striking fractures (set II and IIA). On the contrary, the
lowest permeability values are localized on the backlimb of the main
anticline, in theAnta Yaco area (Fig. 13). It dependsmainly on the lowest
values of aperture of fractures in this area.

Due to the lack of outcrops of the reservoir rock in the northern nose
of Termas anticline we do not know how fracture network influences
fluid circulation in this area at depth. However, fieldwork observations
on the overlying cap rock allowus to assume that it played an important
role in the upward water flow at surface as we observed that most N–S
striking fractures are filled with calcite mineralization.

As a whole, the DFN model performed in the reservoir volume indi-
cates that fracture network enhances its permeability. The results show
that the reservoir secondary permeability is of about 49mD and that its
fractured portion represents the 0.03% of the total volume.

Furthermore, the variation of the permeability values in the different
sectors of the analyzed structure suggests that the fault planes, respon-
sible of the flower-like structure geometry of the Sierra de La Candelaria
anticline, may produce a reservoir compartmentalization and their con-
finement at depth.

In this framework, we interpret that the fault planes trending NE–
SW and NNW–SSE in the areas of Ceibal and Hotel Termas, respectively,
represent paths along which fluids move to the surface, occurring with
the alignment of the well known hot springs. Moreover, the two faults
that confine the reservoir in the three-dimensional reconstruction
(the inverted Cretaceous normal fault that borders the anticline to the
east and N–S lineament to the west) may act as barriers for the motion
of the fluid at depth. Furthermore, taking into account the meteoric or-
igin of the geothermal fluids of the Hotel Termas area (Seggiaro et al.,
1997), supported by recent isotopic analysis (Chiodi et al., 2012a,b;
Invernizzi et al., 2014; Maffucci et al., 2012b), the E–W trending normal
fault, dipping to the north and occurring in the central sector of the an-
ticline, together with the outcrops of the permeable sandstones of
Pirgua Subgroup, may guarantee the effective infiltration of water at
depth (Barcelona et al., 2013; Invernizzi et al., 2014; Pierantoni et al.,
2012; Seggiaro et al., 1997).

Coupling these results together with the maximum depth values
reached by the reservoir (top deeper than 2 km in the area of the north-
ern sector of the regional anticline), the effectiveness of the cap rock in
the different areas of the anticline (Di Paolo et al., 2012), the recently
performed hydrogeological model of this structure (Invernizzi et al.,
2014), we suggest that most favorable site for the potential future ex-
ploitation of the geothermal fluids in the Rosario de La Frontera area is
located along the northern buried plunge of the Balboa anticline. This
hypothesis is further supported by the presence of a low resistivity
anomaly, recently detected by means of AMT investigation (Barcelona
et al., 2013), that indicates the occurrence of fluids preserved at shallow
depths in the Pirgua Subgroup coarse deposits at the core of the Balboa
anticline.

8. Conclusion

In this contribution we present the results of the reconstruction
of the deformation history of the Sierra de La Candelaria anticline
on the base of structural analysis performed at various scales with
the goal to provide a robust tectonic model of the geothermal system
of Rosario de La Frontera that was missing in the past literature. The
new interpretation takes into account a multi-stage model of posi-
tive inversion that explains the formation of the regional anticline,
the later flower-like structure and the normal faults that dissect it.

Furthermore, the results of the qualitative and quantitative struc-
tural analyses, carried on the reservoir and cap rocks, together with
the fracture modeling performed on the reservoir of the studied geo-
thermal system, show that tectonic and fracture network affect fluid
circulation at depth and control fluid natural upwelling at surface in
correspondence to the Hotel Termas and Ceibal areas. In this frame-
work, we interpret that the NNW–SSE and NE–SW fault planes, asso-
ciated to the late stage of positive inversion, represent the main
structures controlling the migration paths of hot fluids from the res-
ervoir to the surface.

The results of the DFNs corroborate this interpretation showing
that the highest values of secondary permeability are due to the frac-
ture sets related to these fault planes. As a whole, the modeling per-
formed indicates that fracture network enhances the permeability of
the reservoir.

In conclusion, this work highlights the key role of fieldwork
observations in analyzing fractured reservoirs when geophysical
data are not available (well data such as cores, borehole images,
wireline logs, 3-D seismic profiles).

The proposed methodology allows assessing the quality of the
geothermal reservoir of Rosario de La Frontera system, on the base
of computation of its secondary permeability. It represents an effec-
tive alternative to other approaches that are more informative but
rarely available. Furthermore, this approach should be taken into
account as input to dynamic models and may be greatly improved
with additional geological and geophysical data (seismic data,
geomechanics, etc.) in order to compute the hydraulic fracture prop-
erties and to turn the 3-D DFN into a 3-D fracture porosity and
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permeability model suitable for dynamic reservoir simulation and
prediction.
8.1. Software

The geological map was elaborated with Esri ArcGis 10. Move 2013
(Midland Valley Ltd.) was used to produce the 3-D geological model
and the DFNmodel. The geometric analysis ofmesostructureswas com-
puted through the software DAISY3.0 (http://host.uniroma3.it/progetti/
fralab/). Fracture length distributions and fisher models (mean orienta-
tions and standard deviation) were elaborated using the software
EasyFit and the stereo plot tool integrated in Move, respectively.
Adobe Illustrator CS5 was also used to produce all the figures.
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