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Abstract

Cap rock characterization of geothermal systems is often neglected despite fracturing
may reduce its efficiency and favours fluid migration. We investigated the siliciclastic cap
rock of Rosario de La Frontera geothermal system (NW Argentina) in order to assess its
guality as a function of fracture patterns and related thermal alteration.

Paleothermal investigations (XRD on fine-grained fraction of sediments, organic matter
optical analysis and fluid inclusions on veins) and 1D thermal modelling allowed us to
distinguish the thermal fingerprint associated to sedimentary burial from that related to fluid
migration.

The geothermal system is hosted in a Neogene N-S anticline dissected by high angle
NNW- and ENE-striking faults. Its cap rock can be grouped into two quality categories:

e rocks acting as good insulators, deformed by NNW-SSE and E-W shear
fractures, NNE-SSW gypsum- and N-S-striking calcite-filled veins that
developed during the initial stage of anticline growth. Maximum paleo-
temperatures (<60 °C) were experienced during deposition to folding phases.

e rocks acting as bad insulators, deformed by NNW-SSE fault planes and NNW-
and WNW-striking sets of fractures associated to late transpressive
kinematics. Maximum paleo-temperatures higher than about 115 °C are linked to
fluid migration from the reservoir to surface (with a reservoir top at maximum depths

of 2.5 km) along fault damage zones.



This multi-method approach turned out to be particularly useful to trace the main
pathways of hot fluids and can be applied in blind geothermal systems where either
subsurface data are scarce or surface thermal anomalies are lacking.
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1. Introduction

Characterization of geothermal systems is strongly focussed on quality assessment of
reservoir rocks by evaluating and predicting primary and secondary permeability (Dobson
et al., 2013; Giordano et al., 2013; Invernizzi et al., 2014). As most geothermal reservoirs
are hosted in fractured rock media, scientific studies deal with analyses and modelling of
fracture network (Barton et al., 1997; Wang and Ghassemi, 2011; Ghassemi, 2012; Mdiller
et al., 2010; Maffucci et al., 2012, 2013, 2015; Rahman and Rahman 2013; Phillip, 2015).
Less attention has been generally addressed to the characterization of cap rocks of
geothermal systems that may dominantly contribute to the maintenance of enthalpy and
temperature through time (Todesco and Giordano, 2010). Cap-rock efficiency , is mainly
evaluated by thickness (Timlin, 2009), thermal alteration (Corrado et al., 2014) and
integrity determinations (Carapezza et al., 2015) but can be affected and reduced by
fracturing related to folding, thrusting and tectonic inversion. In turn, fracture patterns may
trigger hot fluid circulation and neoformation of temperature-dependent minerals that may
provide insights on levels of thermal alteration (Rossetti et al, 2011; Corrado et al. 2014,
Vignaroli et al., 2015).

In this paper, we discuss the relationship between fracturing and thermal alteration of the
cap rock of the Rosario de La Frontera geothermal system in the outer zone of the
Andean retrowedge (NW Argentina). This active geothermal system is characterized by
several hot springs mainly occurring at the northern edge of the Sierra de La Candelaria

anticline, close to the town of Rosario de La Frontera (Moreno Espelta et al., 1975;
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Seggiaro et al.,, 1995; Pesce and Miranda, 2003; Invernizzi et al., 2014; Chiodi et al.,
2015). At depths, reservoir rocks are fractured sandstones of the Cretaceous syn-rift
deposits (Pirgua Subgroup) and cap rocks are low permeability post-rift and syn-orogenic
deposits (Balbuena and Santa Béarbara Subgroups, and Metan Subgroup respectively;
Moreno Espelta et al., 1975; Seggiaro et al., 1995, 2015; Invernizzi et al., 2014; Chiodi et
al., 2015; Maffucci et al., 2015).

X-ray diffraction of clay minerals, organic matter optical microscopy and fluid inclusions
microthermometry and petrography on veins fillings (Aldega et al., 2007; Corrado et al.,
2010) allowed unraveling the thermal evolution of the couple reservoir + cap rock of the
geothermal system with the aid of 1D conductive thermal modelling. The comparison
among features and distribution of fractures and paleothermal indicators allowed us to
define the main pathways of hot fluids and their role onto thermal alteration of the cap rock
by distinguishing the thermal fingerprint associated to sedimentary burial from that related
to fluid migration.

The tectonic evolution of the Sierra de La Candelaria ridge during the Andean
orogeny is a common example of positive inversion producing deformation patterns
at various scales. The identification of modes and sequence of deformation, as well
as of the paleothermal imprint of the fracture patterns, opens new perspectives on
the detection of cap rock efficiency of geothermal systems hosted in fold-and-thrust
belts. This approach, traditionally used in oil and gas exploration, represents a
straightforward and brand-new workflow to be applied in areas of complex

deformation patterns.

2. Geological setting

In NW Argentina, the most external and less culminated structures of the Andean retro-
wedge crop out in the Subandean foreland fold-and-thrust belt (Fig. 1). These structures
generally consist of anticlines mainly associated with thrusts or reverse faults formed
during the Cenozoic Andean shortening ( Allmendiger et al., 1983; Jordan et al., 1983;
Jordan and Allmendiger, 1986; Salfity et al., 1993; Cristallini et al., 1997; Reynolds et al.,
2000; Ilaffa et al.,, 2013). However, along-strike differences in tectonic style led to
subdivide the Subandean foreland fold-and-thrust belt into three different structural
provinces that are, from north to south, the thin-skinned Subandean Ranges, the thick-
skinned Santa Barbara System and the deep-seated basement thrust of the Sierra
Pampeanas (Ramos, 1999; Kley et al., 1999; Kley and Monaldi, 2002; Fig. 1).



In NW Argentina (NOA), numerous thermal springs, associated to medium- and low-
enthalpy geothermal systems, occur along the positive structures of these different
foreland segments (Pesce and Miranda, 2003). Among them, Rosario de La Frontera, in
the Salta province, represents one of the most important geothermal systems for the high
temperature of its hot springs (up to about 90 °C at surface; Seggiaro et al., 1995, 2015;
Pesce and Miranda, 2003; Chiodi et al. 2012a, 2012b, 2015; Invernizzi et al., 2014). This
geothermal system belongs to the Sierra de La Candelaria anticline cropping out in the
southernmost portion of the Santa Barbara System ( Kley et al., 1999; Gonzélez et al.
2000; Salfity and Monaldi 2006; Fig. 1). Sierra de La Candelaria consists of an about 50
km-long and up to ten km-wide asymmetrical anticline developed at the hanging wall of a
N-S high-angle inverted normal fault bordering the anticline to the east (laffa et al., 2013;
Seggiaro et al., 1997, 2015; Maffucci et al., 2015; Fig. 2a). The main stratigraphic units
and the related tectonic events that characterized the anticline are summarised in the
chronostratigraphic scheme of figure 2b. The Precambrian basement (Medina Formation)
made up of low grade metasedimentary rocks crops out at the anticline core (Bossi,
1969; Ramos, 2008; Figs. 2a, b). The oldest rocks that unconformably overlie the
basement belong to the Cretaceous to Paleogene continental rift deposits of the Salta
Group comprising three units that are, from bottom to top: Pirgua, Balbuena and Santa
Barbara Subgroups (Moreno, 1970; Reyes and Salfity, 1973; Salfity and Marquillas, 1981;
Gomez Omil et al., 1989). The Pirgua Subgroup is interpreted as a syn-rift deposit
associated to the formation of the Salta Basin, whose deposition was strongly controlled
by extensional faults (Turner, 1959; Fig. 2b). The Pirgua Subgroup is mainly represented
by red breccias, conglomerates, sandstones and shales of continental origin, deposited in
alluvial fans and fluvial plains environments (Gémez Omil et al., 1989; Moreno, 1970;
Reyes and Salfity, 1973; Salfity and Marquillas, 1981). To the top, these deposits evolve
into the post-rift Balbuena and Santa Barbara Subgroups (Salfity and Marquillas, 1981,
Turner, 1959; Fig. 2b). These Subgroups are mainly represented by limestones of the
Yacoraite Fmand shales of the Mealla Fm deposited in lacustrine, shallow marine and
continental environments (Moreno, 1970; Bonaparte et al., 1977; Marquillas et al.,
2005).

The Oran Group (Middle Miocene-Pleistocene, Russo and Serraiotto, 1979) widely crops
out in the northern sector of the anticline, unconformably overlying the Salta Group. The
Oran Group includes the lower Metan and the upper Jujuy Subgroups (Figs. 2a, b). In the
study area, the Metdn Subgroup is mainly constituted by the Anta Fm that has a thickness
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up to about 700 m (Moreno Espelta et al.,, 1975) and is made up of well stratified
sandstones, laminated shales and massive quartzarenites with gypsum interlayers. The
Anta Fm is overlied by the sandstone-dominated Jesus Maria Fm (Metan Subgroup) with a
thickness of about 450 m and the gravel-rich sandstones of the Guanaco Fm (Jujuy
Subgroup), about 500 m thick (Moreno Espelta et al., 1975).

The kinematic evolution of the Sierra de La Candelaria anticline was recently described by
Maffucci et al. (2015) who consider a multi-stage evolutionary model characterized by
positive inversion of a rift related-normal fault, strike-slip and extensional tectonics.
Accordingly, the anticline formed as the result of the reactivation, during the Andean
orogenesis, of a N-S Cretaceous normal fault bordering the anticline along its eastern
margin (laffa et al.,, 2011). The subsequent development of a NNW-SSE-striking
transpressive fault with a left-lateral strike-slip component, led to a positive flower-like
structure. Furthermore, E-W normal faults, dissecting the anticline in its central portion,
formed in the final stage of folding to accommodate fold culmination (Maffucci et al., 2015).
The conceptual model of fluid circulation consists of two aquifers developed at different
depths and detected on the basis of geochemical, hydrogeological (Invernizzi et al., 2014;
Chiodi et al., 2015) and audio-magnetotelluric (Barcelona et al., 2013) investigations. The
deepest hydrothermal reservoir, hosted within the Cretaceous Pirgua Subgroup deposits,
is mainly recharged by metearic water (Invernizzi et al., 2014; Chiodi et al., 2015; Seggiaro
et al., 2015) and shows a Na—HCO3; composition with significant contributions of crustal
CO; and He from mantle degassing (Chiodi et al., 2015). The uprising thermal fluids mix
with a relatively high salinity Na—Cl dominated shallower aquifer produced by the
interaction of meteoric water with evaporite deposits of the Anta Fm (Chiodi et al., 2015).
As a result, in proximity of the northern plunge of the ridge, close to the Hotel Termas spa
and a few km to the south of Rosario de La Frontera village, several hot springs occur
(Fig. 2a). They record surface temperatures up to 90°C (Pesce and Miranda 2003; Chiodi
et al. 2012a, 2012b, 2015; Fig. 3a).

3. Methods and materials

A suite of 23 samples for paleothermal analyses was collected from the Pirgua Subgroup
and Yacoraite, Anta and Jesus Maria Fms along the Sierra de La Candelaria anticline
either far away from hot springs, to check the maximum burial conditions of the
sedimentary succession (Anta Yaco area), or close to hot springs, to determine

hydrothermal fluid alteration (Hotel Termas area) (Fig. 2a). In detail, in the Anta Yaco area,
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samples for X-ray diffraction (XRD) analysis come from the thick arenaceous-pelitic beds
of the Pirgua Subgroup, and from the siltite and pelite layers of the Yacoraite and Anta
Fms. Close to hot springs, pelite layers of the Anta and Jesus Maria Fms were sampled
(Figs. 2 and 3; Table 1).

For the organic matter optical microscopy analysis, samples belong to organic-rich layers
of the Yacoraite Fm that were collected in the south-western limb of the anticline (Anta
Yaco area) (Figs. 2 and 3a; Table 1).

Samples for fluid inclusion studies were collected from calcite and gypsum-filled veins

occurring in the Anta Fm, in the Hotel Termas area (Fig. 3a; Table 1).

3.1 X-Ray Diffraction

Qualitative and semi-quantitative analyses of whole-rock composition and of the < 2 ym
grain-size fraction (equivalent spherical diameter) were performed with a Scintag X1 X-ray
system (CuKa radiation) at 40 kV and 45 mA. Randomly oriented whole-rock powders
were run in the 2—70° 26 interval with a step size of 0.05° 26 and a counting time of 3 s per
step. Oriented air-dried and ethylene-glycol solvated samples were scanned from 1 to 48°
20 and from 1 to 30° 26 respectively with a step size of 0.05° 20 and a count time of 4 s
per step. The illite content in mixed layers 1-S was determined according to Moore and
Reynolds (1997) by using the delta two-theta method after decomposing the composite
peaks between 9 and 10° 206 and 16-17° 28. The |-S ordering type (Reichweite
parameter, R; Jagodzinski, 1949) was determined by the position of the 1001-S001
reflection between 5 and 8.5° 26 (Moore and Reynolds, 1997). The term R expresses the
probability, given a layer A, of finding the next layer to be B. The R parameter may range
from 0 to 3. RO means that there is no preferred sequence in stacking of layers and that
illite and smectite layers are stacked randomly along the c-axis; R1 indicates that a
smectite layer is followed by an illite layer and that the order of stacking of layers appears
in the interstratification sequence; R3 indicates long-range ordering and that each smectite

layer is surrounded by at least three illite layers on each side.

3.2 Organic Matter Optical Microscopy Whole-rock samples were mounted in epoxy
resin and polished according to standard procedures described in Bustin et al. (1990).
Vitrinite reflectance (R,%) measurements were performed on randomly oriented grains
using the MSP200 equipment on a Zeiss Axioplan microscope, under oil immersion in

reflected monochromatic non-polarized light. On each sample, measurements were
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carried out on unaltered, non-oxidized, and unfractured fragments of vitrinite macerals.
Mean reflectance values were calculated from the arithmetic mean of these

measurements.

3.3 Fluid Inclusion Analyses

An accurate petrographic analysis was performed on 200 um-thick, doubly-polished wafers
to distinguish among different fluid inclusion assemblages (FIAs). In particular, primary and
secondary fluid inclusions, and FIAs related to different growth stages of extension veins
were distinguished. Small fragments of these wafers were selected for microthermometric
determinations, carried out by an USGS heating-freezing stage calibrated at 0 °C, — 56.6
°C and 374 °C with synthetic standards. Measurement accuracy is about £ 1 °C for heating
runs and + 0.1 °C for freezing runs. Freezing and heating measurements over two-phase
liquid/vapour inclusions were repeated twice or three times in order to obtain an average
and representative value for (1) ice melting temperature (Tm ice) and (2) total
homogenization temperature (Th total) (Diamond, 2003). Fluid inclusions showing
anomalous vapour-liquid ratios, necking-down phenomena or deformation due to intense
twinning in calcite crystals were discarded. Th total has been used to define the minimum
trapping temperature during crystallization when re-equilibration processes were
negligible.

3.4 One-dimensional thermal modelling

Burial and thermal history of the Cretaceous-Neogene sedimentary succession was
performed by BASIN MOD-1D (1996) software. Input are from stratigraphic and structural
data (e.g., age and thicknesses of sedimentary units and age of depositional/exhumation
events such as burial, uplift and erosion), physical features of rock units available from
software libraries and literature (pure and mixed lithologies, age and thermal conductivity)
and regional geothermal gradient values (Seggiaro et al., 1995, 2015; Reynolds et al.,
2000; Marquillas et al., 2005; Carrapa et al.,, 2011; Hain et al., 2011; Invernizzi et al.,
2014). The main assumptions for 1D modelling are: (1) rock decompaction factors apply
only to clastic deposits according to Sclater and Christie’s method (1980); (2) sea level
changes are neglected as the thermal evolution is influenced more by sediment thickness
than water depth (Butler, 1992); (3) thermal modelling was performed through LLNL Easy
%Ro method (Sweeney and Burnham, 1990); (4) different geothermal gradients for the
syn-rift (45 °C/km), post-rift and syn-orogenic sedimentation (40 °C/km) guaranteed the
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best fit of paleo-thermal data (Seggiaro et al., 1995, 2015; Di Paolo et al., 2012; Invernizzi
et al., 2014; Chiodi et al., 2015).

Burial curves were calibrated against R,% and 1% in mixed layers I-S , according to the
paleothermal correlation proposed by Merriman and Frey (1999) and modified by Caricchi
et al. (2015).

4. Results

4.1 Structural analyses

Structural analyses were performed along the Sierra de La Candelaria anticline both far
away and close to hot springs (Anta Yaco and Hotel Termas area, respectively) in order to
understand the influence of different discontinuities, and of the related deformation events
affecting the anticline, on fluids migration. More than 200 structural data allowed us to
recognize the deformation phases that affected the anticline during its evolution.

In the Anta Yaco area, far away from hot springs, the Pirgua Subgroup and
Yacoraite Fm are characterized by E-W-striking syn-folding shear fractures dipping
80° to SE with right-lateral sense of motion (Figs. 4a, b). Shear fractures are
organized in a systematic set with a regular spacing of 15 cm in the sandstones of
the Pirgua Subgruop, which increase up to 30 cm in the limestones of the Yacoraite
Fm. This systematic fracture set is interpreted as the result of the initial stage of
folding of the Sierra de La Candelaria ridge due to the WNW-ESE Andean shortening
(Marrett et al., 1994; Maffucci et al., 2015). The Anta Formation shows a pervasive
system of conjugate and subvertical shear fractures striking NNW-SSE and E-W.
They are interpreted as Type | fracture array of Stearns (1968) and are consistent
with the Andean shortening direction (Fig. 4c).

Differently, in the Hotel Termas area, close to hot springs, both syn-folding and
post-folding features were observed in the Anta Fm. Syn-folding features are mainly
represented by bedding parallel gypsum-filled veins that strike NNE-SSW (Figs. 5a,
d). Gypsum veins have a rectilinear shape and millimetric thickness. Gypsum within
the veins grows either perpendicular or oblique to the vein walls. The former
orientation of gypsum crystals indicates layer decompression (03 normal to
bedding, o1 horizontal) associated to the initial stage of folding whereas oblique
crystals grow as result of shear along bedding (flexural slip).

N-S-striking joints and calcite-filled veins are also interpreted as syn-folding

features suggesting an extension sub-parallel to the fold axis trend (Fig. 5d).
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Conjugate systems of subvertical shear fractures roughly striking NNW-SSE and E-
W occur as well (Type [; Stearns, 1968).

The development of NNW-SSE oblique fault planes and the occurrence of NNW- and
WNW-striking sets of fractures and calcite-filled veins are the result of the second
phase of deformation that affected the Sierra de La Candelaria ridge linked to
transpressive kinematics. Fault segments strike NNW-SSE and steeply dip to SW
with a dominant strike-slip motion (slickenlines pitch lower than 25°) and a minor
left-lateral kinematics (Figs. 5b, d). Subsidiary Riedel planes strike N50°W with
slickenlines striking N330° and N290°.

E-W and ENE-WSW-striking normal fault planes dipping to the north, record the
final stage of the anticline development indicating an extension perpendicular to
fold axis (Figs. 5c, d). Slickenlines on fault planes often show the superposition of a
dip-slip motion (slickenlines pitch between 70° and 120°).

4.2 X-Ray Diffraction

Rocks with syn-folding features

In the anta Yaco area, far away from the hot springs, the top of the Anta Fm is mainly
composed of phyllosilicate minerals (68%) and subordinate amounts of plagioclase (23%),
quartz (7%) and k-feldspar (2%) (Table 1). In the < 2 ym grain-size fraction, mineralogical
assemblage of sample AR11 collected at the top of the formation differs from that of
sample AR29 collected at its base. The top layer is constituted by mixed layers I-S (67%),
illite (32%) and minor amounts of chlorite (1%) whereas the bottom layer is mainly
characterized by an illite-rich composition (85%) followed by chlorite (10%) and mixed
layers I-S (5%). Mixed layers I-S are random ordered structures with an illite content of
25% for the top layer and 50% for the base of the Anta Fm (Figs. 3, 6a).

The underlying Yacoraite Fm is generally characterized by phyllosilicate (73-89%), albite
(5-12%) and quartz (3-8%), and small amounts of k-feldspar that do not exceed 2%.
Occasionally, zeolite minerals such as laumontite and analcime, carbonate minerals as
calcite and iron oxides occur (Table 1). Among the phyllosilicates, illite and mixed layers I-
S are the main constituents of the clay fraction whose contents depend on the sampled
lithology. In detall, illite prevails on mixed layers I-S in silt-rich layers (AR10), and the
reverse is true for clay-rich layers (AR5 and AR7) where the weight percent of mixed
layers I-S ranges from 79 to 86% (Table 1). Mixed layers I-S are mainly constituted by
random ordered structures (R0O) with an illite content of 20% that indicates the diagenetic

signal of the basin. Only in sample AR7b two populations of mixed layers I-S coexist,
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indicating a detrital supply derived from high thermal maturity rocks (long range ordered
structures R3) which superimposes on the diagenetic phases (RO I-S) (Fig. 3).

In the syn-rift deposits of the Cretaceous Pirgua Subgroup, illite and mixed layers I-S occur
in the < 2 um grain-size fraction with amounts of 80% and 20%, respectively. Two
populations of mixed layers I-S have been identified, one is represented by high
expandable mixed layers I-S with an illite content of 20%, the other by short range ordered
structures (R1) with an illite content of 75% (Table 1, Fig. 3).

Fine-grained sandstones of the Miocene Jesus Maria Fm, close to hot springs, display a
whole rock composition made of phyllosilicate minerals (72%), quartz (12%), plagioclase
(10%), calcite (4%) and hematite (2%) (Table 1). The clay fraction is composed of 91% of
mixed layers I-S and low amounts of illite (7%) and chlorite (2%). Mixed-layers I-S are
random ordered structures with illite layers of 20%.

The underlying Anta Fm is generally characterized by phyllosilicates (70-85%), plagioclase
(3-6%), quartz (2-16%), analcime (1-7%) and small amounts of Kk-feldspar (2%).
Occasionally, carbonate minerals such as calcite and ankerite, and gypsum occur as veins
filling (AR19b) or in the matrix of fractured rocks.

Two lithology dependent mineral assemblages were found in the clay fraction. Shales
(AR1, AR16, AR17) are mixed layers I-S rich (>70%), with subordinate amounts of illite
and traces of chlorite. Siltites (AR19, AR21) are illite rich with amounts higher than 79%
and contain mixed layers I-S. Chlorite occasionally occurs.

Mixed-layers I-S for both lithologies are random ordered structures with an illite content

ranging between 20 and 30%.

Rocks with post-folding features

A complex association of mixed layered clay minerals was found in the < 2 ym grain-size
fraction of the Anta Fm, close to hot springs. Samples AR14a and b are characterized by
mixed layers chlorite-smectite, whereas samples AR12, AR15 and AR30 by mixed layers
illite-smectite. In particular, sample AR12 displays two populations of mixed layers I-S. The
first population consists of random ordered structures with low illite layers (20%) consistent
with data of rocks affected by syn-folding deformation and the second population is
made up of low expandable long-range ordered I-S with illite contents of 80%. One
population of mixed layers I-S occurs in samples AR15 and AR30 with high contents
(80%) of illite layers and R3 stacking order (Fig. 6b).
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The occurrence of either mixed layer chlorite-smectite or low expandable I-S indicate the
interaction with high temperature geothermal fluids. In fact, in active hydrothermal
systems, both subaerial and submarine, the first appearance of mixed layers chlorite-
smectite was reported between 150 and 200 °C, and its presence was noted up to
temperatures of approximately 300 °C (Schiffman and Fridleifsson 1991; Shau and Peacor
1992). Comparison with temperature models for |-S geothermometry suggests a
temperature for the occurrence of long-range ordered I-S of at least 165 °C (Srodon,
1999).

4.3 Organic Matter Optical Microscopy

Reflected light optical microscopy analyses of the Yacoraite Fm. allowed recognizing a
prevalence of indigenous fragments of the huminite-vitrinite group macerals and a less
abundant population of reworked inertinite fragments. The indigenous vitrinite fragments
show reflectance values of about 0.6-0.7% indicating the early-mid mature stage of
hydrocarbon generation (Table 1 and Fig. 3a).

4.4 Fluid Inclusion Analyses

Petrographic analyses on double polished wafers mainly show the presence of mono-
phase primary inclusions and scarcely healed microfractures with secondary inclusions in
all samples (Fig. 7). This, together with an inhomogeneous distribution of vapour phase in
the less abundant two-phase inclusions, suggests an entrapment temperature below 50-60
°C (immiscible liquid and vapour) (Fig. 3; Table 1). Nevertheless, sporadic two-phase fluid
inclusion assemblages with homogeneous vapour distribution characterize sample AR12
(Fig. 7a).

Homogenization temperatures (Th) of 115 °C and ice melting temperatures (Tm) of -0.4-
0.8 °C measured in a dozen of inclusions within calcite crystals provide constraints on
trapping temperature and fluid salinity, respectively.

Tens of primary and secondary liquid inclusions were observed in sample AR19 within
gypsum and calcite crystals confirming an entrapment temperature lower than 50 °C (Fig.
7b).

5. Burial and thermal modelling
Thermal models were performed for the Anta Yaco area, along the southwestern limb of
the Sierra de La Candelaria ridge, far away from the hot springs, in order to define the
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maximum burial conditions (Fig. 8a), and for the Hotel Termas area, in the northern sector
of the anticline, close to hot springs, in order to unravel the hot fluid contribution to thermal
maturity (Fig. 8c).

The reconstructed burial history for the two investigated areas began in Barremian times
with the deposition of the syn-rift deposits of the Pirgua Subgroup (Figs. 8a and c). During
the Cretaceous, sedimentation took place at low sedimentation rates in the basin until the
deposition of the Late Cretaceous-early Paleocene post-rift basinal deposits of the
Balbuena Subgroup that reached a thickness of 150 m (Marquillas et al., 2005). From the
early Paleocene to the lower Eocene, 50 m thick succession of the Santa Barbara
Subgroup sedimented. A hiatus of about 35 Ma in the stratigraphic record occurred from
the lower Eocene to the middle Miocene (Reynolds et al., 2000; Del Papa et al., 2010).
Deposition started again during middle Miocene times with the syn-orogenic sedimentation
of the Metdn Subgroup and continued at high sedimentation rates from late Miocene to
Zanclean times with the sedimentation of the Jujuy Subgroup rocks (Reynolds et al.,
2000). At that time, the sedimentary succession of both areas experienced maximum
burial conditions recording paleo-temperatures of about 115 °C for the syn-rift deposits,
about 95 °C for the post-rift and 85 °C for the syn-orogenic deposits (Fig. 8). The syn-rift
succession, corresponding to the reservoir of the Rosario de la Frontera geothermal
system, experienced a thermal evolution consistent with the early stage of hydrocarbon
generation during Miocene times, whereas the siliciclastic syn-orogenic succession acting
as cap rock, is in the immature stage of hydrocarbon generation.

In addition, fluid inclusions analyses performed in NNE-SSW-striking gypsum-filled veins
and N-S-striking calcite-filled veins of the Anta Fm record entrapment temperatures <
50 °C consistent with the early stage of rift inversion coeval to fold growth (samples AR 17,
19b in Table 1; Fig. 3).

Since the early Pliocene (about 4 Ma ago), the Anta Yaco and Hotel Termas areas
experienced different evolutionary history as a result of the inversion of Cretaceous rift
related normal faults during the Quechua orogenic phase (Carrapa et al., 2011; Barcelona
et al.,, 2014) which uplifted the two sectors at different rates. Differential uplift triggered
erosion that removed about 1,000 m thick succession from the Hotel Termas area to the
north of the Sierra de La Candelaria ridge at rates of 0.25 mm/yr (Fig. 8a) and about 350
m in the Anta Yaco area at rates of 0.09 mm/yr (Fig. 7c). As thermochronometric data are
not available for the areas, the reconstructed burial history represents the most

conservative scenarios where the sedimentary succession experienced the minimum time
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of burial with the onset of exhumation in early Pliocene times. The simplified burial and
thermal models allow an acceptable calibration against mixed layer 1-S and vitrinite
reflectance data, as indicated by the present-day maturity curve of figures 8b and 8d
suggesting that levels of thermal maturity are ruled by sedimentary burial.

Furthermore, we point out that the present-day maturity curve fits paleothermal
indicators also considering the onset of exhumation during Quaternary times as
suggested by Seggiaro et al. (2015).

The conductive thermal model performed in the Hotel Termas area (Fig. 8d), displays the
scarce fitting of the present-day maturity curve with paleothermal indicators derived from
highly fractured rocks. In this case, the occurrence of long-range ordered mixed layer 1-S
indicates a temperature of at least 165 °C (Srodon, 1999) as a result of interaction of high
temperature geothermal fluids circulating in highly fractured rocks. In addition, fluid
inclusions analyses on calcite extensional veins of highly fractured rocks, indicate an
entrapment temperature of about 115 °C consistent with the present-day temperature of
thermal fluids at depths of 2,000 m that are in the range of 100-130 °C (Seggiaro et al.,
1995; Chiodi et al., 2015). These paleofluid temperatures are higher than those currently
measured at surface (71-81 °C, Fig.3) in thermal springs of the Hotel Termas area where a
fluid mixing with shallow depth aquifer can be neglected (Chiodi et al., 2015). This
evidence allows us to suggest that fluid temperature of the geothermal system probably
decreased through time and space (moving from depth toward to the surface).

These pieces of evidence suggest that deformation related to NNW-SSE oblique faults
may have focused hot fluids migration triggering heat convection and localized thermal
alteration of the cap rock (Fig. 9). On the other hand, fractures developed during the early
and the intermediate stages of rift inversion, mainly coeval with fold growth, were not

affected by thermal alteration suggesting that they did not act as fluid pathways.

6. Discussion and conclusion

The analyses of the cap rock fracture patterns and the definition of levels of thermal
maturity of the basin allowed us to distinguish the thermal fingerprint associated to
sedimentary burial from that related to fluid migration, and to trace the main pathways of
hot fluids. As a result, we identified two quality categories for the cap rock: (1) rocks
acting as good insulators deformed during the initial stage of anticline growth and

(2) rocks acting as bad insulators deformed by late transpressive kinematics.
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Cap rocks with syn-folding features are mainly characterized by low levels of thermal
alteration (low contents of illite layers in mixed layers 1-S and vitirinite reflectance values of
about 0.6-0.7%) and by homogenization temperatures of fluid inclusions of about 50 °C
which were experienced during sedimentary burial and early stage of folding. In particular,
the thermal fingerprint of the basin is associated to a progressive increase of the illite
content in mixed layer I-S as a function of stratigraphic age. Mixed layers I-S evolve from
random ordered structures typical of syn-orogenic deposits (Anta, Jesus Maria Fms) to
short-range ordered (R1) structures occurring in the syn-rift deposits of the Pirgua
Subgroup. This evidence is valid for several localities across the regional anticline where
fracture patterns has not enhanced rock permeability.

On the contrary, post-folding fractured rocks are characterized by high levels of thermal
alteration indicated by low expandability mixed layer 1-S and R3 stacking order and by
microthermometric analysis of fluid inclusions on calcite veins, which record
homogenization temperatures of about 115 °C. Temperature-dependent clay minerals and
fluid inclusions suggest a strong water-rock interaction consistent with hot fluids
circulation.

These results indicate that the cap rock of the Rosario de La Frontera geothermal system
regionally acts as a good thermal insulator since low levels of thermal alteration are
ubiquitous along the structure where rocks are poorly deformed but locally fails as NNW-
SSE fractures enhanced secondary permeability driving hot fluids circulation.

In this paper, we improve the model of geothermal fluid circulation proposed by Chiodi et
al. (2015) and Maffucci et al. (2015) showing the primary role of fault and fracture systems
as pathways of hot fluids from the deep reservoir toward the surface (Fig. 9).

The geothermal system of Rosario de La Frontera is mainly recharged by meteoric water
that infiltrates in the central sector of the anticline where fractured sandstones of the syn-
rift deposits (Pirgua Subgroup) crop out. Recharging meteoric waters circulate within the
reservoir rocks and move to the north assisted by primary and secondary reservoir
permeability. In the northern area of the anticline (Hotel Termas area), where the reservoir
is located at depths higher than 2,000 m, fluids have an average temperature of about 115
°C, as indicated by silica geothermometers (Chiodi et al., 2015). In this framework, we
highlight the major role of deep-seated NNW-SSE oblique fault planes and fracture
patterns related to the late transpression kinematics that allowed meteoric fluids to
reach high depths, to let them heat up, and triggering their upflow toward the surface.
As a result, in proximity of the northern plunge of the ridge, close to the Hotel Termas spa,
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several hot springs occur in the proximity of low permeability syn-orogenic deposits of
the cap rock (Anta Fm).

The mid-enthalpy geothermal system of Rosario de La Frontera can be used as a
pilot study for understanding fluids circulation in other geothermal systems
associated to inverted structures in the Subandean foreland fold-and-thrust belt.

In conclusion, the study of thermal maturity of cap rocks has shown how compositional
and structural changes in mixed layers I-S and homogenization temperatures of fluid
inclusions are function of fluid temperature and fractures distribution. We propose that this
approach may turn out to be useful in areas of geothermal interest where either
subsurface data are scarce or surface thermal anomalies are lacking (e.g., blind
geothermal systems).
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Figure and table captions
Fig. 1 Location of the study area (modified after Chiodi et al., 2015).

Fig. 2 (a) Geological map of Sierra de La Candelaria anticline (modified after Maffucci et
al., 2015). (b) Chronostratigraphic scheme showing the main tectonic events controlling
the deposition of the litostratigraphic units (redrawn after Carrera et al., 2006).

Fig. 3 a) Sketch map showing sampling location and analytical results from inorganic and
organic thermal indicators. Stacking order and illite content of mixed layers I-S, vitrinite
reflectance and related standard deviation, and homogenization and melting temperatures
of fluid inclusions are indicated in the boxes. Outlet temperatures of thermal springs
collected in April 2012 are also reported (Invernizzi et al., 2014) b) Stratigraphic column
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showing the sampled stratigraphic units. For each one, the type of deposit and the related
stacking order are also indicated. FHS and CHS indicates samples collected far away and
close to hot springs, respectively.

Fig. 4 Brittle deformation observed in the Anta Yaco area, far away from the hot springs,
and stereographic projections (Schmidt net, lower hemisphere) of the collected
structural data: E-W systematic fracture set occurring in the Pirgua Subgroup (a)
and Yacoraite Fm (b). (c) stereographic projection showing the NNW-SSE- and E-
W-striking conjugate system of fractures in the Anta Fm.

Fig. 5 Examples of the structural discontinuities observed in the strata of the Anta Fm, in
the Hotel Termas area, close to hot springs, and related stereographic projections
(Schmidt net, lower hemisphere): (a) NNE-SSW-striking gypsum extensional veins
related to fold growth. (b) Strike-slip sub-vertical fault plane striking N40°W with a left-
lateral sense of shear. A small pull-apart is formed by extension between the overlapping
fault surfaces. (c) Small normal faults dipping to N150°. (d) Stereographic projections of

structural data (veins, fractures and faults).

Fig. 6 Selected XRD patterns of the <2 um oriented mounts observed in samples collected
from (a) syn-folding fractured rocks, far away from the hot springs (sample AR11) and

(b) post-folding fractured rocks, close to hot springs (sample AR30).

Fig. 7 Fluid inclusions data for the Anta Formation close to hot springs.
Microphotographs show primary and secondary inclusions: (a) secondary two-phase
inclusions from post-folding calcite veins (sample AR12); (b) primary mono-phase
inclusions from syn-folding gypsum veins (sample AR19). Arrows indicate selected
inclusions for microthermometric analysis. In (b) the circled area includes a primary

fluid inclusion assemblage.

Fig. 8 Representative one-dimensional burial and thermal models of the Sierra de La
Candelaria stratigraphic succession performed (a) far away (Anta Yaco area) and (c)
close to hot springs (Hotel Termas area) with an inset of the last 20 Ma. (b) and (d): depth
vs maturity plot constrained by mixed layers I-S and vitrinite reflectance data. Acronyms:
K-Cretaceous; Pal-Paleocene; E-Eocene; O-Oligocene; M-Miocene; P-Pliocene; Q-

Quaternary.
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Fig. 9 Three-dimensional conceptual model of the underground fluid circulation of Rosario
de La Frontera geothermal system (redrawn and modified from Chiodi et al., 2015). In the
northern area of the Termas anticline, fracture patterns formed during fold growth
(black) and the late transpression that took place along the late NNW-SSE fault plane (red)
are shown . The latter fracture pattern represents the preferential pathway of hot fluids

from the reservoir toward to the surface.

Table 1: Summary of inorganic and organic thermal parameters and X-ray diffraction

(XRD) semi-quantitative analysis.
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Highlights

We investigate the thermal state of the geothermal cap rock

We compare features and distribution of fractures with paleothermal indicators
We highlight a localized thermal alteration of the cap rock due to fluid migration
We define the main pathways of hot fluids

We demonstrate that cap rock regionally act as good thermal insulator
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