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Abstract

Exploration methodologies commonly applied in oil and gas research can provide
important information also in the perspective of exploitation and reservoir management of
medium- and high-enthalpy geothermal systems.

The purpose of this study has been to evaluate the possibility of exploitation of the Rosario
de La Frontera geothermal system through a multidisciplinary approach based on the
integration of different methodologies: structural analyses at the outcrop scale, a reservoir
fracture modelling performed with the software Move™ (Midland Valley Exploration
Ltd.), and paleo-thermal analyses (organic matter optical analysis - vitrinite reflectance:
R0%, clay mineralogy by means of X-ray analyses, fluid inclusions analyses on veins and

mono-dimensional thermal and burial modelling with the aid of Basin Mod 1-D software).

The geothermal system of Rosario de La Frontera belongs to the Sierra de La Candelaria
anticline, one of the positively inverted structures cropping out in the Sub-Andean foreland
of the northwestern Argentina. Despite of the occurrence of different thermal sites along
the frontal structures of the Andean retro-wedge, the high temperatures of the thermal fluids
of this system makes it as the most promising site for potential exploitation. Such a
development could contribute to improve the sustainable growth of the cities of the Salta
province.

This active geothermal system is characterized by several hot springs that mainly occur
near the town of Rosario de La Frontera, at the northern edge of the regional Sierra de La
Candelaria anticline, with temperatures ranging between 24° and 90°C. Fractured
sandstones of the Cretaceous syn-rift deposits (Pirgua Subgroup) provide the reservoir of
the geothermal system. Differently, the low permeable post-rift and the syn-orogenic
deposits (respectively, Balbuena and Santa Barbara subgroup, and Metén subgroup) mainly
act as cap-rock. These deposits are deformed in the N-S trending hanging wall anticline
(Sierra de La Candelaria) and dissected by subsequent strike-slip and normal fault planes.
The anticline and the associated structures (faults and fractures) represent the structural
context of the geothermal system.

The current study employs a multidisciplinary approach in order to assess the quality of

the reservoir and cap-rock of the geothermal system. Special regard is devoted to explore



how faults and fractures affect fluids circulation at depth, and control their natural
upwelling to the surface. The adopted methodological approach provide new data on the
evolution of this Sub-Andean foreland structure, previously poorly investigated,
constraining also the burial and thermal history experienced by the studied sedimentary
succession from Barremian to Quaternary ages. Moreover, the integration with published
hydrogeological, geochemical and geophysical (audiomagnetotellurics) data (CUIA project
2010 - International University Cooperation Italy-Argentina) addressed to the elaboration
of a conceptual model of thermal fluids circulation, identifying the best area for drilling-

purposes in perspective of undirect heat uses (electricity production).

Structural and stratigraphic analyses conducted at the outcrop scale allowed to reconstruct
the tectonic evolution of the Sierra de La Candelaria anticline (CHAPTER 3) highlighting
the type and intensity of the deformation that affected the anticline in the different structural
positions. Two main deformation phases were identified: an extension happened during the
Cretaceous rifting and a positive inversion and folding occurred since Upper Miocene
times. Accordingly, the regional anticline formed at the hanging wall of a N-S Cretaceous
normal fault. This high-angle normal fault was reactivated as an oblique reverse fault since
it had an oblique trend with respect to the WNW-ESE Andean shortening direction. The
event of positive inversion can be divided into an early, intermediate and mature sub-stages
of deformation. At the outcrop scale, tectonic stylolites and shears fractures mainly testify
the early develop of the regional anticline. Progressively, in the intermediate stage, an
obliqgue NNW-SSE fault plane enhanced the development of the minor Termas and Balboa
anticlines. In correspondence of these anticlines, fault planes, with the associated Riedel
shears, shear fractures, calcite- and gypsum-filling veins and deformation bands record both
the strike-slip kinematics and the folding process related to inversion. E-W and ENE-WSW
normal faults and extensional fractures are mainly associated to the mature stage of the

deformation, recording the final stage of the folding process.

The performed three-dimensional model of the anticline together with the reservoir
fracture modelling (CHAPTER 4) addressed to reservoir evaluation: i.e. lateral extent,
thickness and volume, tectonic features, porosity/permeability patterns, possible reservoir
compartments.

The results show a reservoir volume of 53 Km?® with a mean thickness of 450 m, confined

to the east by the main high angle thrust fault that borders the anticline on the eastern side
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and to the west by a continuous, almost N-S oriented, lineament well visible on remote
sensing images. To the north, it is delimited by a normal fault plane trending E-W and
dipping to the north. Whereas, to the south, the reservoir is confined by its outcrops and by
a NE-SW strike-slip fault occurring in the Ceibal area. In the northern sector of the
anticline, at the northern edge of Termas and Balboa anticlines, the reservoir deposits reach
the maximum depths of ~2,100 m and ~2,400 m, respectively.

Focusing on this northern portion of the regional anticline considered as the most
interesting for different heat uses since the thermal fluids reach the highest temperatures, a
reservoir volume of 28 Km?® with a fracture portion of 0.001 Km?3 were computed.
Furthermore, 1.89*10'7 J of extractable geothermal heat was calculated from the reservoir
portion where temperature exceeds 60°C, at least for direct heat uses.

The reservoir fracture modelling confirm the interest for this area because of the high
values of the computed secondary permeability and porosity (4.2E-04 and until ~20mD,
respectively) as a result of the intensive brittle deformation that affect this portion of the
anticline. The modelling also shows the highest secondary permeability values in the
direction parallel to the strike of the main NNW-SSE fault plane. These results allow
considering this fault plane as the main structure controlling the migration path of hot fluids
at depth and their upwelling from the reservoir to the surface, as also demonstrated by
associated calcite-filled veins. At the same time, the NNW-SSE fault plane may act as a

barrier to fluid flow, producing a reservoir compartimentalization.

Paleo-thermal analyses conducted on the cap-rock of the geothermal system (CHAPTER
5), well exposed in this northern portion of the regional anticline, suggest that it acts as a
good insulator. Clay mineralogy analyses indicate a low thermal maturity of these deposits
with low amounts of illite in 1-S mixed layers, comparable with the thermal maturity
detected on the same deposits exposed along the western limb of the anticline, far away
from the influence of the hot springs. Thermal and burial models reconstructed in the two
investigated areas of the anticline, far away and close to the area of the hot springs,
demonstrate that this thermal maturity represents the result of the burial history experienced
by the cap-rock under a geothermal gradient of about 40 °C/Km stabilised after the rifting
event. Furthermore, as demonstrated by vitrinite reflectance data computed for the post-rift
Yacoraite Formation (0.6-0.7%), the rift succession experienced a thermal evolution
compatible with late diagenetic conditions in the early stages of hydrocarbon generation

during Upper Miocene times.
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A high degree of the cap-rock thermal alteration (80% of illite in I1-S mixed layers) occurs
in correspondence of its most fractured portions. The R3 structures do not fit the performed
purely conductive 1D thermal models. These results together with fluid inclusion analyses,
that indicate an entrapment temperature (Th) of 115°C on the same fractured outcrops,
suggest that hot fluids circulation may have played a key role in the thermal alteration of
the cap rock only where it was intensely fractured. In this framework, deformation due to
strike-slip kinematics rather than to folding process may have focused hot fluids and driven

localized thermal alteration of the cap-rock.

Coupling these results together with the recently published geochemical, hydrogeological
and audiomagnetotelluric data (Barcelona et al., 2013; Invernizzi et al., 2014; Chiodi et al.,
2015) (CHAPTER 6), | suggest that the most favourable site for a potential future
exploitation of the thermal fluids is located along the northern buried plunge of the Balboa
anticline. The high temperatures reached by the thermal fluids in this area (~120°C) suggest
that an undirect heat use for electric power generation could be feasible. Furthermore, the
compartimentalization ruled by the NNW-SSE fault plane may guarantee, at the same time,
the sustainability of the geothermal resource exploited at present by the Hotel Termas, in

correspondence of the Termas anticline.
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Riassunto

Le metodologie di esplorazione comunemente applicate nella ricerca di olio e gas,
possono fornire importanti informazioni anche quando applicate nella prospezione di
sistemi geotermici a media ed alta entalpia nella prospettiva di un loro sfruttamento e di
una corretta gestione del reservoir.

L’obiettivo di questa Tesi € stato quello di valutare la possibilita di sfruttamento del
sistema geotermico di Rosario de La Frontera attraverso un approccio di studio
multidisciplinare basato sull’integrazione di differenti metodologie: indagini strutturali
condotte alla scala dell’affioramento, modellazione delle rete di fratture nel reservoir
geotermico attraverso il software Move™ (Midland Valley Exploration Ltd.) e analisi
paleo-termiche (analisi ottiche della materia organica dispersa nei sedimenti, quali la
riflettanza della vitrinite: Ro%, analisi diffrattometriche a raggi X delle argille, studio
microtermometrico delle inclusioni fluide, e modellazioni monodimensionali della storia
termica e di seppellimento della successione in esame attraverso il software Basin Mod 1-
D).

Il sistema geotermico di Rosario de La Frontera appartiene all’anticlinale Sierra de La
Candelaria, una delle strutture invertite positivamente, affiorante nell’avampaese Sub-
Andino in Argentina nordoccidentale. Nonostante la presenza di differenti siti termali
situati lungo le strutture frontali della retrocatena andina, le alte temperature dei fluidi di
questo sistema geotermico lo rendono uno dei siti pit promettenti per un suo potenziale
sfruttamento al fine di sostenere uno sviluppo sostenibile delle citta della provincia di Salta.

Questo sistema geotermico attivo e caratterizzato da diverse manifestazioni termali, con
temperature comprese tra 24°C e 90°C, che emergono principalmente in prossimita della
cittadina di Rosario de La Frontera, al margine settentrionale dell’anticlinale regionale. Le
arenarie fratturate dei depositi Cretacici di sin-rift (Sottogruppo Pirgua) rappresentano il
reservoir del sistema geotermico. Differentemente, i depositi di post-rift e sin-orogenici a
bassa permeabilita (rispettivamente, Sottogruppo Balbuena e Santa Barbara, e Sottogruppo
Metan) agiscono principalmente come cap-rock. Questi depositi sono deformati in
un’anticlinale allungata in senso N-S e tagliati da successivi piani di faglia normali e
trascorrenti. L’anticlinale e le strutture associate (faglie e fratture) rappresentano il contesto

strutturale del sistema geotermico.

viii



Il presente studio si avvale di un approccio multidisciplinare allo scopo di valutare la
qualita del reservoir e della cap-rock del sistema geotermico. Particolare attenzione e rivolta
alla comprensione di come le faglie e le fratture influenzano la circolazione dei fluidi in
profondita e la loro risalita in superficie. Le indagini applicate forniscono nuovi dati
sull’evoluzione di questa struttura dell’avampaese Sub-Andino, precedentemente poco
studiata, vincolando anche la storia termica e di seppellimento della successione
sedimentaria dal Barremiano fino al Quaternario. Inoltre, I’integrazione con dati
idrogeologici, geochimici e geofisici (audiomagnetotellurici) pubblicati (progetto CUIA
2010 — Cooperazione Universitaria Internazionale Italia-Argentina), ha consentito di
elaborare un modello concettuale della circolazione dei fluidi termali identificando la
migliore area per una potenziale perforazione nella prospettiva di uno sfruttamento indiretto

dei fluidi termali (generazione di elettricita).

Le analisi stratigrafiche e strutturali condotte alla scala dell’affioramento hanno permesso
di ricostruire I’evoluzione tettonica dell’anticlinale Sierra de La Candelaria (CAPITOLO
3) mettendo in luce il tipo e I’intensita della sua deformazione in diverse posizioni
strutturali. Due principali fasi deformative sono state identificate: un’estensione avvenuta
durante il rifting Cretacico, e un’inversione positiva e relativo piegamento nell’hanging
wall, avvenuti a partire dal Miocene superiore. Secondo questa ricostruzione, I’anticlinale
regionale si e sviluppata nell’hanging wall di una faglia cretacica orientata N-S. Tale piano
di faglia ad alto angolo é stato riattivato con cinematica transpressiva, con un’orientazione
non perfettamente ortogonale rispetto alla direzione WNW-ESE del raccorciamento
regionale. L’evento d’inversione positiva & descrivibile in tre stadi evolutivi: precoce,
intermedio e maturo. Alla scala dell’affioramento, stiloliti e fratture di taglio testimoniano
principalmente il primo stadio di sviluppo dell’anticlinale regionale. Progressivamente,
nello stadio intermedio, lo sviluppo di una faglia obliqua orientata NNW-SSE ha favorito
la formazione delle due anticlinali minori, Termas e Balboa. In corrispondenza di queste
due anticlinali, la cinematica trascorrente e il piegamento legato allo sviluppo di questa
faglia obliqua, € registrato da diversi piani di faglia con i piani di riedel associati, fratture
di taglio, vene di calcite e di gesso e deformation bands. Faglie normali e fratture
estensionali orientate E-W e ENE-WSW sono principalmente associate allo stadio maturo
della deformazione.



L’elaborazione di un modello tri-dimensionale dell’anticlinale insieme alla modellazione
della fratturazione nel reservoir (CAPITOLO 4) ha consentito una valutazione del reservoir
definendone estensione laterale, spessore e volume, caratteristiche strutturali,
porosita/permeabilita secondaria e possibile compartimentalizzazione.

| risultati mostrano un volume di reservoir di 53 Km?®con uno spessore medio di 450 m,
confinato a est dal piano di faglia ad alto angolo che borda I’anticlinale lungo il suo fianco
orientale e a ovest da un lineamento continuo orientato N-S, ben visibile dalle immagini
satellitari. A nord il reservoir appare delimitato da un piano di faglia normale immergente
anord e orientato E-W. Mentre, a sud, risulta confinato dai suoi affioramenti e da una faglia
trascorrente orientata NE-SW presente nell’area del Ceibal. Nel settore settentrionale
dell’anticlinale, all’estremo nord delle anticlinali Termas e Balboa, il reservoir raggiunge
le massime profondita rispettivamente di ~2100 m e ~2400 m.

Focalizzandosi su questa porzione settentrionale dell’anticlinale regionale, in quanto
considerata la piu interessante per differenti utilizzi del calore, e stato calcolato un volume
di reservoir di 28 Km® comprensivo di una porzione fratturata di 0.001 Km?3. Inoltre,
considerando solo la porzione di questo reservoir dove il calore eccede i 60°C (minima
temperatura richiesta almeno per usi diretti del calore), risultano estraibili 1.89*10% J di
calore geotermico.

La modellazione della fratturazione nel reservoir conferma I’interesse per questa area per
gli alti valori di porosita e permeabilita secondaria ottenuti (4.2E-04 e fino a ~20mD,
rispettivamente), come risultato dell’intensa deformazione fragile che interessa questa
porzione dell’anticlinale. La modellazione eseguita mostra anche valori piu alti della
permeabilita secondaria parallelamente alla direzione del piano di faglia orientato NNW-
SSE. Questi risultati portano a considerare questo piano di faglia come il principale tragitto
percorso dai fluidi in profondita e lungo il quale risalgono dal reservoir verso la superficie,
come dimostrato anche da vene di calcite associate. Allo stesso tempo, il piano di faglia
orientato NNW-SSE dovrebbe agire come barriera al flusso del fluido perpendicolarmente

alla propria direzione, producendo una compartimentalizzazione del reservoir.

Le analisi paleo-termiche condotte sulla cap-rock del sistema geotermico (CAPITOLO
5), ben esposta nella porzione settentrionale dell’anticlinale, suggeriscono che agisce come
un buon isolante termico. L’analisi mineralogica delle argille indica una bassa maturita
termica di questi depositi con bassi contenuti di illite negli strati misti I-S, confrontabile

alla maturita termica ritrovata negli stessi depositi affioranti lungo il fianco occidentale
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dell’anticlinale, lontano dall’influenza delle emergenze calde. I modelli termici e di
seppellimento, ricostruiti per le due aree investigate dell’anticlinale, vicino e lontano dai
fluidi termali, dimostrano che questa maturita termica ¢ il risultato del seppellimento subito
dalla cap-rock con un gradiente geotermico di circa 40 °C/Km stabilitosi dopo I’evento di
rifting. Inoltre, come dimostrato dai dati di riflettanza della vitrinite analizzata per la
Formazione Yacoraite di post-rift (0.6-0.7%), i depositi di rift subirono un’evoluzione
termica compatibile con le tarde condizioni diagenetiche nei primi stadi di generazione
degli idrocarburi durante il Miocene superiore. Un alto grado di alterazione termica della
cap-rock (80% di illite negli strati misti I-S) e registrata in corrispondenza delle sue
porzioni fratturate. Queste strutture R3 non si adattano con il modello termico elaborato
puramente conduttivo. Questi risultati insieme all’analisi delle inclusioni fluide, indicanti
una temperatura di intrappolamento (Th) di 115°C negli stessi affioramenti fratturati,
suggerisce che la circolazione dei fluidi deve aver giocato un ruolo chiave nell’alterazione
termica della cap-rock solo dove era intensamente fratturata. La deformazione legata alla
cinematica trascorrente, piu di quella legata al processo di piegamento, deve aver guidato i

fluidi caldi, determinandone un’alterazione termica localizzata.

Integrando questi risultati con i dati idrogeologici, geochimici e audio-magnetotellurici
recentemente pubblicati (Barcelona et al., 2013; Invernizzi et al., 2014; Chiodi et al., 2015)
(CAPITOLO 6), la zona ideale per un potenziale futuro sfruttamento dei fluidi termali
risulta localizzata all’estremo nord dell’anticlinale Balboa. Le alte temperature raggiunte
dai fluidi termali in quest’area (~120°C) suggeriscono un possibile utilizzo indiretto del
calore per produzione di energia elettrica. Inoltre, la compartimentalizzazione prodotta
dalla faglia orientata NNW-SSE dovrebbe garantire allo stesso tempo la sostenibilita della
risorsa geotermica attualmente sfruttata dalla struttura termale dell’Hotel Termas in

corrispondenza dell’anticlinale Termas.
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CHAPTERI

INTRODUCTION

1.1 Problem

The basic conceptual model for a convection-dominated geothermal system includes three
main elements: a heat source, a reservoir including a cap-rock that limits the heat escape,
and a fluid (Dickson and Fanelli, 1994). Convection of the thermal fluids, induced by the
heat source or elevated heat flow, transports heat from deeper levels to the surface.

Geological and hydrogeological studies represents the starting point of any geothermal
exploration programme. They are mainly devoted to the identification and extension of the
areas worth investigating and to the regional characterization of the macro-circulation
(Serpen, 2004; La Vigna et al., 2012; Mazza et al., 2013).

Geochemical surveys are commonly applied to detect the composition, the origin, the
thermo-baric state of the fluids and their migration paths (Truesdell and Hulston, 1980;
Nuti, 1992; D’Amore and Bolognesi, 1994; Minissale et al., 2000; Magro et al. 2003;
Minissale, 2004; Chiodini et al., 2005; Pierantoni et al., 2012; Barberi et al., 2013; Mwangi,
2013; Chiodi et al., 2012a, 2012b, 2015). They are commonly integrated with structural
investigations in order to detect the structural channels controlling the fluid flow pathways
and to analyse the fluid-rock interaction and the implications on permeability of hosting
rocks (Liotta et al., 2010; Rossetti et al., 2011; Giordano et al., 2013; Invernizzi et al., 2014,
Brogi et al., 2015). Furthermore, numerical models of coupled fluid and heat flow are
increasingly used to improve the understanding of hydrothermal systems and their natural
evolution, especially in fractured environments (Bertani and Cappetti 1995; Zhang and
Sanderson 1996; Kloditz and Clauser 1998; Magri et al., 2010; Shaik et al., 2011; Barchi
etal., 2013).

Most of the literature on geothermal exploration is also focused on the characterization of
the reservoir by means of petrological and geophysical investigations (Majumdar et al.,
2000; Luschen, 2005; Finetti, 2006; Moeck et al., 2010; Barcelona et al., 2013; Ganguly


http://link.springer.com/article/10.1007/s00531-008-0411-3/fulltext.html%23CR37
http://link.springer.com/article/10.1007/s00531-008-0411-3/fulltext.html%23CR61
http://link.springer.com/article/10.1007/s00531-008-0411-3/fulltext.html%23CR60

and Kumar, 2012, for a review) and on the evaluation of the P-T conditions (Erkan et al.,
2008; De Benedetti et al., 2010; De Filippis et al., 2012). In this framework, seismic surveys
are also addressed to detect the preferential upward migration paths for magmatic fluids
(Brogi et al., 2003, 2005a, 2005b). Since most of the geothermal reservoirs all over the
world are hosted in fractured rock media where the main flow occurs through a network of
interconnected fractures, special regards is devoted to the modelling of its fracture network
(Wang & Ghassemi, 2011; Muller et al., 2010; Maffucci et al., 2012a, 2013, 2015; Deckert
and Bauer, 2015; Phillip, 2015).

Less attention has been generally addressed to the characterization of the cap-rock of a
geothermal system. Its integrity is mainly analysed by means of soil CO, flux and
hydrothermal alteration mineralogy (Cox and Browne, 1998; Yang et al., 2001; Todaka and
Akasaka, 2004; Battaglia et al., 2007; Timlin, 2009; Todesco and Giordano, 2010; Di Paolo
et al., 2012; Maffucci et al., 2012b; Corrado et al., 2014; Carapezza et al., 2015).

In this work, a multidisciplinary approach was applied to study the geothermal system of
Rosario de La Frontera located at the northern edge of Sierra de La Candelaria anticline, in
the Sub-Andean foreland of the Santa Barbara system (northwestern Argentina) (Fig. 1.1).

Structural and paleo-thermal analyses and a fracture reservoir modelling were applied to
investigate its reservoir and cap-rock in order to evaluate the possibility of exploitation of
the thermal fluids. Furthermore, the integration with hydrogeological, geochemical and
geophysical studies available on this geothermal system (Barcelona et al., 2013; Invernizzi
et al., 2014; Chiodi et al., 2015) addressed to the main goal of this research.

1.2 Aims of the thesis and methodology

The studies carried out in this PhD project are aimed to evaluate the possibility of
exploitation of potential medium- and low-enthalpy geothermal fields located in the
province of Salta (northwestern Argentina) in order to improve the sustainable development
of its cities.

Special regard was devoted to the geothermal system of Rosario de La Frontera (Salta
province). This active geothermal system is marked by several hot springs with surface
temperatures ranging between 24°C and 90°C that occur close to the Hotel Termas thermal
spa. One further hot spring (~ 38°C) occurs a few tens of kilometres along the south-western
flank of the ridge.



The high temperature of its thermal fluids makes it as the most promising site for the
supplying energy in the Sub-Andean foreland of the Salta province.

67°0'0"W 66°0"0"W

I South
. America

ysterr{--:‘ ;

T8 Chaco-Pampeana
- T

F"Famatina S

66°0'0"W 65°0'0"W 64°0'0"W

Fig. 1.1 — Location of the study area (from Chiodi et al., 2015)

The Cretaceous deposits of the Salta Group (Pirgua Subgroup) provide the reservoir of
this system. They consist of continental deposits, mainly represented by sandstones and
conglomerates, related to the syn-rift stage (Late Neocomian — Early Maastrichtian). On
the contrary, the low permeable post-rift and the syn-orogenic deposits (respectively,
Balbuena and Santa Bérbara subgroup, and Met&n subgroup) provide the cap-rock to the
system. These deposits are deformed in a N-S trending hanging wall anticline (Sierra de La
Candelaria) and dissected by subsequently strike-slip and normal faults. The anticline and
the associated structures (faults and fractures) represent the structural context of the studied
geothermal system.

The purpose of this research is to assess the quality of the reservoir and cap-rock of this

geothermal system through a multidisciplinary approach based on the integration of



different methodologies: paleo-thermal and structural analyses, and modelling of the
reservoir fracture network.

Paleo-thermal analyses are typical of the Basin Analyses field, mainly applied by oil
companies for exploration. The applied methodology include the optical analyses of the
organic matter dispersed in sediments correlated to the X-ray diffraction study of clay
minerals, and the fluid inclusions analyses on veins. Results were used to build mono-
dimensional thermal and burial models, and allowed to reconstruct the thermal history and
the origin of the thermal anomaly of the studied geothermal system. Furthermore, the
integration with structural investigations performed at the outcrop scale allowed to assess
the quality of its cap-rock as a function of thermal vs fracturing state.

Structural investigations were also useful to elaborate a reliable tectonic model of the
studied anticline. Moreover, structural data collected at the outcrop scale were used to
model the fracture network in a 3-D volume of the geothermal reservoir reconstructed on
the base of the 3-D geological cross-sections with the aid of a dedicated software. The
results addressed to reservoir evaluation: i.e. lateral extent, thickness and volume, tectonic
features, porosity/permeability patterns and possible reservoir compartments.

In addition, thanks to the cooperation with others research groups working on the same
geothermal system (CUIA University Cooperation Italy-Argentina project 2010), the
present work was integrated with others exploration methodologies: hydrogeological,
geochemical and geophysical (audiomagnetotellurics) analyses. The integration allowed to
evaluate the sustainability of the geothermal resource through the elaboration of a
conceptual model of the fluid reservoir.

As a result, the most favourable site for drilling purposes, in perspective exploitation and
reservoir management, and a possible use of the thermal fluids are indicated.

1.3 Outline of the Thesis

Following this introductory part (Chapter 1), this thesis is divided into other five parts.

In Chapter 2 an overview of the geological and structural evolution of the Sub-Andean
foreland is given, with major focus placed on the Santa Barbara System in general and the
Sierra de La Candelaria in particular. The contribution of this work to the geological
knowledge of the studied area is also explained.

In Chapter 3 a possible model for the tectonic evolution of the Sierra de La Candelaria

anticline is proposed, based on the collected structural data. The results presented in this



chapter are also illustrated in the article “Quality assessment of reservoirs by means of
outcrop data and discrete fracture network models: The case history of Rosario de La
Frontera (NW Argentina) geothermal system” published by Maffucci et al. in
Tectonophyisics (2015).

In Chapter 4 the reservoir evaluation and the modelling of its fracture network is
illustrated.

In Chapter 5 the burial and thermal evolution of the studied geothermal system as well as
the integrity of its cap-rock is discussed on the base of the paleo-thermal analyses.
Theoretical aspects and analytical procedures of the applied methodologies are also
explained. The applied methods comprise: i) Organic matter thermal maturity studies; ii)
XRD analyses and iii) Fluid Inclusions studies.

In Chapter 6 final remarks on the main results achieved by the entire research are

presented.



CHAPTER 11l

PREVIOUS STUDIES AND OPEN PROBLEMS

2.1 Introduction

The research interest of this study is the geothermal system of Rosario de La Frontera
belonging to the Sierra de La Candelaria anticline. This latter represents one of the
positively inverted structure cropping out in the Sub-Andean foreland of the Santa Barbara
System.

The northwestern Argentine territory (NOA) is characterized by numerous thermal
springs along the frontal structures of the Andean retro-wedge (Pesce, 2000). These thermal
manifestations are aligned in a N-S direction and can be traced until the Argentina-Bolivia
boundary, to the north, and the Santiago del Estero province, to the south (Fig. 2.1).

These manifestations are mainly associated to medium- and low-enthalpy convective
geothermal systems. Unlike the high-enthalpy geothermal systems of the Puna plateau
(Pesce and Miranda, 2003; Giordano et al., 2013), they are located in populated areas and
therefore they have a high potential for exploitation both for therapeutic and bathing
purposes, as at present, and for direct use of heat.

In detail, the southernmost thermal area of the NOA is represented by Termas de Rio
Hondo (Santiago del Estero province). In this area, fourteen thermal springs occur at
surface with temperatures ranging between 35° and 60°C. The thermal complex of Rio
Hondo represents the most important centre of health tourism in Argentina.

Northward, the thermal areas of El Saladillo, EI Galpon, and El Sauce characterize the
Salta province. The temperature of their thermal springs at surface ranges between 18° and
64°C. To the north, in the region of “El Ramal Jujefio”, in the eastern portion of the Jujuy
province, occur the thermal areas of Aguas Caliente de Caimancito, Laguna La Quinta and
Termas EI Palmar. Their thermal springs show surface temperatures between 37°C and
58°C. In this province, are also present the thermal areas of Termas de Reyes, Puesto Viejo

and Cachipunco with temperatures of the thermal springs between 24° and 52°C.



In these areas, little thermal complexes offer mainly balneology services for the local

populations.
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Fig 2.1 — Thermal areas occurring in the northwestern Argentina (Region NOA) (from Pesce, 2000).

Among all these thermal manifestations, the springs of Rosario de La Frontera system,
located in the southern portion of the Salta province, are characterized by the highest
temperatures at surface. This feature makes this site as the most interesting to improve the
sustainable development in this area by the exploitation of the hot springs for direct and
indirect heat uses such as space heating, greenhouses, industry, aquaculture, domestic use
and production of electricity.

At present, its thermal springs are exploited for therapeutic purposes by the Rosario de la
Frontera thermal complex, financially supported by the Salta Province government. It



represents the first thermal centre used under a medical criteria in Argentina and in South
America, created by the Spanish doctor Antonio Palau in 1878 (Canton, 1896).

Form a geological point of view, the system of Rosario de La Frontera is located in the
southernmost portion of the Santa Barbara system, to the south of the Metéan basin (Fig.1.1).

Published works on this foreland segment are mainly referred to its northern portion (Ruiz
Huidobro 1968; Mingramm et al. 1969; Gebhard et al. 1974; Mon 1976; Gomez Omil and
Albarifio 1996; Kley and Monaldi 1999; Kley and Monaldi, 2002). Poor available works
on the southern area are mainly focused on the Met&n depression (Mon, 1971, 1972; Mon
and Dinkel, 1974; Gonzalez and Mon, 1996; Grier et al., 1991; Cristallini et al., 1997; laffa
et al., 2011, 2013). In particular, previous investigations of the Sierra de La Candelaria
anticline are mainly focused on the chemistry and circulation of the thermal springs of
Rosario de La Frontera system (Moreno Espelta et al., 1975; Seggiaro et al., 1995, 1997).
Poor structural investigations on the anticline provided a kinematic interpretation invoking
only a generic model of positive inversion based on structural pieces of evidence collected
at regional scale (Moreno Espelta et al., 1975; Seggiaro et al., 1997; laffa et al., 2011; laffa
et al., 2013), and on the base of a geomorphological and morphostructural characterization
at local scale (Barcelona et al., 2014).

In this framework, one of the goals of this work is to give a new and recent geological
contribute on a structure poorly studied of the Sub-Andean foreland. The original results
presented in this work provide a kinematic evolutionary model of the studied anticline in
an integrated framework that was missing in the past literature. Furthermore, the
implications on the geothermal system object of interest of this work, allow to better
understand the mechanisms controlling all the geothermal systems located along the Sub-
Andean foreland.

For these aims, the geological framework given below will also refer to the broader
studying site, as well as aspects of geodynamic and stratigraphic evolution, and the current

structural configuration of the Sub-Andean foreland.

2.2 Geodynamic framework

2.2.1 The Central Andes

The Andean chain represents the result of the crustal deformation produced by the active
subduction of the Nazca Plate beneath the South American Plate. This margin was defined

as an “Andean type” according to the classification of Dewey & Bird (1970).



Along strike structural differences of the chain have been mainly related to dip changes
in the subducted Nazca oceanic plate, to the pre-existing geological structures and
lithological composition of the upper crust and to the thermal evolution of the litosphere
(Barazangi & lIsacks 1976; Allmendinger et al. 1983, 1997; Allmendinger and Gubbels,
1996; Jordan et al. 1983; Jordan & Alonso 1987; Isacks, 1988; McQuarrie, 2002; Babeyko
& Sobolev 2005; Oncken et al. 2006).

In its central portion (in Bolivia, northern Chile and Argentina), where shortening is
greatest, the orogen is highest and widest (James, 1971; Isacks, 1988; Kley and Monaldi,
1998; Beck and Zandt, 2002; McQuarrie et al., 2005; Oncken et al., 2006; De Celles et al.,
2011).

The Central Andes are characterized by the dominance of protracted magmatic activity in
the west (widely distributed around the Western Cordillera, i.e. the arc) and of tectonic
shortening in the east (in the Eastern Cordillera and adjacent areas). Eastward from the
modern forearc region, at ~ 25°S in the northwest Argentina, the orogen can be divided into
four longitudinal structural regions, including the active volcanic arc of the Western
Cordillera, the Altiplano-Puna plateau, the Eastern Cordillera (a bivergent fold-thrust belt)
and the Santa Barbara System foreland (Allmendinger et al., 1997; Strecker et al., 2007).
Eastward of this fold-thrust belt adjoins the flat plain of the Chaco, which forms the recent

retroarc foreland basin of the Central Andes (Fig. 2.2a).

2.2.2 The Santa Barbara System

The Santa Barbara System of northwestern Argentina represents a 400 km long segment
of the Subandean foreland thrust belt characterized by predominantly west verging high-
angle thrust faults with detachment level at mid-crustal depths (10-25 Km) (Allmendiger
etal., 1983; Grieretal., 1991; Cristallini et al., 1997; Kley and Monaldi, 2002) (Fig. 2.2a,b).

By contrast, the sub-Andean belt to the north is a thin-skinned fold and thrust belt
detached along a Silurian shale unit extended at a regional scale (Mingramm et al., 1979;
Allmendinger et al., 1983; Aramayo Flores, 1989; Baby et al., 1989, 1992; Dunn et al.,
1995). Furthermore, the Sierras Pampeanas to the south is an extensive province of
basement uplifts associated with deep-reaching thrusts or reverse faults that dip moderately
eastward and westward (Gonzalez Bonorino, 1950; Allmendiger et al., 1983; Jordan and
Allmendinger, 1986). Differences in the tectonic style along-strike correlates with changes
in the dip of the subducted Nazca plate beneath the continental margin, in major

paleogeographic structures and sedimentary basins distribution, and with a north-south
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change in the upple mantle structure (Pilger, 1981; Allmendinger et al.,1983; Jordan et al.,
1983; Withman et al., 1992; Kley et al., 1999).
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Fig 2.2 — a) Map illustrating the structural provinces in the northwestern Argentina (Region NOA) and b)
a balanced cross section of the Transition Zone at 25°30°S. Its trace is indicated in the map. Heavy dashed
lines denote the approximate boundaries of the Salta rift (white arrows on down- thrown side) (from
Reynolds et al., 2011).

In detail, the Santa Barbara System is located in correspondence of the Transition Zone
where the Nazca oceanic plate changes its dip from flat, to the south, to “normal” (about

30° dip) to the north at 27° S latitude (Barazangi and Isacks, 1976; Cahill and Isacks, 1992;
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Gutscher et al., 2000; Ramos et al., 2002). Furthermore, the upper crust in the studied region
has a strong segmentation that reflects inherited stratigraphic and structural
inhomogeneities related to the succession of tectonic events occurred since early Palaeozoic
times (Allmendinger et al., 1983; Mpodozis and Ramos, 1989; Kley et al., 1999). From that
time on, different reactivation events took place in the area. One major event occurred in
Late Cretaceous times, when extension favoured the opening of a back-arc rift basin (Salta
Rift) (Salfity & Marquillas 1981; Monaldi et al. 2008) constituted by a series of extensional
troughs or sub-basins (e.g. Sey, Tres Cruces, Brealito, Tucuméan, Choromoro, El Rey,
Lomas de Olmedo, Metan) (Fig. 2.3).
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Fig 2.3 - Main sub-basins forming the Cretaceous Salta Rift. The rift basin developed in a series of sub-
basins that were partially connected (from laffa et al., 2013).

The Andean orogeny with its deformation started to imprint its effects in the study region
in the Eocene (Coutand et al. 2001; Carrapa et al. 2005; Carrera et al. 2006; Hongn et al.
2007). Since then, deformation has propagated towards the east but with jumps back to the
west intercalated in an out-of-sequence deformation (Salfity et al., 1993; Carrera et al.
2006; Carrera & Mufioz, 2008; Hain et al., 2011).
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The stratigraphic succession comprises three major sequences (Fig. 2.2b): (1) A basement
of Precambrian to early Cambrian low grade metasedimentary rocks (Pankhurst & Rapela,
1998; Omarini et al., 1999; Acefiolaza et al., 2002; Acefiolaza, 2005) is overlain with a
regional angular unconformity by (2) a predominantly continental succession of red beds
with minor limestone intercalations (Salta Group) including syn-rift, and post-rift deposits.
The latter are capped by (3) a thick continental foreland basin fill that was shed from the
rising Andes in the west in Eocene to Recent time (Coutand et al. 2001; Carrapa et al. 2005;
Carrera et al. 2006; Hongn et al. 2007).

From a structural point of view, the area is dominated by spatially and temporally
disparate range trending north to NNE, uplift along steeply dipping inherited faults from
the Cretaceous rift (Grier et al., 1991; Mon and Salfity, 1995; Cristallini et al., 1997, Kley
and Monaldi, 2002) (Fig. 2.2a). The present topography shows a strong segmented foreland
characterized by different interconnected sub-basins. Among them, the Metan Basin is
located in the southernmost portion of the Santa Barbara system.

Furthermore, a thin mantle lithosphere and a low flexural rigidity have been shown in this
segment of the Sub-Andean foreland (Withman et al., 1992, 1994, 1996). Petrologic data
suggest that the thinned foreland lithosphere may in part be inherited from a thermal
anomaly established during mantle-activated Cretaceous rifting (Lucassen et al., 1999;
Kley and Monaldi, 2002). Accordingly, a relatively high heat flow (100-120 mW/m?) is
indicated in the area (Hamza and Mufioz, 1996; Hamza et al., 2005; Cardoso et al., 2010;
Vieira and Hamza, 2014) (Fig. 2.4).

2.2.3 The Metén basin

The striking feature of the Metan basin is represented by the variety of structural trends
(Kley and Monaldi, 2002; laffa et al., 2013). Interaction between the older reactivated faults
and the newly generated ones gave rise to a complex pattern of fold interference (Mon,
1976; Grier et a., 1991; Cristallini et al., 1997; Kley and Monaldi, 2002; Carrera et al.,
2006; laffa et al., 2011, 2013).

Anisotropies produced during the Precambrian to Palaeozoic tectonic cycles shaped the
basement fabric, producing discontinuities that were reutilized in posterior tectonic stages
(laffa et al., 2011). Some of these structures were reactivated during the Salta Rift and
others in the different stages of the Andean deformation (Cristallini et al., 1997; laffa et al.,
2013). As a result, the general structural trend of the area is dominated by N-S, NE-SW and
NNE-SSW thrust faults and folds. The oldest Andean compressive structures in the study
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area was probably the N-S Sierra de Metan Thrust Fault and its hangingwall anticline, and
resulted from W-E shortening (laffa et al., 2011).
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Fig 2.4 — Heat Flow map of the south America (from Cardoso et al., 2010).

In this framework, during the Andean orogeny, pre-existent rift faults with an orientation
unfavourable to reactivation acted as a buttress favouring an inward migration of the
deformation with the formation of out of sequence thrusts (laffa et al., 2011).

The absence of important thicknesses of marine deposits or evaporites in the basins that
in posterior compressive stages could act as ductile layers is a factor contributing to the

tectonic reactivation of previous structural discontinuities (laffa et al., 2011). Shallower
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detachment levels only acted in the last stages of the Andean deformation, when inter-
montane basins were locked by the uplifted basement ranges and the system was buttressed.

The Sierra de La Candelaria anticline represents one of these uplift basement ranges. It
delimits to the south the Metan basin.

2.3 Sierra de La Candelaria anticline

Despite some early studies, the Sierra de La Candelaria structure is poorly documented.
Moreno Espelta et al. (1975) and Seggiaro et al. (1995, 1997) provided a first description
of the stratigraphy and geology of the anticline with the aim to define the structural
framework of the thermal springs of Rosario de La Frontera area.

Sierra de La Candelaria ridge consists of a broad anticline bifurcated, in the northern
portion, in two minor anticlines both dipping to the north: Termas and Balboa, separated
by a NNW-SSE to N-S fault plane (Fig. 2.5).

Its stratigraphic succession covers a wide time span: from pre-Cambrian to Pliocene-
Quaternary times (Moreno Espelta et al., 1975) (Fig. 2.5). The oldest stratigraphic unit
crops out in the core of the anticline. It is the Precambrian 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
continental Cretaceous to Paleogene strata (Salta Group) related to the Cretaceous 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 Barbara subgroups represent the post-
rift thermal subsidence stage (Bianucci et al., 1981; Salfity and Marquillas, 1994;
Comninguez and Ramos, 1995). Post-rift deposits are in turn overlain by a thick continental
foreland basin fill, related to the Andean mountain uplift and erosion, that was deposited
from Middle Miocene to Pliocene—Quaternary times (Gebhard et al., 1974).

The retrowedge basin fill includes two subgroups (Metan and Jujuy, according to Gebhard
et al., 1974) belonging to the Oran Group. The main outcrops of these subgroups cover the
northern portion of the 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. It is located in the hanging wall of a N-S high-

angle fault that borders the structure along its eastern margin.
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Fig 2.5 — Geological map of the northern portion of the Sierra de La Candelaria anticline from Seggiaro et
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Seggiaro et al. (1995), throughout balanced cross sections, constrained the detachment
level of this fault plane at 10 Km of depth, in correspondence of the metamorphic basement
of Medina Formation (Fig. 2.5). Later, Seggiaro et al. (1997) argued as the central NNW-
SSE fault plane, detached within the syn-rift deposits (Pirgua Subgroup), may be the
responsible of the uplift of Termas anticline enhanced by a linked N-S backthrust. In their
structural interpretation, an E-W inverted normal fault delimits to the south the Balboa
anticline and is cut at depth by the N-S thrust fault.

Gonzélez et al. (2000) were the first to describe the southern portion of the anticline. They
defined a left-lateral NE-SW strike-slip fault in the southern area of Ceibal (Fig. 2.6).

?’,} D CARTAGEOLOGICA DE LA REPUBLIGA ASGENTIA SANMIGUEL DETUROMAN 276611

Fig. 2.6 — Geological map of the southern portion of the Sierra de La Candelaria anticline (from Gonzélez
et al., 2000). The structure is dissected by a left-lateral strike-slip fault. Others NNW-SSE and NE-SW fault
planes dissect the southernmost portion of the structure with reverse and strike-slip kinematics,
respectively.

Later, Salfity and Monaldi (2006) provided a detailed mapping of the northern portion of
the anticline. They described the NNW-SSE fault plane dividing the two anticlines as an
oblique fault plane. Branches of the fault splay off to the northwest. Two E-W fault planes
delimits to the south the Balboa anticline cutting the N-S thrust fault that borders the
structure on the eastern side (Fig. 2.7).

Recently, laffa et al. (2011) by reconstructing the structural style of this portion of the
Sub-Andean foreland on the base of seismic and field data, established that the N-S fault

plane flanking the anticline to the east represents a former Salta Rift extensional fault.
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A new interpretation of the uplift evolution and growth of this mountain range was
proposed by Barcelona et al. (2014) on the base of an integrated analysis of geomorphology
and morphostructural characterization. They reconstructed a multi-stage development of
the Sierra de La Candelaria range identifying three morpho-structural segments uplifted at
different times. The first stage uplifted the central segment. Accordingly, the Balboa
anticline might precedes the Termas anticline representing the northern ancient nose of the
Sierra de la Candelaria range. After a significant time lapse, the mountain range was
subjected to southward thick-skinned growth and northward growth via stepwise thin-
skinned deformation. The development of the southern segment of the Sierra de la
Candelaria range could have induced a concomitant uplift of the central segment through
mechanical coupling, which evolved into a second stage of vertical development of the
central segment. This stage of uplift could have been controlled by the development or
reactivation of a blind antithetic thrust, forming a pop-up structure style. Progressively, the
final northward thin-skinned deformation stage developed the Termas anticline with a
detachment zone located in a clay-bearing level of the Pirgua Subgroup, in agreement with
the structural model of Seggiaro et al. (1997).

Fig. 2.7 — Geological map of the northern portion of the Sierra de La Candelaria anticline (from Salfity
and Monaldi, 2006). See text for details.

2.4 Rosario de La Frontera geothermal system
At the northern edge of Sierra de La Candelaria anticline are located the thermal springs

of Rosario de La Frontera geothermal system.

17



In 1876 Dr. Max Siawert started studying water chemistry in the area, four years later Dr.
Antonio Palau began the exploitation of thermal springs for commercial purposes. In 1888,
Doctors Doering and Schikendantz, and Dr. Tagliabue in 1895, proved the occurrence of
nine different kinds of waters, which turned the “Termas de Salta” (as it was known until
the end of the nineteenth century) to be a privileged place for therapeutic purposes (Rivas,
2012).

Seggiaro et al. (1995) were the first to study the chemistry, temperature and pH of the
thermal springs providing data for five samples. Only recently Chiodi et al. (2015) have
produced an exhaustive dataset of the thermal springs and of the dissolved gases of 13
thermal discharges (hot springs and bubbling pools with temperatures up to 90.5 °C), with
the aim to construct a conceptual model of the circulation of the thermal fluids at depth
(Fig. 2.8; Tables 2.1, 2.2).

La Candelar!

Termas anticline

Rosario de la Frontera __/
thermal Spa

Legend ;
Rosario de la Frontera JTtht fault %Str‘ke*S“P fault %Anlicline

O ;
thennal Spa ® Hot spring ¢ Supposed fault Contour line

Fig. 2.8 — (a) Morphotectonic map of the Termas anticline and (b) 3D-image of the studied area. Sampled
thermal springs are illustrated (from Chiodi et al., 2015).

Their results are in accordance with the occurrence of two aquifer previous detected, at
~2400 and ~150 m depth, by Barcelona et al. (2013) and Invernizzi et al. (2014) on the base
of audio-magnetotelluric and hydrogeological investigations, respectively.

The deepest hydrothermal reservoir, hosted within the Cretaceous Pirgua Subgroup
deposits, is mainly recharged by meteoric water and shows a Na—HCOs composition with
significant contributions of crustal CO, and He from mantle degassing through the fault
systems that dissect the anticline. The uprising thermal fluids mix with a relatively high
salinity Na—-CIl dominated aquifer produced by the interaction of meteoric water with

shallow evaporitic deposits of the Anta Formation (Fig. 2.9).
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Table 2.1 — Outlet temperatures (in °C), pH, chemical composition, 6 S-S0, (expressed as %o vs. V-CDT § 80 and § 2H (both expressed as %o vs. V-SMOW) and § ‘B
(in %0) values of the RFHS fluid discharges. Concentrations of solutes are in mg/L; n.a.: not analyzed. (from Invernizzi et al. 2014 and Chiodi et al., 2015).

Altitude

Sample Lat. Long. m T° pH HCO3 F cr Br- NO;~ SO#* Ca** Mg** Na* K* NH4* B SiO. 5%s-S0s  8%0-H0 8D-HO0 B
RFO1 25,84 64,93 924 74,0 6,75 169 2,3 313 0,06 0,63 128 1 05 305 43 0,05 0,12 92 na. 7.0 -38
RF02 25,84 64,93 905 81,2 6,88 156 1,8 682 0,23 0,53 190 10,6 05 587 7.4 0,06 0,18 88 6,99 6,9 -38
RFO03 25,84 64,93 918 71,4 7,06 201 838 16000 2,08 0,11 2100 326,1 20,1 11200 80,8 0,07 0,23 47 na. 71 -40 087
RF04 25,84 64,93 865 24,1 6,84 315 8,7 5340 1,98 6,13 3010 439,7 63,5 4290 17,4 0,05 0,33 54 6,31 6,4 -38 1,05
RFO05 25,84 64,93 948 52,7 6,42 198 1,9 137 0,19 1,17 146 32 1,5 188 2,7 0,05 0,21 94 na. 6,8 -37
RF06 25,84 64,93 960 64,8 6,09 149 0,7 270 0,24 1,38 104 5,1 0,1 288 4,0 0,07 0,39 89 na. 6,6 -36
RFO7 25,84 64,93 967 58,2 6,73 224 2,5 42 0,11 1,51 103 15 0,7 147 1,7 0,13 0,27 85 na. 6,6 -36 138
RFO08 25,84 64,93 954 74,9 6,83 219 1,5 122 0,08 0,96 143 22 09 193 23 0,07 0,15 87 5,87 6,6 -37
RF09 25,84 64,93 894 24,2 7,36 279 1,5 2510 1,55 2,72 626 75 10,9 1900 17,4 0,11 0,45 51 5,42 6,6 -38
RF10 25,84 64,93 928 90,5 6,12 171 2,5 276 0,15 0,22 187 39 0,2 321 5,7 0,09 0,28 102 7,32 6,9 -39 126
RF11 25,84 64,93 942 90,4 6,39 190 8,0 254 0,18 0,85 180 14 03 294 56 0,28 0,35 108 na. 6,5 -36
RF12 25,84 64,93 867 452 6,77 215 2,3 80 0,07 0,27 155 46 0,28 206 47 0,26 0,44 116 na. 6,6 -36
RF13 25,84 64,93 918 72,2 6,26 210 2,0 133 0,11 0,39 140 3,2 0,1 227 53 0,20 0,51 124 na. 6,5 -37

Table 2.2 — Chemical composition, § *C in CO, and CH. (both expressed as %o vs. V-PDB) and R/Ra values of the bubbling and dissolved gases from the RFHS.
Concentrations are in mmol/mol; n.d.: not detected. (from Chiodi et al., 2015).

Sample type CO; H2S N2 CHq Ar (o)} Ne H2 He CzHs CsHs i-CaH1o n-CsHio i-CaHs i-CsH12 n-CsHi CeHs 5°C-CO, R/Ra  §“C-CH4
RFOL dissolved 559 nd. 756 0011 17,4 18 00093 nd. 0,0015 nd. nd. nd. nd. nd. nd. nd. nd. 6,56
RF02 bubbling g5 3¢ 28 0051 059 12 00008 0015 00044 000061 000005 000004 000003 000003 000002  0,00003  0,00011 411 115 303
RF03 dissolved g5 g 803 0005 169 12 0,009 nd. 0,0021 nd. nd. nd. nd. nd. nd. nd. nd. 7413
RF04 dissolved 439 g 841 0087 19 23 0,010 nd. 0,0011 nd. nd. nd. nd. nd. nd. nd. nd. 5,66 415
RF05 dissolved 575 g 385 o011 8,9 31 0,005 nd. 0,0061 nd. nd. nd. nd. nd. nd. nd. nd. 5,16
RFO6 dissolved  gg9 g 106 0051 239 266 00015 nd. 00021 000061 000002 000003 000002 000005 000003 000002  0,00018 415 414
RF08 dissolved 51 g 755 0115 185 14 0,010 nd. 0,0013 nd. nd. nd. nd. nd. nd. nd. nd. 1149
RF09 dissolved 595 nd. 676 0000 17,0 11 0,009 nd. 0,0024 nd. nd. nd. nd. nd. nd. nd. nd. 411
RF10  dissolved g5 4, 3% 0087 077 23 00004 0011 00042 000077 000004 000005 000002 000004 000002 000003  0,00015 366 098 406
RF11 dissolved 550 g 415 0015 98 25 0,006 nd. 0,0027 nd. nd. nd. nd. nd. nd. nd. nd. 4,44
RF13  dissolved g5 g a4 0069 089 15 00005 0022 00033 000078 000003 000002 000004 000006 000003  0,00004  0,00021 3,77 308
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The temperature of the main hydrothermal reservoir, the deepest one, estimated with
water geothermometers, is in the range of 100°-130°C (Seggiaro et al., 1995; Chiodi et al.,
2015). A preliminary evaluation of the volume of this aquifer, hosted within Cretaceous
sedimentary units, was made by Invernizzi et al. (2014). It accounts for 39 km?®. On the
base of the integration of hydrogeological, structural and chemical (isotopic analyses)
investigations, the same authors provided a preliminary conceptual model of the
geothermal fluid reservoir. They constrained the recharge area of the geothermal system of
Rosario de La Frontera close to the area of the thermal baths, located in the northern sector
of Sierra de la Candelaria. Temperature acquisition are achieved at depth where the
infiltrated water reaches the base of the reservoir. A fast water ascent is driven by fracture
systems well developed in correspondence of the northern end of the plunging structure.
Furthermore, a long residence time of water at depth (over 50 years) is indicating by *H

data suggesting a long timing for the aquifer recharge (Invernizzi et al., 2014).

meteoric recharge

Legend

[NiE] Metan Subgroup

Santa Barbara
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10004

I: Main hydrothermal
reservoir

-1000

-2000]5

CO, + He addition
from upper mantle

Fig. 2.9 — Three-dimensional conceptual model of the underground fluid circulation of Rosario de La
Frontera geothermal system (from Chiodi et al., 2015).

According to this model of circulation, considering a surface water temperature of 20 °C
(Invernizzi et al., 2014) and a local geothermal gradient of ~40 °C/km (Seggiaro et al.,

1995), recharging meteoric water reaches reservoir temperatures at 2100-2900m depth,
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consistent with the difference between the average altitude of the recharge area (1680 m
a.s.l.) and the depth of the Pirgua Subgroup (1100-1500 m b.s.l.) (Chiodi et al., 2015).

On the base of this reconstruction, Invernizzi et al. (2014) and Chiodi et al. (2015),
considering an average reservoir temperature of ~90°C and ~115 °C, respectively, proposed
a preliminary evaluation of the energy potential of the Rosario de La Frontera geothermal

system estimating the heat stored in the fluid phase in the order of 108 J.
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CHAPTER 11l

TECTONIC MODEL OF SIERRA DE LA CANDELARIA
ANTICLINE

3.1 Introduction

The chapter focuses on structural data collected at the outcrop scale along the Sierra de
La Candelaria anticline in order to understand their relationships with the main deformation
events that affected the anticline and their influence on fluids migration.

The analyses of the collected data, together with the evaluation of the structural
relationships between the anticline and the faults mapped in the area, and the geometry of
the different stratigraphic units allowed to better constrain the structural setting of the

anticline and to elaborate a multi-stage model that explains its formation and evolution.

3.2 Structural analysis at the outcrop scale

Field work was dedicated both to qualitative and quantitative analysis (orientation,
dimension, spatial distributions, mode of deformation and spacing) of structural data
recorded in the outcropping sedimentary succession. | tried to collect structural data in
different 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. Unfortunately, the Sierra de La Candelaria structure is
densely covered by shrubby vegetation, and exposures are restricted mostly to river beds,
river banks, railroad and highway cut. Therefore, the outcrops condition together with the
difficulty to catch them very limited the distribution of measure sites along the anticline.
Anyway, structural data on faults, cleavages, fractures, and veins were collected at 95
georeferenced field sites (Fig. 3.1).

In detail, structural data were collected in the Guanaco, Jesus Maria, 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
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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

sector of Balboa anticline and in the southern sector of the ridge.
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Fig. 3.1 — (a) Geological Map of Sierra de La Candelaria anticline. (b) Chronostratigraphic column showing
the tectonostratigraphic units cropping out in the study area, as well as the main tectonic events that
controlled their deposition (redrawn by Carrera et al., 2006). (c) Representative cross sections of the

anticline. Their location is indicated in the geological map.
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| 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.

3.2.1 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.
3.1). In the Anta Yaco area, structural analysis were performed on Anta, Yacoraite, Pirgua
and Medina Formations. Conversely, in the Ceibal area structural data were collected from
the outcrops of Pirgua Subgroup and Jesus Maria Formations.

As a whole, the sedimentary succession cropping out along the backlimb strikes N-S,
dipping about 40° to the W. The analysed structures include generic fractures, shear
fractures, veins and tectonic stylolites representing a spaced disjunctive cleavage produced
by pressure solution.

Generic fractures occur in all the mechanical units exposed along the backlimb of the
anticline. Poles to generic fractures show four main directions both in their present
orientation and after bed rotation: N-S, E-W, NNW-SSE, ENE-WSW and WNW-ESE (Fig.
3.2a, b).

N-S fractures are dominant and well visible in all the outcrops, and have generally high
angle of dip (80°). They occur also in the younger strata (Jesis Maria Fm.) with a constant
spacing of about 30cm and a length greater than 2m; the aperture is from few millimiters
up to 1.5cm.

E-W fractures occur in the strata of Yacoraite Formation and Pirgua Subgroup, in the area
of Anta Yaco and Ceibal; they show a constant spacing of about 30cm; their length varies
from 30 cm to several metres and the aperture is mostly lower than 1mm, but in some cases
it reach a value of 3mm such as in the strata of Yacoraite Formation (Fig. 3.3).

NNW-SSE and WNW-ESE 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 generic
fractures characterized mainly the strata of Pirgua Subgroup in the Ceibal area. In this latter
area, calcite-filled veins are dominant in systematic sets striking along ENE-WSW and
NNE-SSW directions (Fig. 3.4a).

They show a variable spacing ranging from several metres down to 30-40cm; their

thickness ranges from few millimiters to 2cm.

24



Unrotated
PIRGUA Subgroup

[MEDINA Frm.

n=70 )
YACORAITE Fm.

-5

n=31

8

[PIRGUA Subgroup

n=50 -8

WQGUA Subgroup

n=90

c

~$

n=110 ;
ANTA Fm.

JESUS MARIA Fm.

n=17 -5~

[ANTA Fm. - Backlimb nose

ANTA Fm. - Periclinal closure

ANTA Fm. - Forelimb nose
ol

st

mrrh
n=79

T

d

Rty

Rotated

[MEDINA Fm.

n=70
YACORAITE Fm.

ﬁGUA Subgroup

[PIRGUA Subgroup

n=90 -85~

c

PIRGUA Subgroup

n=110 ”
ANTA Fm.

JESUS MARIA Fm.

n=17 Y

b

ANTA Fm. - Backlimb nose |

ANTA Fm. - Periclinal closure

LEGEND: e Generic fractures A Shear fractures = Gypsum-veins B Extensional fractures

Fig. 3.2 — 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.

25



Shear fractures were recognized in the strata of Anta and Pirgua Formations in the area
of Anta Yaco. In the Anta Formation, they occur as conjugate strike-slip systems striking
NNW-SSE and E-W, steeply dipping and mutually cross cutting, probably related to a
contraction parallel to bedding dip (Fig. 3.4b). 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 spacing of about 30cm (Fig. 3.4c); they are in
accordance with the WNW-ESE shortening Andean direction (Marrett et al., 1994). WNW-
ESE left-lateral shear fractures also occur in these deposits. They occur with a low

frequency and a length of about 80cm.

Fig. 3.3 — E-W fractures in the strata of Yacoraite Formation in the area of Anta Yaco

Stylolites trending N-S were observed in the strata of Yacoraite Formation (Fig. 3.4d).
They occur normal to bedding and are interpreted as contractional structures.
Although the cross cutting relationship are not always consistent, N-S fractures are

considered the younger one, because of their occurrence in the younger strata.

3.2.2 Northeast nose of Balboa anticline

Fractures data were collected from this portion of the anticline in the area of Balboa
anticline, from the sandstones of Pirgua Subgroup (Fig. 3.2c). In this area, bedding strike
rotates from N75°W to N20°W, as a consequence of the shape of the Balboa anticline (Fig.
3.1).

Generic fractures, veins and deformation bands occur in the area. Poles to generic
fractures are clustered around two broad maxima corresponding roughly to NNE-SSW and

NNW-SSE trends, both in the rotated and unrotated analysis. These fractures are
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characterized by an average spacing of 35cm (Fig. 3.5a). Subordinately, N-S generic
fractures are also present. These fractures often mutually cross-cut, suggesting that they are
essentially coeval.

Fig. 3.4 — Examples of the structural discontinuities observed in the field: (a) Calcite-filled vein in the
southwestern backlimb of the main anticline (Pirgua Subgroup). (b) Strike-slip conjugate fracture system in
the backlimb of the main Sierra de La Candelaria anticline (Anta Formation). (c) Shear fractures in the
backlimb of the main anticline (Pirgua Subgroup). (d) Stylolites oriented parallel to the bedding strike in the
backlimb of the main anticline (Yacoraite Formation).

NNE-SSW and NNW-SSE calcite-filled veins were also observed with a thickness
variable from few millimetres up to 1cm.

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
5mm and the higher compaction observed within, suggests the occurrence of deformation
bands (Aydin & Johnson 1978, 1983; Jamison & Stearns 1982; Underhill & Woodcock
1987; Mair et al., 2000; Antonellini et al., 1994; Fossen & Hesthammer 1997; Shipton &
Cowie, 2001) (Fig.3.5b).
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Fig. 3.5 - Examples of structural discontinuities observed in the area of Balboa anticline: (a) NW-SE and
NE-SW striking fractures. In the square, a calcite-filled fracture with the same trend. (b) NW-SE
deformation bands.

3.2.3 Northern nose of Termas anticline

In the area close to the Hotel Termas, the Anta Formation extensively crops out, and
subordinately, Jesis Maria and Guanaco Formations. In detail, these two younger
Formations crop out in the eastern limb of the anticline with a visible unconformity
separating them (Fig. 3.6).

Fig. 3.6 - Guanaco and JesUs Maria Formations cropping out with a visible unconformity separating them.
The stereoplot (Schmidt net, lower hemisphere projection) shows the corresponding structural data set
collected on the strata of Guanaco Formation.

Brittle deformation is recorded only in the better cemented Guanaco beds that dip 15° to
SE. It consists of poorly developed, open fractures striking NO75°E and NO15°W, likely
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compatible to the latest strike-slip motion along NNW-SSE lineaments and faults mapped
in the Hotel Termas area.

In the same area, the well exposed strata of Anta Formation have different trends (Fig.
3.1). In the backlimb nose of the anticline, bedding strikes ca. N-S, whereas in the forelimb
it strikes NO30°W, dipping of about 60° in both cases. In the periclinal closure area, bedding
strikes from NO30°E, with a dip of about 50°, to NO60°E with dip decreasing down to 30°.
On the base of the qualitative analysis, | recognized on the field generic fractures, shear
fractures, faults, gypsum- and calcite-filled veins and deformation bands (Fig. 3.2).

3.2.3.1 Backlimb

In the backlimb nose of the anticline, shear fractures striking NNW-SSE and E-W occur
as a strike-slip conjugate system, compatible with the WNW-ESE shortening direction
(Fig. 3.7a).

: Left-lateral
Deformation bands

shear fractures

= A

Fig. 3.7 - Examples of structural discontinuities observed in the backlimb of Termas anticline: (a) NNW-
SSE and E-W strike-slip conjugate fractures. (b) strike-slip, left-lateral sense of shear on sub-vertical fault
plane dipping to 50°. A small pull-apart is formed by extension between the overlapping fault surfaces. (c)

Small normal faults dipping 150°. (d) Left-lateral shear fractures.
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The occurrence of NNW-SSE left-lateral faults suggests to interpret this association as
Type | fracture array of Stearns (1968), indicating a direction of contraction parallel to dip
direction of bedding (3.7b). In this interpretation, the Type | fracture set is asymmetrical,
because the right-lateral fault system does not occur. ENE-WSW normal fault planes occur
in the area (3.7c). 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°).

A tighter packing of grains was observed in the area within fractures striking NNW-SSE
and NE-SW suggesting deformation mechanisms typical of deformation bands. Shear
fractures striking WNW-ESE and ENE-WSW cut-off these latter with a left-lateral
kinematics (Fig. 3.7d).

In addition, generic fractures are recognized in the area. In their present orientation (i.e.
unrotated analysis), the dominant sets strike N-S dipping to the west with angles of 60°. A
subordinately set strikes NE-SW dipping at high angle in both directions. 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.

3.2.3.2 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 111 fracture array of Stearns
(1968), with the o 2 lying parallel to bedding. This interpretation is confirmed by the
occurrence of normal faults striking sub-parallel to the fold axis that suggest extension
parallel to bedding dip (Fig. 3.8a).

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 pervasive system of strike-slip fault
planes. These fault planes strike N30°W and roughly N-S and they are sub-vertical or
highly dipping mainly towards the eastern quadrants. Slickenlines on fault planes have
azimuth to N0OO5°. 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
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correspondence to the major fault planes (Fig. 3.8b,c,d). Calcite infillings often occur in
correspondence to the transtensive WNW-ESE and NNW-SSE fault planes.

Fig. 3.8 - Examples of structural discontinuities observed in the periclinal closure area of Termas anticline:
(@) longitudinal normal fault; (b) Steps on normal fault striking N030°W; (c) Fault plane with slickenlines
showing a dip-slip motion in the periclinal closure area; (d) Spaced cleavage folded into Z-shaped folds
with steeply plunging axes.

In addition, in this area, in correspondence to the thick pelitic layer that characterized
Anta Formation, three families of gypsum-veins occur (Fig. 3.9). They strike NNE-SSW
dipping to NW both steeply and gently. Gypsum veins steeply dipping and sub-parallel to
bedding are characterized by gypsum crystals both orthogonal and oblique with respect to
the fracture walls. Both of these fill types seems to be compatible to shear parallel to
bedding, developed during a flexural slip process. The first one, extensional, suggests a
first decompression of strata ( o 3 normal to bedding, o 1 horizontal), related to the first
phase of folding, and followed by shear along bedding (flexural slip). A third family of
gypsum veins is gently dipping and at high angle to bedding. It is characterized by gypsum
crystals oblique of about 30° with respect to the fracture walls indicating a sense of shear
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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).

Fig. 3.9 - Three families of gypsum veins in the pelitic layer of Anta Formation (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.

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 3mm,
and often occur in association with gypsum-veins described above; abutting relationship
shows that generic fractures striking WNW-ESE cut the system of gypsum-veins (Fig.
3.10).

Fig. 3.10 — Open fractures cutting gypsum veins

Generic fractures striking N-S and steeply dipping to both directions represent the most
frequent set where bedding strike NO60°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.
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3.2.3.3 Forelimb

Generic fractures are organized in this area in three main trends striking E-W (mainly
dipping to the south at low angle) and NW-SE (dipping to north-east at a high angle).
Subordinately, a N-S fracture trend occurs. It dip to the east at high angle.

Deformation bands striking WNW-ESE and ENE-WSW were recognized in the area.
Shear fractures striking WNW-ESE and ENE-WSW occur in the area with a right- and left-

lateral kinematics, respectively (Fig. 3.11).

Fig. 3.11 — Shear fractures offset deformation bands with a right-lateral motion

3.3 Structural setting of the Sierra de La Candelaria

Field surveys together with the analyses of the existing maps (Moreno Espeltaetal., 1975;
Seggiaro et al., 1997; Gonzalez et al., 2000; Salfity and Monaldi, 2006) and of lineaments
and morphostructures identified through satellite data SRTM V2, allowed to better define
the structural setting of the Sierra de La Candelaria anticline and to elaborate a revised
geological map (Fig. 3.1).

This latter shows the Sierra de La Candelaria as broad anticline elongated in N-S direction
for about 55km and with a maximum elevation of about 2,600m a.s.l. Its general 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 a high-angle reverse
fault striking N-S with a top-to-the-east sense of transport. The lateral thickness variation
(from 400 to 450m) of the syn-rift deposits moving from the area of Anta Yaco to the area
of Balboa anticline, allowed to consider it as an inverted Cretaceous normal fault (in
agreement with laffa et al., 2013). Its oblique trend also suggests a left-lateral strike-slip
kinematics component along this fault, compatible with the latest Andean regional WNW-
ESE shortening direction (Marrett et al., 1994). This fault plane and a backthrust on the
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western limb, striking N-S and dipping to the east, are the main 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 characterized by reverse dip-slip
and left-lateral strike-slip components that divides the structure in two anticlines: Termas
and Balboa (Moreno Espelta et al., 1975; Seggiaro et al., 1997; Barcelona et al., 2014). In
detail, the Balboa anticline, to the east, trends N-S and is characterized by the outcrops of
Cretaceous sandstones of the Pirgua subgroup at its core (Fig. 3.1a, b, 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
(Fig. 3.1a, b, section B). A strike-slip component along the NNW-SSE fault that divides
the two anticlines is suggested by its geometry, by offset of stratigraphic boundaries, and
by kinematic indicators observed in the field.

Furthermore, in the northwestern area, the backlimb is affected by a series of minor NW-
SE faults that splay off the NNW-SSE oblique fault in the sense of Riedel shears tending
to link to the western backthrust. Despite Seggiaro et al. (1997) interpreted these fault
planes as reverse faults, the analyses at the outcrop scale allows me to consider these faults
as left-lateral strike-slip faults with a normal component.

Two E-W high-angle faults, dipping both to the north and to the south, border to the south
this northern segment of the anticline. A general N-S extension is accommodated along
these faults as shown by the offset of stratigraphic boundaries and of the main fault planes.
Another E-W normal faults is interpreted to occur in the northernmost portion of the
anticline, responsible of the offset of the axial plane of Termas anticline.

Further to the south, along the western fold limb of the regional anticline, a kilometric
NE-SW left-lateral strike-slip fault cross cuts the regional anticline (Gonzalez et al., 2000).
Furthermore, along its western limb, the anticline is flanked by a NNE-SSW high-angle
fault plane. Its southernmost trace was also reported by Gonzalez et al. (2000). Along its
trace, the Pliocene alluvial deposits crop out.

The occurrence of this fault has been also highlighted in the northern portion of the
anticline, at lower topographic level, by remote sensing analyses (Invernizzi et al., 2014).
An offset of this fault could be possible by the occurrence of a NW-SE left-lateral fault
plane, also detected by remote sensing analyses.

The latter have been performed with the aim to detect reasonable lineament to constrain

the lateral extension of the reservoir for the evaluation of its volume. The analyses allowed

34



to identify a network of main lineaments (Fig. 3.12) that correspond to the main faults

detected in the field and reported on existing geological maps.

26°00°00”

Fig. 3.12 — Structural lineaments detected by qualitative analysis of satellite data (SRTM V2) are drown on
a DEM representation of the studied area and surroundings (from Invernizzi et al., 2014).

Different families of lineaments have been detected: NNE-SSW, represented by
continuous lineaments mostly developed in the foothills both to the west and to the east of
the Sierra de la Candelaria relief; E-W, WNW-ESE and, subordinately, NW-SE mainly
diffused along Sierra de la Candelaria and in the western foothills; NE-SW lineaments
concentrated in the northern part and in the middle portion of the Sierra de la Candelaria

and both on the western and eastern foothills.

3.4 Tectonic interpretation of the deformation sequence
The kinematic evolution and timing of the studied anticline was 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.
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In general, the analysis of the deformation pattern showed that both the attitude and
kinematic of most tectonic structures are consistent with two main deformation phases, that
can be traced throughout Cretaceous to present day: 1. extension and 2. positive inversion
and folding. Data at the outcrop scale allowed refining the timing of deformation of event
2 into early, intermediate and mature sub-stages (Fig. 3.13) (Woodcock and Rickards,
2003). Also the different trending lineaments detected by remote sensing analyses correlate
with the recognized deformative events.

Extension due to Cretaceous rifting is recorded by an increase in total thickness (from 400
to 450m) and in beds thickness (from less than 1m up to 5-6m) of the syn-rift deposits
(Pirgua Subgroup). Moreover, their clastic facies evolves from mainly arenitic to mainly
conglomeratic moving from the area of Anta Yaco to the area of the Balboa anticline. This
facies and thickness 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.

This evidence supports the hypothesis that the fault bordering the anticline to the east
started as a normal fault during the Cretaceous rifting process and was inverted during the
Cenozoic tectonic phase, in agreement with laffa et al. (2013) (Fig. 3.13a).

The same high-angle fault may be transpressionally reactivated as an oblique thrust ramp
during the thrust system emplacement since it had an oblique trend with respect to the
compression direction (i.e. oblique or transpressional inversion; Butler, 1982; Crane, 1987,
McClay, 1989; Lacombe & Mouthereau, 2002). Accordingly, it shows a left-lateral strike-
slip kinematic component compatible to the latest Andean regional WNW-ESE shortening
direction (Marrett et al., 1994). Furthermore, it is responsible of the uplift of the Sierra de
La Candelaria structure, deformed in a N-S trending hanging wall anticline (Moreno
Espelta et al., 1975; Seggiaro et al., 1997). Accordingly, the Balboa anticline might
represent the northern ancient nose of the Sierra de la Candelaria range, in agreement with
the reconstruction proposed by Barcelona et al. (2014).

In this early stage of inversion, the deformation is mainly recorded at the outcrop scale by
N-S-striking stylolites in the strata of Yacoraite Formation in the southwestern limb of the
anticline.

Progressively, 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. The latter is likely to be connected at depth to the inverted fault (Fig. 3.13b).
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Fig. 3.13 — Schematic interpretation of the kinematic evolution of the Sierra de La Candelaria
anticline. It shows the (a, b) early, (c) intermediate and (d) mature stages of the deformation that
produced the regional anticline. (e) A scheme of the different mesostructures associated to the early
(pink colour), intermediate (blue) and mature deformation stages (green and orange) of the anticline.
See text for details.

In the intermediate stage of inversion, the northern portion of the regional anticline was
dissected by a NNW-SSE oblique fault plane. It divided the main anticline enhancing the
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development of the minor Termas and Balboa anticlines, in agreement with Barcelona et
al. (2014). The occurrence of this fault characterized by reverse dip-slip and left-lateral
strike-slip components defines a positive flower-like structure with associated minor NW-
SE strike-slip faults (Fig. 3.13c).

In the area syn-folding features are represented by:

o Gypsum extensional veins striking NNE-SSW, steeply dipping and at low angle to
bedding. They indicate the initial stage of folding under overpressure condition (Shearman
etal., 1972; Gustavson et al., 1994; Sibson and Scott, 1998);

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

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

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

o NNW-SSE striking conjugate system of extensional fractures recorded in the
periclinal closure area. They are interpreted as Type Il of Stearns (1968);

Furthermore, different meso-structures testify the strike-slip kinematics along the NNW-
SSE oblique fault plane:

o NNW-SSE to N-S left-lateral faults and the associated WNW-ESE Riedel shears
occurring in the periclinal closure area and in the backlimb of the anticline;

o NNW-SSE striking deformation bands recorded in the backlimb of the anticline;

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

o NW-SE generic fractures occurring in the backlimb and in the forelimb of the
anticline may be also related to this event.

N-S trending fractures in the strata of the Guanaco Formation (Jujuy Subgroup) 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 Subgroup, in the area of
Ceibal and in correspondence to the Balboa anticline. In detail, in this latter area, NW-SE
and N-S striking deformation bands and N-S, NNW-SSE and NNE-SSW generic fractures
testify the occurrence of this kinematics. On the contrary, the left-lateral strike-slip fault

trending NE-SW and off-setting the stratigraphic succession in the area of Ceibal, is better
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recorded at the outcrop scale from fractures striking NNE-SSW and ENE-WSW. The map
view analysis suggests that this fault occurred after fold development. Furthermore, 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 the Salta Group and before the deposition of Jestis Maria 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 a mature stage of inversion, in the central and northern portion of the structure,
E-W trending normal faults dipping both to the north and to the south dissect main
compressive and transpressive deformation (Fig. 3.13d). These faults are interpreted to
occur in the final stage of the regional fold growing on the base of cross-cut relationships
probably related to the fold plunge. This latter event chronology differs from the
reconstruction of Seggiaro et al. (1997) and laffa et al. (2013) that consider these faults as
passively inherited Cretaceous normal faults. At the outcrop scale, the E-W 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 anticline are interpreted to

reflect this final stage of the folding process.
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CHAPTER IV

3-D MODEL OF THE RESERVOIR AND FRACTURE
MODELLING

4.1 Introduction

The aim of the chapter is to assess the quality of the geothermal reservoir of Rosario de
La Frontera system. In order to achieve this goal a fracture modelling was performed inside
a 3-D volume of the reservoir deposits. The modelling was based on fracture data collected
at the outcrop scale and allowed to estimate the secondary permeability and porosity of the
reservoir. Furthermore, an evaluation of its geothermal potential was performed by

applying the volume method.

4.2 Methodology

The method followed for the assessment of the studied geothermal reservoir consists of
different steps mainly focused on the elaboration of structural data collected at the outcrop
scale and on fracture modelling (Fig. 4.1).

Firstly, fieldwork allowed to identify the deposits acting as the reservoir of the thermal
fluids. Subsequently, a detailed analyses of structural data collected at the outcrop scale
was performed.

Fractures were classified as longitudinal, transverse and oblique with respect to the fold
axis trend (e.g. Stearns, 1968; Hancock, 1985; Cooper, 1992; Storti and Salvini, 1996;
Hennings et al., 2000; Van Dijk et al., 2000; Tavani et al., 2008; Carminati et al., 2014) and
so divided into different sets on the base of their orientation in order to perform the fracture
modelling within the reservoir volume.

A frequency distribution of fracture data within the anticline was obtained by the
acquisition of spacing data derived from scan-line surveys (Priest and Hudson, 1981;
Rouleau & Gale 1985; Priest, 1993; Wu and Pollard, 1995). The method consists of
counting the number of fractures per unit length along a sampling line. Spacing values of
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fractures belonging to the same set were computed by applying the Terzaghi trigonometric
correction, in order to reduce the measurements bias (Terzaghi, 1964). For each scan-line
I also measured the attitude (dip-azimuth, dip angle), deformation mode and length of the
different fractures in order to provide the main fracture systems parameters subsequently
used for the fracture modelling. In addition, owing to the long time required for the
acquisition of scan-lines, in several localities fast scan-lines were also performed. 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
4.1.

@eservoir analys@

Fieldwork
Fault and fracture Revised
investigation geological map
(Move 3D)
Structural data analysis geometrical
reconstruction

I

3-D Volume

! }

Discrete fracture network models

i

UPSCALING:
Output properties calculation

Fig. 4.1 - Flow diagram illustrating the sequential steps followed in order to perform the
fracture modelling. Fieldwork and the 3-D software modelling are at the base of the work
(see text for detailed explanation).

The next step concerned the construction of a 3-D reservoir geological model representing
the tectonic structure. It was elaborated with the software MOVE™ (Midland Valley Ltd.).

The dataset used as input and constrain for the geometrical model was provided by
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computerized data mainly derived from the digitalization of the revised geological map

1:250.000 scale, and control points from field survey (Fig. 4.2).

Table 4.1 - Summary of data for scan lines (SL) and fast scan lines (FSL) carried out on the outcropping
reservoir (R) and cap (C) rocks of the geothermal system.

Survey Longitude Latitude Rock type Dip Length Number of
type direction/dip (cm) data
angle
SL 1 -25,83554 -64,93138 CR 255/15 1000 75
SL 2 -25,83833 -64,93341 CR 330/05 1000 26
SL 3 -25,83650 -64,93487 CR 10/0 750 61
SL 4 -25,83790 -64,93052 CR 30/10 527 17
SL5 -25,83461 -64,93719 CR 20/0 903 49
SL6 -25,83854 -64,93333 CR 220/10 500 39
SL7 -25,99150 -64,91741 R 290/15 490 15
SL 8 -25,98974 -64,91750 R 110/05 600 20
SL9 -25,99024 -64,91951 R 280/05 1000 30
SL 10 -25,98809 -64,91719 R 340/25 990 20
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 1000 35
SL 15 -26,14929 -64,95553 R 150/0 650 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 7410 96 16
FSL5 -25,90636 -64,87943 R 100/0 63 11

2D geological data (stratigraphic boundaries, structural elements, attitudes) and a DEM
(Digital Elevation Model) of the area provided a 3-D dataset as starting point for the 3-D
elaboration. In order to reconstruct an accurate structural model of the deep reservoir, |
built twenty-six geological cross-sections, across the Sierra de La Candelaria anticline,
oriented normal (2500 m spaced) and parallel to the fold axes trend (Fig. 4.3).

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, subsequently converted
into a GeoCellular volume. This latter consists of regular, defined size, grid-like cells that
can be converted into equivalent properties (such as porosity and permeability) on the base
of the fracture modelling performed through the upscaling process.

The fracture modelling process was based on the elaboration of field data in order to
generate the DFN model in the 3-D volume of the geothermal reservoir.

Furthermore, an evaluation of the geothermal potential of the reservoir was performed by
applying the volume method (Muffler and Cataldi, 1978).
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Fig. 4.2 — Dataset used as input for the 3D reservoir model. Color lines and white circles represent
the digitized stratigraphic boundaries and the dip data, respectively.
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Fig. 4.3 — Traces of the geological cross sections (black lines) and map used to construct the three-
dimensional structural model. In the grey panels some examples of geological cross sections.

Continuous green and pink lines represent top and bottom of the Pirgua Subgroup deposits,
respetively. They were used to build the reservoir volume.

4.3 Lithological components of the geothermal system
Fieldwork observations allowed to establish the role played by the main lithological
cap-rock of the studied geothermal system.

groups in the geothermal system and so to identify the deposits acting as the reservoir and
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The main litotypes of the Medina Formation (phyllites with low permeability) and the
presence of healed fractures allowed to consider it as the impermeable basement of the

geothermal system (Fig. 4.4a).

Fig. 4.4 — Outcrops of the studied rocks. (a) Precambrian laminated phyllites of the Medina Formation. (b)
Cretaceous sandstones of the syn-rift Pirgua Subgroup. (c) Conglomeratic facies of the Pirgua Subgroup
deposits. (d) Limestones outcrops belonging to the late Cretaceous-early Paleocene Yacoraite Formation.

(e) Interbedded black shales in the Yacoraite Formation. (f) Miocene Anta beds characterized by very fine

grained sandstones, siltstones, and mudstones.

On the contrary, the syn-rift deposits of the Pirgua Subgroup, mainly represented by
sandstones and conglomerates, were considered to represent the main thermal fluid
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reservoir of the geothermal system (Fig. 4.4b, c). These observations are in agreement with
Seggiaro et al. (1995) and Moreno Espelta et al. (1975). Furthermore, laboratory test
measures performed on sandstone hand sample collected from Arroyo Bonete Puca high
valley by Invernizzi et al. (2014) provided a density value of 2.24 g/cc, a total porosity of
7.2%, and a mean permeability value of 81.2 mDarcy (min =24.1 mD, max =137.1 mD).
To the top, the Balbuena Subgroup is mainly represented by the high-energy limestones
belonging to Yacoraite Formation (Fig. 4.4d). They consist of medium- to coarse-grained
oolitic grainstone with spherical sparitic oolites and oolitic packstone. Interbedded black
shales were also observed (Fig. 4.4e). The low value of frequency and aperture of the
fracture system allowed me to consider it as a low permeability deposit probably acting as
a cap-rock of the geothermal system. From a regional point of view, some of the units
composing the Santa Barbara Subgroup and the Oran Group show a prevalence of marly
and clay rich thick horizons; although fractured, they maintain low permeability since
fractures often show clayey, gypsum and calcite filling. Thus, these units behave as the

main cap-rock of the geothermal system (Fig. 4.4f).

4.4 3-D reservoir model

The accurate reconstruction in a 3-D view of the reservoir deposits allowed to highlight
the shape and the trend of the Sierra de La Candelaria anticline (Fig. 4.5).

In detail, the anticline is characterized by a gently dipping forelimb (30°) and a steeply
westward dipping backlimb (60°). Its general 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.

In a 3-D reconstruction, | 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. 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 E-W normal fault plane dipping to the north, and to the west by a continuous
lineament, almost N-S oriented, well visible on remote sensing images. To the south, the
reservoir is confined by the outcrops of Pirgua subgroup and by the NE-SW strike-slip fault
occurring in the Ceibal area.

In the present reconstruction, it can be assumed that the Cretaceous sandstones, that form
the main geothermal reservoir, consist of a single and continuous hydrogeothermal body
with an estimated volume of about 53km?® and a mean thickness of about 450m. The
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maximum depths reached by the top and bottom surfaces of Pirgua subgroup are 2000m
and 2500m, respectively. They are calculated in the northern sector of the anticline and

along its western margin.

Fig. 4.5 — 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.

4.5 Reservoir discrete fracture network model

The process of the DFN generation for the geothermal reservoir of the system of Rosario
de La Frontera was performed by using the Fracture Modelling module within the
commercial MOVE™ software package from Midland Valley Exploration Ltd.

The modelling consists of a multi-step process: first, fracture sets are identified, then

fracture parameters (Size and intensity) are calculated for each fracture sets on the base of
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field observations. The discrete fracture network can thus be generated: fractures are firstly
reproduced as planar surfaces that have the same geometrical parameters as the ones
described in the field and then, throughout the upscaling process, they are converted into
fractures properties such as porosity and permeability. Like many other commercial
packages used to generate DFN models, MOVE™ is designed for tight rocks (negligible
matrix porosity/permeability), where porosity and permeability are provided only by the
fractures. Therefore, the software assigns null values of porosity/permeability to those
portions of the volume that are not crosscut by any structure (i.e. the host rock). It then

computes the porosity/permeability of a given cell on the base of its fractured volume.

4.5.1 Fracture data elaboration

In the present modelling, fracture dataset was divided into six sets on the base of
orientation data. They were grouped into longitudinal (set ), transverse (sets II) and oblique
(1A, IB, 11A and 11B) with respect to the fold axis.

In order to perform the fracture modelling in the reconstructed reservoir volume, the used
software requires some initial input parameters for each fracture set concerning the fracture
intensity, the mean orientation, and the fracture-size with the corresponding statistical
distribution (length, length over height and opening). The input parameters have been
calculated for each fracture set from the scan-lines surveys carried out on the outcrops of
the reservoir rocks. In the area of the Termas anticline, where the reservoir does not outcrop,
I considered the fracture data collected from the strata of Anta Formation to model the
fracture network in the buried portion of the reservoir.

Furthermore, in order to evaluate the frequency variability of each fracture set along the
anticline, scan-line surveys were performed in four different portions of the studied
anticline characterized by different deformation intensity: Balboa and Termas anticlines,
Anta Yaco and Ceibal areas (see paragraph 3.2 for details). To represent this in the DFN
model, I divided the entire volume in four different small volumes representing these areas
of the anticline.

Figure 4.6 shows in detail the variation of the fracture frequency (number of fractures per
meter) of each set across the anticline.

Therefore, the performed DFN model represents the merge of twenty-four stochastic DFN

models generated for each fracture set recognized in the different portions of the anticline.
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Fig. 4.6 - 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.

Table 4.2 shows the different parameters used to elaborate the fracture modelling. Input
parameters and the methodologies to obtain them are described and detailed in the

following sub-sections.

4.5.1.1 Type and orientation
The orientation of the fractures was analysed constructing rose diagrams for fractures
azimuth for groups of scan-lines carried out in the same area. Six groups of fractures were
compiled (Fig. 4.7).
In detail:
e Set I includes N30°W=10° fractures, striking sub-parallel to the fold axis;
e Set IA and Set IB include fractures striking N60°W=+10° and N-Sx10°,
respectively;
e Set Il includes fractures striking N60°E+10°, transverse to the fold axis;
e Set IIA and Set IIB includes fractures striking N30°E+£10° and E-W=10°,
respectively.
The stereo plot tool integrated in MOVE™ provided the mean orientation and the
standard deviation of each fracture set and the Fisher K parameter used to define if a data
cloud is clustered or not (Table 4.2) (Fisher et al., 1987).
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Table 4.2 - Parameters calculated for the six fracture sets in the four measurement areas of the anticline.
Length values were obtained from outcrop analyses, whereas the mean and standard deviation parameters by
distribution analysis performed with EasyFit. All fractures sets show a normal distribution except for fracture
set 11 in the area of Balboa anticline that show a constant distribution. An up-scale of the mean values was
necessary in order to perform the fracture modelling. Mean Principal Plane includes the average values of dip
and dip direction obtained with the Fisher method implemented in Move 2013 (Midland Valley).

Anta Yaco area

Set | Set 1A Set IB Set 11 Set 1A SetlIB
P 32 0.53 1.07 1.27 0.86 1.78 3.00
Aperture (mm) 0.50 0.65 0.77 0.59 0.50 0.53
Mean Lenght (m) - Std. dev. (m) 0.57-0.19 0.79-0.50 0.82-0.84 0.67-0.37 0.55-0.32  0.50-0.27
Mean Principal Plane (°) 65/61 67/27 88/94 721329 721296 75/172
Fisher Dispersion (K value) 18.25 18.00 17.83 3354 27.36 3751
Ceibal area

Set | Set 1A Set IB Set I SetlIA  SetlIB
P 32 0.27 0.71 0.35 1231 1.54 6.46
Aperture (mm) 0.50 0.80 0.10 1.00 0.79 0.55
Mean Lenght (m) - Std. dev. (m) 0.57-0.19 1.19-065 0.38-0.02 1.76-1.31 0.70-0.16 0.43-0.18
Mean Principal Plane (°) 79/240 72/205 77/280 80/150 88/309 78/179
Fisher Dispersion (K value) 83.29 158.58 109.30 51.43 81.45 26
Balboa anticline

Set | Set 1A Set IB Set 11 Set 1A SetlIB
P 32 14.96 0.27 5.16 0.06 1.00 0.22
Aperture (mm) 0.84 0.72 0.79 0.35 0.89 0.59
Mean Lenght (m) - Std. dev. (m) ~ 1.22-0.85 0.82-0.47  1.17-0.67 0.33 1.08-0.91  0.79-0.34
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 - 45,55 34.70
Termas anticline

Set | Set 1A Set IB Set 11 Set 1A SetlIB
P32 24.99 9.79 7.11 1.83 2.03 9.19
Aperture (mm) 0.70 0.69 0.79 0.56 0.74 0.57
Mean Lenght (m) - Std. dev. (m) 0.80-0.45 0.85-0.55 0.94-0.67 0.55-0.22 0.72-0.31 0.61-0.28
Mean Principal Plane (°) 771241 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

Table 4.3 shows the fractures types included in each set, the deformation event and the
stage of the positive inversion related to their formation. The reconstruction of the
deformation sequence of the anticline described in detail in paragraph 3.4 is at the base of
this distinction.

In detail, in the different areas of the anticline (Anta Yaco and Ceibal areas, and Balboa
anticline) where the reservoir crops out, a shear displacement was recognized only along
fractures belonging to the set 11B. They are interpreted as syn-folding features since their
trend and sense of motion is in accordance with the direction of regional shortening. The
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other fracture sets are defined as generic fractures since no deformation mode was
recognized along these fractures in the field. Anyway, their trend parallel to the main fault
planes and lineaments mapped along the anticline allowed to consider them as post-folding
features (Figs. 3.1, 3.12).

Total Data: 117 max: 26 PIRGUA Subgroup N A || Total Data: 90 max: 11 PIRGUA Subgroup N b
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Fig. 4.7 - Cumulative polymodal Gaussian distribution statistics as obtained from the structural dataset
collected in the (a) Anta Yaco and (b) Ceibal areas, (c) Balboa and (d) Termas anticlines. Fracture data
are shown as rose diagram for azimuth, but they are not weighted by abundance because most data were
acquired along scan-lines. Consequently the number of fractures per-set that cross-cuts the scan-line
traces is controlled by the trend of the fractures with respect to the scan-line trace.

In the area of Termas anticline, a shear displacement was better recognized along fractures
belonging to sets I, 1A and 1IB. The analyses of the fractures network allowed to highlight
their relation with the folding process or the strike-slip event that took place during the late
transpressive tectonic regime along the NNW-SSE fault plane that gave rise to the
formation of the Termas anticline. The strike-slip event is better represented by fractures
belonging to sets | and IA. Fractures belonging to the same sets together with fracture set
1B record the folding process. Differently, fracture sets IB, Il and I1A are classified as
generic fractures and interpreted to occur after the transpressive event.

In the different analysed areas of the regional anticline, veins and deformation bands were
not included in the fracture modelling since they are interpreted to reduce the reservoir
permeability acting as barriers to flow (reservoir type 4 of Nelson, 1992). Likewise,
extensional fractures characterizing the outcrops of Anta Formation in correspondence of

Termas anticline were not considered during modelling because extrados features.

4.5.1.2 Intensity
Fracture intensity represents the amount of fractures per measure unit. It can be expressed

by the number of fractures per volume (parameter P30), the fracture length per volume
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(P31), or the fracture area per volume (P32) (Dershowitz and Herda, 1992). In particular,
the software used during this modelling generates DFN models using two of these intensity

parameters, the P30 and P32 values.

Table 4.3 — The table shows the fractures types of each set. Fractures were defined as generic fractures
when no deformation mode was recognized in the field. Intermediate and late stages of the positive inversion
are based on the kinematic model of the anticline described in detail in the paragraph 3.4 and schematized
in figure 3.13.

Anta Yaco area

Set | Set 1A Set IB Set 11 Set 11A Set 1B
Fracture Tvpe Generic Generic Generic Generic Generic Shear
yp fractures fractures fractures fractures fractures fractures

Deformation
event
Stage of the

Post-folding  Post-folding  Post-folding  Post-folding Post-folding Folding

positive inversion Late Late Late Late Late Intermediate
Ceibal area
Set | Set 1A Set IB Set 11 Set 1A Set 1B
Generic Generic Generic Generic Generic Generic
Fracture Type fractures fractures fractures fractures fractures fractures

Deformation Post-folding  Post-folding  Post-folding  Post-folding Post-folding Folding

event
Stag(? of_the . Late Late Late Late Late Intermediate
positive inversion
Balboa anticline
Set | Set 1A Set IB Set 11 Set 1A Set 1B
Fracture Tvpe Generic Generic Generic Generic Generic Generic
yp fractures fractures fractures fractures fractures fractures

Deformation
event
Stage of the

Post-folding  Post-folding  Post-folding  Post-folding Post-folding Folding

0 . Late Late Late Late Late Intermediate
positive inversion
Termas anticline
Set | Set 1A Set IB Set 11 Set 11A Set 1B
Shear Shear Generic Generic Generic Shear
Fracture Type fractures fractures fractures fractures fractures fractures
Deformation Folding; Folding; Post- Post- Post- .
. ; . ; . . . Folding
event Strike-slip Strike-slip  transpression transpression  transpression
Stage of the Late Late Late Late Late Late

positive inversion

In the present modelling, | have used the P32 intensity parameter calculated from the
number of fractures per length of scan-line measured during the fieldwork for each fracture
set (Table 4.2). Fracture frequency value, in fact, derived from scan-lines surveys (P10
parameter) and corrected by Terzaghi for removing sampling bias, can be used as roughly
equivalent to the 3D fracture intensity (m?/m3) (Priest, 2004; Barthélémy et al. 2009; Zeeb
etal., 2013).
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Terzaghi’s correction method was employed as a weighting function to evaluate the
degree of underestimation of each orientation family per scan-line. This weighting function
approximates the number of fractures that a scan-line carried out perpendicularly to the
fracture set would have intersected elaborating an estimate of the true fracture density, as
opposed to the observed one. Orientation bias, in fact, is caused by fractures that intersect
the scan-line at oblique angles. Thus, an apparent distance, or spacing, is measured between
two adjacent fractures, which cause an underestimation of fracture frequency. Accordingly,
a typical correction method for this orientation bias is the Terzaghi correction (Terzaghi,
1964; Priest, 1993), where the apparent distance (Sa) is corrected by the cosine of the acute
angle 6 of the fracture normal and the scan-line to obtain the true spacing (S):

S=Sa % cos6 1)

Linear fracture intensity (P10), which is also commonly referred to as fracture frequency,
is equal to 1/S.

In three dimensions, cos 0 is given by (Hudson and Priest, 1983):

cos0i = cos(a-ai)cospcosPi + sinfsinp (2)

where o and 3 are the dip direction and dip of the scan-line, and ai and fi are the dip
direction and dip of the ith fracture set normal (Fig. 4.8).

The scan-line sampling method estimates the linear fracture intensity P10. A relationship
between linear (P10) and volumetric (P32) fracture intensities (Table 2) is provided by
Barthélémy et al. (2009):

P10 = P32 x e [cos(0)] (3)

where e[cos(0)] is the expected mean of the cosines of angles 6 for the fractures of one
set. For a

scan-line parallel to the normal of a fracture set, e [cos(0)] equals 1, thus the relationship
between

linear (P10), areal (P21), and volumetric (P32) fracture intensities is given by:

P10 = P21 = P32 (4)
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Fig. 4.8 - Sketch illustrating the variables required to calculate the Terzaghi correction
(equation 1). Sais the apparent spacing measured along a scanline, S2-p is the true spacing
between two fracture traces, and Sz-o is the true spacing between two fracture planes. 82-p and
Bs-p are the angles between the normal to a fracture trace or a fracture plane, respectively, and
a scan-line (from Zeeb et al., 2013).

4.5.1.3 Size (height, length and aperture)

The parameters requested by the software concerning fracture size are the length
distribution, the aspect ratio and the aperture.

The height values of the fractures were acquired in the field. The aspect ratio
height/length was kept as recommended in the software tutorial 1:2, as bedding thickness
commonly restricts fracture height, allowing fractures to have a longer length relative to
their height.

Regarding fractures length, the stochastic distribution of length in the model requires a
statistical function which describes the distribution of fracture length data. The latter were
analysed by using the software EasyFit. The results show that the analysed data are
explicated by a normal (or Gaussian) distribution expressed by:

1 —(v—11)2 2
Fxp, 0)=1—=e 0W7/G) (5)

where p is the mean value and o is the standard deviation (z is a constant = 3.14159, and
e is a constant = 2.71828). These values are required by the software in order to apply the
normal statistical distribution.

The last parameter requested by the software to complete the modelling phase is the
aperture value of each fracture set. It represents an important parameter as it has a large

influence on the calculated permeability of the model by the “cubic law” (Louis, 1969;
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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) the flow rate along a
fracture is related to the cube of the aperture and thus permeability Kj of a single fracture

IS given by:

Kj = 82 (6)

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 (e.g. Antonellini and Aydin, 1994; Aydin, 2000; Fisher
and Knipe, 2001; Sternolf et al., 2004), and permeability of other structural 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 substantial. For this reason, I did not included in the fracture modelling the deformation
bands recognized in the outcrops of Pirgua and Anta Formations in the area of Balboa and
Termas anticline.

Unfortunately, no direct aperture data were available and so for the other fracture types I
have considered the aperture value proportional to the trace length of fractures based on the
non-linear, square root power-law distribution between aperture and length, proposed by
Olson (2003):

Dax = aL®® (7)

where Dmax is the maximum (shearing) displacement along the fault/fracture, L the

length and o a proportionality coefficient:

_ Kic(1-v)2 ﬁ
e (8)

including the fracture toughness Klc, Poison’s ratio v, and Young’s modulus E, all

material specific constants of the host rock.

4.5.2 Problems in data modelling

In the present modelling particular attention has been devoted to the computation of the
secondary permeability related to the fracture systems that affect the studied geothermal
reservoir previously modelled in three-dimensions. Different problems have been
encountered during modelling mainly related to the capacity of the used software to model
the fracture systems into a large volume of reservoir combining outcrop and reservoir

scales.
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One of the critical issue in fracture modelling and in the description of the equivalent
continuum medium of a fractured/faulted system is the choice of the cell size that is needed
for the discretization of the numerical model (Antonellini et al., 2014). Obviously, a small
cell size may allow describing with accuracy the geologic and structural characteristics of
the reservoir but it will require a long computation time and some problems in terms of
system memory limitations during generation of the fracture system and the subsequent
conversion into hydraulic properties. On the other hand, a large cell size will keep down
the computation time but it will limit the structural and lithologic detail that can be
represented.

Also fracture data length and density highly affect the capacity of the modelling software
to generate fractures (Bigi et al., 2014). In particular, the generation of fractures with low
values of length (as values computed at the outcrop scale), requires a long computation
time by the software and can create problems of system memory since the software may
generate a high number of fractures. This problem occurs especially when fracture
modelling may be performed in a large reservoir volume, due to the dimension of the model
with respect to the scale of the outcrop observations.

With the aim to avoid these issues, during this work several attempts have been performed
by modifying cell size and up-/down scaling length of fractures, in order to combine the
size of the model and the software capability.

Regarding cells size, they were originated with a side of 300 m.

Unfortunately, MOVE™ is not able to avoid the issues due to the use of data (fracture
length) obtained at the outcrop scale. Therefore, | performed the present modelling by
applying an up-scale of the mean value of fractures lengths of two orders of magnitude
(from 1 to 100 m) for analysing them at the reservoir scale (10-1000 m) since it is
demonstrated that the statistic distribution of this parameter is scale independent (Barton
and Larsen, 1985; La Pointe, 1988; Barton and Hsieh, 1989; Babadagli et al., 2001; Van
Dijk, 2000; Marchegiani et al., 2006). The statistic distribution was kept “normal” as
indicated by the analyses of values collected at the outcrop scale. Published case histories
have revealed that many faults and fractures trace length distribution covering several
orders of magnitude, show Power-Law trends (Walsh & Watterson 1988; Gillespie et al.
1992; Crovelli and Barton, 1995; Barton, 1995; Schlische et al., 1996; Cello, 1997; Cowie
1998; Cowie & Roberts 2001; Tondi & Cello 2003; Van Dijk et al., 2000; Marchegiani et
al., 2006). Nevertheless, the application of this type of distribution in the present modelling
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have not been possible since it led to the generation of a high number of small fractures and
so0 to a software memory problems.

From a general point of view, a critical issue in performing fracture modelling is the
decrease in permeability with depth due to changing in the stress state and to the increase
of temperature.

The depth dependence of permeability can be expressed by Black’s equation (1987):

k=az?® (9)

where a and b are constant and z is the vertical depth below ground surface. These constant
can be derived form experimental analyses.

A decrease in permeability with depth is generally observed (see Singhal & Gupta, 1999
for a review) since it leads to the reduction in fracture aperture, but there is not much
justification of such a universal rule. Site specific studies are necessary in order to estabilish
the stress in situ. Stress being a directional phenomenon, its state determines the relative
permeability of different fracture sets in a rock mass. Fractures parallel to the maximum
stress tend to be open, whereas those perpendicular to it tend to be closed. The effect of
stress on permeability of jointed rocks also depends on the direction of stress in relation to
joint orientation.

On the other hand, an increase in temperature can cause a volumetric expansion of the
rock material leading to reduction in fracture aperture and an overall decrease in rock
permeability. Temperature changes can also cause precipitation and dissolution of minerals
thereby affecting rock permeabilities. Changes in temperature may also change the
effective stress in the rock mass.

The modelling software cannot take into account these permeability variations with depth
as both temperature and stress state are complex issues to be addressed. A quantitative
approach to include them would request specific laboratory investigations on surface and
subsurface samples and in bore holes to measure representative parameters for a more

advanced evaluation of reservoir properties.

4.5.3 Results

The performed fracture modelling allowed to calculate the fractured volume affecting the
reservoir.

It results of 0,012Km?3 (Fig. 4.9; Table 4.4).
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Fig. 4.9 - (a) Three-dimensional fracture model reconstructed inside the geocellular volume of the reservoir.
(b) Detail of the 3-D fracture model shown in panel a. (c) Top view of the grid cell illustrating the trend of
the six main sets of fractures.

In detail, the DFNs show that Termas anticline represents the most fractured area of Sierra
de la Candelaria ridge (Table 4.4). There, the intensive brittle deformation testifies the
folding process and the strike-slip kinematics due to the transpressive event along the
NNW-SSE fault plane. Accordingly, fracture sets I (NNW-SSE), IA (WNW-ESE), IB (N-
S) and 1IB (E-W) very affect the fractured volume as they are the most frequent fracture
sets.

The brittle deformation is less intensive in the other portions of the ridge. In particular,
the Anta Yaco area represents the less fractured area where fracturing mainly records the
folding process happened in the early stage of the positive inversion. Accordingly, fractures
set 11B (E-W) represents the most frequent fracture set in this area. On the contrary, the
fracture volume is mainly related to the fracture sets Il (ENE-WSW) and 1IB (E-W) in the
Ceibal area and to the fracture sets I (NNW-SSE) and IB (N-S) in correspondence of the
Balboa anticline. Their relation with the faults mapped in these areas suggest that the

associate deformation took place after the folding process.

4.6 DFN upscaling

The upscaling process converts the Discrete Fracture Network model to equivalent
continuum medium of the required properties formed by cubic cells distributed over a grid.

For each grid cell, a permeability tensor based on the DFNs was computed using the
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geometric methodology proposed by Oda (1985). The calculation of the permeability tensor
that the fracture modelling 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. Furthermore, the software
calculates the secondary porosity as the ratio of total fracture volume in a cell per cell

volume.

Table 4.4 — The table shows the fracture volume in the different areas of the Sierra de La Candelaria anticline.
For each area is also reported the range of secondary permeability value in the different directions (i.e. “xx”,
“yy”, Xy, “xz”, “yz”, “zz”) and the average fracture porosity.

. Secondary Permeability (mD) Secondary Fracture

Site Porosit volume

Kxx Kyy Kzz Kxy Kxz Kyz Y (Kmd)

Anta 0.58/1.0 0.62/1.19 0.87/1.49 0.03/0.17 0.06/0.2  0.02/0.0 4.8E-05 8.2E-04
Yaco 0 8 9

Ceibal 5'515/9'0 4.81/8.56 11'41/19'3 6.77/11.99 1'23;/2'3 0'7%/1'6 1.9E-04 1.6E-03

Balboa | 154/40 5951016 4611200 1301405 0924 049LA oo, 1.3E-03
anticline 9 5 0

Ter_ma_ls 15.61/1 11.01/14.0 14.24/17.7 3.78/4.92 2.75/3.6  2.26/2.8 4.2E-04 8,5E-03
anticline 9.49 7 8 8 9

Table 4.4 shows the values of the secondary porosity and permeability computed by the
software for the twenty-four DFNs performed in the four modelled areas of Sierra de La
Candelaria anticline. The results obtained comparing the hydraulic behaviour of each zone
show permeability and porosity variations among them; in the case of permeability,
variations are also shown in the different directions (i.e. “xx”, “yy”, “xy”, “xz”, “yz”, “zz”

In detail, the highest values of porosity and permeability occur in correspondence to the
Termas and Balboa anticlines and in the area of Ceibal, where fractures are characterized
by the highest values of frequency. In particular, permeability is highest in the direction
parallel to the strike of the main fault planes (“yy”). These values are until 13 times higher
(~14 mD) than the one of the Anta Yaco area (~1 mD). Highest values are also found along
the “xx” direction in correspondence to the Termas anticline, probably related to the high
frequency of fracture set 11B.

In the vertical direction “zz” parallel to the dip of the main fracture systems, all areas
show the highest permeability values. Differently, the lowest permeability values occur

along the horizontal and vertical oblique direction to the faults strike (“xy”, “xz” and “yz”).
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4.7 Geothermal potential

The performed fracture modelling highlights the role played by the fracture network on
the permeability of the geothermal reservoir of Rosario de La Frontera system. The results
show that even though fracture network enhances the reservoir permeability, its primary
one probably plays the most important role in the storage and circulation of fluids since
secondary permeability values are very low. On this base, a more detailed evaluation of the
potential of the studied reservoir was performed by applying the volume method (e.g.
Cataldi et al., 1978). This method uses estimates of subsurface temperature, volume,
specific heat and density to calculate the accessible resource base, multiplying the resultant
value by a recovery factor to get the recoverable thermal energy.

Particular attention was devoted to the northern portion of the regional anticline. 1
considered this area as the most interesting one for a potential exploitation of the thermal
fluids, since here temperatures at surface are higher than the ones occurring in the Ceibal
area and reservoir reaches the maximum depths. Accordingly, a new calculation of the
reservoir volume excluding the southern portion was necessary. It was computed on the
base of the 3D model reconstructed with the aid of the software Move™ (see paragraph
4.4). The reservoir is delimited by the outcrops of Pirgua subgroup in the area of the Balboa
anticline, to the south, and by a NW-SE structural lineament to the south-west (Invernizzi
et al., 2014). The computed volume is of 28 Km?® with a fracture volume of 0,001Km? (see
paragraph 4.5.3).

Furthermore, | considered the volume where fluid temperature exceeds 60°C as an
interesting reservoir volume for geothermal purposes, at least for the direct use of heat
(Bono, 1981).

Considering a 40°C/km geothermal gradient (as suggested by Seggiaro et al., 1995), and
a surface temperature of 20°C (Invernizzi et al., 2014), the meteoric water can reach 60°C
at 1000m depth and can exceed temperatures of 100°C at the base of the reservoir located
deeper than 2000m. On the base of some geothermometers, Chiodi et al. (2015) suggested
an average temperature of about 115°C within the system.

On this base, a reservoir volume below the depth of 1000m was considered for the
evaluation of the geothermal potential. It was computed by the 3D model of the reservoir
reconstructed with the aid of the software Move™ (see paragraph 4.4). The boundary of
the reservoir portion below the 1000m of depth allowed to estimate 4.35Km? of interesting
volume (Fig. 4.10).
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Fig. 4.10 - (a) The portion of the reservoir volume below the depth of 12000 m under the topographic surface.
(b) Top view of the geo-cellular volume.

The application of the volume method (Muffler and Cataldi, 1978) for the calculation of
the geothermal potential at Rosario de la Frontera allows to the following equation:
E=E+Ef=[(1-¢)prcr V(T-To)] + [(p) pfcfV (T-To)], (10)
where E; is the heat stored in the solid rocks and Ef in the fluid phase.

Given a total volume for the reservoir of 4.350.000.000 m?, a rock density of 2200 kg/m?®
for the Pirgua reservoir (pr) with an average porosity of 0.07 (¢) (Invernizzi et al., 2014),
1000 J/kg K for the rock specific heat (cr), 4200 J/kg K for water specific heat (cf), an
average T of 115 °C in the reservoir (Chiodi et al., 2015) and a T of 20 °C as air temperature

(Invernizzi et al., 2014), | obtained the following results:
Er=3.3*10'8]
Ef = 4.7%10' )
E =3.8%10%J
A recovery factor, R¢, defined as the ratio of the extractable geothermal heat, Ee, and the
total geothermal heat stored in a given volume, E, allows to evaluate the extractable
geothermal heat (Bono, 1981; Bodvarsson, 1974; Nathenson, 1975):
Rf = Ee/E (11)
After a review of heat extraction from geothermal systems, Muffler and Cataldi (1978)
proposed that in liquid-dominated geothermal systems, Rf may attain the maximum

theoretical value of 0.5, assuming that the reservoir has an effective porosity of 20%; a
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more realistic estimate, based on world-wide experience, is that R varies between 0.05 and

0.15 (e.g., Garg and Combs, 2010; Sanyal and Sarmiento, 2005).

Since the low value of primary porosity for the reservoir deposits measured by Invernizzi
et al. (2014), | propose an Rt value of 0.05, obtaining an extractable geothermal heat value
of:

Ee = 1.89*10'7 ]
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CHAPTER V

EVALUATION OF THE CAP-ROCK EFFECTIVENESS

5.1 Introduction
In this chapter, the focus is on the assessment of the quality of the cap-rock of Rosario de
La Frontera geothermal system by evaluating its degree of thermal alteration.
In order to accomplish this goal, cap rock was sampled in correspondence to:
e poorly fractured outcrops far away and close to the hot springs (respectively at
distances higher and lower than one km from the Hotel Termas);
e intensly fractured outcrops close to the hot springs, affected by brittle deformation
related to later stages of deformation (high angle faults dissecting the main fold).
X-ray diffraction of clay minerals, organic matter optical analysis and fluid inclusions
microthermometry on vein fillings allowed unraveling the thermal evolution of the couple
reservoir + cap rock of the geothermal system with the aid of 1D thermal modelling. The
comparison between features and distribution of fractures and thermal indicators allowed
to define the role played by hot fluids circulation onto thermal alteration of the cap-rock.

5.2 Methods and materials

Methods described in this section have been directly used to derive information about the
thermal evolution of studied sedimentary succession.

Adopted analytical inorganic and organic thermal indicators are:

e stacking order and illite content in mixed layers illite-smectite observed in <2pum grain-
size fraction of sediments, coupled with XRD patterns on whole rock to preliminary
characterize the mineralogical assemblages;

e mean vitrinite reflectance of organic matter dispersed in sediments;

e homogenization temperatures (Th), melting temperatures (Tm) from fluid inclusions,

coupled with petrographic characterisation.

62



In addition, preliminary thermal models performed by means of 1-D Basin-mod (Platte
River, 1996) software were calibrated against the new dataset of organic and inorganic
thermal indicators to devise scenarios of temperature distribution and evolution as a
function of time and depth.

In this thesis, a suite of 22 samples was collected from Sierra de La Candelaria anticline
(Fig. 5.1).

In detail, samples for XRD and organic matter investigations derive from the main cap-
rocks of the geothermal system (6 samples from Balbuena and 16 from Metan Subgroup).
They were collected along the anticline in correspondence to both poorly fractured outcrops
recording mainly the folding process, and to the intensely fractured outcrops recording both
the folding process and the strike-slip kinematics related to the late transpressive
deformation that took place along the NNW-SSE fault plane (Table 5.1). One sample for
XRD analyses was collected from the geothermal reservoir (Pirgua Subgroup). Samples for
fluid inclusions analyses come from calcite and gypsum syn-tectonic veins developed at

various stages during the tectonic evolution of the studied area since Miocene times.

5.2.1 Optical study of organic matter dispersed in sediments for thermal evolution
of sedimentary basins

5.2.1.1 Generalities

The organic matter (OM) dispersed in sediments is composed of a mixture of organic
compounds of various origin and composition. Aquatic organisms contribute mainly
proteins, lipids and carbohydrates; higher plants contribute resins, waxes, lignins and
carbohydrates in the form of cellulose (Barnes et al., 1990).

In the starting phases of sediment burial, the OM sustains irreversible physical and
chemical variations that are extremely sensitive to temperature changes concerning the re-
organization of carbon-hydrogen bonds. These transformations will produce an organic
macromolecule called kerogen that progressively will convert into hydrocarbons with

increasing burial and temperature.
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Fig. 5.1 — Geological map of Sierra de La Candelaria anticline. Black rounds indicate the sample sites.

Kerogens are commonly characterized by the use of bulk parameters, such as the H/C and
O/C atomic ratios, obtained from elemental analyses (Fig. 5.2).
On the basis of these ratios, four types of kerogen have been defined which appear to

follow distinct diagenetic pathways. This division of kerogen in four types has been
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supported by another independent scheme of classification using transmitted-light
microscopy, so that kerogen types are defined by the morphologies of the kerogen particles
called macerals.

Type | kerogen has high initial H/C and low O/C ratios. The source material is mainly
algal, or a combination of algal lipids and waxes from higher plants. It forms part of the
liptinite macerals in coal (Fig. 5.3).

Type Il kerogen has intermediate initial H/C and O/C ratios, and larger contributions by
aromatic and carboxylic acid groups than the type I kerogens. Ester bonds are abundant, as
are medium-length aliphatic hydrocarbon chains and naphthenic rings. Both algal and

higher plant sources appear to contribute to type Il kerogens (liptinite macerals).
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s pollen
£ coticules
=
z was
1.0 J blad
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0 2 0.3
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Fig. 5.2 - Van Krevelen diagram showing maturation pathways for Types | to IV kerogen as traced by
changes in atomic H/C and O/C ratios. The progressively darker shaded areas approximately represent
diagenesis, catagenesis, and metagenesis stages, respectively (from
http://www.falw.vu/~rondeel/grondstof/oil/oil-total-web.html#_Toc531067567).

Type 111 kerogen has an initial H/C ratio less than 1, an initial O/C ratio of 0.2 to 0.3, and
is derived dominantly from terrestrial plants. It consists mainly of aromatic groups formed
from lignins and humic compounds, and represents the huminite/vitrinite fractions of coal

petrography. Oxygen is present as carboxylic acids, ketones and ethers rather than in ester
bonds.
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Type 1V kerogen has the H/C ratio less than 0.5 and contains mostly decomposed organic
matter and highly oxidized material of various origins and represents the inertinite group.

With increasing maturity, kerogen looses first preferentially O to produce CO> and H20,
then H to produce hydrocarbons. Changes in the molecular structure have effect in the
petrographic appearance of the vitrinite macerals with a strong increase of their capacity to
reflect light.

Reflectance of vitrinite is one of the most commonly used indicators of thermal maturity
and is correlated to the stages of hydrocarbon generation and other thermal parameters in
sedimentary environments (Hunt, 1986; Scotti, 2003; Fig. 5.4).

Thus, it is one of the most widely used parameter to calibrate basin modelling (Dow,
1977; Mukhopadhyay, 1994). The method relies on the presence of the huminite-vitrinite
maceral group that is derived from cellulose, lignin and tannins in OM from terrestrial

woody plants.

Kerogen Type Principal Environment Original Sulphur Hydrocarbons
(according to IFP) biomass (general) Hydrogen Index incorporation generated and
expelled (1)
Type | algae, tectonic non-marine basin > 700 low oils
bacteria
Type 11 marine algae, marine 400-700 moderate oils
bacteria
Type ll S marine algae, marine, carbonatic 400-700 high oils
(sulphur rich) bacteria environment
Type 11 “H” spores, pollens, fluvial-lacustrine, 300-600 low waxy oils
cuticles, resin, coastal plains
lignin, bacteria
Type 111 lignin coastal plains, 50-250 low and light oils
deltaic, turbiditic (0as traces when HI < 100)
Type IV lignin coastal plains, <50 low none
deltaic

(1) Also depending by kerogen maturity level.

Fig. 5.3 — The main kerogen types from Scotti (2003).

5.2.1.2 Thermal maturity parameters used in this Thesis

5.2.1.2.1 Vitrinite Reflectance

Mean vitrinite reflectance (VR0%) is measured as the percentage of the incident light
intensity which is reflected from the polished surface of vitrinite macerals fragments

relative to a standard substance (e.g glass, sapphire, etc.). This measurement uses
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immersion oil and is related to the refractive index and absorptive index of immersion oil
and standards which follows the Fresnel-Beer equation:

Ro = (1 - to)” + w?k?/(1 + Ho)? + p?ko?

where:

1, no = refractive index of vitrinite and immersion oil, respectively;

K, ko = absorption index of vitrinite and immersion oil, respectively.

These indexes are wavelength dependent, thus a green monochromatic non-polarised light

(A =526 nm) is chosen for Ro% measurements.
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correlation scales are present in literature

Fig. 5.4 - Correlation chart among the most important organic maturity parameters from Scotti (2003).

In diagenesis and in the first stages of catagenesis (Ro% <1.5), vitrinite is optically
isotropic and the aromatic clusters present in the organic structure have no preferred
orientations. In metagenesis instead, vitrinite behaves like an anisotropic material because
of the orientation of aromatic clusters (Oberlin et al., 1980). When tectonic stress affects
the thermal maturity of sediments, vitrinite macerals can turn out to be biaxial (Levine and
Davis, 1989).

The indigenous vitrinite fragments are generally more abundant than altered or reworked
woody material and show a gaussian distribution (see histogram of Fig. 5.4). In the example

of figure 5.5, where reflectance step are 0.05%, mean vitrinite reflectance derives from the
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arithmetic mean of the indigenous vitrinite population (in orange), and standard deviation

is calculated on these fragments alone.

(S183.1)Mar
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Reworked

Altered
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frequenza

Ro %

Fig. 5.5 — An example of histogram of vitrinite reflectance readings is shown.

Most of the methodological limitations are due to:

- the lack of information on macerals different from the vitrinite group;

- a lower reliability for Ro% < 0.3;

- the presence of re-worked organic material;

- the whole-rock composition of the hosting rocks.

R0% data, measured on subsurface samples and on outcropping sedimentary successions,
usually allow to reconstruct the organic matter thermal maturity trend as a function of time
and depth. These values used together with other geological pieces of information related
to the sedimentary basin allow to deduce the thermal evolution of the sedimentary
succession filling the basin. In particular, it is possible to use Ro% data for:

- reconstructing burial and thermal history calibrating the time-temperature models by the
calculation of paleo-geothermal gradient, erosion and/or exhumation rates (Van Hinte,
1978);

- identifying the hydrocarbons generation stages reached by vitrinite-bearing rocks;

- correlating with other organic (e.g. thermal alteration index, conodont alteration index,
biomarkers) and inorganic (e.g. %l in I-S, Kibler index, fluid inclusions) paleotemperature

indicators in diagenesis and in very low-grade metamorphism environments (Fig. 5.3).

Sample preparation and analysis
The analysed samples for vitrinite reflectance were prepared according to standardized
procedures described in Bustin et al. (1990). Grounded material and extracted kerogen
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particles were englobe into an epoxy resin block. The samples were polished using and
automated polishing system, 250, 500, 1000 carborundum papers and isopropanol as
lubrificant. After washing the sample in order to remove debris, three alumina powders of
decreasing grain size (1, 0.3, 0.01 um) were used to polish the samples.

Organic matter optical analysis were performed in Rome Tre laboratories using a Zeiss
Axioplan microscope, under oil immersion (n = 1.518, 23°C) in reflected monochromatic
non-polarised light (A = 546 nm). On each sample, minimum twenty measurements were
performed on vitrinite fragments never smaller than 5 um and only slightly fractured. Mean
reflectance and standard deviation values were calculated from all measurements
identifying the indigenous population.

Paleotemperature conversion is based on Barker and Pawlewicz’s equation (1994).

5.2.2 XRD study of clay minerals

5.2.2.1 Generalities

The study of clay mineralogy has provided several useful tools for diagenesis and very
low-grade metamorphism by furnishing information on the burial and thermal history of
sedimentary sequences (Botti et al., 2004; Corrado et al., 2005)

Clay minerals in shales and sandstones undergo diagenetic and very low-grade
metamorphic reactions in response to sedimentary and/or tectonic burial. Reactions in clay
minerals are irreversible under normal diagenetic and anchizonal conditions, so that
exhumed sequences generally retain indices and fabrics indicative of their maximum
maturity and burial (Merriman and Frey. 1999).

An important reaction occurring in shales during burial diagenesis and in hydrothermal
settings is the gradual conversion of smectite to illite through 1-S mixed layers as
intermediate phases. The progressive trend ranging from early diagenesis to the epizonal
setting includes the following series: dioctahedral smectite - disordered mixed layers (RO)
- ordered mixed layers (R1 and R3) - illite - dioctahedral white K-mica (muscovite). This
prograde series is characterized by various crystal structural changes as the decrease of
proportions of swelling phases and the increase of ordering in mixed layers. The layers are
stacked along a direction parallel to the c-axis in random, partially regular, or regular
sequences. The classical terminology for the stacking order is based on the term R
(Jadgozinski, 1949) that expresses the probability, given a layer A, of finding the next layer
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to be B. The R parameter may range from 0 to 3. R=0 means that there is no stacking order
and illite and smectite layers are stacked randomly along the c-axis, R=1 indicates that a
smectite layer is followed by an illite layer and a stacking order appears in the
interstratification sequence, R=3 means that each smectite layer is surrounded by at least
three illite layers on each side.

In this thesis, I-S structures will be described by means of the Reichweite nomenclature
using R1 to mean R=1, R3 for R=3, etc. (Fig. 5.6).

R=0
20% illite

56

B 27

R=1
335 65% ilite

Intensity

R=3
90% illite

5.1

Degrees 20

Fig. 5.6 — Calculated XRD patterns of illite-smectite mixed layers with different illite content and stacking
order: A) random ordered I-S, B) short range ordered I-S, C) long range ordered I-S (after Pollastro, 1990).

The most common approaches utilizing I-S “geothermometer” in diagenetic studies are
vertical profiles from wells and outcrops and thermal maturity mapping at local and
regional scale. In the first case, illitization reaction profiles are generally produced. They
are compared to the present geothermal gradient profile and organic matter maturity
profiles in order to determine the temperature range in a particular point of the well
correlating them to hydrocarbon generation phases (Pollastro, 1993; Merryman and Frey,
1999; Fig. 5.7).

In the second case, I-S mixed layers of a particular unit or a stratigraphic succession are
studied to detect variations in the area distribution of the thermal evolution of sediments
and to reconstruct the tectonic loading those units have experienced during the evolution
of fold-and-thrust belts (Botti et al., 2004; Corrado et al., 2005).
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Although the conversion to paleotemperatures depends on more than one factor (e.g.,
heating rate, protolith, fluid composition, permeability, fluid flow), Pollastro (1990; 1993)
summarized the application of two simple time-temperature models for I-S
geothermometry studies based primarily on the duration of heating (or residence time) at
critical I-S reaction temperatures. The first model was developed by Hoffman and Hower
(1979) for long-term, burial diagenetic settings that can be applied to most geologic and
petroleum studies of sedimentary rocks and basins of Miocene age or older. In this model
the major changes from RO to R1 and from R1 to R3 occur in the temperature range of
about 100-110 °C and of 170 °C-180 °C respectively and a minimum heating duration of 2
My is generally placed (Hoffman and Hower, 1979; Merriman and Frey, 1999).

The second model, which was developed for short-lived heating events, applies to young
basins or areas characterized by relatively recent thermal activity with high geothermal
gradients, or to recent hydrothermal environments. Such settings are those where relatively
young rocks were subject to burial temperatures in excess of 100 °C for <2 My. In this
model the conversion from RO to R1 and from R1 to R3 ordering occurs at about 130-
140°C and 170-180°C respectively (Jennings and Thompson, 1986).
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Fig. 5.7 — Correlation scheme among clay mineral geothermometers, vitrinite reflectance data,
hydrocarbon zones, metapelitic zones and palaeotemperatures according to Merriman and Frey (1999).
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Many authors have studied the use of illite-smectite reaction as a measurement of
temperature. Bibliographic data of approximative temperatures for changes in mixed layer

illite/smectite, relative to different geological settings, are reported in Table 5.1.

Sample preparation and analysis

Samples were analyzed at University “Sapienza” of Rome by XRD using a Scintag X1
system (CuKa radiation) at 40 kV and 45 mA. Randomly-oriented whole-rock powders
were run in the 2-70 °20 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 °20 respectively with a step size of 0.05 °20 and a count time of 4 s
per step. The <2 um grain-size fraction was separated by centrifuging, and oriented slides
were prepared by the pipette-on-slide method, keeping the specimen thickness as constant
as possible, within the range of 1 to 3 mg of clay per cm? of glass slide. The illite content
in mixed layers I-S was determined according to Moore and Reynolds (1997) using the
delta two-theta method after decomposing the composite peaks between 9 and 10 °26 and
16-17 °20. Peaks in relative close position were selected for clay mineral quantitative
analysis of the <2 um (equivalent spherical diameter) in order to minimize the angle-
dependent intensity effect. Composite peaks were decomposed using Pearson VI functions
and the DMSNT Scintag associated program. The I-S ordering type (Reichweite parameter,
R; Jagodzinski, 1949) was determined by the position of the 1 001-S 001 reflection between
5 and 8.5 °20 (Moore and Reynolds, 1997).

5.2.3. Fluid Inclusion Studies

5.2.3.1. Generalities

Fluid inclusions (FI) are fluid-filled vacuoles sealed within minerals. When trapped
within diagenetic minerals, they provide the only direct mean of examining the fluids
present in ancient diagenetic environment.

Fluid inclusions can be thought of as time capsules storing information about ancient
temperatures, pressures and fluid compositions (Goldstein & Reynolds, 1994). They may
provide the following valuable information with simple petrographic observations,

mircothermometric analysis, or geochemical analysis of inclusion contents.
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Table 5.1 — Approximate temperatures for changes in mixed layer illite/smectite proposed by different
authors from Corrado and Aldega (2008).

G 0-20% 30-60%  60-80%  80-90%  00.95%  100%
¢ 3F ite ~” - B
arameter)  Smectite 0RO (RO (ROwRD  (RItR:) ®)  illie
e e 500 100.110°C  170-180°C 210°C
S Weaver et al, 1994 (2:'::[5._'-%;};(::.- W0SC 250280 °C
.ﬁtfflil:.. 33?3 v 20025
Uszal af al., 2000 115120 °C

Fluid inclusions analysis is one of the tools that allows the reconstruction of the thermal
history of a sedimentary succession. FI are micrometric cavities in minerals containing

paleofluids remains (Fig. 5.8).

Fig. 5.8 — Euhedral quartz crystal cointaining CHa, water and vapour inclusions (courtesy of Dr. Paolo
Scotti, ENI).

Based on the time of trapping with respect to the crystal growth, different types of fluid
inclusions (primary, secondary, pseudosecondary) may occur in rock crystals (Roedder,
1984). From their analysis, it is possible to obtain information on P-T conditions during
fluids trapping and, consequently, on the rock’s evolution history. In the recent past, FI
have been widely used as geothermo-barometers in studies of igneous and metamorphic
rocks, mainly for mineral and geothermic exploration and, in basin analysis, for petroleum
exploration (e.g., Ceriani et al., 2002; Ceriani, 2003). More recently, they have been used

to solve structural geology issues, in particular on environmental changes during
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progressive deformation, i.e. prograde and retrograde P-T path reconstruction (Crispini &
Frezzotti, 1998; Invernizzi et al., 1998; Corrado et al., 2010), and changes in fluid
circulation and composition in active fault zones (Cello et al., 2001). FI may be studied by
microthermometry. This technique allows to measure: homogenization temperatures (Th),
which are indicative of the minimum trapping temperatures (Goldstein & Reynolds, 1994),
and melting temperatures (Tm), which give information on fluid composition. By doing so,
it is possible to choose a characteristic phase diagram for the examined fluid and to draw a
P-T diagram by integrating FI data with information obtained by other techniques such as
structural analysis, organic matter and clay mineralogy analyses.

Limitations of this technique, in sedimentary rocks, can derive from: the small size of the
inclusions (usually between 2 and 10 um), and the possibility that the system was not closed
(isoplethic) and/or isochoric (i.e. constant volume inclusions) since the time of entrapment.
In the latter instance, fluid inclusions would record thermal reequilibration at some stage
of the tectonic evolution. This represents a common limitation for the study of carbonate
rocks where non-isoplethic and non-isochoric conditions can develop more frequently for

the presence of a ‘soft’ mineral such as calcite.

5.2.3.1.1 Phase changes in Fluid Inclusions

Most fluids in the diagenetic realm are incredibly complex in composition. One of the
best examples of this is seawater, a highly concentrated fluid (about 3.5 wt.%) that has
major amounts of, Na+, Mg2+, Ca2+, K+, Sr2+, Cl-, SO2-, HCO-, Br-, F-, and B and minor
amounts of many other elements. Working with phase equilibria and microthermometry
requires that the fluid inclusionist either carefully characterizes the composition of the fluid
or make some assumptions about what a good model might be for the composition of the
fluid (Goldstein, 2001). Therefore, the equilibrium phase relations provide the link between
the laboratory measurements of temperatures at which phase transitions occur within
inclusions when heated and cooled and the interpretations of the measurements. Some of
the most common model compositions and examples of the phase equilibria that would
apply to their interpretation are summarized in: i) single component system H20 and pure
CH4; ii) two component system H20-NacCl; iii) two component system H20-CH4 and iv)

multicomponent systems.
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Single component system H0O

A system of variable state is determined by the four quantities of Pressure (P), temperature
(T), composition (X) and volume (V). For a unary system, the transitions between the three
basic physical states (solid, liquid, gas) may be affected by changing one or more of the
parameters P, V and T (Goldstein & Reynolds, 1994). In figure 5.9, the intersections of
planes of constant volume with the surface representing stable single-phase equilibria are

shown as dashed lines.
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Fig. 5.9 — Generalized and schematic P-V-T diagram for the unary system H20 modified from Roedder
(1984).

The intersections of planes of constant temperature with the surface representing stable
single-phase equilibria are shown as curved, light solid lines. The surface representing
stable two-phase (liquidvapor) equilibria delimitated by heavy solid lines. The intersection
of these surfaces of stable equilibria with a plane of constant specific volume defines a
curve known as an isocore. If an inclusion traps a fluid of specific volume (of that shown
by shaded plane) at the P-T conditions of point A, the inclusion will be constrained to the
locus of points in P-V-T space described by the intersection of the surface of the shaded
(constant volume) plane with the surfaces of stable equilibria (for cooling, A-B-C-D-E-F-
G-H is shown).

Relatively pure H20 is common in sedimentary systems, especially near the surface and
in shallow parts of basins. The fresh-water system is best identified by its behaviour during
microthermometric cooling of fluid inclusions. The melting temperature of ice for these

fluid inclusions is 0°C.
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Two component system H>O-NaCl

Agqueous solutions dominated by NaCl are common in many natural systems of the
sedimentary realm. Compositions of fluid inclusions represented by the H20-NaCl system
are easily determined from temperatures of phase changes during microthermometric
analysis. Figure 5.10 is a T-X projection of the H20-NaCl system showing the phases that
are stable at various temperature-composition conditions. Note that vapor is present and in

equilibrium everywhere on the diagram.

1000 — T T T T T " T T T T T
800 Liquid 801°C
O
< 00}
Liquid
o q
= .
© 400 F Liquid
Q@ +
o Liquid Halite
iqui
% 200 F . . q+u .
e Liquid )
Hydrohalite
0 - - 01°C
21.2°C /"- E Hallte
Ice + Hydrohalite Hydrohalite
_200 1 " 1 L 1 L 1 1 1 " 1 L 1 " 1 " 1

10 20 30 40 50 60 70 80 90 100

Salinity (wt. %)
Fig. 5.10 — T-X plot for the lower temperature, lower salinity portions of the system H20-NaCl. Each point
on this diagram is at equilibrium vapor pressure. Produced from Crawford (1981), Roedder (1984) and Hall
et al. (1988).

For salinities <23.2 wt.% NaCl, the composition is determined from the ice-melting
temperature. When an H20-NaCl fluid inclusion with salinity between 0-23.2 wt.% is
cooled to low temperatures, the inclusion will freeze to form a mixture of ice and
hydrohalite (NaCl -2H20) in proportions consistent with the bulk inclusion salinity. When
heated, the hydrohalite will decompose at the eutectic temperature (-21.2°C) to produce ice
and a liquid with the eutectic composition (23.2 wt.%) (Fig. 5.11). As the inclusion is
heated beyond the eutectic temperature, ice continues to melt, diluting the salinity of the
liquid phase.

The temperature at which the last of the ice melts defines the freezing point of the

inclusion, and this value is used to determine the salinity. For example, the last ice crystal
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in the inclusion shown on figure 5.11 melts at -6.6°C, corresponding to a salinity of 10.0
wt.% NaCl (Table 5.2).

'.. l.

25 -46 -21.2 -20.9 -10 =7

Fig. 5.11 — Phase behavior of an H20-NaCl fluid inclusion with a salinity of 10 wt.% during heating from
low temperature. At -46°C the inclusion contains a glassy solid that devitrifies at the eutectic temperature (-
21.2°C) to produce a fine-grained mixture of hydrohalite and ice. With slight heating above the eutectic
temperature the hydrohalite disappears and the ice re-crystallizes to form several large crystals. With
continued heating, the ice crystals gradually dissolve, leaving a single small crystal at -7°C, which dissolves
completely at -6.6°C.

5.2.3.1.2 Fluid Inclusions petrography

There are many ways to classify fluid inclusions (Roedder, 1984: Goldstein, 2003), but
one of the most useful classification schemes relates to the timing of formation of the

inclusion relative to that of the host mineral (Fig. 5.12).

Table 5.2 — Salinities (wt.%) corresponding to measured freezing point depressions (degrees Celsius)
calculated according to Bodnar (1993).

FPD .0 .1 2 3 .4 .5 .6 d .8 .9
0. 0.0 0.2 0.4 0.5 0.7 0.9 1.1 1.2 1.4 1.6
1 1.7 1.9 2.1 22 2.4 26 27 29 3.1 3.2
2 3.4 3.6 3.7 39 4.0 4.2 4.3 4.5 4.7 4.8
3 5.0 5.1 5.3 54 5.6 5.7 5.9 6.0 6.2 6.3
4 6.5 6.6 6.7 6.9 7.0 7.2 7.3 7.5 7.6 7.7
5. 7.9 8.0 8.1 8.3 8.4 8.6 8.7 8.8 9.0 9.1
6. 9.2 9.3 9.5 9.6 9.7 99 100 101 10.2 104
T. 10.5 106 107 109 110 1.1 112 113 115 116
8 1.7 1.8 119 120 122 123 124 125 126 127
9, 12.9 13.0 131 13.2 133 134 135 136 13.7 138

10. 13.9 140 142 143 144 145 146 147 148 149

1". 15.0 151 152 153 154 155 1566 1567 158 159
12. 16.0 161 162 162 163 164 165 166 167 168
13. 16.9 170 1741 172 173 173 174 175 176 177
14. 17.8 179 180 180 1841 182 183 184 185 186
15. 18.6 187 188 189 190 191 1941 19.2 193 194

16. 195 195 196 197 198 198 199 200 201 20.2
17. 202 203 204 205 205 206 207 208 208 209
18. 210 210 211 212 213 213 214 215 215 216
19. 217 218 218 219 220 220 221 222 222 223
20. 224 224 225 226 227 227 228 229 229 230
21. 231 231 232
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Accordingly, primary fluid inclusions are formed during, and as a direct result of growth
of the surrounding host crystal. If a crystal fractures after it has been formatted, some fluid
may enter the fracture and become trapped as secondary fluid inclusions as the fracture
heals. Thus, secondary inclusions are trapped after the crystal growth is complete. If

fracturing occurs during growth of the crystal, pseudosecondary fluid inclusions may be

trapped during continued crystal growth.
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Fig. 5.12 — Schematic representation showing the formation of primary, secondary and pseudosecondary
fluid inclusions during crystal growth (Roedder, 1984; Goldstein, 2003).

Petrographically, sometimes the origin of the inclusions relative to formation of the
crystal cannot be determined with confidence and the inclusion origin is said to be
indeterminable (Goldstein, 2003). Therefore, determining the temporal classification of any
given fluid inclusion is to interprete the origin and evolution of the host mineral, yet this
determination is often difficult.

To minimize the emphasis on the primary, secondary and pseudosecondary classification
of inclusions, Goldstein & Reynolds (1994) introduced the concept of the Fluid Inclusion
Assemblage (FIA, Fig. 5.13) to describe a group of fluid inclusions that were all trapped at
the same time. An FIA thus defines the most finely discriminated fluid inclusion trapping

event that can be identified based on petrography (Goldstein, 2003).
Normally, petrography is regarded as the most important part of any fluid inclusion study
to determine the timing of entrapment of fluid inclusions. Fluid inclusion petrography and
the identification of fluid inclusions assemblages is also the most important approach for

evaluating if fluid inclusions have been altered significantly after their entrapment, through
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necking down after a phase change (Bodnar, 2003a) or through thermal re-equilibration
(Bodnar, 2003b).

Fig. 5.13 - Schematic representation of the various FIAs that might be observed in a well-cemented
sandstone from a hydrocarbon basin. The original detrital grains are shaded (from Bodnar, 1994).

5.2.3.1.3 Fluid Inclusions microthermometry

The determination of temperatures of phase changes within fluid inclusions during
heating and cooling of samples is termed microthermometry. The technique is invaluable
for discovering the temperatures at which minerals form, the thermal history a rock has
experienced, and the compositions of the fluids that traversed a rock in its history. The
fundamental principles upon which microthermometry is based are the principles of phase
equilibria and the characterization the fluid inclusion petrography introduced before
(Goldstein & Reynolds, 1994). The only way to be able to interpret fluid inclusion
microthermometric data is if data from many inclusions within a single FIA, the most finely
discriminated, petrographically associated, group of inclusions, are collected and recorded
together as a group. The ability to collect microthermometric data with the greatest possible
efficiency and under the best possible optical conditions requires appropriately prepared
doubly polished plates, where thickness are 100 um or more, and a good heating/cooling
stage on a appropriately set up and adjusted microscope. This technique allows to measure
homogenization temperatures (Th), which are indicative of the minimum trapping
temperatures, and melting temperatures (Tm), which give information on fluid composition
(Goldstein & Reynolds, 1994).
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Sample preparation and analysis

Samples analyses were performed at School of Science and Technology of Camerino.

Fluid inclusions microthermometry in 200 um thick, resin-impregnated, doubly-polished
wafers were measured using a USGS heating-freezing stage calibrated at 0 °C, -56.6 °C
and 374 °C with synthetic standards. Temperatures of phase changes at T []0°C are
accurate to [ ]0.1°C; temperatures above 50°C are accurate to [ ]1.0°C.

Microthermometric analyses were carried out on small (4-6 mm) fragments of the
polished wafers. For two—phase inclusions, temperature of the following phase transitions,
when observed, were recorded: (i) ice melting temperature (Tm), indicative of fluid
composition; (ii) homogenization temperature (Th), indicative of fluid density. All the

measurements were repeated two/three times to confirm the datum.

5.2.4 - Thermo-structural modelling

Thermo-structural modelling was performed by using Basin Mod-1D software (1996).
This software allows reconstructing the burial and thermal history of sedimentary
sequences in deformed and undeformed conditions from geological data (e.g., age of
sedimentary sequences and depositional/erosional events, pure and mixed lithologies,
thicknesses, age and thermal conductivity of sedimentary sequences).

Input data used in this work derive from the integration between the database of physical
features provided by the libraries available of the modelling software and the geological
information coming from the regional literature and the stratigraphic and structural data
collected in the field (Moreno Espelta et al., 1975; Seggiaro et al., 1995; Reynolds et al.,
2000; Marquillas et al., 2004; Hain et al., 2011; Barcelona et al., 2014; Invernizzi et al.,
2014).

The main assumption for the modelling are: (1) correction for decompaction of the burial
curves 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) thrusting is considered instantaneous when compared with the
duration of sedimentation, as generally suggested in theoretical models (Endignoux and
Wolf, 1990).

Thermal modelling was performed through LLNL Easy %Ro method (Sweeney and
Burnham, 1990) adopting different geothermal gradients for the syn-rift and, post-rift and
syn-orogenic sedimentation, using a surface temperature of 20°C and a present geothermal

gradient of 40°C/Km as reported by literature (Seggiaro et al., 1995; Invernizzi et al., 2014).

80



Burial curves were generally calibrated with Ro% and 1% in I-S, according to the
geothermometer’s correlation proposed by Pollastro (1993).

Regarding the study area, thermal models were performed for two areas along the
anticline where the samples were collected: along the southwestern limb of the regional
anticline far away from the hot springs (Anta Yaco area) and in the northern portion, close
to the hot springs (Hotel Termas area) (Figs. 5.1, 5.14).

Constraints to modelling will be presented in the Results paragraph.

5.3 Results
5.3.1 Structural data

Structural surveys performed at the outcrop scale allowed to highlight the intensity and
type of deformation affecting the outcropping sedimentary succession in different area of
the studied anticline and to reconstruct its kinematic evolution (see also chapter 3 for further
details). The new interpretation takes into account a multi-stage model of positive inversion
that explains the formation of the regional anticline, the later flower-like structure and the
normal faults that dissect it. Accordingly, the N-S high-angle fault plane, bordering the
anticline along its eastern margin, is considered the main responsible of the uplift of the
Sierra de La Candelaria anticline (Moreno Espelta et al., 1975; Seggiaro et al., 1995, 1997)
(Fig. 5.1). The thickness lateral variation of the syn-rift deposits (Pirgua Subgroup) moving
from the area of Balboa anticline to the area of Anta Yaco allowed to consider it as a former
Cretaceous normal fault inverted during the Cenozoic tectonic phase, in agreement with
laffa et al., 2013.

In the Anta Yaco area, along the western limb of the anticline, far away the hot springs of
the Hotel Termas area, N-S trending stylolites in the strata of Yacoraite Formation are in
accordance with the direction of regional compression (Marrett et al., 1994) (Fig. 3.4d).

Later on, the growing of the regional anticline was accompanied by a series of related
syn-folding features. Far away the Hotel Termas area, along the western limb of the Sierra
de La Candelaria anticline, they are represented by NNW-SSE and E-W conjugate strike-
slip fractures occurring in the strata of Anta Formation (Fig. 3.4b), and by E-W shear
fractures with a right-lateral kinematic, mainly occurring in the strata of Pirgua Subgroup
(Fig. 3.4c).

In the late stage of inversion, the development of a NNW-SSE oblique fault plane,

dissecting the regional anticline in the northern portion, enhanced the growth of Balboa and

81



Termas minor anticlines (Barcelona et al., 2014). The occurrence of this fault characterized
by reverse dip-slip and left-lateral strike-slip components led to a positive flower-like
structure with associated NW-SE riedel shears characterized by a left-lateral strike-slip
transtensional kinematics. At the meso-scale, close to the hot springs area, in
correspondence to the outcrops of Anta Formation, small NNW-SSE left-lateral faults with
the associated Riedel shears and WNW-ESE calcite-filled veins testify the strike-slip
kinematic related to this late transpressive event. At the same time, different meso-
structures testify the folding process. Gypsum extensional veins striking NNE-SSW,
steeply dipping and at low angle to bedding in the pelitic strata of Anta Formation, indicate
the initial stage of folding under overpressure condition (Shearman et al., 1972; Gustavson
et al.,1994; Sibson and Scott, 1998) (Fig. 3.9). Syn-folding features are mainly represented
by NNW-SSE and E-W conjugate shear fractures, NNW-SSE conjugate system of
extensional fractures, N-S-trending joint (Fig. 3.7). Shear veins in gypsum bearing pelites
and N-S calcite filled veins also testify the folding process recording the flexural slip on
the limbs of the anticline, in the first case, and an extension sub-parallel to the fold axis
trend in the second one. E-W conjugate system of extensional fractures, and the ENE-WSW
and W-E normal faults are interpreted to reflect the final stage of the folding process (Fig.
3.7¢).

With the aim to evaluate the thermal alteration of the cap rocks of the studied geothermal
system, samples for paleo-thermal analyses were collected both far away and close to the
hot springs area (Figs. 5.1, 5.14).

In the first case, they come from the Anta Yaco area, along the western limb of the Sierra
de La Candelaria anticline, characterized by a minor intensive brittle deformation recording
mainly the folding process. In this area, 7 samples for x-ray diffraction of clay minerals
analyses were collected from the outcropping Yacoraite, Pirgua and Anta Formations in
order to evaluate changes in clay minerals structures and compositions to constrain the
maximum temperatures experienced by rocks far from the influence of the hot fluids. In
the same area, 3 samples from the organic rich beds of Yacoraite Formation were analysed
by means of organic matter maturity (Fig. 4.3e). They were collected both from deeper and
shallower stratigraphic units in order to reconstruct the thermal history of the studied
structure.

Close to the hot springs, the brittle deformation is more intensive and records both the
folding process and the strike-slip kinematic related to the late transpressive event that took

place along the NNW-SSE fault plane. In this area, 10 samples were collected from Anta
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Formation both from poorly fractured outcrops, where the affecting fracture system is
mainly related to the folding process, and from the intensely fractured outcrops mainly
affected by the deformation related to the strike-slip kinematic. In addition, 2 samples
(AR12 and 15) coming from the NNW-SSE and WNW-ESE calcite-filled veins, related to
transtensional kinematics, were analysed for fluid inclusions in order to obtain information
on minimum trapping temperatures during crystallization. Differently, 2 samples (AR17
and 19) come from the N-S calcite-filled veins and NNE-SSW gypsum-filled veins mainly
related to the folding process (Fig. 3.9). One sample was collected form the Jesius Maria
Formation.

Close to the hot springs
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Fig. 5.14 — The map shows the two different sampled areas along the regional anticline: close and far away
the hot springs of the Hotel Termas area. For each sample are indicated the related paleo-thermal data
derived from clay mineralogy analyses. Samples with star (*) indicate that fluid inclusion analyses were
also performed.

5.3.2 X-ray diffraction of clay minerals

XRD data on whole rock samples indicate a predominance of phyllosilicates (from 68%
to 87%, Table 5.3) on other mineralogical phases in the three sampled formations (Jesus
Maria, Anta and Yacoraite) (Table 5.3).

Amounts of quartz (3-18%), k-feldspar (1-2%), plagioclase (2-20%) are also present,
whereas analcime with percentage between 1 and 7%, is frequent but not ubiquitous (absent
in Jesis Maria Fm) as well as hematite and pyrite. Laumontite is present in small amounts
only in Yacoraite Fm (2%). Calcite and gypsum predominate either in veins filling (AR19)
or in deeply altered host rocks close to one of the hot springs (AR 14).
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Table 5.3 — Organic matter maturity and clay mineralogy data used as input for the burial and thermal history reconstruction.

XRD analysis Fl
. Coordinates %l in R VR0% + s.d.
Subgroup | Formation Age Lat: L Sample I-S ; Th  Tm
(Lat.; Long.) <2um Whole-rock - parameter | (n. measures) . )
(°C) (°O)
, . 25,8263; I71-
' ! tz12Cal4PlgioHem
Jests Maria 64.8916 AR18 SuiChy Qtzi,CalsPIgioHem: 20 RO
Ph72
25,8344; loql- QtZ4Cﬂ|1Kf51P|g4
64,9372 AR19D SsChl AnI1Ph7oAnk19 20 RO
25,8344; o
64,9372 AR19a ND Ca|1eGyps4 <50
. -0,4°/
25’8386, AR12 |36|-Se4 QtZlo DlmelPIgloPh79 20; 80 RO; R3 115°
64,9316 -0,8°
25,8369; QtZsC&|13KfS;|_P|g7An|3 ox
64.93361 AR14a 119C-Sg1 Phoy ND ND <50
25,8364; 1,7C- Qtz15Cal;DImesKfs,PI
64,93255 AR14b S72Ch1 gzoAn|7Ph4s ND ND
25,8387;
! ! tz;Kfs1Plg.Hem
64.93042 AR15a ND Qtz7Kfs:Plg: 3 80 R3
Ph87
25’8387; AR15b |42|-S57 Qt214P|g4An|1Ph31 80 R3 <50°/
) . 64,93043 70°*
Metan Miocene
Anta 25,8391, I26]- tz7Kfs:PlgsHem
64,93268 ARIE | g o, 9" o geriems 23 RO
85
. < o
6245'98;3]?26;3 AR17 l201-Sgo QtZIGKf51P|QSAn|3 20 RO 650(2*/
! Hem,Ph7s
25,8422;
64.02803 AR21 ND ND 30 RO
25,8422; ) )
64.03282 AR30 ND ND 50; 80 RO; R1
25,84535;
64.92992 ARla l171-Sg3 QtZ1erSzP|gsAn|4Ph75 20 RO
25,84535; Qtz,Cal;Kfs,PlgsAnly
64,92993 ARID l251-S1s PysPhye 20 RO
25,97931;
64.93237 AR 29 ND ND 50 RO Barren
25,979; I3ol-
64.93317 AR11 Se:Chy QtZ7KszP|gzsphes 25 RO
25,9903; AR5 1211-S79 QtzgKfszPlg;2Hems 20; 83 RO; R3 Barren
64,92046 Ph
73
25,9906;
64.9212 ART7a |14|-586 QtZ4Kf31P|ggAn|3Ph83 20; 83 RO; R3 0.65+0.11 (13)
25,9906;
64,9213 ART7b l161-Sa4 QtZstSlplgsLmzphsg 20; 83 RO; R3 Barren
Balbuena Yacoraite
25,989040;
+
Cretaceous 64.22885 ARS8 ND ND 0.67£0.11 (19)
25,987858;
+
64.923046 AR9 ND ND 0.59+0.08 (15)
25,987858; Qt25CaI1KfslPIg7AnI1
64,923046 AR10 leol-Sa1 Py:Phgs 20 RO
. Los 25,98804; ) )
Pirgua Blanquitos 64.91776 AR 27 ND ND 20; 75 RO; R1
Note: Ank-Ankerite; Anl-analcime; Cal-calcite; Ch-chlorite; C-S-mixed-layer chlorite-smectite; DIme-dolomite; Gyp-Gypsum; Hem-hematite; I-illite; I-S-mixed-layer illite-

smectite; Lm-laumontite; Kfs-K-feldspar; Ph-phyllosilicates; Plg- Plagioclase; Py-Pyrite; Qtz-quartz. S.0.= stacking order; F.l. = fluid inclusions; Th= homogenization
temperature; Tm= ice melting temperature; * estimated from petrographic analyses; Subscript numbers correspond to mineral weight percentage.
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Less than 2 um fraction indicate a prevalence of illite-smectite (I-S) mixed-layers (about
60 to 90%), subordinate amounts of illite (about 10-40%) in the four formations with the
exception of AR14 samples in highly altered Anta Fm where illite-chlorite mixed layers
prevail (70-80%) and in samples AR10 and 19b, of Yacoraite and Anta Fms respectively,
where illite (about 70-90%) prevails on mixed layers. Minor amounts of chlorite are present
only in the Metan Subgroup.

In poorly fractured fold related outcrops far from the Hotel Termas area, in the syn-rift
deposits, two populations of I-S mixed layers coexist with 75% and R1 ordering, and 20%
I'in I-S and RO, whereas in post-rift Yacoraite Fm, occur two populations with 83% and R3
ordering, and 20% 1 in I-S and RO ordering.

In syn-orogenic Metan subgroup, I-S mixed layers, when present, show mostly RO
structures with low amounts of illite (20-25%) in poorly fractured outcrops deformed
during folding, indicating low thermal maturity both far from and close to hot springs.

On the contrary, R3 structures prevail in samples from damage zones of both left lateral
250° dipping faults (AR12) and transtensive 210°dipping faults (AR15).

5.3.3 Vitrinite reflectance data

Organic rich beds in poorly fractured outcrops of Yacoraite Formation were sampled for
vitrinite reflectance studies in the Anta Yaco area, far away the hot springs (samples AR
7a, 8, 9; Figs. 5.1, 5.14). Reflected light optical analyses allowed recognizing a prevalence
of fragments of the huminite-vitrinite group macerals with one indigenous population and
a less abundant, reworked one. The indigenous population provided mean vitrinite
reflectance of about 0.6-0.7% indicating the early-mid mature stage of hydrocarbon
generation (Fig. 5.15; Table 5.3).

5.3.4 Fluid inclusions microthermometry and petrography

Few mineralized veins are present in the sampled outcropping sedimentary succession
along the anticline. Reliable results derive from centimetric calcite- and gypsum-filled
extensional veins deforming Metan Subgroup and related to syn-orogenic fracture systems.

AR12 and AR15 samples derive from veins associated to the strike-slip kinematic,
whereas AR17 and AR19 come from poorly fractured outcrops whose deformation is
mainly related to the folding process.
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Fig. 5.15 - Histograms of vitrinite reflectance for samples of Yacoraite Formation.

Petrographic analyses on double polished wafers mainly reveal in all samples the
prevalence of mono-phase primary inclusions and scarcely healed microfractures with
secondary inclusions. 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). Nevertheless, sporadic two-phase fluid inclusion

assemblages with homogeneous vapour distribution characterize AR12 sample (Fig. 5.16,

Table 5.3).
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Fig. 5.16 - Fluid inclusion data. Microphotograph showing groups of secondary two-phases inclusions in
sample AR12; (a,b) histograms showing Th and Tm data of sample AR12.
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Homogenization temperatures (Th) of 115°C and ice melting temperatures (Tm) of -0.4-
0.8°C within calcite crystals provide constraints on trapping temperature and fluid salinity
respectively.

Tens of primary and secondary all-liquid inclusions were observed in sample AR19
within gypsum and calcite crystals confirming an entrapment temperature <50°C (Fig.
5.17).

Fig. 5.17 - Fluid inclusion data. Microphotograph showing groups of small primary mono-phase inclusions
in sample AR19.

5.3.5 Burial and thermal modelling

Results of the burial and thermal modelling of the two different areas of the regional
anticline are reported in figure 5.18.

The reconstructed burial history began in Barremian times with the deposition of the syn-
rift deposits of the Pirgua Subgroup and continued since Eocene with a post-rift basinal
succession. During the Cretaceous period, sedimentation took place in the basin at low
sedimentation rates increasing in the Upper Creatceous and stopped in Eocene times
(Marquillas et al., 2005).

Deposition started again during Miocene times with the syn-orogenic sedimentation of
the Metan and Jujuy Subgroups and continued at high rates until Zanclean times (Reynolds
etal., 2011). Uplift and erosion started in Upper Miocene times (orogenic Quechua phase),
ruled by a high angle inverted-fault that led to the formation of the Balboa anticline
(Gonzalez, 2000; Mon, 2001; Sobel and Strecker, 2003; Salfity and Monaldi, 2006; Mon
and Gutierrez, 2007; laffa et al., 2013; Barcelona et al., 2014). Later on, the deformation
migrated northward in the area of the Hotel Termas developing the Termas anticline.

The maximum recorded paleo-temperatures, corresponding to the different depths of
burial, are about 110°C for the syn-rift deposits, about 90-100°C for the post-rift and 80-
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90°C for the syn-orogenic deposits (Fig. 5.18). Therefore, the rift succession experienced
a thermal evolution compatible with late diagenetic conditions in the early stages of
hydrocarbon generation during Miocene times.

The calculated load of sedimentary origin, currently eroded, is characterized by variations
showing a decrease moving from north to south in correspondence of the southwestern limb
of the anticline since this sector of the anticline was the first to be exhumated (Barcelona
et al., 2014). In detail, in this latter area a load of about 900 m deposited onto the syn-rift
deposits increasing up to about 1600 m close to the Hotel Termas area.
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Fig. 5.18 - Representative one-dimensional burial and conductive thermal models of the Sierra de La Candelaria succession in the Anta Yaco (a) and Hotel Termas (b) areas

and related present-day thermal maturity distribution in the sedimentary succession.




5.4 Discussion

Thermal calibration data were necessary to reconstruct the thermal evolution of the
stratigraphic succession of the Sierra de La Candelaria anticline. The reconstruction was
elaborated with the modelling software BasinMod 1D, commonly used in oil exploration
studies where heat is transferred by conduction. Accordingly, it uses as input parameters
indicators of thermal maturity of the organic matter dispersed in sediments and the stacking
order of clays minerals whose transformations are mainly related to the increasing of
temperature with depth (Muffler and White, 1969; Hoagland and Elders, 1978; Battaglia et
al., 2007). However, when the heat transfer takes place through convection, such as in the
case of a geothermal reservoir, the geothermal gradient becomes negligible within the

permeable rocks and increases in the overlay lithologies with respect to a pure conductive
model (Della Vedova et al., 2001) (Fig. 5.19).
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Fig. 5.19 — Difference of the geothermal gradient between a conduction and convective models (from Della
Vedova et al., 2001).

In this work, performed conductive models were satisfactory calibrated against thermal
indicators in the area of Anta Yaco, far away from the hot springs, where the heat transfer
is evidently dominated by conduction. Differently, in the area of the Hotel Termas, close
to the hot springs, the modelling does not take into account the heat transfer due to the
convection, active after the establishment of the geothermal fluid circulation. Anyway, the

obtained results allow to detect the degree of the thermal alteration of the cap-rock of the
studied geothermal system and its origin.
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5.4.1 Geothermal gradient

Different geothermal gradients were tested for the presented modelling.

The best modelling provided a variable geothermal gradient for the syn-rift (45 °C/km)
and, post-rift and syn-orogenic deposits (40 °C/km) (Fig. 5.20).
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Fig. 5.20 — Geothermal gradients applied for the burial/thermal modelling of the sedimentary succession of
Sierra de La Candelaria anticline.

A present-day geothermal gradient of 40°C/Km is reported by Seggiaro et al. (1995) and
Invernizzi et al. (2014) on the base of the reconstruction of the geothermal fluids circulation
of Rosario de La Frontera system.

Seismologic, gravimetric and magnetotelluric studies in this sector of Andes highlighted
the occurrence of a thin mantle lithosphere and a low flexural rigidity in this segment of
the Andean foreland (Withman et al., 1992, 1994; Kriger, 1994; Kress et al., 1995). Since
this geometry is considered inherited from a thermal anomaly established during mantle-
activated Cretaceous rifting (e.g. Kley and Monaldi, 2002), the geothermal gradient of
40°C/Km is supposed to establish from Upper Creataceous times after the rift event and to

be constant up to present time.

5.4.2 Thermal interpretation of the tectono-stratigraphic units

5.4.2.1 Pirgua Subgroup

A sample (AR27) was collected from these deposits in the area of Anta Yaco, far away
from the hot springs (Table 5.3; Fig. 5.14).

The results of clay mineralogy analyses indicate the coexistence of two populations of I-
S mixed layers with 75% and R1 ordering, and 20% I in I-S and RO.
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In this formation, carbonate nodules were observed in poorly developed paleo-soils,
probably related to a semiarid to arid climate (Gile et al., 1966; Milnes, 1992) that must
have prevailed during the deposition. Several researchers have demonstrated
experimentally the strong inhibiting effect of Ca2+ ions on the smectite to illite reaction
progress (Blank & Seifert, 1976; Roberson & Lahann, 1981; Howard & Roy, 1985;
Corrado et al., 2010). The occurrence of Ca2+ ions related to the caliche within this
formation could explain the occurrence of an RO ordering. Accordingly, the R1 ordering
value was considered as the most representative of the degree of thermal alteration of these
deposits. This parameter has been used and fits the performed conductive thermal
modelling suggesting its relation with the temperatures experienced by these deposits (Fig.
5.18).

5.4.2.2 Balbuena and Santa Barbara Subgroups

Samples for both thermal maturity and clay mineralogy analyses were collected from the
post-rift Yacoraite Fm. along the southwestern limb of the Sierra de La Candelaria
anticline, far away the area of the hot springs. Vitrinite reflectance results of 0.6-0.7%
whereas XRD on clay minerals indicate the coexistence of both RO and R3 ordering with a
illite% in 1-S mixed layers of 20% and 80%, respectively.
The lack of R1 ordering allows excluding diagenetic reactions of clay minerals in response
to the burial experienced by these deposits. Accordingly, a detritic origin for the R3
ordering could be possible. RO values could be used for the burial/thermal modelling.
Nevertheless, this value indicates in the same strata slightly lower temperatures than
vitrinite reflectance. On this base, | privileged the use of vitrinite reflectance to calibrate
models that is by far a more robust thermal parameter for reconstructing sedimentary
succession thermal evolution, suggesting a retarded response of clay minerals to
temperature increase when compared to organic matter indicators. This is particularly

frequent in cases of fast burial (Aldega et al. 2011).

5.4.2.3 Metan Subgroup

Thermal maturity detected on the syn-orogenic succession shows two main clusters of
data: samples with low illite content in mixed layers I-S (20 and 25%) and RO staking order,
and samples with two populations of illite percentage (20-50 and 80%) and, RO and R3
stacking orders, respectively. The low maturity level is ubiquitous in the structure in

correspondence to the poorly fractured outcrops where the deformation is mainly related to
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the folding process. Fluid inclusions analyses performed in veins related to the same
deformative process record a temperature of entrapment below 50-60°C.

On the contrary, a high maturity level suggested by an R3 stacking order is mainly
concentrated along the damage zones of the strike-slip faults close to the hot springs. Figure
5.18 shows as these parameters do not fit the conductive 1D thermal model suggesting the
occurrence of a restricted thermal alteration area in these deposits, probably due to the
circulation of the geothermal fluids. Fluid inclusions analyses performed on calcite veins
associated to the strike-slip faults, confirms this hypothesis indicating a temperature of
entrapment of 115°C (sample AR12). Accordingly, convection related to the geothermal
fluids played a key role in the thermal alteration of the cap rock only in correspondence of

its strike-slip-related fractured areas.
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CHAPTER VI

DISCUSSION

The geothermal system of Rosario de La Frontera belongs to the Sierra de La Candelaria
anticline, located in the Subandean foreland of the Santa Barbara System (NW Argentina)
(Fig.1.1). Surface evidence of the existence of this geothermal system are represented by
several hot springs that occur near the town of Rosario de La Frontera, at the northern edge
of the anticline, with temperatures ranging between 24° and 90°C. One further hot spring
occurs along the south-western limb of the anticline, in the Ceibal area, with surface
temperature of about 38°C (Fig. 3.1). Fieldwork observations conducted during this PhD
project, suggested that the main geothermal reservoir is represented by the fractured
sandstones of the Cretaceous syn-rift deposits (Pirgua Subgroup). The low permeable post-
rift and the syn-orogenic deposits (respectively, Balbuena and Santa Barbara subgroup, and
Metan subgroup) were considered to act as the cap-rock of the system (in agreement with
Moreno Espelta et al., 1975; Seggiaro et al., 1995; Invernizzi et al., 2014). These deposits
are deformed in a N-S trending anticline (Sierra de La Candelaria) developed in the hanging
wall of an inverted normal fault and dissected by subsequent strike-slip and normal fault
planes. The anticline and the associated structures (faults and fractures) represent the
structural context of the geothermal system.

The current study focuses on the quality assessment of the reservoir and cap-rock of the
geothermal system and, in particular, on the evaluation of the possibility of exploitation of
its thermal fluids, by means of the integration of different methodologies: structural
analyses at the outcrop scale, reservoir fracture modelling and paleo-thermal analyses.

Structural investigations were performed in different areas along the studied anticline
(Ceibal, Anta Yaco, Balboa and Termas localities) in order to obtain information on the
deformation events that affected the regional anticline and to highlight the influence of the
structural discontinuities on fluids migration. Moreover, the collected structural data were
used to model the fracture network in a 3-D volume of the geothermal reservoir to compute

its secondary permeability and porosity.

94



Paleo-thermal analyses were performed by means of analyses on fluid inclusions on veins
filling, clay mineralogy (%l in I-S mixed layers) and vitrinite reflectance on the cap-rock
and reservoir, performed on a total of twenty-two samples collected far and close to the
area of the hot springs. The aim was to assess the quality of the cap-rock as a function of
thermal vs fracturing state. Mono-dimensional thermal and burial models were also built to
reconstruct the thermal history and the origin of the thermal anomaly of the studied
geothermal system.

Furthermore, the integration with hydrogeological, geochemical and geophysical studies
available on this geothermal system (Barcelona et al., 2014; Invernizzi et al., 2014; Chiodi
et al., 2015) allowed to evaluate the sustainability of the geothermal resource through the
elaboration of a conceptual model of the reservoir fluid.

Results obtained from the integrated analysis and modelling have been illustrated in
chapters 3, 4 and 5 and they will be synthetically discussed and integrated all together in
this chapter (CHAPTER 6).

The best starting point in order to assess the reservoir quality for exploration programs
consists in the elaboration of a reliable tectonic model of the studied geothermal field. It
helps making predictions about lithology, faulting, and fluid flow in and out of the
reservoir. Moreover, the formation and evolution of natural fractures is closely related to
the deformation history of the host rock. As a whole, it provides a robust data set for the
location of wells.

The kinematic evolution and timing of the Sierra de La Candelaria anticline was
deciphered by analysing (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 (CHAPTER 3). The results show that the Sierra de La Candelaria regional
anticline developed according to a kinematic model of transpressional inversion compatible
with the latest Andean regional WNW-ESE shortening, acting on a pre-orogenic N-S
normal fault (see Figs. 3.1, 3.13). In the late stage of inversion, the development of a NNW-
SSE oblique fault plane, dissecting the regional anticline in the northern portion, defined a
push-up geometry controlling the development of the minor Termas and Balboa anticlines.

Many examples derived from seismic interpretation and analogue modelling have
demonstrated that in a positive inversion, push-up geometries are related to the

transpressional reactivation of pre-existing normal faults (Harding 1985; Vejbaek and
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Andersen, 1987; McClay, 1989; Deeks and Thomas, 1995; de Jager, 2003; Krzywiec et al.,
2003; Cooper and Warren, 2010; Pace et al., 2012; Pace and Calamita, 2013).

In this reconstruction, the Balboa anticline might represent the early developed northern
closure of the Sierra de la Candelaria anticline, in agreement with Barcelona et al. (2014).

Brittle deformation recognized at the outcrop scale is robustly consistent with the
transpression event recognized at regional scale, recording both the related folding process
and the strike-slip kinematics.

In detail, the first stage of the deformation is better recorded at the outcrop scale in the
Ceibal and Anta Yaco areas, along the western limb of the regional anticline. Syn-folding
features are represented by E-W generic and shear fractures mainly occurring in the strata
of Pirgua Subgroup, and by NNW-SSE and E-W striking conjugate strike-slip fractures
occurring in the strata of Anta Formation (see Figs. 3.3, 3.4). Differently, NNE-SSW and
ENE-WSW generic fractures, occurring in the Ceibal area, and N-S, NNW-SSE and NNE-
SSW trending ones, occurring in the Anta Yaco area, are mainly related to the subsequent
deformative events testified by the faults mapped in these areas (see Fig. 3.2).

In the northern Termas anticline, close to the hot springs area, where Anta Formation
extensively crops out, the brittle deformation is more intense and records both the folding
process and the strike-slip kinematics related to the late transpressive event that took place
along the NNW-SSE oblique fault plane that dissect the early formed anticline in its central
portion. At the outcrop scale, NNW-SSE left-lateral faults, with the associated Riedel
shears, and WNW-ESE calcite-filled veins testify mainly the strike-slip kinematics. At the
same time, different meso-structures record the folding process: NNE-SSW gypsum
extensional and shear veins, NNW-SSE and E-W conjugate shear fractures, NNW-SSE
conjugate system of extensional fractures, N-S-trending joint and calcite filled veins.
Moreover, E-W conjugate system of extensional fractures, and ENE-WSW and W-E
normal faults are interpreted to reflect the final stage of the folding process (see Figs. 3.7,
3.8,3.9,3.10, 3.11).

Differently, in the area of the Balboa anticline, the structural data collected in
correspondence of the outcrops of Pirgua Subgroup mainly testify the strike-slip
kinematics: NW-SE and N-S deformation bands and N-S, NNW-SSE and NNE-SSW
generic fractures (see Fig. 3.5).

Fracture frequency analysis was performed in the four investigated areas by means of

scan-line surveys (CHAPTER 4). The results show that fractures characterized by the
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highest values of frequency are related to the transpression event along the NNW-SSE
oblique fault plane that dissect the anticline in its central portion. Furthermore, the analyses
of the fracture frequency distribution shows that Termas anticline represents the most
fractured area of the Sierra de La Candelaria ridge (see Fig. 4.6). On the contrary, the area
of Anta Yaco represents the less fractured area where fracturing mainly records the folding
process occurred in the early stage of positive inversion. Accordingly, the secondary
porosity and permeability of the reservoir deposits, computed by means of fracture network
modelling, show the highest values (4.2E-04 and until ~20mD, respectively) in
correspondence to the Termas and Balboa anticlines and in the area of Ceibal (see Table
4.4).

In terms of fluid circulation, the results of the qualitative and quantitative structural
analysis together with the performed DFN models, show that fault and fracture network
can affect fluid circulation. NE-SW and NNW-SSE fault planes, with the associated WNW-
ESE riedel planes, in the latter case, associated with the intermediate and late stages of the
positive inversion, can be considered the main structures controlling the migration paths of
hot fluids at depth and their upwelling from the reservoir to the surface. This evidence
derives from the calcite-filled fractures that develop along those fault systems that are well
exposed in the area of Ceibal and of Balboa and Termas anticlines. The DFNs show that
permeability is highest in the direction parallel to the strike of the fault planes. These
results, with special regard to the variation of the permeability values among the different
sectors of the analysed structure, suggest that the NNW-SSE fault plane may act as a barrier
to fluid flow across its strike, producing a reservoir compartimentalization and its
confinement at depth.

As a whole, the DFN models performed in the reservoir volume indicate that fracture
network enhances its permeability and its fractured portion represents the 0.03% of the total
volume corresponding to 53Km? on the base of the elaboration of the 3D reservoir model
(see Figs 4.5, 4.9).

Since the analysed reservoir is mainly represented by sandstone, also its primary porosity
and permeability may play an important role in the circulation and storage of fluids at depth.
Nevertheless, a full characterization of the reservoir deposits is beyond the aim of this
thesis. The only available data on its primary porosity and permeability, measured on a
sample collected from the Arroyo Bonete Puca high valley (see Fig. 3.1), correspond to

low values of 7.2% and ~81.2mD, respectively (Invernizzi et al., 2014).
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Furthermore, in a foreseeable exploitation of the thermal fluids of the studied geothermal
system, particular attention was devoted to the northern portion of the regional anticline. 1
considered this area as the most interesting one, since here the reservoir reaches the
maximum depths (~2,100m and ~2,400m at the northern edge of Termas and Balboa
anticlines, respectively) ensuring to the fluids to achieve the highest temperatures (see Figs.
3.1and 4.5).

The 3-D reservoir model allowed to compute the volume belonging to this northern
portion. It results of 28Km? with a fracture volume of 0.001Km? (see Fig. 4.10)

Furthermore, considering the portion where temperature exceeds 60°C, at least for direct
heat uses, a high value of extractable geothermal heat from this reservoir corresponding to
1.89*10%" J was computed.

In the northern area of the Sierra de La Candelaria anticline, where the cap-rock
extensively crops out, its quality was investigated by evaluating the degree of thermal
alteration vs. fracturing state (CHAPTER 5). In general, the results show that the cap-rock
act as a good insulator since the thermal alteration is limited to its fractured zones where
the deformation mainly testifies the strike-slip kinematics related to the NNW-SSE oblique
fault planes.

In detail, the analyses of clay mineralogy indicate a low thermal maturity of these deposits
(Fig. 5.14, Table 5.3). The identified I-S mixed layers show mostly RO structures with low
amounts of illite (20-25%). On the contrary, a high degree of thermal alteration, mainly
indicated by R3 structures, occur in correspondence of the area of the hot springs (Hotel
Termas area). These R3 structures do not fit the performed purely conductive 1D thermal
models suggesting that hot fluids circulation may have played a key role in the thermal
alteration of the cap-rock only in correspondence of its most fractured portions (Fig. 5.18).
Furthermore, fracturing features and distribution, derived from field mapping and structural
investigations at the meso-scale, suggest that deformation due to the strike-slip kinematics
rather than to folding may have focused hot fluids and driven localized thermal alteration
of the cap-rock.

As demonstrated by the thermal models reconstructed in the two investigated areas
(Termas anticline and Anta Yaco area), the thermal maturity charactering the cap-rock
deposits is mainly a function of its experienced burial history under a geothermal gradient
of about 40 °C/Km estabilished after the Creatceous rifting event (in agreement with

Seggiaro et al., 1995 and Invernizzi et al., 2014). In this scenario, the rift succession
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experienced a thermal evolution compatible with late diagenetic conditions in the early
stages of hydrocarbon generation during Upper Miocene times. At that time, the reservoir
deposits reached a maximum temperature of about 110 °C. The differential exhumation
between the two areas have led these rocks at different depths at present (~2,100m and
~1,300m in the Hotel Termas and Anta Yaco area, respectively). In particular, in the area
of the Hotel Termas, where the rocks were less exhumed, the cap-rock is thickest (1570m).

The results of the structural investigations and modelling, together with the available
geochemical data, allow to integrate the previously reconstructed conceptual model of the
fluid circulation belonging to the Rosario de La Frontera geothermal system (Invernizzi et
al., 2014, Chiodi et al., 2015) (Fig. 6.1).

‘/ Meteoric water
v 2000 Legend
ma.s.l.
1000 - Metan Subgroup
I:l Santa Barbara
Subgroup

0
[ ] Balbuena Subgroup

-1000 )
- Pirgua Subgroup

-2000 || Medina Formation

Na'-HCO, aquifer

CO: + He addition
from upper mantle

Fig. 6.1 - Conceptual cartoon illustrating the path of the fluid flow based on the integrated results of this
study. Meteoric water infiltrates to depth in the southern sector of the Sierra de La Candelaria anticline in
correspondence of the permeable Pirgua Subgroup fractured and porous rocks and through the E-W
trending normal fault. At depth, heating due the geothermal gradient of 40°C/Km originates the
hydrothermal fluids. The NNW-SSE oblique fault plane enhances the motion of the thermal fluids at depth
and their upflow toward the surface (modified from Chiodi et al., 2015).

In this reconstruction, | consider that the fault plane trending NNW-SSE, responsible of
the growing and exhumation of the Termas anticline, could represent a preferential path
along which fluids move at depth from the recharge area to the north and toward the surface.

99



Isotopic data (830 and 5D) suggest that the deep hydrothermal reservoir, represented by
the syn-rift deposits, is mainly recharged by meteoric water that could infiltrate from an
area close to the thermal baths, located in the northern sector of Sierra de la Candelaria
ridge in correspondence of the outcrops of the Pirgua Subgroup deposits (Invernizzi et al.,
2014). This water shows a Na—HCOs composition produced by water—rock interactions
involving sedimentary formations mostly consisting of conglomerates and sandstones,
which are interbedded with alkaline volcanic rocks, shales and limestones (Chiodi et al.,
2015). A relatively long residence time (>50 years; Smedley et al., 2002) of water at depth
was computed by means of analyses of tritium content (Invernizzi et al., 2014).

In this framework, the E-W trending normal fault, dipping to the north and occurring in
the central sector of the regional anticline, could enhance the infiltration of meteoric water
at depth (Seggiaro et al., 1997). 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.

The aquifer also receives significant contributions of crustal CO, and He from mantle
degassing, the latter probably favoured by the regional tectonics characterized by a deep
detachment (at about 10 km depth) in the basement of the Santa Béarbara thick-skinned
thrust system and a thinned lithosphere (Chiodi et al., 2015).

The uprising thermal fluids mix with a relatively high salinity Na—Cl dominated shallow
aquifer (~150 m) produced by the interaction of meteoric water with evaporitic deposits of
the Anta Formation (Berchefii et al., 2003; Barcelona et al., 2014; Chiodi et al., 2015).

At depth, water moves inside the reservoir assisted by its primary and secondary
permeability. Considering a present geothermal gradient of 40 °C/km, reported by
bibliography (Seggiaro et al., 1995; Invernizzi et al., 2014; Chiodi et al., 2015) and
confirmed by the performed conductive 1D thermal models, and a surface temperature of
20 °C (Invernizzi et al., 2014), the meteoric water can reach 60 °C at 1,000 m of depth and
can exceed temperatures of 100°C at the base of the reservoir located deeper than 2,000 m
at the northern edge of Termas and Balboa anticlines. A temperature ranging between 100-
130°C for the reservoir fluids is also suggested by various geothermometers (Seggiaro et
al., 1995; Invernizzi et al., 2014; Chiodi et al., 2015). As a consequence, a convective
circulation can be triggered at depth within the system. Fluid inclusions analyses on veins
filling indicate an entrapment temperature of 115°C suggesting that no important changes

may have occurred in fluid circulation from its establishment.
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As a whole, the water ascent can be enhanced by the fracture systems well developed in
correspondence of the northern end of the plunging structure, occurring at surface with the

alignement of the thermal springs.

These results confirm that the Rosario de La Frontera geothermal system represents an
important site to improve the sustainable development of the cities of the Salta province.
The heat stored at depth in the large volume of the geothermal aquifer can be utilized for
different purposes.

Firstly, economical benefits can be derived by increasing the thermal tourism and
balneology with the construction of new thermal centres or by implementing the already
existing structure of the Hotel Termas. Furthermore, the undersaturation in calcite and other
salts of waters may render the geothermal aquifer suitable for district heating (tele-heating)
and cooling by installing appropriate heat exchangers (Chiodi et al., 2015).

Other applications for direct or indirect uses, e.g. green-housing, agro-industrial activities
and electric power generation in general, could be also feasible considering the high
temperatures reached by the thermal fluids at depth. With this perspective, the northern
edge of Termas and Balboa anticlines represent the best suited areas for location of
productive deep-drillings since the reservoir reaches the maximum depths allowing the
fluid to achieve temperatures over 100°C. Electricity generation from fluids with these
temperatures could come from a binary cicle power plant.

Furthermore, considering the reservoir compartimentalization ruled by the NNW-SSE
fault plane, occurring in the central area of the regional anticline, | suggest that the area
located in the northern buried plunge of the Balboa anticline could represent the best site
for a potential exploitation of the thermal fluids in order to preserve the geothermal resource
exploited at present for thermal and bathing purposes by the Hotel Termas structure. This
hypothesis is further supported by the presence of a low resistivity anomaly, recently
detected by means of AMT investigations (Barcelona et al., 2013), that indicates the
occurrence of fluids preserved at depths in the Pirgua Subgroup coarse deposits at the core
of the Balboa anticline (Figs. 6.2, 6.3).
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Fig. 6.2 - 2D inversion models along E-W (a, b) and N-S profiles (c) representing the resistivity
distribution in the northern sector of the Sierra de La Candelaria anticline. Histograms shows the misfit for
each site included in the profile. Location of the surveys area and AMT sites are indicate on the left in the
geological map with black rectangle and black triangles, respectively. Solid blue lines corresponds to the

profiles where 2D inversion of AMT data has been carried out.

Fig. 6.3 Three-dimensional reservoir model integrated with the AMT profiles. Green surface indicates the
top of the reservoir. The deep conductive anomaly detected at the eastern margin of the southern E-W
profiles (b in figure 6.2), indicating the presence of hot fluids, intercept the reservoir deposits.
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In order to confirm the rule played by the NNW-SSE fault plane in the reservoir
compartimentalization, different hydrogeological scenarios of the geothermal system were
simulated during a graduate thesis, whose | was a co-tutor (Palucci, 2014). The simulations
were performed with the aid of the software Groundwater Vistas, by changing the
permeability of this fault plane along the three directions (e.g. Kx, Ky and Kz) (Balsamo
and Storti, 2010) (Table 6.1).

Table 6.1 — Hydrogeological models performed by varying the permeability of the NNW-SSE fault plane
along the three directions (Kx, Ky, Kz). The models RdF_impermeable, RdF_permeable and RdF_nofault

were simulated considering the analysed fault impermeable and permeable along the three directions, and
with the same permeability of the host rock.

target vs mean
Models Kx Ky K: Mass residual
balance error

(springs)

RdF_impermeable 0.000001 0.000001 0.000001 -0.00894 -76/-74.27
RdF_X1 0.00001 0.000001 0.000001 -0.00894 -76/-74.27
RdF_X2 0.001 0.000001 0.000001 -0.00163 -76 / -73.75
RdF_X3 0.1 0.000001 0.000001 -0.03143 =76/ -73.44
RdF_Y1 0.000001 0.00001 0.000001 -0.00349 -76 /-74.26
RdF_Y2 0.000001 0.001 0.000001 -0.00770 -76 / -74.07
RdF_Y3 0.000001 0.1 0.000001 -0.02393 -76/-73.26
RdF_Z71 0.000001 0.000001 0.00001 -0.01213 -76 [ -74.27
RdF_72 0.000001 0.000001 0.001 -0.01155 -76 [ -74.27
RdF_Z3 0.000001 0.000001 0.1 -0.00339 -76 [ -74.27
RdF_YZ1 0.000001 0.00001 0.00001 -0.00807 -76 1 -74.26
RdF_YZ2 0.000001 0.001 0.001 -0.00522 -76 1 -74.09
RdF_YZ3 0.000001 0.1 0.1 -0.04067 -76 / -73.87
RdF_permeable K res K res K res -0.00116 -76 /-75.32
RdF_nofault K host rock K host rock K host rock -0.03663 -76/-73.52

The hydrogeological scenario obtained by considering the fault plane impermeable across
its strike and permeable along its strike and plunge (RdF_YZ3), best fit the hydrogeologic
water balance computed by Invernizzi et al. (2014) (Fig. 6.4).

These simulations confirm the reservoir compartimentalization produced by the NNW-
SSE fault plane, suggesting that the northern plunge of the Balboa anticline represents the
best suited areas for a potential exploitation of the thermal fluids of the Rosario de La

Frontera geothermal system.

103



Legend

- Top of the reservoir deposits —— l|sopieces

I Bottom of the reservoir deposits < Velocity vector

Fig. 6.4 — RdF_YZ3 hydrogeological model performed considering the NNW-SSE fault plane permeable
along its strike and plunge, and impermeable across its strike. In the model, the N-S fault plane, bordering
to the east the Sierra de La Candelaria anticline and the western N-S lineament (pink lines) are considered

impermeable, acting as barrier to fluid flow. Differently, the E-W trending normal fault planes, occurring in
the central portion, are considered permeable since they could enhance the infiltration of meteoric water at
depth. Faults planes indicated with red lines are not considered in the simulations.
It is visible a shifting of the isopieces between the two area to the east and to the west of the central
NNW-SSE fault plane (a). Velocity vectors (b) show as this fault plane acts as a conduit along its strike.
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SCAN LINE 1

1 22/04/2012 255/15 10m

25.83554° 64.93138° ANTA Fm — METAN SUBGROUH 320-20
FRACTURE PARAMETERS

N° Di(sctr?qr)lce a:i)riTF:L-Jth Dip Lenght Up (cm) Termination Up L%EEI Teg:)icviﬂon A?rir;%re
1 0 50 88 55 P-R 30 P-1 2
2 16 80 88 50 P-R 5 R 1
3 22 252 88 4 R 23 P-1 1
4 29 250 88 21 P-R R 1
5 42 300 86 10 R 4 F 1
6 47 120 65 6 R R 1
7 51 80 88 1 R R 1
8 58 240 65 70 P-I 35 P-R 1
9 66 120 65 1 R 5 R 1
10 72 90 88 13 R 18 R 1
11 77 250 88 16 R 11 R 1
12 84 150 65 R 22 -R 1
13 85 100 80 R 21 -R 1
14 87 200 88 R R 1
15 94 100 80 R R 1
16 104 130 55 15 | 21 R 1
17 105 214 70 R 2 R 2
18 113 200 75 7 R 35 P-1 1
19 125 240 88 80 P-R 32 P-1 1
20 144 280 88 10 R 12 R 1
21 158 230 88 93 P-R 35 P-1 1
22 168 210 88 3 R 8 R 1
23 171 60 88 12 R 10 R 1
24 180 230 88 5 R 19 R 2
25 187 250 88 30 P-R 43 P-1 1
26 196 70 76 85 P-1 45 P-1 1
27 220 120 70 60 P-R 47 P-1 2
28 240 140 65 5 R 30 R 2
29 250 270 88 56 P-R 25 R 2
30 262 100 80 3 F R 1
31 263 300 35 F 1
32 273 60 72 80 P-1 41 P-1 1
33 274 60 72 61 P-R 37 P-1 1
34 284 60 72 e P-R 32 P-1 2
35 320 230 50 35 P-R 35 P-1 2
36 320 90 88 41 P-R 45 P-1 2
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SCAN-LINE 2

2 22/04/2012 330/05 10m

25.83833° 64.93341° ANTA Fm — METAN SUBGROUH 280-55
FRACTURE PARAMETERS

Ne Di(sct;r)lce ag:ﬁl;th Dip | Lenght Up (cm) Termination Up L%:\],?)Et Teanz)icvition A?r?]rr::;re
1 0 20 52 12 F 16 | 2
2 12 210 84 1 I 74 | 2
3 46 180 45 28 F 3 | 2
4 62 20 82 1 | 120 | 2
5 118 280 55 n.d. n.d. n.d n.d. 2
6 127 20 85 9 I 80 F 2
7 180 40 15 n.d. n.d. n.d n.d. n.d
8 206 330 70 25 F 40 F 2
9 252 50 80 n.d. I 7 R 2
10 265 160 65 5 F 25 F 2
11 283 350 88 40 F 26 F 2
12 290 3 84 120 F 32 F 2
13 297 90 65 28 R 15 F 2
14 330 140 50 n.d. n.d. n.d n.d. 2
15 363 80 35 2 I 5 | 2
16 377 160 60 100 | 27 I 2
17 390 200 75 75 F 30 F 2
18 400 60 40 2 I 5 | 2
19 455 200 70 n.d. n.d. n.d n.d. n.d
20 570 340 65 100 | 100 I 2
21 667 30 74 20 I 40 | n.d.
22 686 180 75 300 | 100 I 2
23 770 190 60 300 | 100, I n.d.
24 860 359 85 30 R 100 I
25 980 240 20 15 R 2 I 2
26 1000 120 65 20 F 100 | 2
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SCAN-LINE 3

3 23/04/2012 10/0 7.5m
25.83650° 64.93487° ANTA Fm — METAN SUBGROUH 310-60
FRACTURE PARAMETERS

. . A Lenght N
Ne Distance|  Dip- Dip Lenght Up | Termination Down | Termination Aperture

(cm) | azimuth (cm) Up (cm) Down (mm)
1 0 30 70 40 | 35 | 1
2 8 30 70 40 | 35 | 1
3 10 20 70 15 F 2 F 1
4 16 10 80 20 F 20 | 1
5 59 290 10 2 F 6 R 1
6 65 20 78 14 I 1 F 1
7 70 30 65 19 F 2 F 1
8 73 30 65 50 I 2 R 1
9 74 30 65 23 I 21 F 1
10 84 20 55 50 I 10 F 1
11 86 34 85 5 F 1 F 1
12 90 60 75 12 F 1 F 1
13 100 270 8 2 F | 1
14 107 80 75 50 I 25 F 1
15 130 130 50 15 F 5 F 1
16 146 40 85 50 I 15 | 1
17 155 210 88 35 F 5 F 1
18 163 290 20 10 F F 1
19 170 40 85 50 I 10 | 1
20 186 30 80 50 R 15 I 1
21 193 30 80 80 I 1 | 1
22 197 50 82 80 I 1 I 1
23 200 50 82 80 I | 1
24 206 30 68 60 I 5 I 1
25 240 35 80 80 I 15 | 1
26 250 35 80 80 I 1 | 1
27 258 250 25 45 F 10 I 1
28 270 280 20 40 F 2 I 1
29 272 20 70 54 I 1 | 1
30 323 60 85 50 I | 1
31 333 30 85 40 I 5 I 1
32 355 70 50 30 I 10 I 1
33 370 210 88 25 F 10 I 1
34 420 23 80 40 F 36 I 1
35 467 23 70 43 I 35 | 1
36 476 310 80 8 I 32 I 1
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SCAN-LINE 4

4 24/04/2012 30/10 5.3m
25.83790° 64.93052° AT e M AN 320-25
FRACTURE PARAMETERS
INE Di(sctr?qr;ce Dip-azimuth Dip LeLTght TerTJiBation Il‘jegvglzt Te:)ngcverl]tion A?r(;;]rr;u)re
(cm) (cm)
1 0 230 88 4 R 20 R 1
2 10 130 88 1 I 14 I 1
3 43 240 65 26 F 1 I 1
4 50 320 25 n.d. n.d. n.d. n.d. n.d.
5 85 240 88 2 R 5 R 1
6 93 30 85 25 P-R 23 P-R 1
7 108 190 35 8 R 12 R 1
8 142 60 65 6 F 10 R 1
9 224 240 75 35 F 6 F 1
10 248 200 88 50 F 30 F 1
11 268 140 60 14 | 50 | 1
12 396 220 65 80 | 10 | 2
13 450 320 25 n.d. n.d. n.d, n.d. n.d,
14 390 30 80 80 F 6 F 2
15 393 50 50 50 F 5 R 2
16 525 180 35 35 F 40 F 1
17 527 180 35 35 F 40 F 2
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SCAN-LINE 5

5 24/04/2012 20/0 9m
25.83461° 6a.03719° | ANTE - METAN 270-88
FRACTURE PARAMETERS
N° Distance (cm) a;:i)riﬁl;th Dip LeLTg " TemsJiBation Iggv?lﬂt Te::)ngcverl]tion A?:]rr;u)re
(cm) (cm)

1 28 80 15 | 6 | 1
2 250 30 10 F 1 | 2
3 28 80 11 | 6 | 1
4 21 20 86 36 | 80 | 1
5 28 190 70 10 F 6 | 1
6 32 190 70 | 6 F 1
7 82 310 60 F 25 F 2
8 148 360 74 80 | 30 R 10
9 162 280 15 6 | 15 | 3
10 176 360 70 | 18 | 1
11 181 360 70 | 27 R 1
12 208 360 75 1 | 23 F 1
13 230 190 75 80 F 60 F 1
14 332 260 10 2 | 1 | 2
15 352 200 88 36 F 7 | 1
16 374 30 75 9 F 2 F 1
17 392 180 88 10 F 7 F 1
18 413 10 88 10 F 8 F 2
19 426 200 85 30 F 38 F 2
20 447 10 88 8 F 10 | 1
21 465 170 88 20 F 3 F 1
22 472 40 75 10 F F 1
23 485 202 88 23 F 67 | 1
24 492 25 75 11 F 5 | 1
25 501 20 80 19 | 29 F 1
26 518 200 89 20 F 5 F 1
27 559 20 83 13 F 62 R 1
28 567 18 89 12 F 6 F 1
29 575 18 85 29 F 17 F 1
30 597 20 88 F F 1
31 603 20 65 F F 1
32 616 22 83 F 35 F 1
33 622 28 18 F 10 F 5
34 625 326 80 13 F 14 F 3
35 636 178 85 20 F 21 F 3
36 640 360 85 18 F 20 F 3
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SCAN-LINE 6

6 25/04/2012 220/10 5m
25.83854° 64.93333° AN s AN 280-60
FRACTURE PARAMETERS
R Distance . . .| Lenght Up| Termination Lenght Termination | Aperture
N (cm) Dip-azimuth Dip (cm) Up Down Down (mm)
(cm)

1 0 90 35 5 I 41 F 2

2 10 280 85 4 F 5 I 1
3 20 285 75 5 F 8 I 2
4 40 80 45 5 R 100 | 2

5 42 208 88 80 R 10 | 2

6 62 244 45 4 R 10 | 2

8 72 30 68 R 40 F 1
10 110 290 65 1 R 80 | 2
11 112 70 45 21 F 25 F 1
13 127 52 30 5 F 30 F 1
14 152 186 70 37 F 64 F 2
15 160 65 38 F 30 F 1
18 230 90 45 | 65 | 1
19 230 190 85 40 R 30 | 1
21 260 190 70 5 F 10 | 1
22 260 58 60 20 F 2 | 1
23 271 230 50 26 F 31 | 2
24 280 270 55 10 R 5 | 2
27 340 210 55 150 | 40 | 2
28 354 320 70 80 F 30 | 2
29 370 170 80 80 F 39 | 2
30 383 268 65 58 F 28 | 1
31 386 128 85 10 | 20 | 1
32 425 80 65 27 | 18 | 2
33 430 100 65 2 | 10 | 2
35 465 200 40 5 | 20 F 2
38 498 110 30 15 | F 2
39 500 208 40 27 R 5 | 2
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SCAN-LINE 11

11 27/04/2012 100/10 9.8m
25.97931° 64.93237° AT s AN 310-30
FRACTURE PARAMETERS
. . A Lenght N
N° Distance Dip- Dip Lenght Up| Termination| ' '~ ° | Termination| Aperture
(cm) azimuth (cm) Up (cm) Down (mm)
1 0 105 80 200 | 100 | 1
2 23 105 80 35 | 100 | 1
3 32 105 80 20 | 100 | 1
4 45 120 85 10 F 100 I 1
5 47 105 80 10 F 100 I 1
6 67 80 70 10 | 100 | 1
7 112 330 88 54 | 40 F 1
8 126 70 70 10 | 80 | 1
9 133 330 88 5 | 100 | 1
10 140 70 70 10 | 80 | 1
11 142 10 75 10 | 60 | 1
12 144 70 70 10 | 80 | 1
13 152 70 70 10 | 80 | 1
14 152 359 75 5 | 10 R 1
15 155 10 75 10 | 60 | 1
16 162 10 75 10 | 60 | 1
17 172 186 85 5 | 43 | 1
18 185 80 75 R 42 I 1
19 190 80 75 R 42 I 1
20 226 80 75 R 20 I 1
21 231 168 88 14 R 27 I 1
22 232 10 70 3 R 5 | 1
23 238 358 75 R 5 I 1
24 249 358 75 R 5 I 1
25 253 106 75 10 R 5 I 1
26 262 106 75 10 R 5 I 1
27 274 100 70 2 R 2 I 1
28 275 100 70 2 R 2 I 1
29 278 14 70 2 R 2 | 1
30 283 14 70 2 R 2 | 1
31 296 12 80 2 R 2 | 1
32 317 110 80 8 | 18 | 1
33 356 34 70 5 R 13 I 1
34 380 100 80 5 | 40 | 1
35 392 100 80 15 | 48 I 3
36 412 100 80 12 | 40 I 3
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SCAN-LINE 12

12 28/04/2012 30/0 4.5m
25.83884° 6a.03100° | ANTA T VETAN 60-60
FRACTURE PARAMETERS
. . A Lenght N
N° Distance Dip- Dip Lenght | Termination | = " Termination| Aperture
(cm) azimuth Up (cm) Up (cm) Down (mm)
1 0 202 55 5 | 20 F 2
2 20 208 55 7 I 7 F 2
3 40 82 40 5 F F 2
4 50 82 40 5 | 14 F 2
5 54 100 80 20 F 40 | 1
6 74 66 50 100 F 20 | 1
7 94 78 65 60 I 30 | 1
8 204 250 70 10 F 40 F 1
9 231 200 85 10 F 60 I 2
10 233 120 60 2 I 15 R 1
11 269 160 35 13 I 2 | 1
12 274 178 70 21 F 10 R 1
13 275 60 55 27 I 28 F 1
14 280 160 35 15 I | 1
15 284 140 65 14 F 3 I 1
16 284 122 65 2 I 21 R 2
17 300 178 70 10 F 8 F 2
18 303 90 75 10 R 15 F 2
19 323 234 80 100 | 15 I 2
20 324 150 35 15 F 10 I 2
21 354 170 55 27 I 20 I 2
22 362 240 20 20 F 15 I 2
23 412 240 20 5 F | 1
24 422 230 80 57 F I 2
25 426 220 85 30 F 40 F 1
26 452 230 80 5 I 5 | 1
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SCAN-LINE 7

7 26/04/2012 290/15 4.9m
25.99150° 64.91741° PIRGUA SUBGROUP 290-55
FRACTURE PARAMETERS

. . N Lenght ——
ND Distance | Dip- Dip Lenght Up | Termination Down | T€rmination | Aperture

(cm) azimuth (cm) Up (cm) Down (mm)
1 0 260 55 50 F 40 F 2
2 80 160 70 40 F 80 [ 2
3 92 100 45 40 I 13 I 2
4 142 20 80 150 F 40 | 2
5 201 40 65 20 F 30 I 2
6 270 350 80 54 F 7 | 2
7 287 360 75 61 R 10 I 2
9 335 64 70 25 R 13 R 5
10 345 50 85 39 R 8 R 5
11 377 170 70 38 R 18 R 2
12 410 170 85 5 I 20 R 2
13 460 340 65 80 F F 2
14 485 70 55 20 F | 2
15 490 160 75 70 | 2 | 5
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SCAN-LINE 8

8 26/04/2012 110/05 6m

25.98974° 64.91750° PIRGUA SUBGROUP 242-38
FRACTURE PARAMETERS

. . .. | Lenght N
ND Distance|  Dip- Dip Lenght Up | Termination Down | Términation| Aperture

(cm) | azimuth (cm) Up (cm) Down (mm)
1 0 60 70 73 | 24 | n.d.
2 60 70 50 10 | 19 F n.d.
3 79 220 80 80 I 25 I n.d.
4 80 170 75 20 F 4 F n.d.
5 175 190 70 20 F 36 I n.d.
6 225 165 60 80 | 45 | n.d.
7 282 320 80 50 F a7 I n.d.
8 330 125 40 10 R 1 F n.d.
9 372 120 80 40 | 38 | n.d.
10 400 90 85 55 F 60 I n.d.
11 410 60 85 35 F 35 F n.d.
12 434 110 75 34 | 60 I n.d.
13 450 235 70 20 F 54 I n.d.
14 470 5 25 25 F 30 F n.d.
15 483 245 75 35 F 55 I n.d.
16 510 310 80 15 F 40 I n.d.
17 540 100 85 10 F 18 F n.d.
18 560 100 55 20 F 20 F n.d.
19 583 170 88 8 F 50 I n.d.
20 600 130 70 35 I 3 F n.d.
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SCAN-LINE 9

9 26/04/2012 280/05 10m

25.99024° 64.91951° PIRGUA SUBGROUP 290-65
FRACTURE PARAMETERS

. . .. | Lenght N
Ne Distance|  Dip- Dip Lenght Up | Termination Down | Términation| Aperture

(cm) | azimuth (cm) Up (cm) Down (mm)
1 0 335 85 8 | 10 F 2
2 48 325 75 19 R 10 | 2
3 60 320 80 7 I 15 I 2
4 120 320 80 35 F 21 | 2
5 170 145 50 40 | 24 | 2
6 170 164 60 60 | 23 | 2
7 190 340 85 45 I 60 I 2
8 284 90 55 12 I 60 I 2
9 342 360 88 30 F 55 | 2
10 400 215 80 21 F 32 I 2
11 430 354 80 10 F 27 F 2
12 435 5 70 10 F 45 | 2
13 458 358 80 30 F 35 | 2
14 485 358 88 23 F 10 | 2
15 510 40 85 40 F 5 | 2
16 578 160 74 80 | 60 F 3
17 586 330 60 22 F 5 F 3
18 615 136 65 26 | 43 F 4
19 678 360 66 19 I 45 F 2
20 679 74 42 18 I 43 F 2
21 734 250 80 40 F 28 F 2
22 804 294 88 40 I F 2
23 837 300 88 24 | 8 F 2
24 844 112 64 13 | F 2
25 900 278 80 11 | 15 F 2
26 918 340 50 38 | 7 F 2
27 937 160 88 35 R 17 F 2
28 973 20 66 15 F 33 F 2
29 978 300 65 5 I 26 F 2
30 1000 300 60 43 R 15 F 2
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SCAN-LINE 10

10 27/04/2012 340/25 10m

25.98809° 64.91719° PIRGUA SUBGROUP 260-30
FRACTURE PARAMETERS

. . ... | Lenght N
N° Distance|  Dip- Dip Lenght Up | Termination Down | Termination| Aperture

(cm) | azimuth (cm) Up (cm) Down (mm)
1 0 290 60 100 I 17 F 2
2 6 100 55 5 | 25 | 2
3 22 140 50 10 I 35 I 2
4 50 280 65 10 F 80 | 2
5 70 280 65 5 F 80 I 2
6 94 288 55 15 R 80 I 2
7 220 20 70 80 R 5 I 2
8 257 10 50 10 R 10 I 2
9 378 285 80 10 F 20 I 2
10 464 280 55 120 F 31 I 2
11 470 280 40 120 F 30 I 2
12 490 150 80 80 F 10 F 2
13 495 190 40 5 F 5 F 2
14 520 255 30 200 | 150 I 2
15 786 10 70 22 F 21 F 2
16 832 4 30 17 F 2 | 2
17 870 168 86 23 F 2 I 2
18 933 20 38 44 F | 2
19 940 172 88 19 F 14 F 2
20 990 52 38 21 F 22 I 2
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SCAN-LINE 13

13 29/04/2012 280/03 7.70m

25.891267° 64.87830° PIRGUA SUBGROUP 70-45
FRACTURE PARAMETERS
. . A Lenght N
Ne Distance|  Dip- Dip Lenght Up Termination | 'y = | Termination| Aperture
(cm) | azimuth (cm) Up (cm) Down (mm)

1 0 170 65 20 | 8 | 1
2 0 30 65 48 | 15 | 1
3 60 150 65 18 F 15 F 1
4 118 260 80 7 F 15 R 0
5 120 230 88 25 F 57 R 1
6 120 250 75 R 15 R 1
7 123 250 75 R 15 R 1
8 170 230 88 25 R 95 I 10
9 206 238 85 40 F 70 F 1
10 218 76 88 35 F 90 I 1
11 228 250 88 30 | 67 R 0
12 243 40 55 15 F 15 I 1
13 250 50 85 10 | 5 | 1
14 260 250 88 15 F 10 I 0
15 354 240 60 2 I 30 I n.d.
16 435 270 70 25 | 27 I n.d.
17 520 106 60 30 R 20 F 1
18 690 26 80 10 | 28 F n.d
19 744 304 85 15 F 8 F n.d.
20 770 66 60 23 I 27 I n.d.
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SCAN-LINE 14

14 29/04/2012 310/03 10m
25.88923° 64.87990° PIRGUA SUBGROUP 70-25
FRACTURE PARAMETERS
. . A Lenght N
Ne Distance|  Dip- Dip Lenght Up Termination | 'y = | Termination| Aperture
(cm) | azimuth (cm) Up (cm) Down (mm)
1 0 260 60 60 R 100 I 1
2 80 210 50 30 | 20 | n.d.
3 120 210 50 60 F 18 I 1
4 150 210 50 80 F 100, I 10
5 173 130 75 80 F 80 R 3
6 175 285 30 30 F 20 F 5
7 250 212 70 60 I 100 I n.d.
8 265 118 75 20 F 70 R 1
9 270 358 70 50 | 40 F n.d.
10 273 118 75 200 F 20 R 1
11 283 130 75 25 R 20 I n.d.
12 384 246 70 5 F 100 I 15
13 430 230 70 80 F 100 I 15
14 450 230 70 80 F 100 I 1
15 462 250 60 10 F 40 F 1
16 464 250 60 20 R 40 I 1
17 471 100 55 100 F 100 | 3
18 472 250 60 60 R 95 I 2
19 478 252 80 41 F 100 I 1
20 478 165 50 100 F 12 R 0
21 497 238 80 200 | 100, I 3
22 550 115 85 80 F 10 I 1
23 560 238 80 200 | 100, I 1
24 614 230 75 33 I 10 R 0
25 639 120 88 300 | 60 F 1
26 675 230 80 30 R 100 I 0
27 708 230 80 100 I 100 I 0
28 710 230 80 200 | 100, I 10
29 760 180 40 38 F 80 I 0
30 810 10 75 50 F 15 I 0
31 822 230 80 60 R 100 I 2
32 850 230 80 60 R 100 I 2
33 873 230 80 60 R 100 I 2
34 880 60 50 50 F 100 I 0
35 940 234 75 80 | 28 I 2
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SCAN-LINE 15

15 22/04/2013 150/0 6.5m
26.14929° 64.95553° PIRGUA SUBGROUP 15-50
FRACTURE PARAMETERS
. . A Lenght N
Ne Distance|  Dip- Dip Lenght Up Termination | 'y = | Termination| Aperture
(cm) | azimuth (cm) Up (cm) Down (mm)
1 0 20 88 13 F 60 R 2
2 19 180 85 30 F 41 F 2
3 23 180 80 2 F 70 R 2
4 30 200 70 20 R 7 R 2
5 36 205 70 20 F R 2
6 40 195 75 23 R 0 | 2
7 47 190 70 35 | 28 R 2
8 30 315 89 37 F I 2
9 32 310 85 37 F | 2
10 36 311 85 40 R 0 I 2
11 54 190 65 10 F 20 F 2
12 70 165 70 15 F 30 R 2
13 80 15 85 60 | 200 | 2
14 110 35 70 40 R 50 R 2
15 190 25 50 200 I 50 R n.d.
16 215 355 80 0 | 40 F 2
17 253 350 75 15 R 50 F 2
18 295 325 75 17 F 10 F 2
19 317 155 70 10 R 6 F 2
20 342 125 70 13 R 30 F 2
21 360 350 70 20 R 20 F 2
22 370 275 75 10 R 25 F n.d.
23 286 285 80 | 40 F n.d.
24 410 345 85 R 30 F n.d.
25 415 330 80 10 R 30 F n.d.
26 418 175 80 10 R 8 F n.d.
27 427 195 80 10 R 12 F n.d.
28 433 160 85 10 F 200 I n.d.
29 444 335 85 200 I 200 I n.d.
30 469 165 89 0 | 20 R n.d.
31 500 305 75 200 I 50 F n.d.
32 530 180 80 0 I 50 R n.d
33 555 175 85 0 | 50 R n.d.
34 576 165 89 200 I 50 R n.d.
35 594 140 80 30 | 7 | n.d.
36 620 165 89 60 R 200 I n.d.
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37

620 155 85 80 R 5 n.d.
38 621 15 80 50 R 200 n.d.
39 652 195 35 10 F 10 n.d.
40 660 140 85 200 F 200 n.d,
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FAST SCAN-LINE SURVEYS
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FAST SCAN-LINE 1

FSL1 22/04/2012 2m
25.83790° 64.93389° ANTA Fm — METAN SUBGROUP
FRACTURE PARAMETERS
N° Distance (cm) Spacing (cm) Dip-azimuth Dip
1 0 130 15
2 20 20 130 15
3 37 17 130 15
4 54 17 130 15
5 87 33 130 15
6 113 26 130 15
7 147 34 130 15
8 167 20 130 15
9 200 33 130 15
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FAST SCAN-LINE 2

FSL2 26/04/2012 2m
25.98981° 64.92008° PIRGUA SUBGROUP
FRACTURE PARAMETERS
N° Distance (cm) Spacing (cm) Dip-azimuth Dip
1 0 170 70
2 7 170 70
3 23 16 170 70
4 34 11 170 70
5 54 20 170 70
6 72 18 170 70
7 95 23 170 70
8 110 15 170 70
9 123 13 170 70
10 140 17 170 70
11 154 14 170 70
12 169 15 170 70
13 181 12 170 70
14 200 19 170 70
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FAST SCAN-LINE 3

FSL3 27/04/2012 97cm
25.98804° 64.91776° PIRGUA SUBGROUP
FRACTURE PARAMETERS
N° Distance (cm) Spacing (cm) Dip-azimuth Dip
1 0 30 20
2 15 15 30 20
3 25 10 30 20
4 57 32 30 20
5 97 40 30 20
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FAST SCAN-LINE 4

FSL4 29/04/2012 96cm
25.88990° 64.88186° PIRGUA SUBGROUP
FRACTURE PARAMETERS

N° Distance (cm) Spacing (cm) Dip-azimuth Dip
1 0 254 85
2 12 12 254 85
3 17 5 254 85
4 21 4 254 85
5 23 2 254 85
6 30 7 254 85
7 34 4 254 85
8 40 6 254 85
9 44 4 254 85
10 61 17 254 85
11 63 2 254 85
12 78 15 254 85
13 82 4 254 85
14 83 254 85
15 94 11 254 85
16 96 2 254 85
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FAST SCAN-LINE 5

FSL5 20/04/2012 63cm
25.90636° 64.87943° PIRGUA SUBGROUP
FRACTURE PARAMETERS

N° Distance (cm) Spacing (cm) Dip-azimuth Dip
1 0 120 85
2 12 12 125 80
3 17 5 90 70
4 21 4 80 80
5 23 2 78 75
6 30 7 110 80
7 34 4 100 80
8 40 6 105 85
9 44 4 110 85
10 61 17 100 85
11 63 2 290 75
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CUMULATIVE FREQUENCY
DISTRIBUTIONS FOR LENGHT
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Ceibal volume
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Balboa anticline volume
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Termas anticline volume
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SECONDARY PERMEABILITY
AND POROSITY MODELS
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Balboa anticline volume
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X-RAY DIFFRACTION PATTERN
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