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ABSTRACT

The evolution of fold and thrust belts requiresdimata restrictions to determine the rates
related to the interaction of surface and subsarfpcocesses and to quantify the time
relationship between the components of the petnolsystem: reservoir, seal, source rock and
trap. The sub-Andean fold-and-thrust belt in thdivBan territory in general, and the regional
transect that links the structures of Curuyuquiebaaicho-Tatarenda-Borebigua-Charagua and
Mandeyapecua in particular, constitutes a complelti+variable system in which the definition
of time-Temperature (t-T) trajectories has led ®wnsuitable structural and stratigraphic
conclusions.

The integration of multiple thermochronological-ghmonological systems (Apatite Fission

Track, Apatite (U-Th-Sm)/He and UPb SHRIMP on zittaand the existing surface and

subsurface geological constraints made it possitde develop a chrono-kinematic

characterization of fault-related anticlines, digfin their formation chronology, structural

growth rate and link between them in the study .aFaathermore, it was also possible to
perform a quantitative analysis of the subsidenggab and exhumation-erosion phenomena
that occurred from the deposition of Silurian-Dedaon source rocks to the present time,
providing relevant determinations to the modelifithe Oil & Gas system.

Keywords: Thermochronology, geochronology, numerical modelmgantitative analysis, sub-
Andean fold and thrust belt, Bolivia, Andino 8Boftware.



1. Introduction

The sub-Andean ranges of southern Bolivia and m@s$tern Argentina are a classic thin-
skinned fold-and-thrust belt. They are bordereth&éoeast by the Chaco Basin and by the inter-
Andean system to the west (Fig. 1). The latterefinéd to the west of the San Simon Frontal
Thrusts, which is responsible for the inter-Andagiift in Bolivia, while in Argentina it
defines the Eastern Cordillera-sub-Andean bordais Timit represents an important change
with respect to the orography, structural styled antcropping stratigraphic units (Kley et al.,
1996). The inter-Andean—sub-Andean limit is dueatohange in the main detachment level,
from Ordovician-Silurian shales in the southern-8umdean area to older basement units in the
inter-Andean and Eastern Cordillera systems (KI®86; Kley et al., 1996; Allmendinger and
Zapata, 2000; Hernandez et al., 2018).

The development of the fault-related anticlinethim sub-Andean fold-and-thrust belt of Bolivia
and Argentina is controlled by vertical and horitadranisotropies. In the vertical direction, the
presence of different detachment ductile leveleraiting with mechanically hard layers
implied the division of the mechanical column irsttiouctural levels linked to one another, but
with distinctive rheological characteristics.

To the south of 23°S latitude, the fold-and-thrbi&it is superimposed over the Upper
Cretaceous rift basin, developing some charadsisf thick-skinned deformation and tectonic
inversion processes. In addition, the Cenozoicldok basin infilling is partially controlled by
inherited previous extensional structures (Allmegeir et al., 1983; Strecker et al., 1989;
Hernandez et al., 2005). Similar to the situati@sadibed by del Papa et al. (2013) for the
Eastern Cordillera, the sub-Andean system to thehsof 23° latitude behaves as a broken
foreland basin (Kley and Monaldi, 2002; Hain et aD11; Siks and Horton, 2011; Strecker et
al., 2012; Pearson et al., 2013), as opposed teldstic beam of the classic foreland system
defined by DeCelles and Giles (1996). In line witle latter, several authors have presented
evidence aiming at a low broken foreland-comporiemorthwestern Argentina (DeCelles et
al., 2011; DeCelles et al., 2015; Engelder andeRef| 2015; Quade et al., 2015; Carrapa and
DeCelles, 2015), which would resemble the scereasumed for the study area.

The dynamics of both thin and thick-skinned defdiomaneed time constraints in order to
analyze the evolving scenarios, paying attentiorth variables involved and the resulting
stratigraphic and structural outputs. In line whirs idea, the definition of statistically suppatte
t-T paths in the southern sub-Andean system gaaeeplo identifying heating and cooling
phenomena not only related to the Miocene-to-Pheaeompressive stress field setting but also
linked topre-Andean processes, that is during Paleozoic and Mesorugst The combination
of thermochronometers in order to define the thémwalution attached to geological events
represents the core-concept and main goal of gsept study.
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Fig.1. A. Digital elevation map with structural tmidefined in the central Andes. WC = Western
Cordillera; A = Altiplano (Puna plateau); EC = East Cordillera; IA = inter-Andean; NSA = Northern
sub-Andean; SSA = Southern sub-Andean; Ch = ChasinBCB = Brasilian Craton; LOR = Lomas de
Olmedo Rift; SBS = Santa Barbara System. Black regshowing the area detailed in 1. B. B. Digital
elevation model of southern sub-Andean system wvatiges outlined. Ranges: A = Aguarague; Bo =
Borebigua; Ca= Carohuaicho; Ch = Charagua; Cu uyluqui; ii = Itacaray-lgiiembe; In = Ingre; Inc =
Incahuasi; My = Mandeyapecua; SA = San Antonio-8lerto; SMI = Suaruro-Sararenda-Mandiyuti-
Ifiiguazu; Ta = Tatarenda. SSFT = San Simon Frdiitaists. Yellow points = main towns. Dotted white
line square = study area (Fig. 1C). Dotted red digeare = 3D sedimentary infilling model (according
Hernandez et al., 2018; Fig. 3). C. Geological mighe study area, with structural cross-sectiaaiimn
(black line, CS, Fig. 5) and chrono-kinematic mo@éack and yellow line, Fig. 8), and sample logati
(white dots). PS = Pirirenda Syncline, IS = Itain8jne. Location of detailed geologic map in the
Supplementary Information (SI) that shows individsemple numbers (Fig. S1) is denoted by box.

2. Geological setting
2.1. Structural framework. Mechanical stratigraphy

Hydrocarbon exploration in the sub-Andean fold-#mast belt in Argentina and Bolivia began
at the beginning of the 20th century, with the depment of simple and shallow anticline



models based on surface geology with Carbonifetangets located 700-900 m below ground
surface. The need to incorporate liquid and gasdoatbon volumes in conventional reservoirs
in the sub-Andean fold-and-thrust belt brought d@kexploration at greater depths (3,500-5,500
m). This in turn, led to additional reserves anduge increase in knowledge about the deep
structure.

The original definition of the southern sub-Andehim-skinned fold-and-thrust belt in Bolivia

and northwestern Argentina was presented by Mingramd Russo (1969). According to their
explanation, the general structure is formed byavawoutcropping anticlines with large strike-
direction continuity, limited by broad and deepddndinal synclines with a Silurian basal
detachment level. It was also Mingramm and Rus869)L who developed the first restorable
cross-sections in the sub-Andean system, whichvatiofor the discovery of certain large deep
gas fields in northwestern Argentina and southeslivia like Ramos, San Alberto, Aguaragie,
Bermejo and Macueta fields.

During the 1980s and 1990s, the exploration oftiie Andean fold-and-thrust belt underwent a
major drive through the construction of restoratiteictural cross-sections following geometric
controls (Aramayo Flores, 1989; Baby et al., 1996nn et al., 1995, among others), although
neither the kinematic nor the mechanical propertitshe rocks involved in the deformed

stratigraphic column were strongly considered. €hgsctions did not take into account the
basement geometry related to pre-Andean deformatidraccommodation processes, either.

Since the 2000s, the use and integration of acalytitchniques linked to the resolution of both
structural and stratigraphic problems in the sulblgan system have increased their interest
from both the applied and the scientific-acadenompof view. In this sense, several and
diverse analyzes were performed focusing on pdaticiructures as well as on the dynamics
and evolution of the sub-Andean system in an iategvay, many of them aimed at
characterizing the components and processes dfittlad gas systems. Among these studies
linked to analytical techniques, the paleomagnggierminations and absolute dating stand out
(Hernandez et al., 2002; Echavarria et al, 2003idamet al., 2017; Uba et al., 2009), as well
as the geochemical analyzes (Cruz et al., 2008nesdbr et al., 2018), the stable isotopes
studies (Rosario et al., 2008, 2017; Mulch et2010) and the thermochronological analyzes
(Hernandez et al, 2016, 2017; Anderson et al., 2Gb8stantini et al, 2018).

In general, the frontal (eastern) flanks of thddines in the sub-Andean system are steep to
overturned while the back (western) limbs showalslg dip values from 30 degrees to almost

vertical, even overturned (Herndndez et al., 20@&)metimes, the flanks of the structures

exhibit dip variation along the strike, resultimgan apparent westward vergence in contrast to
the general eastward direction of transport (eguakagtie structure).

The deep structure is characterized by low-anglesth linked to the regional main detachment
level in the Silurian shales of the Kirusillas Fation and an upper detachment level in the Los
Monos Formation of Devonian age (Baby et al., 199@rnandez et al., 2002; Fig. 2). Other
minor detachment levels are developed in youngatigtaphic units like Ipaguazu Formation
(Triassic age; Fig. 2; Dunn et al., 1995; Cruzlet2D02; Hernandez et al., 2002; Apreda et al.,
2010). Some authors suggest deeper detachmens litein Ordovician units, or even older
ones, which could have influenced some structunesouthern sub-Andean (Moretti et al.,
2002; Zapata et al., 2005; Hernandez et al., 2888chez et al., 2020). As such, the proposal
was made to involve an Ordovician wedge in thecstired column working alongside the
Silurian interval (Herndndez et al., 2018; Sa&nckézal., 2020). This Ordovician interval
thickens toward the west from the western flankthaf Charagua range. Thus, as the eastward
movement through the basal sole fault takes plac#jicker Ordovician interval becomes
involved in the deformation process, resulting aoly in a higher structural position for the



anticlines but also for the back limb associatenckges. In line with this idea, each syncline
reaches higher and higher structural positionbeontest.

It is relevant to mention that, close to the southend of the sub-Andean system as a thin-
skinned thrust belt; the regional detachment sarfdips toward the northwest due to load-
driven subsidence combined with a tilting procesgsed by the Lomas de Olmedo rift basin
opening during the Cretaceous period (Fig. 1; ®tatal., 2002).
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Fig. 2. Generalized stratigraphic section of sowuthesub-Andean of Bolivia (left). Devonian
paleogeography in 3-D models showing variationawfids during Pragian, Emsian, and Givetian times
(right) following Albarifio et al. (2002). In the ppr right corner, map of Bolivia showing the looat
detailed in the 3-D models. RL = Rheological Lev@gi®dified from Hernandez et al 2018). Red lines
show the limits between rheological levels repréagnchanges in the mechanical behavior of thesock
involved in deformation. Black arrows show the ma@tachment levels.

The regional basal detachment surface (base ofol®jieal Level 1, after Hernandez et al.,
2018) used by different authors in their interpiieta suggests a flat morphology with a
constant westward gently dipping value of betwed&nahd 2.5 degrees, without showing angle
changes. However, through a detailed analysis efs#dimentary infill (Fig. 3), Herndndez et
al. (2018) show the existence of pre-Andean basereéefs related to extensional mechanisms
that occurred since the Permian-Triassic, phenontsiag enhanced during the Upper
Triassic-Lower-Jurassic and/or Upper Jurassic-Loweretaceous, as well as erosive
irregularities within the Carboniferous or the Deiam—Carboniferous boundary. These data
suggest that a regular and continuous detachmegitftdlowing a unique lithology, such as the
ones involving the Ordovician or Silurian shaleg(indez et al., 2018; Sanchez et al., 2020),
may not be the most realistic situation. In thisywan irregular detachment surface should be
considered in regional balanced cross-sectionstmmti®n involving the entire fold and thrust
belt system, especially when integrated three-dgioeral analysis is carried out. This would
allow assessing the influence of these irreguiriind heterogeneities on shortening transfer
and topographic evolution. On the contrary, wherpaaticular 2D-section-scale analysis
involving a few structures is performed, a contimsi@nd efficient detachment level could be
considered.

The stratigraphic section involved in the fold dhdust belt deformation processes is formed by
Ordovician to Cenozoic sedimentary, predominaritlgiclastic rocks, related to superimposed
tectonically-driven basins, exceeding 6,500 mdtack (Fig. 2), synthesized as follows:

The Ordovician units are represented by siliciddastarine successions, with significant shale
thicknesses and prograding sandstones of a mediatimuaity, deposited in a foreland setting
developed in a diachronic manner both from wegatst and from north to south, (Erdtmann et
al., 1995; Erdtmann, 1996; Erdtmann & Heuse, 1%%itmann & Egenhoff, 1998; Heuse,
Grahn & Erdtmann, 1999; Suarez Soruco & Diaz Marjn1996). Secondly, the Upper
Ordovician to Lower Silurian interval, involvingagtial deposits (Gagnier et al., 1996; Toro et
al., 1992; Benedetto 1991; Suérez Soruco & Bengd&896) and an active ocloyic phase
tectonism, it is characterized during the Lland@erinterval in western Gondwana by
extensional to transtensional phenomena with depegiread in the Eastern Cordillera and
Altiplano in Bolivia and the Chaco Basin in Parag&rahn, 2005)The Wenlockian would
represent a sag, with reduced deposits, in pditides in Zapla (northwestern Argentina,
Benedetto, 1991) or in carbonatic facies in Cochddza (Bolivia, Sacta limestone, Merino
Rodo, 1991; Cuatro Esquinas, Suarez Soruco & Betwed96). Thirdly, the Upper Silurian
to Upper Devonian is characterized in Western Gaméwby the location of a backarc marine
basin without deformation or an intracratonic basiith the absence of relics of a magmatic arc
(Alvarez et al., 2004; Albarifio et al., 2002; Daldrarjat et al., 2002). In fourth place, within
the Upper Devonian to Lower Carboniferous intertlaé Frasnian greenhouse is followed by
the latest Famennian to Tournaisian glaciationglyidocumented in Bolivia (Suarez Soruco &
Lobo Boneta, 1983; Perez Leyton, 1990; Wicandexl.e2011; Lakin et al., 2014) and in the
rest of South America (Caputo et al., 2008; Streielal., 2013; Rubinstein et al., 2017;
Benedetto, 2018a), generating variable erosionldesad affecting the sedimentary record
preserved below (Perez Leyton, 1990; Viera and &tetaz, 2001; Wicander et al., 2011; Lakin



et al.,, 2014). The Upper Carboniferous to Lowernitan interval is represented by the
completion of Pangea, structured during an icehdhae would have extended between the
Upper Carboniferous and the late Lower Permian ¢8etio, 2018). The called Tarija basin
would be considered as an intra-arc basin, withstiree behavior as the Parana basin, with a
relatively low and uniform subsidence rate, littleno tectonic activity and lacking volcanism
(Benedetto, 2018). In the Lower Permian, the clerfagdcomes much more benign, producing
carbonate rocks of the Copacabana Formation from, Beem the Westphalian in northern
Bolivia to the Lower Permian in central Bolivia @aer et al., 2008; Dalenz Farjat & Merino
Rodo, 1994; Merino Rodo & Blanco, 1990). Possiplgrt of the aeolian deposits at the base of
the Cuevo Group (Cangapi Formation) correspondiheonorthern carbonate rock deposits.
Ascending stratigraphically, the end of the Perndad the Triassic are the intervals where the
Pangea Supercontinent suffers ruptures (Bened2®8). In this time interval, most of the
Andean and extra-Andean regions were subjectedtemsional stresses that generated basins
limited by faults in which continental and volcdastic sediments associated with acid and
intermediate magmatism accumulated (Benedetto, ;28&8pere et al., 2004). These first
incipient distensive phenomena are the framewonkhich the Cuevo Group units develop in
the southern sub-Andean region of Bolivia. The pgé®graphy of these rift basins would today
be represented by the Eastern Cordillera, whichldvbave been formed as an inversion of
these narrow rifts developed between the MiddleniRer and the Lower Cretaceous (Sempere
et al., 2004). The Jurassic to Lower Cretaceougdiin the South American continent, is
characterized by extensional-type efforts domindgthe opening of the Atlantic Ocean. As a
consequence, in the sub-Andean region of Boliveymametric grabens of N-NE orientation
were developed and filled by aeolian and fluviadstrine sedimentary rocks of the Tacuru
Group with basaltic intercalations of different qousitions (continental and alkaline tholeiitic
rocks; Kusiak et al., 2014). Finally, the Cenozwiterval is related to the space and time
evolution of the Andean fold and thrust belt.

The isopach maps developed by Hernandez et all8[Z0r time intervals separated by first
order unconformities (Silurian to Miocene; Fig. Bjade it possible not only to identify changes
and thickness variation trends in space but alsdetoarcate superimposed areas of higher or
lower subsidence responding to basement contrdie. [Bcation and magnitude of these
structural peaks and troughs, as interpreted ttrdbigkness variation are, in several cases,
concordant with planimetric irregularities in thietialine structures (inflection areas, plunges,
and transfer zones). Based on this spatial relsitipn a potential control of pre-Andean
structures on shortening transfer may be infer&digta et al., 1996; Giraudo and Limachi,
2001).

Regional cross-sections developed by different @stiinave allowed determining shortening
values in the southern sub-Andean, of up to 100irkte northern part, close to the city of
Villamontes (Dunn et al., 1995; Giraudo et al., 999hereas shortening values of around 60
km were calculated close to the Argentina—Boliviinational border (Mingramm et al., 1979;
Baby et al., 1997; Kley and Monaldi, 1999; Hernéndé¢ al., 2002). Finally, the regional
balanced cross-section developed by Sanchez €RaR0) at the latitude of Cuevo River, a
little south of the study area, presents a shartgmalue of 88 km (40%), involving the whole
sub-Andean system, from the inter-Andean-sub-Anddéiant to the west up to the
Mandeyapecua structure to the east. This last vislushown in a consistent way with the
shortening magnitudes determined in the preseiystonsidering that only the easternmost
structures included in the regional section com$¢ai by Sanchez et al., (2020) should be
compared.
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Fig. 3. A. Infilling stages for the main sedimemtaycles identified in the southern sub-Andeanesyst
Location of the cross-section analyzed is displaiye#fig. 3B (light blue vertical rectangle). Pobymg
colors: dark green (Lower Silurian-Lower Devoniarhrown (Middle—Upper Devonian); gray
(Carboniferous—Lower Permian); blue (Middle Permidarian); light blue (Post Norian to pre-181 Ma
Lower Jurassic); green (Upper Jurassic—Lower Ceetas); orange (Oligocene-Lower Miocene); yellow
(Miocene, 23-11.5 Ma). Red lines are interpretadt§aB. 3D structural surface for Ordovician top o
Silurian base (location in Fig. 1B), leveled to3 Ma timeline. Vertical black lines correspond tells.
Diagrams present 10 times vertical exaggeratiorlu@g in meters below sea level). Datum and
coordinates: UTM, WGS84 (according to Hernandead.e2018).

Based on the location of the main detachment leaeald the mechanical behavior of the
stratigraphic units, the sedimentary column wasddid, prior to Hernandez et al., (2018), into
three structural intervals (Mombrd and Aramayo €48pr1986; Aramayo Flores, 1989; Baby et
al., 1992; Starck et al., 2002; Leturmy et al., 20Biampaoli and Rojas Vera, 2018), assigning
a parallel shear folding mechanism to the lowarcstiral level strata. In their regional balanced
cross-section, Hernandez et al. (2002) evaluatedhtee-rheological-level structural outline,
but trishear kinematic modeling (Erslev, 1991) vaaplied to the lower structural level. The
algorithm related to this model is more charactierisf ductile inhomogeneous deformation.
Finally, Hernandez et al. (2018) proposed a stratfuamework based on the identification of
four rheological levels (Fig. 2). Levels 1 and 3jthwa shale-dominated composition
(Ordovician to Kirusillas Formation and Los Monaarifation, respectively), are deformed as a
weak isotropic material and can be simulated uSinighear kinematic modeling. On the other
hand, rheological levels 2 and 4 (Tarabuco-SantsaRola—Huamampampa Formations and
Carboniferous—Cenozoic interval, respectively) hvat sand/shale alternating composition, are
structured as strongly heterogeneous intervalsoreipg to the compressive stress field with
parallel folding, as mentioned by Hardy and Fing907). A simple shear kinematic model
could be used to simulate this deformation. Thisaver has been tested as a feasible model for
the deep structure in significant oil/gas fieldsdirgentina and Bolivia (Hernandez et al., 2011,
Rocha and Cristallini, 2018). The four-rheologitmlel setting is the one considered suitable
and applied in this publication for the structuaahlysis and chrono-kinematic modeling.



2.2. Sub-Andean fold-and-thrust belt evolution and time constraints

The sub-Andean fold-and-thrust system dynamics igcvolution over time, that is, the
definition of fault-related anticlines timing, hagen the subject of various studies both in its
northern sector (Hernandez et al, 2017; Constaetindl, 2018) as in its southern portion
(Hernandez et al., 2002; Echavarria et al., 2003jefson et al., 2018). Regarding this last
sector and the study area of this work, the palgmei@c, geochronological and
thermochronological analyzes, suggest a fold-anasthbelt developed from 9 Ma (Hernandez
et al., 2002; Echavarria et al., 2003) or ~ 11-8(Maderson et al., 2018) until today, as a result
of an east-northeast-verging compressive strekbriddated to an eastward shortening transfer
coming from the Eastern Cordillera and/or inter-8ad zone.

Timelines definition from the distal volcanic fd#vels (tuffs) interspersed in the Miocene-
Pliocene fluvial and marine deposits in the sub-#am system have contributed to the
understanding of the evolutionary dynamics of tifadd-and-thrust belt. In this sense,
geochronological analyzes have allowed the ideatiibon of space-and-time variations in
sedimentation rates (Hernandez et al., 2002; EcHavat al., 2003), the definition of the
growing ages of structures (Hernandez et al., 2002% age associated with marine
transgressions (Hernandez et al., 2005; Uba et2807), sediment provenance analysis
(Amidon et al., 2017), among other aspects.

The analysis and interpretation of paleomagnetit thermochronological data within the sub-
Andean zone included in the aforementioned cortibhe have resulted in different
evolutionary scenarios aiming at fault-related $oldth younger growing ages to the east (~ 9
to 2.5 Ma; Hernandez et al., 2002) as well as tegjistered out-of-sequence fault movements
(~ 5-4 to 0 Ma; Hernandez et al., 2002) evidenantrontinuous” structural evolution with
growing rates variation on the one hand, andprataml-go cyclical evolution model pointing to
stagnation periods (~ 8.5 to 1.5 Ma) and advand&fgrmation intervals (from ~1.5 Ma on) as
proposed by Anderson et al., (2018), on the other.

3. Methodology

The evolutionary analysis and the chronology aficttires formation in compressive systems
requires a multi-variable assessment regardingrteehanical-rheological stratigraphy of the
rock column involved in the deformation, depth, limation, morphology and connection
between detachment levels, pressure of fluids aedptesence of pre-existing structures or
anisotropies among others. This analysis is acbigw@ugh the combination of subsurface data
(2D-3D seismic and wells), surface data (structumabping and stratigraphic surveys) and
model-non-dependent analytical techniques sucleashgonological (e.g. U-Pb in zircons) and
thermochronological (e.g. fission-tracks and (USim/He in apatites and zircons)
determinations. This integrated-type analysis wasied out in the study area involving the
structural transect developed in the southern swmtbeAn system of Bolivia between the
Incahuasi-Curuyuqui and Mandeyapecua structures wastern and eastern extremes,
respectively (Fig. 1).

The analysis performed in this work is based on d¢bmbination and integration of low-

temperature thermochronological data (fission-tsaeind (U-Th-Sm)/He, in apatites) and
geochronological data (U-Pb SHRIMP in zircons),hwiteological constraints derived from
surface and subsurface information. The aforemeeticanalytical techniques were applied to
siliciclastic (sandstones) and volcanic (tuff lejeturface rock samples collected during field
work (mapping and stratigraphic survey), in 2016-20



Apatite fission-track analyses were carried outtlieir entirety at the R&D Productive
Technology Center, LA.TE. ANDES S.A. (Salta, Argea). Concerning the apatite (U-Th-
Sm)/He analyses, the tasks inherent to the preparaf samples, measurement of grains
geometric parameters and their packing in Niobiubes were developed at LA.TE. ANDES
S.A., while the analytical measurements were d@eo in the Laboratory of
Thermochronology of (U-Th-Sm)/He in the city of Bua (Czech Republic) in the case of the
structures of Curuyuqui-Pirirenda, Carohuaicho @&athrenda, and at the Jackson School of
Geosciences in Austin, Texas (USA) for the BorebjgCharagua and Mandeyapecua
structures. Finally, regarding the U-Pb analydes,grocedures inherent to sample preparation,
selection of crystals to be mounted and the déimibf measurement spots by means of
cathodoluminescence and back-scattering images developed at LA.TE. ANDES S.A,,
while the corresponding isotopic measurements, detluction, and age calculation were
carried out at the Geosciences Institute of thevéisity of Sdo Paulo (SHRIMP lle, Brazil).

3.1. Geochronology. Zircon U-Pb dating

U-Th/ Pb technique is based on the physical gulecdf radioactive decay of Uraniurff{U
and #U) and Thorium £2Th) into stable daughter isotopes of LediPp, ?°’Pb and?*®Pb,
respectively) through chains completely independeetcay cells involving numerous
intermediate isotopes.

The stability of the U-Th/ Pb system derives frdme tfact that the volume diffusion of Pb
through minerals network is generally slow compéarcedther thermochronological techniques,
such as those based on the diffusion of He orltsure of fission tracks, which allows to know
the formation ages of minerals or rockl-Th—Pb isotopic system in zircon will typicallyvea

a closure temperature greater than @ECherniak and Watson, 2001; Lee, 1997).

U/Pb measurements were carried out on selectednarfrom tuff samples in the study area
through SHRIMP 1l (Sensitive High Resolution londvth Probe) equipment. This technique
allows for point isotopic analysis Z0 um x 3 um) on individual zircon grains, avoiding
inclusions or fractures as much as possible. Measemts include core and edge of grain in
some cases, generally, only one spot per analypsmhavas measured, reaching between 15 to
37 measurement spots per sample (Tab. S1). Thétsregere finally processed using the
SQUIZ program (Ludwig, 2008) and the ISOPLOT/Exgyeon (version 3.00; Ludwig, 2003).

The combination of these measurements with thetéomperature thermochronological data set
obtained in this study has contributed significartitd the definition of t-T coordinates in the
corresponding numerical modeling. In this sense, timelines definition based on U-Pb
measurements applied on Miocene tuff levels peechiginalyzing the most recent history of the
sub-Andean fold and thrust system.

3.2. Thermochronology

Thermochronology is based on the accumulation hadhtally controlled retention of isotopic

daughter products and linear crystal defects prediwduring the radioactive decay of parent.
Due to the temperature sensitivity of the thermoobmeters, the ages provide information
about the cooling history of the rock, rather timaineral crystallization ages (although in some
cases they do record crystallization ages as well).

For this research, apatite fission-track (AFT), amtite (U-Th-Sm)/He dating (AHe) were
performed on Devonian to Miocene sedimentary aridavaoc rocks involving several fault-



related anticlines in the study area (Fig. 1). Wdven possible the two thermochronometry
dating techniques were applied to the samplesyaitpa more robust evaluation of the spatial
and temporal cooling of the sampled rocks. Thitky-samples contained apatite grains in
quantities, to allow AFT and AHe dating (Figs. 1-;S2-; Tabs. S2-S3).

3.2.1. Apatite fission-track (AFT) thermochronology

Fission track thermochronology is based on thentete of radiation damage (fission tracks)
formed during the spontaneous fissior’8t in uranium-bearing minerals (commonly apatite
or zircon). The closure temperature, that is thaperature of the dated mineral when the
system closes and daughter start to accumulatee wbidk is undergoing steady monotonic
cooling (Dodson, 1973), is on the order of 110 %Q( °C)/10Myrs for the AFT system,
although it depends on apatite composition andingahte (e.g., Gleadow and Duddy, 1981;
Gleadow et al., 1986; Green et al., 1989). On ttheerohand, fission tracks orientation in
relationship with the crystallographic c-axis ish® considered within the annealing conditions
(Green et al., 1986; Ketcham et al., 1999, 200/ partial annealing zone (PAZ, Gleadow and
Fitzgerald, 1987) for apatite is from ~120 °C/108lyio 60 °C/10Myrs (e.g., Reiners and
Brandon, 2006). Determining the concentration’8t) and density of spontaneous fission
tracks allows the determination of fission-tracleaghat, together with the kinetic parameter of
confined track lengths, may provide constraintdlenthermal history of rocks as they traverse
the upper 4-5 km of the crust.

Apatites compositional variations (F, Cl, OH, RE&H]ject the annealing behavior of fission
tracks (e.g. Green et al., 1986). Several kingt@msameters were used to understand this, as
Dpar, CI content (apfu or %), The most commonly used is Dpar (e.g. Ketcham 2016
Donelick et al., 2005). DPar is the etch pit diagngtarallel to the c-axis, specified in microns,
and is positively correlated with thermal resiseanthe apatites with Dpar < 1.75 are less
resistant to thermal annealing than apatites wigihdr Dpar (Donelick et al., 2005). For this
work, Dpar was the kinetic parameter chosen to mode

The samples included in the present study wereiated in Reactor RA-3 (Ezeiza Atomic
Center, Buenos Aires). Measurements were made as#gss® AXIO Imager Z2m binocular
microscope with advanced research phototube, wititogcan® equipment and associated
software. The entire system is controlled by Trackk§® Autoscan® Software with which the
tracks density counting and measurement of kingtimmeters (confined-track lengths and
DPar®© values) were performed, to carry out theesponding numerical modeling (HeFTy®,
Ketcham, 2005; Ketcham et al., 2007a, b; 2009%iétistrack ages were determined using the
C-value method (external detector method, EDM) dbedrby Gleadow (1981), Hurford and
Green (1982, 1983) and Wagner and Van den Haut@2J1® minimum of 19 grains per
sample was counted (Tab. S2). Data processing edsrmed using the Trackk&yprogram
(Dunkl, 2002) for calculating ages and their assted error (&). In those samples with high
dispersion in the age distribution by graj2-{est with values <5% with respect to-érror,
Galbraith, 1981), the population analysis was perém using the BinomFit Software
(Brandon, 1992, 1996, 2002).

3.2.2. Apatite (U-Th-Sm)/He (AHe) thermochronology

The (U-Th-Sm)/He thermochronology is based on theumulation of*He during thea-
disintegration of**U, **U, #**Th, their daughter products antiSm. The closure temperature
(Tc) of mineral grains is dependent on: activagmergy (E), a geometric factor for the crystal
form (A), thermal diffusivity (3), the length of the average diffusion pathway fritwa interior



to the surface of the grain (a) and the cooling rat closure temperature (dT/dt) (Dodson,
1973). In general, the Tc of the apatite (U-Th-$im)bystem is ~70°C/1 Myr for cooling rates
of 10°C/Myr, subgrain domain sizes > 60 um and etivation energy of about 36 kcal/mol,
and a log([g) of 7.7£0.6 cm?/s (Farley 2000). The Partial ReétenZone (PRZ) for the (U-Th-
Sm)/He system in apatites is defined between 70 RG/f and 40 °C/1 Myr (Wolf et al., 1996;
Farley, 1996, 2000, 2002; Stockli et al., 2000¥fddent calibration models have been proposed
for the (U-Th-Sm)/He system in apatites (Wolf et 4B96; Farley 2000; Shuster et al., 2006;
Flowers et al., 2009) in relationship with the rofecrystal size on effective diffusion, stopping
distances, gain or loss of radiogenic He genenaitdn an outer rim of the mineral grain, and
the correction for radiation damage on He diffusion

(U-Th-Sm)/He analysis was performed on suitablglsigrains of apatite. The grains were
selected, and size measured. Since the He andligidanique requires well-defined crystals
without any cracks, mineral or fluid inclusionsethpatite mineral concentrates were screened
for appropriate grains. Three to six grains pergamere selected and send for analytical work
(Tab. S3).The radiogeni¢He was extracted in an ultrahigh vacuum chambeutiir heating
with an Nd-YAG laser. The released gas was subsgigumeasured and quantified with a
Balzers Prisma QMS-200 quadrupole mass spectromiétergrains were recovered, digested
and spiked with known amounts of tracer-isotofe¥l§->>U-"#’Sm). In order to minimize
effects caused by undetected mineral inclusioregjtapgrains were bombed to ensure complete
digestions as described in Vermeesch et al. (200Wreafter, U-Th content of the dissolved
crystals was measured on a Fisons/VG PlasmaQuitPHVS. Further analytical details are
documented by Biswas et al. (2007), Stockli e€2003) and Wipf (2006).

Apatite (U-Th-Sm)/He ages obtained in the preseuntlys were combined with the apatite
fission-track data for the development of the cepoading numerical modeling, contributing to
the chrono-kinematic interpretation of the strueturinvolved in the study area and the
corresponding quantitative analyzes.

3.3. Thermal modeling: time-Temperature (t-T) pathd geological model

Thermal modeling of thermochronological data allawso reconstruct the heating and cooling
history for crustal segments or specific structuiles fault-related folds. HeFTy(v.1.9.3.74)
(Ketcham, 2005; Ketcham et al., 2007a, b; 2009) wszsl to test time-Temperature (t-T) paths
against the thermochronological data set. The swéweode runs paths through t-T-constraints
to find possible solutions for a t-T-history coresieshg the input data.

Thermal modeling was performed considering theofwihg selection parameters for the
samples in the study area:

1) General:

- Structural location of the sample.

- Stratigraphic location of the sample.

- Possibility of combining thermochroneters for joint modeling.
2) Thermochronological data:
Apatite fission-track system (AFT):

- Amount of grains measured. Single geajas.



- Amount of confined spontaneous fissi@tk lengths measured (corrected for c-axis
related angle (Donelick et al., 1999; Ketcham, 204BM, 2009)), etch pit size (Dfar
annealing kinetics of Ketcham et al. (2007a, b).

- AFT Central ages vs Stratigraphic ages.

- Single grain ages distribution and pagiahs identified through statistics (binomial peak
adjustment method performed using the BinofhBibftware, Brandon, 1992, 1996, 2002).

Apatite (U-Th-Sm)/He system (AHe):
- U-, Th-, Sm-, and He concentration.

- Radius of the single grains and uncoe@dingle grain ages. Ft valuedorrection) >
0.5.

- eU (effective Uranium value) given by e[l + [0,253*Th] + [0,0053*Sm]

- Diffusion kinetics of Flowers et al. (Z002009), Wolf et al., (1996), Farley (2000) or
Shuster et al., (2006), depending on the caseudt tme stated that, in principle, the RDAAM
kinetic model by Flowers et al., (2009) was consideas the most suitable and updated model
taking into account the influence of radiation dgman Helium diffusion within apatite grains.
In some cases, it was not feasible to apply theetnm@ntioned, thus, alternative kinetic models
were tested considering the influence of crysta¢ sin effective diffusion, stopping distances,
gain or loss of radiogenic He generated within ateiorim of the mineral grain, and particular
chemical composition of apatite grains (Wolf ef #996; Farley, 2000 or Shuster et al., 2006).

To define a possible t-T-evolution we tested oeritiochronological data against a geological
evolution model and an inverse, numerical model \wasormed (Fig. 4, Fig. S3). The
geological evolution model is determined by t-T-&twaints and based on published knowledge
of the geological history (Hernandez et al., 20B2havarria et al., 2003; Hernandez et al.,
2005; Uba et al., 2007; Amidon et al., 2017; Andarst al., 2018; Hernandez et al., 2018. Figs.
2-3). Therefore, specific t-T-constraints (TabTah. S4) were set corresponding to 2016-2017
field data (mapping and stratigraphic survey).his tvay, particular structural and stratigraphic
constraints were applied to each sample modeleelationship with geographic and geological
location, timelines available, magnitude and disition of thickness values per time interval.
On the other hand, a homogenous paleo-geotherradlegt of 30 °C/km was applied to the
entire modeled time (starting point for thicknesgdemperature conversion), giving the
possibility of higher and lower values during nuicar modeling constraints definition. Finally,
paleo-surface temperatures for Devonian, Carbanifeand Permian-Mesozoic-Cenozoic time
intervals was assumed as 20 £+ 5 °C, 10 + 5 °C a&ndt 5 °C in correspondence with
paleolatitude values for the study area (Wygra@891 Scotese et al., 1992,1999).

Table 1. Numerical modeling constraints. Thicknegsstime interval column represent the magnitude of
each stratigraphic interval being deposited (fingter unconformities separating) or estimated tindsls
being eroded (numbers in parentheses), integréitly the regional and local scale. (1) Growth atrat
thickness dependent on structural position. (2ucBtiral timing related to thermochronological data
(apatite (U-Th-Sm)/He). Supporting information iabrs4.



Constraint Geological Event description Time (Ma) |Thickness per time interval (m)
10 |structural Timing® 7.1-0 (250-1600)
9 Yecua Fm. - Chaco Group (growth strata included}”: 3-0 785-3060
8 Petaca Fm. 34-23 10-130
7 Tacurd Group (partial absence) 140-34 {500-500)
6 Tacurd Group (accumulation) 163-100 750-1550
5 Cuevo Group (Cangapi+ Vitiacua Fms.) (absence) 208-181 {150-585)
4 Cuevo Group (Cangapi+ Vitiacua Fms.) (accumulation)| 272-208 150-585
3 Mandiyuti Group 323-299 218-1178
2 Machareti Group 359-323 495-930

1 lquiri-Saipura Fms. 383-359 0-250

Constraints definition integrates both regional dmchl observations concerning thicknesses
preserved per time interval and thickness not jpveseor estimated to have been eroded (Tab.
1). The Upper Devonian, Lower Carboniferous, Upparboniferous, Upper Jurassic to Lower
Cretaceous, Oligocene to Lower Miocene and Uppesckhe to date units were deposited,
identified and measured in the study area througippimg and stratigraphic survey. The
Permian to Triassic units were identified and mesguegionally in the southern sub-Andean
system, but not preserved within the study areaedther does the Upper Carboniferous San
Telmo Formation. The stratigraphic age and regiotfdtkness distribution for each
stratigraphic interval supporting the geologicatstoaints defined have their origin in:

1. Iquiri-Saipurd Fms. Sedimentation. Upper Devonigits based on Perez Leyton, (1990),
Albarifio et al., (2002), Dalenz Farjat et al., (2)OAlvarez et al., (2004), Troth et al., (2011),
Hernandez et al., (2018).

2. Machareti Group. Sedimentation. Lower Carboaiferunits based on Suarez Soruco and
Lobo Boneta, (1983), Perez Leyton, (1990), Caputale (2008), Wicander et al., (2011),

Streel et al., (2013), Lakin et al., (2014), Ruléis et al., (2017), Benedetto, (2018a),
Hernandez et al., (2018).

3. Mandiyuti Group Sedimentation. Upper Carboniferanits based on Viera and Hernandez,
(2001); Benedetto, (2018); Hernandez et al., (2018)

4. Cuevo Group (Cangapi+ Vitiacua Fms.) (Accumaoldtiand 5. Cuevo Group (Cangapi+
Vitiacua Fms.) (Absence). Permian to Triassic ubi#sed on Beltan et al., (1987), Suarez
Riglos and Dalenz Farjat, (1993), Herndndez e{2018), Gallo et al., (2019).

6. Tacurd Group (Accumulation) and 7. Tacuru Grdpartial Absence). Upper Jurassic to
Lower Cretaceous units based on Suarez Riglos andaSCarvalho, (2018), Kusiak et al.,
(2014), Hernandez et al., (2018).

8. Petaca Fm. Sedimentation. Oligocene to Lowerchtie units based on Marshall and
Sempere, (1991), Erikson, (1998), Herndndez ef24118).

9. Yecua Fm. - Chaco Group (growth strata includ&gdimentation. Upper Miocene to date
units based on Erikson, (1998), Hernandez et 200%), Hernandez et al., (2005), Uba et al.,
(2007, 2009), Hernandez et al., (2018), Sancheal.et(2020), and U-Pb ages on zircons
included within the present publication.

10. Structural Timing. Upper Miocene to Plioceneiftbcene cooling ages based on apatite (U-
Th-Sm)/He measurements presented in this studyablished data (Anderson et al., 2018).

The interpretation of the study area in relatiopshith heating and cooling events, and the
estimation of exhumation and subsidence rates, perfermed based on the “weighted-mean”



paths of the modeled t-T evolution, summarizingpabsible t-T paths. The cooling and heating
rates (constant slope segments within t-T trajezdprwere divided by a fixed geothermal
gradient (30°/km) to obtain an exhumation and sidisie rate, respectively. All rates are
expressed as positive rates, and relate to exhoimati subsidence according to the decrease
and increase of temperature over time. On the dthed, the corresponding uncertainty derived
from numerical modeling is statistically expreste@ugh the goodness of fit (G.O.F) values of
50% and 5%, represented by Good or Acceptabledtiisprespectively.

The application of multiple thermochronometers ahé included geological constraints
allowed the development of the corresponding nuraknnodels for the definition of t-T
trajectories (HeFTY software; Ketcham, 2005), making it possible teniify and characterize
heating-cooling events that have occurred since dbposition of the stratigraphic units
analyzed to date, providing important definitioaghe oil and gas system.

3.4. Structural analysis: chrono-kinematic modeling

The structural analysis was developed through thestcuction and restoration of balanced
sections in the Andino 3D software using structural and stratigraphic s@fatata, and
subsurface data corresponding to well informattopg, logs, dipmeters) and 2D seismic (Fig.
5, Fig. S4). The developed cross-sections weregriated three-dimensionally, providing
coherence and solidity to the corresponding ingggtion. On the other hand, the incorporation
of the data emerging from the analytical technigdescribed allowed the development of a
chrono-kinematic analysis of the deformation (Yy.enabling to characterize the chronology
of growth of the structures and their space-ana-tiimk, the quantitative analysis of
exhumation rates, the transfer of shortening betwsteuctures, etc. This type of analysis
requires a sampling design in transects arranged\verse to the structural features in the area
of interest, making it possible to take rock samgtem all the outcropping stratigraphic units
both in the nuclei and in the front-limbs and béiokss of successive or adjacent anticlines and
synclines (Hernandez et al., 2018; Hernandez et28R0). The integral sampling of the
analyzed structures will allow a complete chronoeknatic reconstruction from the definition
of t-T trajectories, while a sampling limited, fexample, to the core of the anticline structures
(older stratigraphic units), will only allow chatagzing their most recent history.

3.5. Oil and Gas system numerical modeling

The integration of geological and thermochronolabigata led to the development of the Oil
and Gas system modeling presented in the study AréB Petromo@l model was constructed
for the syncline located between Charagua and Bywebstructures (Fig. 9, Figs. S5-S7, see
location in Fig. 1C) for assessing and charactagizhe hydrocarbon perspectives within the
area. The modeling performed integrates the inpata drelated to geological history,
sedimentation age, thicknesses (preserved and drodéthological composition,
characterization of petroleum system elements ¢sowock, seal rock, reservoir rock,
overburden rock and trap timing), and kinetic amdanemical parameters (Total Organic
Content-TOC, Hydrogen Index-HI) (Fig. S5), thadatbased on published information (Cruz
et al., 2002, 2008).

The modeling achieved permitted evaluating the ipessource rocks in the area as described
by Cruz et al., (2002, 2008): a) Emsian-Eifelianvian interval (Los Monos Formation), b)
Lochkovian interval (fine-grain sediments withiretlisanta Rosa Formation) and c) Silurian
interval (Kirusillas Formation) (see stratigraplacation in Fig. 2).



To complete the thermal maturity data (modelediMie Reflectance values; %Ro, Fig. S7), an
assessment of the thermochronological data sehardgua was made, combining AFT-AHe
data and the t-T numerical modeling developedHerWpper Devonian unit (Iquiri Formation,
Charagua structure). In this way, it was possibletitain a burial curve for the thermal history
model developed, following and being calibratedhwthe weighted-mean path obtained with
HeFTy® numerical modeling.

4. Results
Geochronological and Thermochronological data

The field tasks corresponding to the structural pivagp and the stratigraphic survey carried out
between 2016 and 2017, allowed the collection a$t@ and volcanic samples on which the
low-temperature thermochronology analyzes (fissranks and (U-Th-Sm)/He, on apatites) and
geochronological studies (absolute dating, U-Pb BHRon zircons) were performed. In this

sense, a total of 56 samples corresponding to DawpiCarboniferous, Mesozoic (Jurassic-
Cretaceous) and Cenozoic (Oligocene-Miocene) uvite collected, from which the samples
were selected for the application of the aforenoetil analytical methods (Fig. 1, Fig. S1;
Tabs. 2-5, Tabs. S1-S3).

The results obtained from the thermochronometeatyaed (apatite fission-track, apatite (U-
Th-Sm)/He and zircon U-Pb SHRIMP) and the numericeidels performed allowed to
reconstruct the complete t-T evolution of the uaitalyzed from the deposition age up to the
present, allowing the definition and characteraatof heating and cooling events, interpreted
as subsidence-burial and exhumation-structural tirglvenomena, respectively.

4.1. Zircon U-Pb SHRIMP (Sensitive High Resolutlon Micro Probe) data

In the particular case of the structural transestetbped between the structures of Curuyuqui
and Mandeyapecua, the determination of ages by SHRIMP in zircons corresponding to 5
tuff levels have allowed to accurately define tige af the Miocene deposits present in the area
(Fig. 1; Tab. 2, Tab. S1). U-Pb ages were calcdlagsed on the youngest age-cluster within
the samples. These ages are interpreted as sedtrornages, while older grains included
within the samples are associated to detrital corapts and were not included in the Miocene
age cluster calculation (Tab. 2, Tab. S1).

Table 2. Zircon U-Pb SHRIMP data of tuff layerstlwe study area (interpreted sedimentation age). See
supporting U-Pb data in Tab. S1. n: number of a®dyfrom the total # included in the calculated
weighted mean date. MSWD: mean square of weightgthtes. WGS84 datum used for coordinates.

Coordinates
Sample Structure Stratigraphic Unit| Latitude (°S) | Longitude ["W) U-Pb age (Ma) n #
A-039 Charagua Chaco Gp. -19.3532 -63.1311 6.821+0.29 (MSWD=19) 11 27
A-045 Mandeyapecua |Chaco Gp. -19.3633 -63.0809 6.98 £0.31 (M5WD=5.5) 10 15
A-051 Borebigua Chaco Gp. -19.3710 -63.2307 8.57 £ 0,78 (MSWD=0.04) ] 36
A-167 Curuyuqui Chaco Gp. -15.4544 -63.2416 8.86+0.21 (MSWD=0.09) 9 14
A-171 Tatarenda Chaco Gp. -19.1913 -63.2622 9.01+0.21 (MsWD=0.28) 15 15

Zircon U-Pb SHRIMP analyzes developed in 5 samglesesponding to volcanic levels
located, from west to east, in the Pirirenda symglitai syncline, western flank of Borebigua
structure, eastern flank of Charagua anticline lMaddeyapecua structure, determined the ages
8.86 £ 0.21 Ma (A-167), 9.01 £ 0.21 Ma (A-171), B50.78 Ma (A-051), 6.82 + 0.29 Ma (A-



039) and 6.98 + 0.31Ma (A-045), respectively (Tab.Tab. S1). This constitutes a relevant
aspect of evaluating the space-and-time variatibthe Miocene deposits as the lithostatic
column above the underlying units sampled with rtreahronological objectives, allowing to
characterize the Miocene-Pliocene subsidence meses

4.2. Apatite fission-track data

Apatite fission-track analysis (AFT) were carriedt @mn 11, Devonian and Carboniferous
siliciclastic sedimentary rock samples, distribuiedhe structures of Carohuaicho, Borebigua
and Charagua (Figs. 1, 5, Figs. S1, S2; TabsTadd., S2).

Apatite fission-track analysis lead to central agesveen 57.6 + 6.5 Ma and 359.6 + 32.2 Ma
(Tab. 3, Tab. S2). The apatite fission-track adgesined for the samples in the study area are
younger than the corresponding stratigraphic agéb, the exception of a sample from the
Upper Carboniferous of the Charagua structure (A-@entral Age AFT: 359.6 £ 32.2 Ma).
The statistical population analysis using all sengrain ages, allowed the identification of
samples with multiple age populations and sampli#és hhomogeneous age distributions or
single populations (Tab. 3, Fig. S2). In this serise recurrence of ages between 138.4 + 14.7
Ma and 166.8 £ 12.9 Ma must be mentioned in theeaasector of the study area (structures of
Borebigua and Charagua), determined from a Devaseanple with unimodal single grain age
distribution (A-054:138.4 + 14.7 Ma, R}*= 15.02) as per Devonian and Lower Carboniferous
samples with calculated single grain age populatimith wide predominance of these ages
(79.8 to 81.7% of the grains measured; A-Q4&5.1 + 13.35 Ma; A-043t49.4 + 13.2 Ma; and
A-101:166.8 + 12.9 Ma). Finally, the measurement of amditrack lengths and Dfavalues,

in addition to the individual ages mentioned (Té4pbTab. S2), allowed conferring solidity to the
development of the numerical modeling of the samidhe study area.



Table. 3. Apatite Fission Track Data in the studyaa AFT central ages calculated using IRMM 540 z24BMM 540 dosimetric glasses between 300-480.density of
spontaneous fission-tracks (x 105 tracks/cm2) nredsiun apatite grains; Ns: total number of sponvasefission-trackspi and pd: density of fission-tracks induced in the
samples and in the dosimetric glasses respectixely05 tracks/cm2) in the external detector (g 5);0Ni: total number of induced fission-tracks letsample; PyR):
probability of obtaining a value of2 for n degrees of freedom (where n = number aftaty -1); a probability> 5% is indicative of a hogeneous population. Samples with
probability <5% must be analyzed with the binongabk adjustment method. P1, P2 and P3 are thegesedd the different populations statistically cddéted using the
Binomfit© software (numbers in parentheses indigathe percentage of grains included in each ptipala See supporting AFT data in Tab. S2 and $&).WGS84 datum
used for coordinates.

Coordinates Dosimeter Sp. fission-tracks |In. fission-tracks
Sample | Structure | Stratigraphicunit | Formation age (Ma) | Latitude (°S) |Longitude ("W]|U (ppm) pD n P: M, o; N; P(y)2 |AFT central age (Ma) £1s P1+1s (%) P21 1s(%) P3+1s (%)
A-042  |Charagua Iquiri Fm. 383-372 -19.3524 -63.1547 313 6.573 33 | 19.759 | 1,401 | 14.387 | 1,035 0.1 148.9+13.1 96.6 + 15.05 (20.2) | 165.1+ 13.35 (79.8)
A-043  |Charagua Iquiri Fm. 383-372 -19.3534 -63.1530 26.6 6.657 19 15.700 818 10.500 571 0.97 163.4116.8 149.4+13.2 (81.7)| 289.3+77.6(18.3)
A-044  |Charagua Taiguati Fm. 330-315 -15.3519 -63.1460 15.4 6.680 23 | 30.5910 1,540 5.060 569 26.88 359.6+32.2 - -
A-052 |Borebigua Chorro Fm. 359-323 -15.3908 -63.1924 24.8 6.822 30 | 18.620 1,331 5.364 669 0.02 216.4+21.4 195.3+20.1(59.6)| 298.7+37(40.4)
A-054 |Borebigua Iquiri Fm. 383-372 -18.3721 -63.1916 25.0 6.690 24 | 15.530 A55 11.844 347 15.02 138.4+14.7 - -
A-101 |Borebigua Tupambi Fm. 359-331 -19.4530 -63.1807 45.1 6.700 24 29.320 2,087 22,100 | 1,578 o 134.1+18.2 58.9+6.9(19.5) | 166.8 +12.9 (80.5)
A-159 |Borebigua Escarpment Fm. 323-299 -15.3533 -63.2046 22.7 11.980 26 | 13.700 730 16.800 892 0 162.6+ 20.6 86.8+13(34.8) | 218.5+22.9(65.2)
A-160 |Carohuaicho |Iguiri Fm. 383-372 -15.1302 -63.3444 25.6 11.530 39 6.100 367 20,900 | 1,264 0 57.6+6.5 35.8+4.7(53.1) | 91.3+10.8 (46.9)
A-161 |Carohuaicho |Tupambi Fm. 359-331 -18.1310 -63.3456 23.4 11.420 34 | 21.800 3,356 | 17.800 | 2,743 il 241.9+189 194.5+17.4 (31.3)| 251.5+23.5(50.6) | 330.7+46.9 (18.1)
A-197 |Carohuaicho |Escarpment Fm. 323-299 -19.3004 -63.3207 22.1 11.070 28 23.800 2,619 16.250 | 1,781 o 293.2130.6 134+14.7(11.1) | 278.4+20.4 (69.6) | 565.6+ 69.7 (19.3)
A-200 |Carohuaicho |Escarpment Fm. 323-299 -15.1722 -63.3447 16.9 10.960 35 | 20.400 1,804 | 12.700 | 1,162 | 0.01 296.8+26.7 246.3+22(59.1) | 398.9 £43.2 (40.9)

Table. 4. Apatite fission-track lengths and Dpatadan CT: number of confined track lengths meaku€eEl mean: Average of confined track lengths mesasuCT std:
standard deviation of the confined track lengthssaenple; CT skew: kurtosis of the distributioratile to the average value (measure of the asyrmgroéthe distribution);
CT-c mean: an average of confined track lengtheected by c-axis; n Dpar: number of measured eitctiqmensions; Dpar mean: average DPar per sarSgle.supporting
data in Tab. S2.

Sample nCT CT mean (um) | CT std (um) |CT skew | CT-c mean (pm) |CT-cstd (pm)| CT-c skew n Dpar |Dpar mean (um) |Dpar std (um) | Dpar skew
AD42 22 9.6 1.1 -0.3 14.6 0.8 0.5 153 1.3 0.2 1.3
A043 24 10.0 1.3 -0.7 12.4 0.7 -0.7 200 1.2 0.2 1.4
A044 63 10.0 1.5 -0.1 12.5 0.9 1.2 105 1.5 0.2 0.6
A052 32 10.5 1.3 0.2 15.7 0.8 0.6 148 1.3 0.2 0.3
A054 22 8.9 1.7 4.8 11.7 1.1 5.1 94 1.5 0.1 -0.4
Al01 46 9.2 1.3 0.2 14.2 0.6 0.0 100 1.6 0.2 5.6
Al159 21 10.3 2.3 3.2 12.3 1.1 0.1 101 1.5 0.2 3.4
Al60 5 9.7 1.1 -2.6 12.1 0.7 -1.6 156 1.5 0.1 1.7
AlGl 112 9.9 1.8 1.7 12.5 0.7 -0.5 172 1.6 0.2 0.4
A197 73 10.9 1.3 -0.5 13.0 0.8 -0.1 137 1.4 0.1 0.0
A200 57 11.4 14 -0.4 13.3 0.8 -0.8 173 1.6 0.2 2.1




Apatite fission-track length and etch pit size (Bpalata was acquired on the 11 samples. In
average, 5.1 Dp8fgrain, and 139.9 Dp&fsample, respectively were measured, meaning h tota
of 1539 etch pit sizes for all apatite grains (TébTab. S2). The mean Dfaralue for each
sample ranges between 1.2 andin6with an average Dpawalue of 1.4um. This relatively
narrow range possibly indicates a homogeneous csitigpo concerning the fluorine and
chlorine content of apatite. Moreover, the use lef parameter R was also considered,
calculating said parameter from the measuremeriDRdr according to the publications of
Ketcham (1999, 2007) (Tab. S2), and in no caseitmalsserved compositional variation with
respect to ages. Both the DPar angyRalues show overlap in the composition between the
grains. In all cases, the values obtained fgp,Rexceeded the value of,®> 0.80 and DPar
<1.75, which would indicate fluorapatites, with @wl resistance to annealing. Finally, we
measured 43.4 track lengths per sample (maximurhl@), meaning 477 track lengths of
confined fission-tracks for all samples (Tab. 4eav track lengths vary between §u& and
11.4um. The correction of the confined track lengthstfair crystallographic orientation led to
values between 11, and 15.7um (Ketcham et al., 2007, HeFTyv.1.9.3.74).

4.3. Apatite (U-Th-Sm)/He data

36 sedimentary rocks samples and volcanic tuff $egnfDevonian, Carboniferous, Jurassic-
Cretaceous, Oligocene, Miocene) distributed, froestwo east, in the structures of Curuyuqui-
Pirirenda, Carohuaicho, Tatarenda, Borebigua, Quaraand Mandeyapecua, were analyzed
using the apatite (U-Th-Sm)/He technique (Fig.id), B1; Tab. 5, Tab. S3).

The 36 samples exhibited variable individuagjection corrected AHe ages (Ketcham et al.,
2011) with high frequency in the Miocene-Plioceneidtocene interval, ages between 15.9 +
1.0 Ma and 1.2 + 0.01 Ma, with mean AHe ages betv@8 + 2.2 Ma and 2.0 + 0.2 Ma (Tab.

5, Tab. S3). The individual ages measured arelatioa to the stratigraphic age of the samples,
generally increasing the dispersion and variabilifyAHe ages towards the younger clastic
samples stratigraphically speaking. The Devonianpsas have very young AHe ages limited

between 5.3 + 0.3 Ma and 2.0 £ 0.1 Ma (exceptvar grains belonging to samples A-042 and
A-160), reflecting cooling under the reference temapure defined for the apatite (U-Th-

Sm)/He system and allowing, in this case, to chiareze the most recent thermal events in the
study area. Samples from the Lower Carboniferoosvslightly older AHe ages between 7.3 =

0.4 Ma and 3.2 + 0.2 Ma, exhibiting few older agesside this range (Tab. S3). On the other
hand, the samples belonging to the Upper Carbanifepresent individual AHe ages varying

between 215.7 £ 9.0 Ma and 2.3 = 0.1 Ma. The rexlitained for the Upper Carboniferous

samples in the study area depend on their strugiosition and the Miocene-Pliocene-to-date
subsidence-burial history.



Table. 5. Apatite (U-Th-Sm)/He data in the studgaar See supporting (U-Th-Sm)/He data in Tab. S3. n
(a,m): number of grains analyzed, grains used iamage. WGS84 datum used for coordinates.

Coordinates
Sample Structure Stratigraphic Unit Formation age (Ma)| Latitude (*3) | Longitude (W) |Mean age (Ma)|Error (2s) n (a,m)
A-034 Mandeyapecua |Chaco Gp. <598 -19.3624 -63.0838 62.6 40.7 (3,3
A-035 Charagua Ichoa Fm. (Tacuru Gp.) 163-100 -19.3520 -63.1412 2410 98.7 (3,3)
A-036 Mandeyapecua |Petaca Fm. 34-23 -19.3608 -63.0749 3245 243 (3.3)
A-038 Charagua Yecua Fm 82-698 -19.3512 -63.1346 1924 292 (2,2)
A-039 Charagua Chaco Gp. 6.82 -19.3532 -63.1311 35 0.4 (3,3
A-040 Mandeyapecua |Ichoa Fm. (Tacuru Gp.) 163-100 -19.3604 -63.0746 258.6 107.0 (3.3)
A-D41 Charagua Escarpment Fm 323-299 -19.3518 -63.1450 352 0.1 (3,2)
A-042 Charagua Iquiri Fm. 383-372 -19.3524 -63.1547 2.0 0.2 (3,1)
A-043 Charagua lquiri Fm. 383-372 -19.3534 -63.1530 4.6 0.8 (3,3)
A-044 Charagua Taiguati Fm. 330-315 -19.3519 -63.1460 8.5 3.2 (3,2)
A-045 Mandeyapecua |Chaco Gp. 598 -19.3633 -63.0809 6.2 1.0 (3,3)
A-D4B Mandeyapecua |Yecua Fm. 8.2-5.98 -19.4203 -63.0737 29 0.8 (3.3)
A-047 Charagua Ichoa Fm. (Tacuru Gp.) 163-100 -18.3539 -63.1653 546 19.7 (3.3)
A-048 Charagua Chaco Gp. ~8-7 -19.3610 -63.1733 43 2.8 (3,3
A-049 Charagua Chaco Gp. ~8-7 -19.3545 -63.1715 2438 49 (3,3
A-050 Charagua Chaco Gp. ~8-7 -19.3631 -63.1750 8.8 2.2 (3,2)
A-051 Borebigua Chaco Gp. 8.57 -19.3710 -63.2307 3.6 0.4 (3,3
A-052 Borebigua Chorro Fm. 359-323 -19.3908 -63.1924 7.1 0.6 (3,2)
A-053 Borebigua Chaco Gp. ~10-9 -19.3730 -63.2150 39 2.6 (3,3
AD54 Borebigua Iquiri Fm. 383-372 -19.3721 -63.1916 3.1 0.6 (3,3
A-055 Borebigua Ichoa Fm. (Tacuru Gp.) 163-100 -19.3724 -63.2127 1921 854 (3,2)
A-057 Borebigua Escarpment Fm 323-299 -18.3950 -63.2002 7.8 55 (3,2)
A-059 Borebigua Escarpment Fm 323-299 -19.4514 -63.1841 317 3.0 (3.3)
A-101 Borebigua Tupambi Fm. 359-331 -19.4530 -63.1807 6.0 4.4 (3,3
A-156 Carchuaicho |Escarpment Fm 323-299 -19.2542 -63.3404 35.0 18.2 (3,2)
A-157 Carchuaicho  |Chorro Fm. 359-323 -19.2545 -63.3313 27.0 15.4 (3,3
A-159 Borebigua Escarpment Fm 323-299 -19.3533 -63.2046 5.4 36 (3.3)
A-160 Carchuaicho Iquiri Fm. 383-372 -19.1302 -63.3444 27 0.4 (3,2)
Algl Carchuaicho  [Tupambi Fm. 359-331 -19.1310 -63.3456 4.2 0.6 (3,3
A-163 Carchuaicho  |lchoa Fm. (Tacuru Gp.) 163-100 -18.3025 -63.3130 1736 79.3 (3.3)
A-164  [Tatarenda Escarpment Fm 323-299 -19.1356 -63.3119 5.0 42 (3,2)
A-167  |Curuyugui Chaco Gp. 8.86 -19.4544 -63.3416 7.2 1.3 (3,3)
A-168  |Curuyuqui chaco Gp. 8.86 -19.4358 -63.3455 65.0 429 (3,3)
A-171 Tatarenda Chaco Gp 901 -19.1913 -63.26322 22 03 (5,5)
A-197 Carchuaicho  |Escarpment Fm 323-299 -15.3004 -63.3207 616 325 (6,6)
A-200 Carchuaicho  |Escarpment Fm 323-299 -18.1722 -63.3447 36 20 (4,3)

Ascending stratigraphically, the samples correspantb the Upper Jurassic-Lower Cretaceous
interval, present heterogeneous individual agesidé dispersion determined between 412.0 +
24.7 Ma and 23.1 £ 1.4 Ma, in a similar way to @kgocene-Miocene samples showing old
individual AHe ages of 493.1 + 29.6 Ma to 242.14t51Ma, and to the Miocene clastic samples
presenting AHe ages between 1.9 + 0.1 Ma and 221%3 Ma. Finally, the Miocene samples
corresponding to tuffs and tuffaceous sandstonesept two dissimilar stratigraphic age-
individual AHe age relationships, depending on rtlaéstic-volcanic components, structural
position and stratigraphic location. On one hahdrd¢ are samples with stratigraphic ages being
older than their corresponding individual AHe a¢ggmmples A-039, A-046, A-048, A-051, A-
053, A-167, A-171). On the other hand, there is saeple whose stratigraphic age is
equivalent to the individual AHe ages measured (danfA-045). In the latter case, the
aforementioned analysis contributed, together WieghU-Pb SHRIMP measurements on zircons
included in this study, to the definition of tima#is in the Miocene-Pliocene interval,
representing important constraints in the develognaé the numerical t-T modeling and the
dynamic characterization of the sub-Andean fold-dmdst system.

4.4. Thermal history modeling

Integrating the thermochronological data set amdrégional-specific geological knowledge of
the study area, thermal histories were modeled Ty®&Ffor 14 samples corresponding to
Devonian (4), Lower Carboniferous (3), Upper Caifous (4) and Upper Miocene (3)

stratigraphic ages. In the case of the regionalstret involving the structures of Curuyuqui-
Carohuaicho, Tatarenda, Borebigua, Charagua andiéyapecua, we find t-T paths consistent



with both the multiple thermochronometers data tredgeological model. Depending on the
sample and the thermochronometers used (data neeasdifferent combinations were taken
into account considering AFT data (confined-tragkgths and single grain ages) and/or AHe
data (single grain ages). The combination of thehmanometers led to robust statistically
supported t-T paths with AFT data providing premisihrough 60-110 °C, and AHe data giving
information through 40-70 °C.

For all samples, 50.000 t-T paths have been tegjaihst the data set (Fig. 4, Fig. S3). Possible
responses combining the thermochronological dathgmological knowledge are statistically
expressed through goodness of fit (G.O.F) value§086 and 5%, represented by Good or
Acceptable t-T paths, respectively. It is importaidt state that the combination of
thermochronometers from multiple grains modelecktiogr or a closely defined t-T geological
constraint, both situations leading to a solid gné¢ion of thermochronological and geological
data, in general yield lower G.O.F values. In tlasecof the study area, the samples were
modeled with as many thermochronometers and deét&ile constraints as possible searching
for a realistic scenario suitable for all the condadl data. Altogether, t-T models reveal between
5 and 4425 good, and between 22 and 8938 accepfalgaths.
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Fig. 4. Time (t)-Temperature (T)-evolution of thedividual samples in the study area based on the
combination of the thermochronological data setTA#hd/or AHe) and geological constraints with the
software HeFT§ (Ketcham et al., 2007a, b). See t-T models logatio Fig. 1C. Samples ordered
according to their stratigraphic age (from olderytunger) and structural location (from west totgas
from bottom left to top right.

The numerical modeling performed in the study aesaals a complex thermal history from the
Devonian until recent times giving place to therebterization of heating and cooling events,
issues to be assessed in the petroleum systeminmdel this way, it was important to add as
much detail as possible during t-T constraints rdédin on the one hand and to remain
permeable to in principle unforeseen or illogicalu§ons that statistically adjust to the
measured data, generating new working hypothesé® tdeepened and tested, on the other.
This occurs above all when it comes to geologicanes with undefined time and space
parameters due to the lack of precise knowleddkepintervening variables.



4.5. Structural analysis. Balanced cross-sectiahshortening estimates

The structural analysis developed in the study egsalts from the combination of surface and
subsurface data. The integration of mapping aradigtaphic survey data on the one hand, and
the information corresponding to wells and seismic the other, permitted developing the
balanced cross section to be presented in thig gk&id. 5). Following the four-rheological-
level model firstly applied by Hernandez et alQ18), the structural section developed and its
corresponding restoration allowed to estimate atshimg value of 31 km, representing 33%,
involving the structures of Curuyuqui-CarohuaicBorebigua, Charagua and Mandeyapecua.

The structural analysis in general, and the balhrmess-section constructed in particular,
represented a key point as a suitable frameworkratyzing the thermochronological data later
integrated within the Upper Miocene to date chréimematic modeling and interpretation.

Carohuzichn Borehigua Charagua Mardeyzpesua

actual section length

Fig. 5. Balanced cross-section built in the studsaawith the 2D seismic information (line BO90-05),
wells, surface data (see location in Fig. 1 C), asdorresponding restoration. Vertical axis inteng
below/above sea level. Samples t-T modeled prajectéo deformed and restored cross sections (red
dots).

5. Interpretation and discussion

The analysis of multiple thermochronometers andr tkembination with the geological
knowledge for the development of evolutionary t€ersarios (Fig. 4, Fig. S3), has led to an
advance in the characterization of heating andimggrocesses (timing, rates and magnitude),
interpreted as subsidence-burial and exhumatiosi@igohenomena, respectively. In this sense,
the thermal history of the samples analyzed insthectural transect has been modeled, joining
the structures of Curuyuqui to the west and Mandageo the east, involving Devonian to
Miocene stratigraphic units in the study area. Femodels elaborated have made it possible
to characterize the thermal phenomena that occimwedthe Devonian until today, revealing a
complex geological history.

All models show the t-T evolution since the cormsting depositional age until recent times (0
Ma). It is relevant to mention that the AFT datdated to pre-depositional history is really
scarce and related to very few samples, besidegatial annealing condition mentioned (e.g.
Upper Carboniferous formation age, A-197 samplehvé P3 Precambrian population of



565.61£69.7 Ma, represented by 19.3% of the graitlimthe sample; or sample A-200, Upper
Carboniferous in age with a P2 Lower Devonian patioih of 398+43.2 Ma, Table 3). In this
way, we cannot be sure that each apatite grain €drom the same source with the same t-T
evolution in order to analyze and interpret a pepasitional history.

The geological model derived from the data acquideding 2016-2017 and the authors
previously mentioned (published data) led to thelggical evolution from Devonian times
until nowadays in the study area. The model asswaneantinuous subsidence-sedimentation
heating-linked stage from the Upper Devonian upthe Upper Carboniferous-Permian
boundary, applying the E-mode included in HeFT§ for Episodic) giving rise to the
possibility of internal unconformities or sedimeida rates variation. This Upper Devonian to
Upper Carboniferous-Permian boundary stage is @t by the assumed onset of
sedimentation and subsequent erosion-linked coebdngimation for the Permian-Triassic time,
a stratigraphic interval that is regionally presehbut totally absent in the study area. Moving
forward in time, the sedimentary record led to khatbout a new subsiding and sedimentation
heating interval related to the Jurassic-Lower &rebdus period, accommodation space driven
possibly by extensional phenomena. It must be dthi@t an alternative scenario was designed
considering an ongoing subsidence-sedimentatiotifgestage from the Upper Carboniferous-
Permian boundary until the Lower Cretaceous yigldmo results, in concordance with the
apatite fission-track results exposed. To test tmwsamples were influenced thermally in time
by the Jurassic-Lower Cretaceous sedimentary colanththe possible subsidence triggering
processes, t-T models have been permitted to aselp covering a wider temperature interval
in relationship with mean and maximum thicknessesgrved within the basin (Tab. 1, Tab.
S4) as well as possible geothermal gradient variatiFrom the Lower Cretaceous up to the
Oligocene-Miocene limit, a possible cooling phenaore took place leading to an important
time-elapsed-unconformity, responsible for placitign Oligocene-Miocene amalgamated
paleosoil deposits of Petaca Formation directlytamof the aforementioned Mesozoic strata.
From the Middle Miocene, the t-T evolution is doated by the sub-Andean fold-and-thrust
belt dynamics including extremely fast subsidendauenation processes (high heating-cooling
rate phenomena, respectively), leading to the nayadtructural-tectonic configuration.

5.1. Devonian, Carboniferous-Permian to Triassneti

The t-T histories modeled for the study area suggésng-term warming phenomenon from ~
383-359 Ma (Upper Devonian) to ~ 245-240 Ma (Middleassic), associated with an interval
of subsidence and sedimentation of the units batgntp the Upper Devonian (lquiri Fm.),
Lower and Upper Carboniferous (Machareti and Mamiliggroups, respectively) and Permian-
Triassic (Cuevo Group) reaching maximum variabieperatures of 40 - 80 ° C. The numerical
modeling carried out on the Devonian samples, &mtat the structures of Carohuaicho (A-
160), Borebigua (A-054) and Charagua (A-042 and48)0reflect that said thermal variability
is fundamentally related to the Carboniferous ufite isopach maps developed by Hernandez
et al., (2018) (Fig. 3) and the seismic informatmesented by Viera and Hernandez, (2001),
and Rousse et al., (2018), complemented by the imgyamd stratigraphic survey tasks for the
years 2016-2017, show important variations in tlaebGniferous units on both a regional and
local scale. The study area reflects thicknessatrans in both east-west and north-south
directions. In the first case, thicknesses of ©Q Meters are evident in the anticline structure of
Charagua (eastern sector of the study area, witiplete Carboniferous record clearly defined
by its lower contact with the Devonian and its upm®ntact with the Jurassic-Lower
Cretaceous), values of ~ 1,800 meters in the Bguebistructure (complete stratigraphic
thickness), and to the west a thickness of ~ 1/h2€ers in the Carohuaicho anticline. In the
second case, the Carohuaicho structure exhibitkrtbsses of ~ 500 meters in the northern



sector of the study area doubling its thicknessatd the southern sector with ~ 1,120 meters
over a distance of 40 kilometers, while the Borahigtructure shows a thickness increase in
reverse with values of ~ 1,520 meters in the sontkector and values greater than ~ 1,800
meters in its northern sector over a distance ofkiBimeters. The variation in thickness
identified in the work area and at the regionalesedlows inferring the existence of differential
subsidence phenomena, pointing to the formatiodifiérent Carboniferous-age depocenters,
suggesting a northwest-southeast arrangement (kieenéet al., 2018), as pointed out by the
Eohercinian orogeny deduced by palynological magppm Chaco plain (Suarez Soruco and
Lobo Boneta, 1983). The analysis of the Carboniferonits in a regional sense also reflects
variations in the age of their basal deposits fr@imurnaisian-Visean to Westphalian-
Stephanian, developed erosive discordance by, féeratit terms of the underlying Devonian
units (~ Upper Givetian to Strunian age). On thieepthand, the fluvial and glacial-marine
deposition environment interpreted for the Carbemoifis units suggests sedimentation
processes with internal erosions and changes ingbdimentation rates associated with base-
level fluctuations (Viera and Hernandez, 2001) atmbwing sedimentary deformation of
variable scale suggesting instability of sedimémtsectors with sloping substrates.

Coincidentally with what is observed in the isopachps referenced, wells and seismic data,
and outcrop information, the t-T trajectories definfor the Devonian and Carboniferous
samples in the study area exhibit changes in slsipewing variable subsidence rates in the
Lower Carboniferous and Upper Carboniferous, deipgndn the position analyzed (Fig. 4)
with values ranging between 0.01 mm/year and 0.1yewan (average, 0.03 mm/year. Fig. 6). In
this case, it is important to mention the existproblem in determining the precise age of
Carboniferous deposits, generally associated wiktered palynological data.

The thermal history developed from thermochronalabidata and the applied geological
constraints suggest that, after the mentioned @#dyous interval, the subsidence and
deposition of the Permian-Triassic units (CuevoupraCangapi and Vitiacua formations) took
place. This time interval is regionally represenigdclastic deposits (fluvial and aeolian) and
marine carbonates, under warm climate conditionmleoclimatic situation possibly started in
the Lower Permian (Gallo, 2019). This interval bett-T evolution is visualized in the
developed models as a low subsidence time segmght avrate ranging between 0.004
mm/year and 0.02 mm/year (average, 0.01 mm/year. 6Ji in coincidence with the ~150
meters thick preserved deposits in the northermgaduof the Aguaragiie structure. The
application of thermochronological analysis in tieictures of Charagua, Borebigua, Tatarenda
and Carohuaicho allowed the generation of precssiegarding the deposition and subsequent
exhumation/erosion of the Cuevo Group, a unit mnes@rved in the stratigraphic record of the
area with the exception of its southern end. THem the development of the aforementioned
numerical models, a segment of geological histowyld be reconstructed, characterizing a time
interval not preserved as a rock unit. In this sernlse deposits corresponding to the Upper
Jurassic-Lower Cretaceous lie directly on Carboaife units.
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5.2. Permian and Triassic, cooling and exhumatiosien

As mentioned previously, the Permian-Triassic wdakdoes not have physical expression in the
sedimentary record in the work area. At the redisgale, the analysis of thicknesses of this
time interval suggests the existence of zones débi@ subsidence with values of preserved
thickness ranging between 50 meters and 580 metétls, a general decrease from the
southwest to the northeast, with a possible alignneé minor depocenters with this same
distribution (Hernandez et al., 2018), possiblyoasggted with extensional phenomena that
occurred during the late Paleozoic and Mesozoie ({&empere et al., 1998).

The modeling of the t-T trajectories developedtfa Devonian and Carboniferous samples in
the study area suggest a cooling phenomenon ofG #® 11 °C possibly associated with the
exhumation and erosion of the entire Cuevo Grouptha upper portion of the Carboniferous
(~ 300-350 meters in magnitude), starting at ~ 248-Ma (Middle Triassic) and ending at ~
188-185 Ma (Lower Jurassic), with an average exhwmaate of 0.01 mm/year (Fig. 6). In
coincidence with the latter, in all the control psi surveyed in the study area, aeolian and
fluvial deposits from the Upper Jurassic to the eoWretaceous (Tacurd Group) are identified
overlying, important unconformity in the middle, dop of Upper Carboniferous units.
Therefore, the exhumation event mentioned wouldaéxphe absence of deposits from the
Upper Carboniferous to Lower Permian (Mandiyuti GypoSan Telmo Formation) and from the
Permian to Triassic (Cuevo Group, Cangapi and Miga Formations) in the area. It is
interesting to mention that, in the process of t®yvag the numerical modeling for the



Devonian and Carboniferous samples, an attempt made to simulate a continuous
subsidence/heating phenomenon involving the Caféanis, Permian-Triassic and Jurassic-
Cretaceous intervals, that is, without intermedtieling/exhumation processes, and no result
was obtained.

5.3. Lower Jurassic to Lower Cretaceous

The beginning of the deposits corresponding toJim@assic-Cretaceous in the southern sub-
Andean region of Bolivia starts from 181.5 + 0.9 Miusiak et al., 2014), a timeline
corresponding to the dating of the Entre Rios Bg&&d). 2), a volcanic interval of volumetric
importance and of great regional distribution, watbrustal component chemical signature. The
base of the Tacurt Group in the study area has @etenmined by its fossil content as Upper
Jurassic to Lower Cretaceous (Carvalho, 1993, 12061, 2014; Carvalho and Srivastava,
1996; Carvalho et al., 2002; Suarez Riglos and &hoy 2018). The thickness analysis
corresponding to this interval (Hernandez et aD18), suggests an extremely different
distribution and thickness variations when comparedhe intervals stratigraphically below,
suggesting different accommodation space generatiechanisms. In this sense, there is a
general trend of increasing thickness to the wésthe sub-Andean system as a stepped
differential subsidence, generating an irreguldysgnate with variable accommodation space.
On the other hand, the aforementioned east-to-wgeeral trend presents minor
accommodation variations, giving place to elongadegocenters with major axes of north-
south to northeast-southwest orientation. Therlatbatributes to the compartmentalization of
the Jurassic-Cretaceous basin in rhomboidal zanggesting extensional mechanisms with a
dextral strike-slip component, forming a transtenal basin (Hernandez et al., 2018).

The Lower Jurassic-Lower Cretaceous interval represi by aeolian-fluvial deposits of the
Tacurt Group in the southern sub-Andean region olivB, presents thickness variations
between 80 meters and 1,550 meters with higheuémey values in the 700-800-meter interval
(Hernandez et al., 2018). In the study area, tdepesits are represented from east to west by
thicknesses of ~ 900 meters, ~ 750-850 meters pni - 1,200 meters, in the positions of
Charagua, Borebigua and Carohuaicho. Contrary ¢catbrementioned increase in thickness
from north to south for the Carboniferous interiralthe Carohuaicho position, the Jurassic-
Cretaceous interval shows a decrease in thickmetfssi sense to values of ~ 655 meters in the
southern tip of the area, which would be associateddifferent accommodation space
generation mechanisms when the Carboniferous aedJtinassic-Cretaceous intervals are
compared (Hernandez et al., 2018).

The t-T models show an important subsidence/buredting-linked stage of the Jurassic-
Cretaceous deposits between ~ 180-135 Ma reachmgeratures of ~ 75-80°C (subsidence
rate ~ 0.01-0.03 mm/year) and a subsequent smeatling phenomenon between ~ 140-130
Ma and ~ 34-23 Ma to surface temperatures close 8)°C (Figs. 4, 6), marking a sharp

asymmetric heating-cooling path. It is importantiention that the weighted-mean path as well
as the best-fit one of the Carboniferous sampleatéal in the Carohuaicho structure (A-197),
exhibits temperatures reached of ~ 63°C, even théager temperature conditions are possible
as it is shown in the corresponding t-T model, enidng thermal values 13°C higher than
estimated from the preserved thickness and the alogaothermal gradient used of 30°C/km,
suggesting a\T/Az variation close to 33°C/km. The final sectiontleé¢ subsidence stage and
the start of the subsequent cooling could repregerihdication to limit the age of the top of

this stratigraphic interval, coinciding with theigbing dating in Brazil and correlated in

Argentina and Uruguay with basaltic effusions (Rar&tendeka flood basalts, 133.0 £ 1.0 Ma,
(*°Ar/*Ar) (Renne et al., 1992, 1996, Basalto de SierrealGeormation) above the aeolian-



fluvial interval of the Botucatd Formation, equigat to the Tacurd Group in Bolivia. On the

other hand, this definition allowed specifying ttime lapse of no record associated to the
unconformity between the Tacurd Group and the girgglPetaca Formation estimated at ~ 100
Ma between the Lower Cretaceous and the Oligoceioedvie. Apatite fission-track ages

determined for the Devonian and Carboniferous sasnipl the study area show a wide range of
single grain ages (Tab. 3), suggesting a partinealmg condition for the samples analyzed,
which would be consistent with maximum temperatuessched during the Upper Jurassic-
Lower Cretaceous interval around ~ 80°C as showhen-T models performed.

5.3.1. Upper Cretaceous-Eocene, extensional bensal influence? to Oligocene-Miocene
boundary

The Upper Cretaceous-Eocene interval represendstizydar case with no stratigraphic record
preserved in much of the southern sub-Andean systdBolivia, and the study area presented
here is no exception. As discussed in sectionthde is a ~ 100 Ma time gap between the
Lower Cretaceous and the Oligocene-Miocene, nagoved in the rock record. However, to
the west in the Eastern Cordillera and the Altiplaim the northern end of the southern sub-
Andean, in the northern sub-Andean of Bolivia, andthe southern extreme of Bolivia-
northwestern Argentina, there are preserved deposiresponding to the Upper Cretaceous to
Eocene interval (De Celles et al., 2011; Hernaredest., 2017; Constantini et al., 2018). In this
sense, in the area of the Eastern Cordillera atigl&ho between the Upper Cretaceous and the
Eocene, important basins with marginal marine giitce and carbonate lakes developed
together with incipient continental deposits (Serapet al., 1997). These basins, linked to
extensional phenomena, include those of the Elmdadind Santa Lucia Formations, developed
in Potosi, Chuquisaca and Cochabamba, making ug iwh& known today as the Eastern
Cordillera and southern Altiplano of Bolivia (Lansimd Hoke, 1997). These basins are named
as Camargo, Miraflores, Tarapaya, Maragua, Tor@ basins, etc. On the other hand, towards
the central portion of the sub-Andean fold-and-#hrhelt, there are river and brackish lake
deposits of the Maastrichtian age correspondinth¢oYantata and Cajones formations (Oller
and Franco, 1981; Gutierrez & Marshall, 1994), whibwards the northern extreme of the
northern sub-Andean system in Bolivian, shallow ewadeposits and overlapping paleosoil
levels, assigned to the Eslabon and Flora formsti@me preserved. Finally, towards the
southernmost edge of Bolivia and northwestern Atiganthe intra-continental rift basin of the
Salta Group develops between the Lower Cretaceels5(Ma) and the Eocene (~ 40 Ma),
with well-defined tectonic and thermal subsidentegas, totaling more than 2000 meters thick
preserved, with basaltic effusions and tufface@wels contributing to the chronostratigraphic
analysis (Hernandez et al., 2017). Taking into antahe aforementioned, it is possible that,
despite the absence of deposits correspondingetdJgper Cretaceous — Eocene time in the
sub-Andean area, the thermal phenomena linkedtémsional processes might have influenced
the t-T evolution of previously deposited units. tha other hand, some authors have presented
evidence of an already acting compressive dynariicghe Paleocene to Eocene time in
Bolivia and northwestern Argentina (Sempere etl&l97; De Celles et al., 2011), giving place
to a complex geological scenario.

The contact between the fluvial deposits with isterdevelopment of Oligocene-Miocene
edaphic processes of the Petaca Formation on ttge aeolian-fluvial deposits of the Jurassic-
Lower Cretaceous Tacuru Group is represented egiamal unconformity estimated of ~ 100
Ma (See Section 5.3). The low thickness of the digp@above the aforementioned unconformity
of up to ~ 100-130 meters thick in the study asewl the presence of overlapping paleosoils are
indications of a time interval of low subsidencel dow sedimentation rate, under temperature
conditions with values close to surface (~ 20°C;s&m et al., 2008, 2017). This low



sedimentation rate interval could possibly be eglab a ~ 20-30 Ma forebulge position at the
latitude of the study area being coherent withEhastern Cordillera main uplift defined for the
same time interval (Kennan et al., 1995; Lamb ao#e;11997; Horton, 1998; Anderson et al.,
2018). Similar intervals have been associated tebfdge positions for the Paleocene-Eocene
times in northwestern Argentina (De Celles et aD11; Horton 2018). The t-T models
developed in the Devonian-Carboniferous samples ftbe Carohuaicho, Borebigua and
Charagua structures suggest a gentle cooling/ extiominterval between ~ 140-130 Ma and ~
34-23 Ma with an exhumation rate of ~ 0.003-0.018/year (Fig. 6). It is important to mention
that the cooling/exhumation period evidenced betwd®e Tacurd Group and the Petaca
Formation requires a more in-depth analysis frortaioing more thermochronological and
provenance data, evaluating the possibility ofrimaé unconformities within the Tacurd Group
and specifying the thermal history between ~ 130 ar84-23 Ma, including the existence of
possible intermediate thermal phenomena.

5.4. Miocene to recent times, sub-Andean fold-dmddt belt dynamics

The sub-Andean system constitutes a fold-and-thbedt with a complex space-and-time
dynamic characterized by both in-sequence defoomavents and out-of-sequence phenomena
with a general east-southeast to east-northeagénee depending on the latitude. In addition, a
strike-direction diachronism is noted with resptcthe structures growing time according to
the analyzed sub-Andean segment, south, centradrti (Hernandez et al., 2002; Hernandez et
al., 2017; Anderson et al., 2018; Constantini eR@l 8). The analysis of the structural growing
ages in the southern sub-Andean published by Hdezaet al. (2002) and Anderson et al.,
(2018) suggests, despite the interpretative difiege regarding the dynamics of the fold-and-
thrust system, a migration of the deformation beigig in the sub-Andean environment at ~ 11-
8 Ma and with ages of ~ 3-1.5 Ma for structuresated towards the eastern end. The results
obtained in the study area show the growth of tlectures of Curuyuqui, Carohuaicho,
Tatarenda, Borebigua, Charagua and Mandeyapecas,igh all the structures identified,
between ~ 7.1 Ma and ~ 3-2.5 Ma. The developeddels (Figs. 4, 7) and the apatite (U-Th-
Sm)/He ages (Tab. 5, Tab. S3) obtained for the Biang Carboniferous and Miocene samples
allowed to establish the onset of the erosion-lhkeoling phenomenon related to structural
growth at ~ 7.1-6.6 Ma (Curuyuqui-Carohuaicho),-6.Z (Borebigua), ~ 7 Ma (Charagua), ~
5.2 Ma (Mandeyapecua), and ~ 3-2.5 Ma (Tatareniigs( 7-8). In the latter structure, it is
possible that a really smooth cooling phenomenaiddeave taken place between ~ 6.8 Ma and
~ 3 Ma in relationship with Borebigua structuraloging age. The structural timing of
Carohuaicho and Borebigua was also reproduced dghrdahermo-kinematic modeling by
Cristallini et al., (2020, this volume) and Hernamdet al., (2020), respectively, obtaining
comparable results. This scenario implies a shgldthchronic initial growing time for the
structures of Curuyuqui-Carohuaicho, Borebigua @hdragua, and a clearly later growth for
the Mandeyapecua and Tatarenda structures (Fidl't®).registered growth is linked to the
generation of structures detaching in ductile wdts of Rheological Level 1 (RL 1, Hernandez
et al., 2018) and modeled as propagation folds bgh&ar (with the exception of the
Mandeyapecua structure related to a shorteningfeaed from RL 1 to RL 3, Los Monos
Formation). This kinematics results consistent wiith rheology of the fine-grain material that
makes up the Silurian and Ordovician sediments. {imaving time relationships recorded
between structures suggest a moderate efficientlyeomentioned detachment level, allowing
the shortening transfer, and generating a spa@hgden structures of ~ 8-16 km at ~ 7-5 Ma.
On the other hand, the (U-Th-Sm)/He single-graiesagxhibit a high frequency between ~ 5.3
Ma and ~ 1.2 Ma, making it possible to reconstthetmost recent chrono-kinematic history for
the study area. In this sense, the integratiomefthermochronological results, the constructed



t-T models and the developed structural analydmved to deduce that the aforementioned
young ages are linked to the recent history of ifigdaulting (e.g. Charagua and
Mandeyapecua structures), to out-of-sequence mausnadfecting the back-limb of already
formed structures (e.g. Carohuaicho and Borebigisas), or fault-related folds posthumously
formed when compared to the general structure T@tarenda anticline), as the shortening of
the fold-and-thrust system increases. The spacegden structures is controlled by the lower
detachment level and subsequently distorted by d@ppearance of the out-of-sequence
structures. In this way, the spacing between sirastbefore the development of the out-of-
sequence ones, that is 8 to 16 km, it is consistéthtthe magnitude analyzed by Rocha and
Cristallini (2018) and Hernandez et al., (2018).
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Fig. 7. Upper Miocene Time (t)-Temperature (T)-eNmn showing the weighted mean paths for all the
samples modeled in the study area. Carohuaichctstau(samples A-160, A-161, A-197, A-200, A-167),



Borebigua structure (samples A-052, A-054, A-101159), Charagua structure (A-042, A-043-, A-044),
Mandeyapecua structure (sample A-046), and Tatarstmicture (sample A-171). Shaded rectangles
represent the growing time interpreted for eadlhcstire based on AHe ages and t-T modeling.

The plant-view analysis of the structures iderdifie the study area suggests an advance of the
deformation towards the east of greater magnituitte nespect to the positions analyzed further
south by Anderson et al., (2018) and Hernandet. ,et2802). This situation is consistent with
an increase in the shortening values from southatth with magnitudes of 30-36% in the
Argentina-Bolivia international border (Hernandezak, 2002) and values close to 50% at the
latitude of the Pilcomayo river (Dunn et al., 199%he total shortening value determined for
the study area reaches 33% (Figs. 5, 8) showingst-t-east decrease. In this sense, the
shortening magnitude involving the structures ofdBaaicho to Borebigua reaches up to 45-
51% while the structures to the east, Charaguadviardleyapecua, present values around 26 %,
which is consistent with growing an east-vergingtegn. This scenario shows that the
aforementioned shortening increase from south tdhnwould be specially linked to the
structures to the west as shown by Sanchez €2@R0), having estimated a shortening of 40 %
for the whole sub-Andean system. On the other harwbunt of the structures plunging to the
south in comparison with the northward plungingiciures in the southern sub-Andean (from
the study area to the Argentina-Bolivia internatioforder), results in a wide 32-to-17-
difference in favor of the southward plunging stanes, which is coherent with a south-to-north
shortening increase. From a regional point of vithg, Bolivian Orocline appears as a complex
system with greater shortening values in its céipiation (Kley et al., 1999; Arriagada et al.,
2008) in coincidence with the axis of topographymmetry characterized by Gephart (1994)
and modeled by Capitanio (2011). This scenarict®mpanied by a generalized symmetry in
the development of counterclockwise and clockwsitions, to the north and south of the
aforementioned symmetry axis, respectively, sumggbrby both paleomagnetic evidence
(Rousse and Gilder, 2005; Arriagada 2008) and G&i®s data (Allmendinger et al., 2005).
The previously mentioned shortening variations tf@ southern sub-Andean and the greater
advance of the deformation front in the study ai®eglated to a north-south diachronism in the
growth age of the structures. This is evidencedloler ages to the north with exhumation
phenomena concentrated at ~ 7-5 Ma for the stuely, and ages of ~ 6-3.5 Ma determined by
Anderson et al., (2018) to the south for striketegjent structures. The high frequency of
apatite (U-Th-Sm)/He averaged ages concentrated4m3 Ma published by Anderson et al.,
(2018) in the structures of Suaruro, Mandiyuti &ah Antonio, and the ages of ~ 2-1 Ma in the
Aguarague structure would be linked to the recamicairing of the fold-and-thrust belt in this
position as a result of an increase in the acculeilshortening of the system. This match with
the out-of-sequence deformation stage documentddebyandez et al., (2002) and Echavarria
et al., (2003) from ~ 4.5 Ma in northwestern Argeat On the other hand, it is interesting to
mention that the north-south diachronism mentiangdrms of the structural timing comparing
Charagua, Borebigua and Carohuaicho to the north§-Ma, this study) and Aguaragie, San
Antonio, and Mandiyuti-Suaruro to the south (~ B%4, Anderson et al., 2018), it might not be
gradual but rather abrupt, which postulates a demnable relevance for the transfer zone over
which the Cuevo river currently runs (Fig. 1B). Tthensfer zone mentioned is expressed either
by plunging structures or by along-strike changesftections.

5.4.1. Chrono-kinematic evolution, 7.1 - 0 Ma

The recent sub-Andean dynamics in the analyzedseécinis characterized by processes of
subsidence and subsequent exhumation experiencdalebgamples analyzed, generating a



complex thermal history. The developed models ssiggevariable t-T history depending on the
analyzed structure. In this sense, there is evielefi@ subsidence phenomenon experienced by
the samples linked to the lithostatic load corresiig to the deposits prior to the growth of a
structure (pre-growth strata). This subsidencehiaracterized by two intervals with clearly
differentiable rates; a low-subsidence rate intefar@erage ~ 0.05 mm/year) linked to the west-
east basal diachronism of the Miocene deposithiensub-Andean setting (Hernandez et al.,
2002; Echavarria et al., 2003) with extreme age®of + 1.3 Ma (western edge, inter-Andean-
sub-Andean boundary; Erikson, 1998) and 6.98 = OMBL (eastern end, Mandeyapecua
structure, this publication), and an interval ajtiér subsidence rate (average ~ 0.6 mm / year,
Fig. 6) linked to the lithostatic load of the adjat structures already developed and the
sediments supply due to their erosion. This highabsidence rate interval is related to
maximum accumulated thicknesses of ~ 2500-3000rséfab 1, Tab. S4) which would lead
to temperatures around ~120°C. Nevertheless, the @ssociated with these temperature
conditions, as displayed by the t-T history mogesformed, would not have been enough to
completely anneal-reset the AFT system as it inddfby Gleadow and Duddy, (1981) with
temperature and time period values of ~ 110°C/1Q Ma the contrary, the temperature
conditions mentioned led to a complete reset ofapatite (U-Th-Sm)/He system overpassing
the reference closure temperature and time pefied@C/1 Ma. It is relevant to comment that
geothermal gradient values being lower than 30°Cikene tested for the Upper Miocene
interval by Cristallini et al., (2020, this volum&nd Hernandez et al., (2020), yielding
equivalent results. Finally, the developed modetgyest exhumation processes of considerable
speed between 7.1 Ma and 0 Ma. This phenomenasaciated to the growth of the structures
identified in the area, with average values of 5 ibim/year, presenting maximum values of ~
0.9-1.3 mml/year (Figs. 6-7).



Fig. 8. Chrono-kinematic evolution of the study eaardfrom > 8 Ma to 0 Ma, based on the
thermochronological data set and t-T numerical rfing€See location in Fig. 1 C). Red bars indicgtin
shortening magnitude (total shortening estimat8d%3.

The analysis of exhumation rates carried out in @a@ohuaicho, Borebigua and Charagua
structures, taking into account the stratigraptiickness between samples and the results
obtained by apatite (U-Th-Sm)/He, shows that theoRaaicho structure begins its growth at
high speed (~ 1.2-1.6 mm/year) between ~ 7 Ma aBdvta, while the structures of Borebigua
and Charagua show low exhumation rates for theswmal with values of ~ 0.2-0.3 mm/year. At
5-4 Ma, the Carohuaicho structure notably decredsexhumation rate to values close to ~ 0.3
mm/year, transferring shortening to structurestkdao the east, Borebigua and Charagua, and
generating the Mandeyapecua structure. The AHe-agéghe t-T trajectories emerging from
numerical modeling denote a significant growth ratte- 2.5-3.5 Ma with average values of ~
0.5-0.6 mm/year and maximum values close to ~ lyman/ for the structures of Charagua,
Borebigua and Mandeyapecua. It is in this genexdlghortening interval that the growth of the
westward- verging structure of Tatarenda becomesceable from ~ 2.4 Ma, with an
exhumation rate of ~ 0.5-0.6 mm/year. The latteluoed almost total erosion of the Miocene
deposits above the sample located on the axiseadythcline between Tatarenda and Borebigua
(Itai), which is consistent for the structurallghiposition interpreted for said syncline.

The integration of thermochronological results #mel developed structural analysis allowed to
reconstruct the chrono-kinematic history of thedgtarea (Fig. 8). This led to characterize the



space-and-time evolution of the fault-related dinkic structures, representing the main
objective in conventional reservoirs, and thereftiie evolution of traps as a component in the
oil and gas system.

6. Oil and Gas system per spectives

The development of the Oil and Gas thermal histmgdeling performed for the syncline
located between Charagua and Borebigua structtiz®¢etromoll, 2012; Fig. 9, Figs. S5-S6;
see location in Fig. 1C) permitted evaluating tsgible source rocks in the area as described
by Cruz et al., (2002, 2008): a) Emsian-Eifelianvian interval (Los Monos Formation), b)
Lochkovian interval (fine-grain sediments withiretlsanta Rosa Formation) and ¢) Silurian
interval (Kirusillas Formation). The integration tfiermochronological data and numerical
modeling in the Charagua structure (Upper Devomdguiri Formation) was the key point to
define the maximum temperature reached by the patesource rocks evaluated and the
structural timing of the fault-related anticline(wentional target trap).
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Fig. 9. Thermal history model (Petronfo@012-1D) developed in the study area. Burial cumith
temperature values for the source-rock intervalthin study area: Los Monos, Santa Rosa (fine-grain
interval), and Kirusillas Formations. See locatiorrig. 1C.

With the processing of the data, the following Hesswere obtained for the already mentioned
source rocks (Figs. S6-7):

a) Emsian-Eifelian-Givetian interval (Los Monos fation)

-Ro values estimated from 0.8% to 0.71%

-Transformation Relationship (TR): from TR 37% &4 (at the current time).

-Total mass generation (Emsian): of 0.6 Mton. lfataurrent time). Expulsion total mass: 0
Mton. (at the current time).

-Maturity perspectives: immature generating rocks.

b) Lochkovian interval (fine-grain sediments withie Santa Rosa Formation)

-Ro values estimated from 1% to 1.1%.

-Transformation Relationship (TR): 75% (at the eatrtime)

-Total mass generation: 1.5 Mton. (at the curneme}. Expulsion total mass: 0.9 Mton. (at the
current time).

-Maturity perspectives: source rocks in oil and gesseration window.

c¢) Silurian interval (Kirusillas Formation)

- Ro values estimated of 1.28% to 1.51%.



-Transformation Relationship (TR): of 96% (in thewer Triassic).

-Total mass generation 0.82 Mton. (at the curriemt} Expulsion total mass: 0.81 Mton. (in
the Upper Triassic).

- Maturity perspectives: source rocks in final staf gas generation to overmature.

7. Conclusions

The evolution of fold and thrust belts requiresdimata restrictions to determine the rates
related to the interaction of surface and subsarfaocesses and to quantify the time involved
in the components of the petroleum system: resergeial, source rock and trap. The sub-
Andean fold-and-thust belt in the Bolivian territan general, and the transect that links the
structures of Curuyuqui-Carohuaicho-Tatarenda-BigtebCharagua and Mandeyapecua in
particular, constitutes a complex multi-variablsteyn in which the definition of t-T trajectories
has led to new suitable structural and stratigapbinclusions.

The integration of multiple thermochronological agdochronological systems (AFT-AHe-
UPb) and the existing surface and subsurface gealogpnstraints, made it possible to develop
a chrono-kinematic characterization of fault-redatanticlines, defining their formation
chronology, structural growth rate and a link betwéhem in the study area. In this sense, the
thermochronological data set and the geologicasttamts included in t-T modeling allowed to
establish the onset of the cooling phenomenon dirtkestructural growth, from west to east, at
~ 7.1-6.6 Ma (Curuyuqui-Carohuaicho), ~ 7-6.4 (Bigea), ~ 7 Ma (Charagua), ~ 5.2 Ma
(Mandeyapecua), and ~ 3-2.5 Ma (Tatarenda), froritlwh is inferred a slightly diachronic
initial growing time for the structures of Curuyudgtarohuaicho, Borebigua and Charagua, and
a later growth for the Mandeyapecua and Tataretrdatgres with exhumation rates reaching
values of ~ 1 mm/year. On the other hand, a ror$suth diachronic structural timing was
identified, showing older ages concentrated at5-Ma for the study area to the north of Cuevo
river transfer zone, and ~ 6-3.5 Ma to the soutlsfoke-equivalent structures.

Finally, the t-T numerical modeling achieved for V@rian, Carboniferous and Miocene
samples in the study area allowed to develop atgatwe analysis of the subsidence-burial and
exhumation-erosion phenomena that occurred frondép®sition of Silurian-Devonian source
rocks to the present time, providing relevant deieations to the modeling of the Oil & Gas
system in the study area. In this way, the requotath for 2D and 3D petroleum system
modeling was acquired and will be included in arrdeture contribution.
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Multiple thermochronometer s applied to the quantitative analysis of compressive systems:
the southern sub-Andean fold and thrust belt of Bolivia. From sourcerock totrap

Highlights

1) The evolution of fold and thrust belt systems requires time data restrictions.

2) Multiple thermochronometers integration for characterizing compressive systems.
3) Time-Temperature trgjectories leading to structural and stratigraphic definitions.
4) The sub-Andean system dynamics defined through thermochronological analysis.

5) Oil and Gas system variables through thermochronology in the sub-Andean system.
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