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ABSTRACT 

The evolution of fold and thrust belts requires time data restrictions to determine the rates 
related to the interaction of surface and subsurface processes and to quantify the time 
relationship between the components of the petroleum system: reservoir, seal, source rock and 
trap. The sub-Andean fold-and-thrust belt in the Bolivian territory in general, and the regional 
transect that links the structures of Curuyuqui-Carohuaicho-Tatarenda-Borebigua-Charagua and 
Mandeyapecua in particular, constitutes a complex multi-variable system in which the definition 
of time-Temperature (t-T) trajectories has led to new suitable structural and stratigraphic 
conclusions.  

The integration of multiple thermochronological-geochronological systems (Apatite Fission 
Track, Apatite (U-Th-Sm)/He and UPb SHRIMP on zircon) and the existing surface and 
subsurface geological constraints made it possible to develop a chrono-kinematic 
characterization of fault-related anticlines, defining their formation chronology, structural 
growth rate and link between them in the study area. Furthermore, it was also possible to 
perform a quantitative analysis of the subsidence-burial and exhumation-erosion phenomena 
that occurred from the deposition of Silurian-Devonian source rocks to the present time, 
providing relevant determinations to the modeling of the Oil & Gas system. 

 

Keywords: Thermochronology, geochronology, numerical modeling, quantitative analysis, sub-
Andean fold and thrust belt, Bolivia, Andino 3D® software. 
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1. Introduction 

The sub-Andean ranges of southern Bolivia and northwestern Argentina are a classic thin-
skinned fold-and-thrust belt. They are bordered to the east by the Chaco Basin and by the inter-
Andean system to the west (Fig. 1). The latter is defined to the west of the San Simon Frontal 
Thrusts, which is responsible for the inter-Andean uplift in Bolivia, while in Argentina it 
defines the Eastern Cordillera-sub-Andean border. This limit represents an important change 
with respect to the orography, structural style, and outcropping stratigraphic units (Kley et al., 
1996). The inter-Andean–sub-Andean limit is due to a change in the main detachment level, 
from Ordovician-Silurian shales in the southern sub-Andean area to older basement units in the 
inter-Andean and Eastern Cordillera systems (Kley, 1996; Kley et al., 1996; Allmendinger and 
Zapata, 2000; Hernández et al., 2018). 

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

To the south of 23°S latitude, the fold-and-thrust belt is superimposed over the Upper 
Cretaceous rift basin, developing some characteristics of thick-skinned deformation and tectonic 
inversion processes. In addition, the Cenozoic foreland basin infilling is partially controlled by 
inherited previous extensional structures (Allmendinger et al., 1983; Strecker et al., 1989; 
Hernández et al., 2005). Similar to the situation described by del Papa et al. (2013) for the 
Eastern Cordillera, the sub-Andean system to the south of 23° latitude behaves as a broken 
foreland basin (Kley and Monaldi, 2002; Hain et al., 2011; Siks and Horton, 2011; Strecker et 
al., 2012; Pearson et al., 2013), as opposed to the elastic beam of the classic foreland system 
defined by DeCelles and Giles (1996). In line with the latter, several authors have presented 
evidence aiming at a low broken foreland-component in northwestern Argentina (DeCelles et 
al., 2011; DeCelles et al., 2015; Engelder and Pelletier, 2015; Quade et al., 2015; Carrapa and 
DeCelles, 2015), which would resemble the scenario assumed for the study area. 

The dynamics of both thin and thick-skinned deformation need time constraints in order to 
analyze the evolving scenarios, paying attention to the variables involved and the resulting 
stratigraphic and structural outputs. In line with this idea, the definition of statistically supported 
t-T paths in the southern sub-Andean system gave place to identifying heating and cooling 
phenomena not only related to the Miocene-to-Pliocene compressive stress field setting but also 
linked to pre-Andean processes, that is during Paleozoic and Mesozoic times. The combination 
of thermochronometers in order to define the thermal evolution attached to geological events 
represents the core-concept and main goal of the present study. 

Jo
urn

al 
Pre-

pro
of



 

 

 

Fig.1. A. Digital elevation map with structural units defined in the central Andes. WC = Western 
Cordillera; A = Altiplano (Puna plateau); EC = Eastern Cordillera; IA = inter-Andean; NSA = Northern 
sub-Andean; SSA = Southern sub-Andean; Ch = Chaco Basin; CB = Brasilian Craton; LOR = Lomas de 
Olmedo Rift; SBS = Santa Bárbara System. Black square showing the area detailed in 1. B. B. Digital 
elevation model of southern sub-Andean system with ranges outlined. Ranges: A = Aguaragüe; Bo = 
Borebigua; Ca= Carohuaicho; Ch = Charagua; Cu = Curuyuqui; ii = Itacaray-Igüembe; In = Ingre; Inc = 
Incahuasi; My = Mandeyapecua; SA = San Antonio-San Alberto; SMI = Suaruro-Sararenda-Mandiyuti-
Iñiguazu; Ta = Tatarenda. SSFT = San Simon Frontal Thrusts. Yellow points = main towns. Dotted white 
line square = study area (Fig. 1C). Dotted red line square = 3D sedimentary infilling model (according to 
Hernández et al., 2018; Fig. 3). C. Geological map of the study area, with structural cross-section location 
(black line, CS, Fig. 5) and chrono-kinematic model (black and yellow line, Fig. 8), and sample location 
(white dots). PS = Pirirenda Syncline, IS = Itai Syncline. Location of detailed geologic map in the 
Supplementary Information (SI) that shows individual sample numbers (Fig. S1) is denoted by box. 

 
2. Geological setting  

2.1. Structural framework. Mechanical stratigraphy 

Hydrocarbon exploration in the sub-Andean fold-and-thrust belt in Argentina and Bolivia began 
at the beginning of the 20th century, with the development of simple and shallow anticline 
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models based on surface geology with Carboniferous targets located 700–900 m below ground 
surface. The need to incorporate liquid and gas hydrocarbon volumes in conventional reservoirs 
in the sub-Andean fold-and-thrust belt brought about exploration at greater depths (3,500–5,500 
m). This in turn, led to additional reserves and a huge increase in knowledge about the deep 
structure. 

The original definition of the southern sub-Andean thin-skinned fold-and-thrust belt in Bolivia 
and northwestern Argentina was presented by Mingramm and Russo (1969). According to their 
explanation, the general structure is formed by narrow outcropping anticlines with large strike-
direction continuity, limited by broad and deep longitudinal synclines with a Silurian basal 
detachment level. It was also Mingramm and Russo (1969) who developed the first restorable 
cross-sections in the sub-Andean system, which allowed for the discovery of certain large deep 
gas fields in northwestern Argentina and southern Bolivia like Ramos, San Alberto, Aguaragüe, 
Bermejo and Macueta fields. 

During the 1980s and 1990s, the exploration of the sub-Andean fold-and-thrust belt underwent a 
major drive through the construction of restorable structural cross-sections following geometric 
controls (Aramayo Flores, 1989; Baby et al., 1995; Dunn et al., 1995, among others), although 
neither the kinematic nor the mechanical properties of the rocks involved in the deformed 
stratigraphic column were strongly considered. These sections did not take into account the 
basement geometry related to pre-Andean deformation and accommodation processes, either. 

Since the 2000s, the use and integration of analytical techniques linked to the resolution of both 
structural and stratigraphic problems in the sub-Andean system have increased their interest 
from both the applied and the scientific-academic point of view. In this sense, several and 
diverse analyzes were performed focusing on particular structures as well as on the dynamics 
and evolution of the sub-Andean system in an integral way, many of them aimed at 
characterizing the components and processes of the oil and gas systems. Among these studies 
linked to analytical techniques, the paleomagnetic determinations and absolute dating stand out 
(Hernández et al., 2002; Echavarría et al, 2003; Amidon et al., 2017; Uba et al., 2009), as well 
as the geochemical analyzes (Cruz et al., 2008; Schneider et al., 2018), the stable isotopes 
studies (Rosario et al., 2008, 2017; Mulch et al., 2010) and the thermochronological analyzes 
(Hernández et al, 2016, 2017; Anderson et al., 2018; Constantini et al, 2018). 

In general, the frontal (eastern) flanks of the anticlines in the sub-Andean system are steep to 
overturned while the back (western) limbs show variable dip values from 30 degrees to almost 
vertical, even overturned (Hernández et al., 2002). Sometimes, the flanks of the structures 
exhibit dip variation along the strike, resulting in an apparent westward vergence in contrast to 
the general eastward direction of transport (e.g. Aguaragüe structure). 

The deep structure is characterized by low-angle thrusts linked to the regional main detachment 
level in the Silurian shales of the Kirusillas Formation and an upper detachment level in the Los 
Monos Formation of Devonian age (Baby et al., 1992; Hernández et al., 2002; Fig. 2). Other 
minor detachment levels are developed in younger stratigraphic units like Ipaguazu Formation 
(Triassic age; Fig. 2; Dunn et al., 1995; Cruz et al., 2002; Hernández et al., 2002; Apreda et al., 
2010). Some authors suggest deeper detachment levels within Ordovician units, or even older 
ones, which could have influenced some structures in southern sub-Andean (Moretti et al., 
2002; Zapata et al., 2005; Hernández et al., 2018; Sánchez et al., 2020). As such, the proposal 
was made to involve an Ordovician wedge in the structured column working alongside the 
Silurian interval (Hernández et al., 2018; Sánchez et al., 2020). This Ordovician interval 
thickens toward the west from the western flank of the Charagua range. Thus, as the eastward 
movement through the basal sole fault takes place, a thicker Ordovician interval becomes 
involved in the deformation process, resulting not only in a higher structural position for the 
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anticlines but also for the back limb associated synclines. In line with this idea, each syncline 
reaches higher and higher structural positions to the west. 

It is relevant to mention that, close to the southern end of the sub-Andean system as a thin-
skinned thrust belt; the regional detachment surface dips toward the northwest due to load-
driven subsidence combined with a tilting process caused by the Lomas de Olmedo rift basin 
opening during the Cretaceous period (Fig. 1; Starck et al., 2002). 
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Fig. 2. Generalized stratigraphic section of southern sub-Andean of Bolivia (left). Devonian 
paleogeography in 3-D models showing variation of facies during Pragian, Emsian, and Givetian times 
(right) following Albariño et al. (2002). In the upper right corner, map of Bolivia showing the locations 
detailed in the 3-D models. RL = Rheological Levels (modified from Hernández et al 2018). Red lines 
show the limits between rheological levels representing changes in the mechanical behavior of the rocks 
involved in deformation. Black arrows show the main detachment levels. 

 

The regional basal detachment surface (base of  Rheological Level 1, after Hernández et al., 
2018) used by different authors in their interpretation suggests a flat morphology with a 
constant westward gently dipping value of between 1.5 and 2.5 degrees, without showing angle 
changes. However, through a detailed analysis of the sedimentary infill (Fig. 3), Hernández et 
al. (2018) show the existence of pre-Andean basement reliefs related to extensional mechanisms 
that occurred since the Permian–Triassic, phenomena being enhanced during the Upper 
Triassic-Lower-Jurassic and/or Upper Jurassic-Lower Cretaceous, as well as erosive 
irregularities within the Carboniferous or the Devonian–Carboniferous boundary. These data 
suggest that a regular and continuous detachment level following a unique lithology, such as the 
ones involving the Ordovician or Silurian shales (Hernández et al., 2018; Sánchez et al., 2020), 
may not be the most realistic situation. In this way, an irregular detachment surface should be 
considered in regional balanced cross-sections construction involving the entire fold and thrust 
belt system, especially when integrated three-dimensional analysis is carried out. This would 
allow assessing the influence of these irregularities and heterogeneities on shortening transfer 
and topographic evolution. On the contrary, when a particular 2D-section-scale analysis 
involving a few structures is performed, a continuous and efficient detachment level could be 
considered. 

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

The Ordovician units are represented by siliciclastic marine successions, with significant shale 
thicknesses and prograding sandstones of a medium continuity, deposited in a foreland setting 
developed in a diachronic manner both from west to east and from north to south, (Erdtmann et 
al., 1995; Erdtmann, 1996; Erdtmann & Heuse, 1995; Erdtmann & Egenhoff, 1998; Heuse, 
Grahn & Erdtmann, 1999; Suárez Soruco & Díaz Martinez, 1996). Secondly, the Upper 
Ordovician to Lower Silurian interval, involving glacial deposits (Gagnier et al., 1996; Toro et 
al., 1992; Benedetto 1991; Suárez Soruco & Benedetto, 1996) and an active ocloyic phase 
tectonism, it is characterized during the Llandoverian interval in western Gondwana by 
extensional to transtensional phenomena with deposits spread in the Eastern Cordillera and 
Altiplano in Bolivia and the Chaco Basin in Paraguay (Grahn, 2005). The Wenlockian would 
represent a sag, with reduced deposits, in pelitic facies in Zapla (northwestern Argentina, 
Benedetto, 1991) or in carbonatic facies in Cochabamba (Bolivia, Sacta limestone, Merino 
Rodo, 1991; Cuatro Esquinas, Suárez Soruco & Benedetto, 1996). Thirdly, the Upper Silurian 
to Upper Devonian is characterized in Western Gondwana by the location of a backarc marine 
basin without deformation or an intracratonic basin, with the absence of relics of a magmatic arc 
(Álvarez et al., 2004; Albariño et al., 2002; Dalenz Farjat et al., 2002). In fourth place, within 
the Upper Devonian to Lower Carboniferous interval, the Frasnian greenhouse is followed by 
the latest Famennian to Tournaisian glaciation, widely documented in Bolivia (Suárez Soruco & 
Lobo Boneta, 1983; Perez Leyton, 1990; Wicander et al., 2011; Lakin et al., 2014) and in the 
rest of South America (Caputo et al., 2008; Streel et al., 2013; Rubinstein et al., 2017; 
Benedetto, 2018a), generating variable erosion levels and affecting the sedimentary record 
preserved below (Perez Leyton, 1990; Viera and Hernández, 2001; Wicander et al., 2011; Lakin 
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et al., 2014). The Upper Carboniferous to Lower Permian interval is represented by the 
completion of Pangea, structured during an icehouse that would have extended between the 
Upper Carboniferous and the late Lower Permian (Benedetto, 2018). The called Tarija basin 
would be considered as an intra-arc basin, with the same behavior as the Paraná basin, with a 
relatively low and uniform subsidence rate, little or no tectonic activity and lacking volcanism 
(Benedetto, 2018). In the Lower Permian, the climate becomes much more benign, producing 
carbonate rocks of the Copacabana Formation from Peru, from the Westphalian in northern 
Bolivia to the Lower Permian in central Bolivia (Grader et al., 2008; Dalenz Farjat & Merino 
Rodo, 1994; Merino Rodo & Blanco, 1990). Possibly, part of the aeolian deposits at the base of 
the Cuevo Group (Cangapi Formation) corresponds to the northern carbonate rock deposits. 
Ascending stratigraphically, the end of the Permian and the Triassic are the intervals where the 
Pangea Supercontinent suffers ruptures (Benedetto, 2018). In this time interval, most of the 
Andean and extra-Andean regions were subjected to extensional stresses that generated basins 
limited by faults in which continental and volcaniclastic sediments associated with acid and 
intermediate magmatism accumulated (Benedetto, 2018; Sempere et al., 2004). These first 
incipient distensive phenomena are the framework in which the Cuevo Group units develop in 
the southern sub-Andean region of Bolivia. The paleogeography of these rift basins would today 
be represented by the Eastern Cordillera, which would have been formed as an inversion of 
these narrow rifts developed between the Middle Permian and the Lower Cretaceous (Sempere 
et al., 2004). The Jurassic to Lower Cretaceous times in the South American continent, is 
characterized by extensional-type efforts dominated by the opening of the Atlantic Ocean. As a 
consequence, in the sub-Andean region of Bolivia, asymmetric grabens of N-NE orientation 
were developed and filled by aeolian and fluvial-lacustrine sedimentary rocks of the Tacurú 
Group with basaltic intercalations of different compositions (continental and alkaline tholeiitic 
rocks; Kusiak et al., 2014). Finally, the Cenozoic interval is related to the space and time 
evolution of the Andean fold and thrust belt. 

The isopach maps developed by Hernandez et al., (2018) for time intervals separated by first 
order unconformities (Silurian to Miocene; Fig. 3), made it possible not only to identify changes 
and thickness variation trends in space but also to demarcate superimposed areas of higher or 
lower subsidence responding to basement controls. The location and magnitude of these 
structural peaks and troughs, as interpreted through thickness variation are, in several cases, 
concordant with planimetric irregularities in the anticline structures (inflection areas, plunges, 
and transfer zones). Based on this spatial relationship, a potential control of pre-Andean 
structures on shortening transfer may be inferred (Zubieta et al., 1996; Giraudo and Limachi, 
2001). 

Regional cross-sections developed by different authors have allowed determining shortening 
values in the southern sub-Andean, of up to 100 km in the northern part, close to the city of 
Villamontes (Dunn et al., 1995; Giraudo et al., 1999), whereas shortening values of around 60 
km were calculated close to the Argentina–Bolivia international border (Mingramm et al., 1979; 
Baby et al., 1997; Kley and Monaldi, 1999; Hernández et al., 2002). Finally, the regional 
balanced cross-section developed by Sanchez et al., (2020) at the latitude of Cuevo River, a 
little south of the study area, presents a shortening value of 88 km (40%), involving the whole 
sub-Andean system, from the inter-Andean-sub-Andean limit to the west up to the 
Mandeyapecua structure to the east. This last value is shown in a consistent way with the 
shortening magnitudes determined in the present study considering that only the easternmost 
structures included in the regional section constructed by Sanchez et al., (2020) should be 
compared. 
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Fig. 3. A. Infilling stages for the main sedimentary cycles identified in the southern sub-Andean system. 
Location of the cross-section analyzed is displayed in Fig. 3B (light blue vertical rectangle).  Polygon 
colors: dark green (Lower Silurian-Lower Devonian); brown (Middle–Upper Devonian); gray 
(Carboniferous–Lower Permian); blue (Middle Permian–Norian); light blue (Post Norian to pre-181 Ma 
Lower Jurassic); green (Upper Jurassic–Lower Cretaceous); orange (Oligocene-Lower Miocene); yellow 
(Miocene, 23–11.5 Ma). Red lines are interpreted faults. B. 3D structural surface for Ordovician top or 
Silurian base (location in Fig. 1B), leveled to 11.5 Ma timeline. Vertical black lines correspond to wells. 
Diagrams present 10 times vertical exaggeration (values in meters below sea level). Datum and 
coordinates: UTM, WGS84 (according to Hernandez et al., 2018). 

Based on the location of the main detachment levels and the mechanical behavior of the 
stratigraphic units, the sedimentary column was divided, prior to Hernández et al., (2018), into 
three structural intervals (Mombrú and Aramayo Flores, 1986; Aramayo Flores, 1989; Baby et 
al., 1992; Starck et al., 2002; Leturmy et al., 2000; Giampaoli and Rojas Vera, 2018), assigning 
a parallel shear folding mechanism to the lower structural level strata. In their regional balanced 
cross-section, Hernández et al. (2002) evaluated the three-rheological-level structural outline, 
but trishear kinematic modeling (Erslev, 1991) was applied to the lower structural level. The 
algorithm related to this model is more characteristic of ductile inhomogeneous deformation. 
Finally, Hernández et al. (2018) proposed a structural framework based on the identification of 
four rheological levels (Fig. 2). Levels 1 and 3, with a shale-dominated composition 
(Ordovician to Kirusillas Formation and Los Monos Formation, respectively), are deformed as a 
weak isotropic material and can be simulated using Trishear kinematic modeling. On the other 
hand, rheological levels 2 and 4 (Tarabuco–Santa Rosa–Icla–Huamampampa Formations and 
Carboniferous–Cenozoic interval, respectively), with a sand/shale alternating composition, are 
structured as strongly heterogeneous intervals responding to the compressive stress field with 
parallel folding, as mentioned by Hardy and Finch, (2007). A simple shear kinematic model 
could be used to simulate this deformation. This behavior has been tested as a feasible model for 
the deep structure in significant oil/gas fields in Argentina and Bolivia (Hernández et al., 2011; 
Rocha and Cristallini, 2018). The four-rheological-level setting is the one considered suitable 
and applied in this publication for the structural analysis and chrono-kinematic modeling. 
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2.2. Sub-Andean fold-and-thrust belt evolution and time constraints 

The sub-Andean fold-and-thrust system dynamics and its evolution over time, that is, the 
definition of fault-related anticlines timing, has been the subject of various studies both in its 
northern sector (Hernández et al, 2017; Constantini et al, 2018) as in its southern portion 
(Hernández et al., 2002; Echavarría et al., 2003; Anderson et al., 2018). Regarding this last 
sector and the study area of this work, the paleomagnetic, geochronological and 
thermochronological analyzes, suggest a fold-and-thrust belt developed from 9 Ma (Hernández 
et al., 2002; Echavarría et al., 2003) or ~ 11-8 Ma (Anderson et al., 2018) until today, as a result 
of an east-northeast-verging compressive stress field related to an eastward shortening transfer 
coming from the Eastern Cordillera and/or inter-Andean zone.  

Timelines definition from the distal volcanic fall levels (tuffs) interspersed in the Miocene-
Pliocene fluvial and marine deposits in the sub-Andean system have contributed to the 
understanding of the evolutionary dynamics of this fold-and-thrust belt. In this sense, 
geochronological analyzes have allowed the identification of space-and-time variations in 
sedimentation rates (Hernández et al., 2002; Echavarría et al., 2003), the definition of the 
growing ages of structures (Hernández et al., 2002), the age associated with marine 
transgressions (Hernández et al., 2005; Uba et al., 2007), sediment provenance analysis 
(Amidon et al., 2017), among other aspects. 

The analysis and interpretation of paleomagnetic and thermochronological data within the sub-
Andean zone included in the aforementioned contributions have resulted in different 
evolutionary scenarios aiming at fault-related folds with younger growing ages to the east (~ 9 
to 2.5 Ma; Hernández et al., 2002) as well as their registered out-of-sequence fault movements 
(~ 5-4 to 0 Ma; Hernández et al., 2002) evidencing a “continuous” structural evolution with 
growing rates variation on the one hand,  and a stop-and-go cyclical evolution model pointing to 
stagnation periods (~ 8.5 to 1.5 Ma) and advancing deformation intervals (from ~1.5 Ma on) as 
proposed by Anderson et al., (2018), on the other. 

 

3. Methodology 

The evolutionary analysis and the chronology of structures formation in compressive systems 
requires a multi-variable assessment regarding the mechanical-rheological stratigraphy of the 
rock column involved in the deformation, depth, inclination, morphology and connection 
between detachment levels, pressure of fluids and the presence of pre-existing structures or 
anisotropies among others. This analysis is achieved through the combination of subsurface data 
(2D-3D seismic and wells), surface data (structural mapping and stratigraphic surveys) and 
model-non-dependent analytical techniques such as geochronological (e.g. U-Pb in zircons) and 
thermochronological (e.g. fission-tracks and (U-Th-Sm)/He in apatites and zircons) 
determinations. This integrated-type analysis was carried out in the study area involving the 
structural transect developed in the southern sub-Andean system of Bolivia between the 
Incahuasi-Curuyuqui and Mandeyapecua structures as western and eastern extremes, 
respectively (Fig. 1). 
 
The analysis performed in this work is based on the combination and integration of low-
temperature thermochronological data (fission-tracks and (U-Th-Sm)/He, in apatites) and 
geochronological data (U-Pb SHRIMP in zircons), with geological constraints derived from 
surface and subsurface information. The aforementioned analytical techniques were applied to 
siliciclastic (sandstones) and volcanic (tuff levels) surface rock samples collected during field 
work (mapping and stratigraphic survey), in 2016-2017. 
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Apatite fission-track analyses were carried out in their entirety at the R&D Productive 
Technology Center, LA.TE. ANDES S.A. (Salta, Argentina). Concerning the apatite (U-Th-
Sm)/He analyses, the tasks inherent to the preparation of samples, measurement of grains 
geometric parameters and their packing in Niobium tubes were developed at LA.TE. ANDES 
S.A., while the analytical measurements were developed in the Laboratory of 
Thermochronology of (U-Th-Sm)/He in the city of Prague (Czech Republic) in the case of the 
structures of Curuyuqui-Pirirenda, Carohuaicho and Tatarenda, and at the Jackson School of 
Geosciences in Austin, Texas (USA) for the Borebigua, Charagua and Mandeyapecua 
structures. Finally, regarding the U-Pb analyses, the procedures inherent to sample preparation, 
selection of crystals to be mounted and the definition of measurement spots by means of 
cathodoluminescence and back-scattering images were developed at LA.TE. ANDES S.A., 
while the corresponding isotopic measurements, data reduction, and age calculation were 
carried out at the Geosciences Institute of the University of São Paulo (SHRIMP IIe, Brazil). 
 
3.1. Geochronology. Zircon U-Pb dating 
 
 U-Th/ Pb technique is based on the physical principle of radioactive decay of Uranium (238U 
and 235U) and Thorium (232Th) into stable daughter isotopes of Lead (206Pb, 207Pb and 208Pb, 
respectively) through chains completely independent decay cells involving numerous 
intermediate isotopes. 
 
The stability of the U-Th/ Pb system derives from the fact that the volume diffusion of Pb 
through minerals network is generally slow compared to other thermochronological techniques, 
such as those based on the diffusion of He or the closure of fission tracks, which allows to know 
the formation ages of minerals or rocks. U–Th–Pb isotopic system in zircon will typically have 
a closure temperature greater than 900 °C (Cherniak and Watson, 2001; Lee, 1997).  
 
U/Pb measurements were carried out on selected zircons from tuff samples in the study area 
through SHRIMP II (Sensitive High Resolution Ion Micro Probe) equipment. This technique 
allows for point isotopic analysis (̴ 20 μm x 3 μm) on individual zircon grains, avoiding 
inclusions or fractures as much as possible. Measurements include core and edge of grain in 
some cases, generally, only one spot per analyzed zircon was measured, reaching between 15 to 
37 measurement spots per sample (Tab. S1). The results were finally processed using the 
SQUIZ program (Ludwig, 2008) and the ISOPLOT/Ex program (version 3.00; Ludwig, 2003). 
 
The combination of these measurements with the low-temperature thermochronological data set 
obtained in this study has contributed significantly to the definition of t-T coordinates in the 
corresponding numerical modeling. In this sense, the timelines definition based on U-Pb 
measurements applied on Miocene tuff levels permitted analyzing the most recent history of the 
sub-Andean fold and thrust system. 
 
3.2. Thermochronology 
 
Thermochronology is based on the accumulation and thermally controlled retention of isotopic 
daughter products and linear crystal defects produced during the radioactive decay of parent. 
Due to the temperature sensitivity of the thermochronometers, the ages provide information 
about the cooling history of the rock, rather than mineral crystallization ages (although in some 
cases they do record crystallization ages as well). 
For this research, apatite fission-track (AFT), and apatite (U-Th-Sm)/He dating (AHe) were 
performed on Devonian to Miocene sedimentary and volcanic rocks involving several fault-
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related anticlines in the study area (Fig. 1). Whenever possible the two thermochronometry 
dating techniques were applied to the samples, allowing a more robust evaluation of the spatial 
and temporal cooling of the sampled rocks. Thirty-six samples contained apatite grains in 
quantities, to allow AFT and AHe dating (Figs. 1, S1-S2-; Tabs. S2-S3). 
 
3.2.1. Apatite fission-track (AFT) thermochronology 
 
Fission track thermochronology is based on the retention of radiation damage (fission tracks) 
formed during the spontaneous fission of 238U in uranium-bearing minerals (commonly apatite 
or zircon). The closure temperature, that is the temperature of the dated mineral when the 
system closes and daughter start to accumulate while rock is undergoing steady monotonic 
cooling (Dodson, 1973), is on the order of 110 °C (±10 °C)/10Myrs for the AFT system, 
although it depends on apatite composition and cooling rate (e.g., Gleadow and Duddy, 1981; 
Gleadow et al., 1986; Green et al., 1989). On the other hand, fission tracks orientation in 
relationship with the crystallographic c-axis is to be considered within the annealing conditions 
(Green et al., 1986; Ketcham et al., 1999, 2007). The partial annealing zone (PAZ, Gleadow and 
Fitzgerald, 1987) for apatite is from ~120 °C/10Myrs to 60 °C/10Myrs (e.g., Reiners and 
Brandon, 2006). Determining the concentration of 238U and density of spontaneous fission 
tracks allows the determination of fission-track ages that, together with the kinetic parameter of 
confined track lengths, may provide constraints on the thermal history of rocks as they traverse 
the upper 4–5 km of the crust. 
 
Apatites compositional variations (F, Cl, OH, REE) affect the annealing behavior of fission 
tracks (e.g. Green et al., 1986). Several kinetics parameters were used to understand this, as 
Dpar, Cl content (apfu or %), rmr0. The most commonly used is Dpar (e.g. Ketcham 2016, 
Donelick et al., 2005). DPar is the etch pit diameter parallel to the c-axis, specified in microns, 
and is positively correlated with thermal resistance. The apatites with Dpar < 1.75 are less 
resistant to thermal annealing than apatites with higher Dpar (Donelick et al., 2005). For this 
work, Dpar was the kinetic parameter chosen to model. 
 
The samples included in the present study were irradiated in Reactor RA-3 (Ezeiza Atomic 
Center, Buenos Aires). Measurements were made using a Zeiss® AXIO Imager Z2m binocular 
microscope with advanced research phototube, with Autoscan® equipment and associated 
software. The entire system is controlled by TrackWorks® Autoscan® Software with which the 
tracks density counting and measurement of kinetic parameters (confined-track lengths and 
DPar© values) were performed, to carry out the corresponding numerical modeling (HeFTy®, 
Ketcham, 2005; Ketcham et al., 2007a, b; 2009). Fission-track ages were determined using the 
ζ-value method (external detector method, EDM) described by Gleadow (1981), Hurford and 
Green (1982, 1983) and Wagner and Van den Haute (1992). A minimum of 19 grains per 
sample was counted (Tab. S2). Data processing was performed using the TrackKey© program 
(Dunkl, 2002) for calculating ages and their associated error (1σ). In those samples with high 
dispersion in the age distribution by grain (χ2-test with values <5% with respect to 1σ-error, 
Galbraith, 1981), the population analysis was performed 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 the accumulation of 4He during the α-
disintegration of 238U, 235U, 232Th, their daughter products and 147Sm. The closure temperature 
(Tc) of mineral grains is dependent on: activation energy (E), a geometric factor for the crystal 
form (A), thermal diffusivity (D0), the length of the average diffusion pathway from the interior 
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to the surface of the grain (a) and the cooling rate at closure temperature (dT/dt) (Dodson, 
1973). In general, the Tc of the apatite (U-Th-Sm)/He system is ~70°C/1 Myr for cooling rates 
of 10°C/Myr, subgrain domain sizes > 60 µm and an activation energy of about 36 kcal/mol, 
and a log(D0) of 7.7±0.6 cm²/s (Farley 2000). The Partial Retention Zone (PRZ) for the (U-Th-
Sm)/He system in apatites is defined between 70 °C/1 Myr and 40 °C/1 Myr (Wolf et al., 1996; 
Farley, 1996, 2000, 2002; Stockli et al., 2000). Different calibration models have been proposed 
for the (U-Th-Sm)/He system in apatites (Wolf et al., 1996; Farley 2000; Shuster et al., 2006; 
Flowers et al., 2009) in relationship with the role of crystal size on effective diffusion, stopping 
distances, gain or loss of radiogenic He generated within an outer rim of the mineral grain, and 
the correction for radiation damage on He diffusion. 
 
(U–Th–Sm)/He analysis was performed on suitable single grains of apatite. The grains were 
selected, and size measured. Since the He analytical technique requires well-defined crystals 
without any cracks, mineral or fluid inclusions, the apatite mineral concentrates were screened 
for appropriate grains. Three to six grains per sample were selected and send for analytical work 
(Tab. S3). The radiogenic 4He was extracted in an ultrahigh vacuum chamber through heating 
with an Nd-YAG laser. The released gas was subsequently measured and quantified with a 
Balzers Prisma QMS-200 quadrupole mass spectrometer. The grains were recovered, digested 
and spiked with known amounts of tracer-isotopes (230Th-235U-147Sm). In order to minimize 
effects caused by undetected mineral inclusions, apatite grains were bombed to ensure complete 
digestions as described in Vermeesch et al. (2007). Thereafter, U-Th content of the dissolved 
crystals was measured on a Fisons/VG PlasmaQuad II ICP-MS. Further analytical details are 
documented by Biswas et al. (2007), Stockli et al. (2003) and Wipf (2006). 
 
Apatite (U-Th-Sm)/He ages obtained in the present study were combined with the apatite 
fission-track data for the development of the corresponding numerical modeling, contributing to 
the chrono-kinematic interpretation of the structures involved in the study area and the 
corresponding quantitative analyzes. 
 
 
3.3. Thermal modeling: time-Temperature (t-T) paths and geological model 
 
Thermal modeling of thermochronological data allows us to reconstruct the heating and cooling 
history for crustal segments or specific structures like fault-related folds. HeFTy® (v.1.9.3.74) 
(Ketcham, 2005; Ketcham et al., 2007a, b; 2009) was used to test time-Temperature (t-T) paths 
against the thermochronological data set. The software code runs paths through t-T-constraints 
to find possible solutions for a t-T-history considering the input data.  

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

1) General: 

           - Structural location of the sample. 

           - Stratigraphic location of the sample. 

           - Possibility of combining thermochronometers for joint modeling. 

2) Thermochronological data: 

Apatite fission-track system (AFT): 

         - Amount of grains measured. Single grain ages. 
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         - Amount of confined spontaneous fission-track lengths measured (corrected for c-axis 
related angle (Donelick et al., 1999; Ketcham, 2017, 5.5M, 2009)), etch pit size (Dpar®), 
annealing kinetics of Ketcham et al. (2007a, b). 

         - AFT Central ages vs Stratigraphic ages. 

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

Apatite (U-Th-Sm)/He system (AHe): 

        - U-, Th-, Sm-, and He concentration. 

        - Radius of the single grains and uncorrected single grain ages. Ft value (α-correction) > 
0.5. 

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

        - Diffusion kinetics of Flowers et al. (2007, 2009), Wolf et al., (1996), Farley (2000) or 
Shuster et al., (2006), depending on the case. It must be stated that, in principle, the RDAAM 
kinetic model by Flowers et al., (2009) was considered as the most suitable and updated model 
taking into account the influence of radiation damage on Helium diffusion within apatite grains. 
In some cases, it was not feasible to apply the model mentioned, thus, alternative kinetic models 
were tested considering the influence of crystal size on effective diffusion, stopping distances, 
gain or loss of radiogenic He generated within an outer rim of the mineral grain, and particular 
chemical composition of apatite grains (Wolf et al., 1996; Farley, 2000 or Shuster et al., 2006). 

 

To define a possible t-T-evolution we tested our thermochronological data against a geological 
evolution model and an inverse, numerical model was performed (Fig. 4, Fig. S3). The 
geological evolution model is determined by t-T-constraints and based on published knowledge 
of the geological history (Hernández et al., 2002; Echavarría et al., 2003; Hernández et al., 
2005; Uba et al., 2007; Amidon et al., 2017; Anderson et al., 2018; Hernández et al., 2018. Figs. 
2-3). Therefore, specific t-T-constraints (Tab. 1, Tab. S4) were set corresponding to 2016-2017 
field data (mapping and stratigraphic survey). In this way, particular structural and stratigraphic 
constraints were applied to each sample modeled in relationship with geographic and geological 
location, timelines available, magnitude and distribution of thickness values per time interval. 
On the other hand, a homogenous paleo-geothermal gradient of 30 °C/km was applied to the 
entire modeled time (starting point for thickness-to-temperature conversion), giving the 
possibility of higher and lower values during numerical modeling constraints definition. Finally, 
paleo-surface temperatures for Devonian, Carboniferous and Permian-Mesozoic-Cenozoic time 
intervals was assumed as 20 ± 5 °C, 10 ± 5 °C and 20 ± 5 °C in correspondence with 
paleolatitude values for the study area (Wygrala, 1989; Scotese et al., 1992,1999). 

Table 1. Numerical modeling constraints. Thickness per time interval column represent the magnitude of 
each stratigraphic interval being deposited (first order unconformities separating) or estimated thickness 
being eroded (numbers in parentheses), integrating both the regional and local scale. (1) Growth strata 
thickness dependent on structural position. (2) Structural timing related to thermochronological data 
(apatite (U-Th-Sm)/He). Supporting information in Tab S4. 
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Constraints definition integrates both regional and local observations concerning thicknesses 
preserved per time interval and thickness not preserved or estimated to have been eroded (Tab. 
1). The Upper Devonian, Lower Carboniferous, Upper Carboniferous, Upper Jurassic to Lower 
Cretaceous, Oligocene to Lower Miocene and Upper Miocene to date units were deposited, 
identified and measured in the study area through mapping and stratigraphic survey. The 
Permian to Triassic units were identified and measured regionally in the southern sub-Andean 
system, but not preserved within the study area as neither does the Upper Carboniferous San 
Telmo Formation. The stratigraphic age and regional thickness distribution for each 
stratigraphic interval supporting the geological constraints defined have their origin in: 

1. Iquiri-Saipurú Fms. Sedimentation. Upper Devonian units based on Perez Leyton, (1990), 
Albariño et al., (2002), Dalenz Farjat et al., (2002), Álvarez et al., (2004), Troth et al., (2011), 
Hernández et al., (2018).  

2. Macharetí Group. Sedimentation. Lower Carboniferous units based on Suárez Soruco and 
Lobo Boneta, (1983), Perez Leyton, (1990), Caputo et al., (2008), Wicander et al., (2011), 
Streel et al., (2013), Lakin et al., (2014), Rubinstein et al., (2017), Benedetto, (2018a), 
Hernández et al., (2018). 

3. Mandiyutí Group Sedimentation. Upper Carboniferous units based on Viera and Hernández, 
(2001); Benedetto, (2018); Hernández et al., (2018). 

4. Cuevo Group (Cangapi+ Vitiacua Fms.) (Accumulation) and 5. Cuevo Group (Cangapi+ 
Vitiacua Fms.) (Absence). Permian to Triassic units based on Beltan et al., (1987), Suarez 
Riglos and Dalenz Farjat, (1993), Hernández et al., (2018), Gallo et al., (2019). 

6. Tacurú Group (Accumulation) and 7. Tacurú Group (partial Absence). Upper Jurassic to 
Lower Cretaceous units based on Suárez Riglos and Souza Carvalho, (2018), Kusiak et al., 
(2014), Hernández et al., (2018). 

8. Petaca Fm. Sedimentation. Oligocene to Lower Miocene units based on Marshall and 
Sempere, (1991), Erikson, (1998), Hernández et al., (2018). 

9. Yecua Fm. - Chaco Group (growth strata included). Sedimentation. Upper Miocene to date 
units based on Erikson, (1998), Hernández et al., (2002), Hernández et al., (2005), Uba et al., 
(2007, 2009), Hernández et al., (2018), Sánchez et al., (2020), and U-Pb ages on zircons 
included within the present publication. 

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

 
The interpretation of the study area in relationship with heating and cooling events, and the 
estimation of exhumation and subsidence rates, were performed based on the “weighted-mean” 
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paths of the modeled t-T evolution, summarizing all possible t-T paths. The cooling and heating 
rates (constant slope segments within t-T trajectories) were divided by a fixed geothermal 
gradient (30°/km) to obtain an exhumation and subsidence rate, respectively. All rates are 
expressed as positive rates, and relate to exhumation or subsidence according to the decrease 
and increase of temperature over time. On the other hand, the corresponding uncertainty derived 
from numerical modeling is statistically expressed through the goodness of fit (G.O.F) values of 
50% and 5%, represented by Good or Acceptable t-T paths, respectively.  
 
The application of multiple thermochronometers and the included geological constraints 
allowed the development of the corresponding numerical models for the definition of t-T 
trajectories (HeFTy® software; Ketcham, 2005), making it possible to identify and characterize 
heating-cooling events that have occurred since the deposition of the stratigraphic units 
analyzed to date, providing important definitions to the oil and gas system. 
 
3.4. Structural analysis: chrono-kinematic modeling 
 
The structural analysis was developed through the construction and restoration of balanced 
sections in the Andino 3D® software using structural and stratigraphic surface data, and 
subsurface data corresponding to well information (tops, logs, dipmeters) and 2D seismic (Fig. 
5, Fig. S4). The developed cross-sections were integrated three-dimensionally, providing 
coherence and solidity to the corresponding interpretation. On the other hand, the incorporation 
of the data emerging from the analytical techniques described allowed the development of a 
chrono-kinematic analysis of the deformation (Fig. 8), enabling to characterize the chronology 
of growth of the structures and their space-and-time link, the quantitative analysis of 
exhumation rates, the transfer of shortening between structures, etc. This type of analysis 
requires a sampling design in transects arranged transverse to the structural features in the area 
of interest, making it possible to take rock samples from all the outcropping stratigraphic units 
both in the nuclei and in the front-limbs and back-limbs of successive or adjacent anticlines and 
synclines (Hernández et al., 2018; Hernández et al., 2020). The integral sampling of the 
analyzed structures will allow a complete chrono-kinematic reconstruction from the definition 
of t-T trajectories, while a sampling limited, for example, to the core of the anticline structures 
(older stratigraphic units), will only allow characterizing their most recent history. 
 
3.5. Oil and Gas system numerical modeling  
 
The integration of geological and thermochronological data led to the development of the Oil 
and Gas system modeling presented in the study area. A 1D Petromod® model was constructed 
for the syncline located between Charagua and Borebigua structures (Fig. 9, Figs. S5-S7,  see 
location in Fig. 1C) for assessing and characterizing the hydrocarbon perspectives within the 
area. The modeling performed integrates the input data related to geological history, 
sedimentation age, thicknesses (preserved and eroded), lithological composition, 
characterization of petroleum system elements (source rock, seal rock, reservoir rock, 
overburden rock and trap timing), and kinetic and geochemical parameters (Total Organic 
Content-TOC, Hydrogen Index-HI) (Fig.  S5), the latter based on published information (Cruz 
et al., 2002, 2008).  

The modeling achieved permitted evaluating the possible source rocks in the area as described 
by Cruz et al., (2002, 2008): a) Emsian-Eifelian-Givetian interval (Los Monos Formation), b) 
Lochkovian interval (fine-grain sediments within the Santa Rosa Formation) and c) Silurian 
interval (Kirusillas Formation) (see stratigraphic location in Fig. 2). 
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To complete the thermal maturity data (modeled Vitrinite Reflectance values; %Ro, Fig. S7), an 
assessment of the thermochronological data set in Charagua was made, combining AFT-AHe 
data and the t-T numerical modeling developed for the Upper Devonian unit (Iquiri Formation, 
Charagua structure). In this way, it was possible to obtain a burial curve for the thermal history 
model developed, following and being calibrated with the weighted-mean path obtained with 
HeFTy® numerical modeling.  

 
 

4. Results 

Geochronological and Thermochronological data 

The field tasks corresponding to the structural mapping and the stratigraphic survey carried out 
between 2016 and 2017, allowed the collection of clastic and volcanic samples on which the 
low-temperature thermochronology analyzes (fission-tracks and (U-Th-Sm)/He, on apatites) and 
geochronological studies (absolute dating, U-Pb SHRIMP on zircons) were performed. In this 
sense, a total of 56 samples corresponding to Devonian, Carboniferous, Mesozoic (Jurassic-
Cretaceous) and Cenozoic (Oligocene-Miocene) units were collected, from which the samples 
were selected for the application of the aforementioned analytical methods (Fig. 1, Fig. S1; 
Tabs. 2-5, Tabs. S1-S3). 

The results obtained from the thermochronometers analyzed (apatite fission-track, apatite (U-
Th-Sm)/He and zircon U-Pb SHRIMP) and the numerical models performed allowed to 
reconstruct the complete t-T evolution of the units analyzed from the deposition age up to the 
present, allowing the definition and characterization of heating and cooling events, interpreted 
as subsidence-burial and exhumation-structural growth phenomena, respectively. 

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

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

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

 

Zircon U-Pb SHRIMP analyzes developed in 5 samples corresponding to volcanic levels 
located, from west to east, in the Pirirenda syncline, Itai syncline, western flank of Borebigua 
structure, eastern flank of Charagua anticline and Mandeyapecua structure, determined the ages 
8.86 ± 0.21 Ma (A-167), 9.01 ± 0.21 Ma (A-171), 8.57 ± 0.78 Ma (A-051), 6.82 ± 0.29 Ma (A-
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039) and 6.98 ± 0.31Ma (A-045), respectively (Tab. 2, Tab. S1). This constitutes a relevant 
aspect of evaluating the space-and-time variation of the Miocene deposits as the lithostatic 
column above the underlying units sampled with thermochronological objectives, allowing to 
characterize the Miocene-Pliocene subsidence processes. 
 
4.2. Apatite fission-track data 

Apatite fission-track analysis (AFT) were carried out on 11, Devonian and Carboniferous 
siliciclastic sedimentary rock samples, distributed in the structures of Carohuaicho, Borebigua 
and Charagua (Figs. 1, 5, Figs. S1, S2; Tabs. 3-4, Tab. S2).  

Apatite fission-track analysis lead to central ages between 57.6 ± 6.5 Ma and 359.6 ± 32.2 Ma 
(Tab. 3, Tab. S2). The apatite fission-track ages obtained for the samples in the study area are 
younger than the corresponding stratigraphic ages, with the exception of a sample from the 
Upper Carboniferous of the Charagua structure (A-044, Central Age AFT: 359.6 ± 32.2 Ma). 
The statistical population analysis using all single grain ages, allowed the identification of 
samples with multiple age populations and samples with homogeneous age distributions or 
single populations (Tab. 3, Fig. S2). In this sense, the recurrence of ages between 138.4 ± 14.7 
Ma and 166.8 ± 12.9 Ma must be mentioned in the eastern sector of the study area (structures of 
Borebigua and Charagua), determined from a Devonian sample with unimodal single grain age 
distribution (A-054: 138.4 ± 14.7 Ma, P(χ)2 = 15.02) as per Devonian and Lower Carboniferous 
samples with calculated single grain age populations with wide predominance of these ages 
(79.8 to 81.7% of the grains measured; A-042: 165.1 ± 13.35 Ma; A-043: 149.4 ± 13.2 Ma; and 
A-101: 166.8 ± 12.9 Ma). Finally, the measurement of confined-track lengths and Dpar® values, 
in addition to the individual ages mentioned (Tab. 4, Tab. S2), allowed conferring solidity to the 
development of the numerical modeling of the samples in the study area.  
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Table. 3. Apatite Fission Track Data in the study area. AFT central ages calculated using IRMM 540 and z-IRMM 540 dosimetric glasses between 300-400. ρs: density of 
spontaneous fission-tracks (x 105 tracks/cm2) measured in apatite grains; Ns: total number of spontaneous fission-tracks; ρi and ρd: density of fission-tracks induced in the 
samples and in the dosimetric glasses respectively (x 105 tracks/cm2) in the external detector (g = 0.5); Ni: total number of induced fission-tracks in the sample; P (χ2): 
probability of obtaining a value of  χ2 for n degrees of freedom (where n = number of crystals -1); a probability> 5% is indicative of a homogeneous population. Samples with 
probability <5% must be analyzed with the binomial peak adjustment method. P1, P2 and P3 are the averages of the different populations statistically calculated using the 
Binomfit© software (numbers in parentheses indicating the percentage of grains included in each population). See supporting AFT data in Tab. S2 and Fig. S2. WGS84 datum 
used for coordinates. 

 

Table. 4. Apatite fission-track lengths and Dpar data.  n CT: number of confined track lengths measured; CT mean: Average of confined track lengths measured; CT std: 
standard deviation of the confined track lengths per sample; CT skew: kurtosis of the distribution relative to the average value (measure of the asymmetry of the distribution); 
CT-c mean: an average of confined track lengths corrected by c-axis; n Dpar: number of measured etch pit dimensions; Dpar mean: average DPar per sample. See supporting 
data in Tab. S2. Jo
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Apatite fission-track length and etch pit size (Dpar®) data was acquired on the 11 samples. In 
average, 5.1 Dpar®/grain, and 139.9 Dpar®/sample, respectively were measured, meaning a total 
of 1539 etch pit sizes for all apatite grains (Tab. 4; Tab. S2). The mean Dpar® value for each 
sample ranges between 1.2 and 1.6 μm with an average Dpar® value of 1.4 μm. This relatively 
narrow range possibly indicates a homogeneous composition concerning the fluorine and 
chlorine content of apatite. Moreover, the use of the parameter Rmr0 was also considered, 
calculating said parameter from the measurement of DPar according to the publications of 
Ketcham (1999, 2007) (Tab. S2), and in no case was it observed compositional variation with 
respect to ages. Both the DPar and Rmr0 values show overlap in the composition between the 
grains. In all cases, the values obtained for Rmr0, exceeded the value of Rmr0> 0.80 and DPar 
<1.75, which would indicate fluorapatites, with a low resistance to annealing. Finally, we 
measured 43.4 track lengths per sample (maximum of 112), meaning 477 track lengths of 
confined fission-tracks for all samples (Tab. 4). Mean track lengths vary between 8.9 μm and 
11.4 μm. The correction of the confined track lengths for their crystallographic orientation led to 
values between 11.7 μm and 15.7 μm (Ketcham et al., 2007, HeFTy®, v.1.9.3.74). 

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

36 sedimentary rocks samples and volcanic tuff samples (Devonian, Carboniferous, Jurassic-
Cretaceous, Oligocene, Miocene) distributed, from west to east, in the structures of Curuyuqui-
Pirirenda, Carohuaicho, Tatarenda, Borebigua, Charagua and Mandeyapecua, were analyzed 
using the apatite (U-Th-Sm)/He technique (Fig. 1, Fig. S1; Tab. 5, Tab. S3).  

The 36 samples exhibited variable individual α-ejection corrected AHe ages (Ketcham et al., 
2011) with high frequency in the Miocene-Pliocene-Pleistocene interval, ages between 15.9 ± 
1.0 Ma and 1.2 ± 0.01 Ma, with mean AHe ages between 8.8 ± 2.2 Ma and 2.0 ± 0.2 Ma (Tab. 
5, Tab. S3). The individual ages measured are in relation to the stratigraphic age of the samples, 
generally increasing the dispersion and variability of AHe ages towards the younger clastic 
samples stratigraphically speaking. The Devonian samples have very young AHe ages limited 
between 5.3 ± 0.3 Ma and 2.0 ± 0.1 Ma (except for two grains belonging to samples A-042 and 
A-160), reflecting cooling under the reference temperature defined for the apatite (U-Th-
Sm)/He system and allowing, in this case, to characterize the most recent thermal events in the 
study area. Samples from the Lower Carboniferous show slightly older AHe ages between 7.3 ± 
0.4 Ma and 3.2 ± 0.2 Ma, exhibiting few older ages outside this range (Tab. S3). On the other 
hand, the samples belonging to the Upper Carboniferous present individual AHe ages varying 
between 215.7 ± 9.0 Ma and 2.3 ± 0.1 Ma. The results obtained for the Upper Carboniferous 
samples in the study area depend on their structural position and the Miocene-Pliocene-to-date 
subsidence-burial history. 
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Table. 5. Apatite (U-Th-Sm)/He data in the study area.  See supporting (U-Th-Sm)/He data in Tab. S3. n 
(a,m): number of grains analyzed, grains used in mean age. WGS84 datum used for coordinates. 

 

 

Ascending stratigraphically, the samples corresponding to the Upper Jurassic-Lower Cretaceous 
interval, present heterogeneous individual ages of wide dispersion determined between 412.0 ± 
24.7 Ma and 23.1 ± 1.4 Ma, in a similar way to the Oligocene-Miocene samples showing old 
individual AHe ages of 493.1 ± 29.6 Ma to 242.1 ± 14.5 Ma, and to the Miocene clastic samples 
presenting AHe ages between 1.9 ± 0.1 Ma and 221.6 ± 13.3 Ma. Finally, the Miocene samples 
corresponding to tuffs and tuffaceous sandstones present two dissimilar stratigraphic age-
individual AHe age relationships, depending on their clastic-volcanic components, structural 
position and stratigraphic location. On one hand, there are samples with stratigraphic ages being 
older than their corresponding individual AHe ages (samples A-039, A-046, A-048, A-051, A-
053, A-167, A-171). On the other hand, there is one sample whose stratigraphic age is 
equivalent to the individual AHe ages measured (sample A-045). In the latter case, the 
aforementioned analysis contributed, together with the U-Pb SHRIMP measurements on zircons 
included in this study, to the definition of timelines in the Miocene-Pliocene interval, 
representing important constraints in the development of the numerical t-T modeling and the 
dynamic characterization of the sub-Andean fold-and-thrust system. 

4.4. Thermal history modeling 

Integrating the thermochronological data set and the regional-specific geological knowledge of 
the study area, thermal histories were modeled (HeFTy®) for 14 samples corresponding to 
Devonian (4), Lower Carboniferous (3), Upper Carboniferous (4) and Upper Miocene (3) 
stratigraphic ages. In the case of the regional transect involving the structures of Curuyuqui-
Carohuaicho, Tatarenda, Borebigua, Charagua and Mandeyapecua, we find t-T paths consistent 
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with both the multiple thermochronometers data and the geological model. Depending on the 
sample and the thermochronometers used (data measured), different combinations were taken 
into account considering AFT data (confined-track lengths and single grain ages) and/or AHe 
data (single grain ages). The combination of thermochronometers led to robust statistically 
supported t-T paths with AFT data providing precision through 60-110 °C, and AHe data giving 
information through 40-70 °C. 

For all samples, 50.000 t-T paths have been tested against the data set (Fig. 4, Fig. S3). Possible 
responses combining the thermochronological data and geological knowledge are statistically 
expressed through goodness of fit (G.O.F) values of 50% and 5%, represented by Good or 
Acceptable t-T paths, respectively. It is important to state that the combination of 
thermochronometers from multiple grains modeled together or a closely defined t-T geological 
constraint, both situations leading to a solid integration of thermochronological and geological 
data, in general yield lower G.O.F values. In the case of the study area, the samples were 
modeled with as many thermochronometers and detailed t-T constraints as possible searching 
for a realistic scenario suitable for all the combined data. Altogether, t-T models reveal between 
5 and 4425 good, and between 22 and 8938 acceptable t-T paths. 

Jo
urn

al 
Pre-

pro
of



 

 

  

Fig. 4. Time (t)-Temperature (T)-evolution of the individual samples in the study area based on the 
combination of the thermochronological data set (AFT and/or AHe) and geological constraints with the 
software HeFTy® (Ketcham et al., 2007a, b). See t-T models location in Fig. 1C. Samples ordered 
according to their stratigraphic age (from older to younger) and structural location (from west to east), 
from bottom left to top right. 

The numerical modeling performed in the study area reveals a complex thermal history from the 
Devonian until recent times giving place to the characterization of heating and cooling events, 
issues to be assessed in the petroleum system modeling. In this way, it was important to add as 
much detail as possible during t-T constraints definition on the one hand and to remain 
permeable to in principle unforeseen or illogical solutions that statistically adjust to the 
measured data, generating new working hypotheses to be deepened and tested, on the other. 
This occurs above all when it comes to geological events with undefined time and space 
parameters due to the lack of precise knowledge of the intervening variables.  
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4.5. Structural analysis. Balanced cross-section and shortening estimates 
 
The structural analysis developed in the study area results from the combination of surface and 
subsurface data. The integration of mapping and stratigraphic survey data on the one hand, and 
the information corresponding to wells and seismic on the other, permitted developing the 
balanced cross section to be presented in this study (Fig. 5). Following the four-rheological-
level model firstly applied by Hernández et al., (2018), the structural section developed and its 
corresponding restoration allowed to estimate a shortening value of 31 km, representing 33%, 
involving the structures of Curuyuqui-Carohuaicho, Borebigua, Charagua and Mandeyapecua. 
 
The structural analysis in general, and the balanced cross-section constructed in particular, 
represented a key point as a suitable framework for analyzing the thermochronological data later 
integrated within the Upper Miocene to date chrono-kinematic modeling and interpretation.  
 
 

 

Fig. 5. Balanced cross-section built in the study area with the 2D seismic information (line BO90-05), 
wells, surface data (see location in Fig. 1 C), and its corresponding restoration. Vertical axis in meters 
below/above sea level. Samples t-T modeled projected onto deformed and restored cross sections (red 
dots). 

 

5. Interpretation and discussion 

The analysis of multiple thermochronometers and their combination with the geological 
knowledge for the development of evolutionary t-T scenarios (Fig. 4, Fig. S3), has led to an 
advance in the characterization of heating and cooling processes (timing, rates and magnitude), 
interpreted as subsidence-burial and exhumation-erosion phenomena, respectively. In this sense, 
the thermal history of the samples analyzed in the structural transect has been modeled, joining 
the structures of Curuyuqui to the west and Mandeyecua to the east, involving Devonian to 
Miocene stratigraphic units in the study area. The t-T models elaborated have made it possible 
to characterize the thermal phenomena that occurred from the Devonian until today, revealing a 
complex geological history. 

All models show the t-T evolution since the corresponding depositional age until recent times (0 
Ma). It is relevant to mention that the AFT data related to pre-depositional history is really 
scarce and related to very few samples, besides the partial annealing condition mentioned (e.g. 
Upper Carboniferous formation age, A-197 sample, with a P3 Precambrian population of 
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565.6±69.7 Ma, represented by 19.3% of the grains within the sample; or sample A-200, Upper 
Carboniferous in age with a P2 Lower Devonian population of 398±43.2 Ma, Table 3). In this 
way, we cannot be sure that each apatite grain comes from the same source with the same t-T 
evolution in order to analyze and interpret a pre-depositional history. 

The geological model derived from the data acquired during 2016-2017 and the authors 
previously mentioned (published data) led to the geological evolution from Devonian times 
until nowadays in the study area. The model assumes a continuous subsidence-sedimentation 
heating-linked stage from the Upper Devonian up to the Upper Carboniferous-Permian 
boundary, applying the E-mode included in HeFTy® (E for Episodic) giving rise to the 
possibility of internal unconformities or sedimentation rates variation. This Upper Devonian to 
Upper Carboniferous-Permian boundary stage is followed by the assumed onset of 
sedimentation and subsequent erosion-linked cooling exhumation for the Permian-Triassic time, 
a stratigraphic interval that is regionally preserved but totally absent in the study area. Moving 
forward in time, the sedimentary record led to think about a new subsiding and sedimentation 
heating interval related to the Jurassic-Lower Cretaceous period, accommodation space driven 
possibly by extensional phenomena. It must be stated that an alternative scenario was designed 
considering an ongoing subsidence-sedimentation-heating stage from the Upper Carboniferous-
Permian boundary until the Lower Cretaceous yielding no results, in concordance with the 
apatite fission-track results exposed. To test how the samples were influenced thermally in time 
by the Jurassic-Lower Cretaceous sedimentary column and the possible subsidence triggering 
processes, t-T models have been permitted to run loosely covering a wider temperature interval 
in relationship with mean and maximum thicknesses preserved within the basin (Tab. 1, Tab. 
S4) as well as possible geothermal gradient variations. From the Lower Cretaceous up to the 
Oligocene-Miocene limit, a possible cooling phenomenon took place leading to an important 
time-elapsed-unconformity, responsible for placing thin Oligocene-Miocene amalgamated 
paleosoil deposits of Petaca Formation directly on top of the aforementioned Mesozoic strata. 
From the Middle Miocene, the t-T evolution is dominated by the sub-Andean fold-and-thrust 
belt dynamics including extremely fast subsidence-exhumation processes (high heating-cooling 
rate phenomena, respectively), leading to the nowadays structural-tectonic configuration. 

 

5.1. Devonian, Carboniferous-Permian to Triassic time 

The t-T histories modeled for the study area suggest a long-term warming phenomenon from ~ 
383-359 Ma (Upper Devonian) to ~ 245-240 Ma (Middle Triassic), associated with an interval 
of subsidence and sedimentation of the units belonging to the Upper Devonian (Iquiri Fm.), 
Lower and Upper Carboniferous (Machareti and Mandiyuti Groups, respectively) and Permian-
Triassic (Cuevo Group) reaching maximum variable temperatures of 40 - 80 ° C. The numerical 
modeling carried out on the Devonian samples, located in the structures of Carohuaicho (A-
160), Borebigua (A-054) and Charagua (A-042 and A-043), reflect that said thermal variability 
is fundamentally related to the Carboniferous units. The isopach maps developed by Hernández 
et al., (2018) (Fig. 3) and the seismic information presented by Viera and Hernández, (2001), 
and Rousse et al., (2018), complemented by the mapping and stratigraphic survey tasks for the 
years 2016-2017, show important variations in the Carboniferous units on both a regional and 
local scale. The study area reflects thickness variations in both east-west and north-south 
directions. In the first case, thicknesses of ~ 1,000 meters are evident in the anticline structure of 
Charagua (eastern sector of the study area, with complete Carboniferous record clearly defined 
by its lower contact with the Devonian and its upper contact with the Jurassic-Lower 
Cretaceous), values of ~ 1,800 meters in the Borebigua structure (complete stratigraphic 
thickness), and to the west a thickness of ~ 1,120 meters in the Carohuaicho anticline. In the 
second case, the Carohuaicho structure exhibits thicknesses of ~ 500 meters in the northern 

Jo
urn

al 
Pre-

pro
of



 

 

sector of the study area doubling its thickness towards the southern sector with ~ 1,120 meters 
over a distance of 40 kilometers, while the Borebigua structure shows a thickness increase in 
reverse with values of ~ 1,520 meters in the southern sector and values greater than ~ 1,800 
meters in its northern sector over a distance of 30 kilometers. The variation in thickness 
identified in the work area and at the regional scale allows inferring the existence of differential 
subsidence phenomena, pointing to the formation of different Carboniferous-age depocenters, 
suggesting a northwest-southeast arrangement (Hernández et al., 2018), as pointed out by the 
Eohercinian orogeny deduced by palynological mapping in Chaco plain (Suarez Soruco and 
Lobo Boneta, 1983). The analysis of the Carboniferous units in a regional sense also reflects 
variations in the age of their basal deposits from Tournaisian-Visean to Westphalian-
Stephanian, developed erosive discordance by, on different terms of the underlying Devonian 
units (~ Upper Givetian to Strunian age). On the other hand, the fluvial and glacial-marine 
deposition environment interpreted for the Carboniferous units suggests sedimentation 
processes with internal erosions and changes in their sedimentation rates associated with base-
level fluctuations (Viera and Hernández, 2001) and showing sedimentary deformation of 
variable scale suggesting instability of sediments in sectors with sloping substrates. 

Coincidentally with what is observed in the isopach maps referenced, wells and seismic data, 
and outcrop information, the t-T trajectories defined for the Devonian and Carboniferous 
samples in the study area exhibit changes in slope, showing variable subsidence rates in the 
Lower Carboniferous and Upper Carboniferous, depending on the position analyzed (Fig. 4) 
with values ranging between 0.01 mm/year and 0.1 mm/year (average, 0.03 mm/year. Fig. 6). In 
this case, it is important to mention the existing problem in determining the precise age of 
Carboniferous deposits, generally associated with scattered palynological data. 

The thermal history developed from thermochronological data and the applied geological 
constraints suggest that, after the mentioned Carboniferous interval, the subsidence and 
deposition of the Permian-Triassic units (Cuevo Group, Cangapi and Vitiacua formations) took 
place. This time interval is regionally represented by clastic deposits (fluvial and aeolian) and 
marine carbonates, under warm climate conditions, a paleoclimatic situation possibly started in 
the Lower Permian (Gallo, 2019). This interval of the t-T evolution is visualized in the 
developed models as a low subsidence time segment with a rate ranging between 0.004 
mm/year and 0.02 mm/year (average, 0.01 mm/year. Fig. 6), in coincidence with the ~150 
meters thick preserved deposits in the northern plunge of the Aguaragüe structure.  The 
application of thermochronological analysis in the structures of Charagua, Borebigua, Tatarenda 
and Carohuaicho allowed the generation of precisions regarding the deposition and subsequent 
exhumation/erosion of the Cuevo Group, a unit not preserved in the stratigraphic record of the 
area with the exception of its southern end. Then, from the development of the aforementioned 
numerical models, a segment of geological history could be reconstructed, characterizing a time 
interval not preserved as a rock unit. In this sense, the deposits corresponding to the Upper 
Jurassic-Lower Cretaceous lie directly on Carboniferous units. 
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Fig. 6. Calculated exhumation and subsidence rates, derived from combined geochronological and 
thermochronological t-T-modeling of the thermal evolution of individual samples in the study area (Fig. 
4, Fig. S3). Blue bars indicate exhumation (derived from cooling rates), red bars signify subsidence 
(derived from heating rates). The thickness of the bars implies higher/lower rates. 

 

5.2. Permian and Triassic, cooling and exhumation/erosion 

As mentioned previously, the Permian-Triassic interval does not have physical expression in the 
sedimentary record in the work area. At the regional scale, the analysis of thicknesses of this 
time interval suggests the existence of zones of variable subsidence with values of preserved 
thickness ranging between 50 meters and 580 meters, with a general decrease from the 
southwest to the northeast, with a possible alignment of minor depocenters with this same 
distribution (Hernández et al., 2018), possibly associated with extensional phenomena that 
occurred during the late Paleozoic and Mesozoic time (Sempere et al., 1998). 

The modeling of the t-T trajectories developed for the Devonian and Carboniferous samples in 
the study area suggest a cooling phenomenon of ~ 9 °C to 11 °C possibly associated with the 
exhumation and erosion of the entire Cuevo Group and the upper portion of the Carboniferous 
(~ 300-350 meters in magnitude), starting at ~ 245-240 Ma (Middle Triassic) and ending at ~ 
188-185 Ma (Lower Jurassic), with an average exhumation rate of 0.01 mm/year (Fig. 6). In 
coincidence with the latter, in all the control points surveyed in the study area, aeolian and 
fluvial deposits from the Upper Jurassic to the Lower Cretaceous (Tacurú Group) are identified 
overlying, important unconformity in the middle, on top of Upper Carboniferous units. 
Therefore, the exhumation event mentioned would explain the absence of deposits from the 
Upper Carboniferous to Lower Permian (Mandiyuti Group, San Telmo Formation) and from the 
Permian to Triassic (Cuevo Group, Cangapi and Vitiacua Formations) in the area. It is 
interesting to mention that, in the process of developing the numerical modeling for the 
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Devonian and Carboniferous samples, an attempt was made to simulate a continuous 
subsidence/heating phenomenon involving the Carboniferous, Permian-Triassic and Jurassic-
Cretaceous intervals, that is, without intermediate cooling/exhumation processes, and no result 
was obtained. 

 

5.3. Lower Jurassic to Lower Cretaceous 

The beginning of the deposits corresponding to the Jurassic-Cretaceous in the southern sub-
Andean region of Bolivia starts from 181.5 ± 0.9 Ma (Kusiak et al., 2014), a timeline 
corresponding to the dating of the Entre Ríos Basalt (Fig. 2), a volcanic interval of volumetric 
importance and of great regional distribution, with a crustal component chemical signature. The 
base of the Tacurú Group in the study area has been determined by its fossil content as Upper 
Jurassic to Lower Cretaceous (Carvalho, 1993, 1996, 2001, 2014; Carvalho and Srivastava, 
1996; Carvalho et al., 2002; Suarez Riglos and Carvalho, 2018). The thickness analysis 
corresponding to this interval (Hernández et al., 2018), suggests an extremely different 
distribution and thickness variations when compared to the intervals stratigraphically below, 
suggesting different accommodation space generation mechanisms. In this sense, there is a 
general trend of increasing thickness to the west of the sub-Andean system as a stepped 
differential subsidence, generating an irregular substrate with variable accommodation space. 
On the other hand, the aforementioned east-to-west general trend presents minor 
accommodation variations, giving place to elongated depocenters with major axes of north-
south to northeast-southwest orientation. The latter contributes to the compartmentalization of 
the Jurassic-Cretaceous basin in rhomboidal zones, suggesting extensional mechanisms with a 
dextral strike-slip component, forming a transtensional basin (Hernández et al., 2018). 

The Lower Jurassic-Lower Cretaceous interval represented by aeolian-fluvial deposits of the 
Tacurú Group in the southern sub-Andean region of Bolivia, presents thickness variations 
between 80 meters and 1,550 meters with higher frequency values in the 700-800-meter interval 
(Hernández et al., 2018). In the study area, these deposits are represented from east to west by 
thicknesses of ~ 900 meters, ~ 750-850 meters and up to ~ 1,200 meters, in the positions of 
Charagua, Borebigua and Carohuaicho. Contrary to the aforementioned increase in thickness 
from north to south for the Carboniferous interval in the Carohuaicho position, the Jurassic-
Cretaceous interval shows a decrease in thickness in this sense to values of ~ 655 meters in the 
southern tip of the area, which would be associated to different accommodation space 
generation mechanisms when the Carboniferous and the Jurassic-Cretaceous intervals are 
compared (Hernández et al., 2018). 

The t-T models show an important subsidence/burial heating-linked stage of the Jurassic-
Cretaceous deposits between ~ 180-135 Ma reaching temperatures of ~ 75-80°C (subsidence 
rate ~ 0.01-0.03 mm/year) and a subsequent smooth cooling phenomenon between ~ 140-130 
Ma and ~ 34-23 Ma to surface temperatures close to ~ 20°C (Figs. 4, 6), marking a sharp 
asymmetric heating-cooling path. It is important to mention that the weighted-mean path as well 
as the best-fit one of the Carboniferous samples located in the Carohuaicho structure (A-197), 
exhibits temperatures reached of ~ 63°C, even though lower temperature conditions are possible 
as it is shown in the corresponding t-T model, evidencing thermal values 13°C higher than 
estimated from the preserved thickness and the normal geothermal gradient used of 30°C/km, 
suggesting a ΔT/Δz variation close to 33°C/km. The final section of the subsidence stage and 
the start of the subsequent cooling could represent an indication to limit the age of the top of 
this stratigraphic interval, coinciding with the existing dating in Brazil and correlated in 
Argentina and Uruguay with basaltic effusions (Paraná-Etendeka flood basalts, 133.0 ± 1.0 Ma, 
(40Ar/39Ar) (Renne et al., 1992, 1996, Basalto de Sierra Geral Formation) above the aeolian-
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fluvial interval of the Botucatú Formation, equivalent to the Tacurú Group in Bolivia. On the 
other hand, this definition allowed specifying the time lapse of no record associated to the 
unconformity between the Tacurú Group and the overlying Petaca Formation estimated at ~ 100 
Ma between the Lower Cretaceous and the Oligocene-Miocene. Apatite fission-track ages 
determined for the Devonian and Carboniferous samples in the study area show a wide range of 
single grain ages (Tab. 3), suggesting a partial annealing condition for the samples analyzed, 
which would be consistent with maximum temperatures reached during the Upper Jurassic-
Lower Cretaceous interval around ~ 80°C as shown in the t-T models performed. 

 

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

The Upper Cretaceous-Eocene interval represents a particular case with no stratigraphic record 
preserved in much of the southern sub-Andean system of Bolivia, and the study area presented 
here is no exception. As discussed in section 5.3, there is a ~ 100 Ma time gap between the 
Lower Cretaceous and the Oligocene-Miocene, not preserved in the rock record. However, to 
the west in the Eastern Cordillera and the Altiplano, in the northern end of the southern sub-
Andean, in the northern sub-Andean of Bolivia, and in the southern extreme of Bolivia-
northwestern Argentina, there are preserved deposits corresponding to the Upper Cretaceous to 
Eocene interval (De Celles et al., 2011; Hernández et al., 2017; Constantini et al., 2018). In this 
sense, in the area of the Eastern Cordillera and Altiplano between the Upper Cretaceous and the 
Eocene, important basins with marginal marine influence and carbonate lakes developed 
together with incipient continental deposits (Sempere et al., 1997). These basins, linked to 
extensional phenomena, include those of the El Molino and Santa Lucia Formations, developed 
in Potosí, Chuquisaca and Cochabamba, making up what it is known today as the Eastern 
Cordillera and southern Altiplano of Bolivia (Lamb and Hoke, 1997). These basins are named 
as Camargo, Miraflores, Tarapaya, Maragua, Toro Toro basins, etc. On the other hand, towards 
the central portion of the sub-Andean fold-and-thrust belt, there are river and brackish lake 
deposits of the Maastrichtian age corresponding to the Yantata and Cajones formations (Oller 
and Franco, 1981; Gutierrez & Marshall, 1994), while towards the northern extreme of the 
northern sub-Andean system in Bolivian, shallow water deposits and overlapping paleosoil 
levels, assigned to the Eslabón and Flora formations, are preserved. Finally, towards the 
southernmost edge of Bolivia and northwestern Argentina, the intra-continental rift basin of the 
Salta Group develops between the Lower Cretaceous (~115 Ma) and the Eocene (~ 40 Ma), 
with well-defined tectonic and thermal subsidence stages, totaling more than 2000 meters thick 
preserved, with basaltic effusions and tuffaceous levels contributing to the chronostratigraphic 
analysis (Hernández et al., 2017). Taking into account the aforementioned, it is possible that, 
despite the absence of deposits corresponding to the Upper Cretaceous – Eocene time in the 
sub-Andean area, the thermal phenomena linked to extensional processes might have influenced 
the t-T evolution of previously deposited units. On the other hand, some authors have presented 
evidence of an already acting compressive dynamics for the Paleocene to Eocene time in 
Bolivia and northwestern Argentina (Sempere et al., 1997; De Celles et al., 2011), giving place 
to a complex geological scenario. 

The contact between the fluvial deposits with intense development of Oligocene-Miocene 
edaphic processes of the Petaca Formation on top of the aeolian-fluvial deposits of the Jurassic-
Lower Cretaceous Tacurú Group is represented by a regional unconformity estimated of ~ 100 
Ma (See Section 5.3). The low thickness of the deposits above the aforementioned unconformity 
of up to ~ 100-130 meters thick in the study area, and the presence of overlapping paleosoils are 
indications of a time interval of low subsidence and low sedimentation rate, under temperature 
conditions with values close to surface (~ 20°C; Rosario et al., 2008, 2017). This low 
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sedimentation rate interval could possibly be related to a ~ 20-30 Ma forebulge position at the 
latitude of the study area being coherent with the Eastern Cordillera main uplift defined for the 
same time interval (Kennan et al., 1995; Lamb and Hoke, 1997; Horton, 1998; Anderson et al., 
2018). Similar intervals have been associated to forebulge positions for the Paleocene-Eocene 
times in northwestern Argentina (De Celles et al., 2011; Horton 2018). The t-T models 
developed in the Devonian-Carboniferous samples from the Carohuaicho, Borebigua and 
Charagua structures suggest a gentle cooling/ exhumation interval between ~ 140-130 Ma and ~ 
34-23 Ma with an exhumation rate of ~ 0.003-0.018 mm/year (Fig. 6). It is important to mention 
that the cooling/exhumation period evidenced between the Tacurú Group and the Petaca 
Formation requires a more in-depth analysis from obtaining more thermochronological and 
provenance data, evaluating the possibility of internal unconformities within the Tacurú Group 
and specifying the thermal history between ~ 130 and ~ 34-23 Ma, including the existence of 
possible intermediate thermal phenomena. 

 

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

The sub-Andean system constitutes a fold-and-thrust belt with a complex space-and-time 
dynamic characterized by both in-sequence deformation events and out-of-sequence phenomena 
with a general east-southeast to east-northeast vergence depending on the latitude. In addition, a 
strike-direction diachronism is noted with respect to the structures growing time according to 
the analyzed sub-Andean segment, south, central or north (Hernández et al., 2002; Hernández et 
al., 2017; Anderson et al., 2018; Constantini et al. 2018). The analysis of the structural growing 
ages in the southern sub-Andean published by Hernández et al. (2002) and Anderson et al., 
(2018) suggests, despite the interpretative differences regarding the dynamics of the fold-and-
thrust system, a migration of the deformation beginning in the sub-Andean environment at ~ 11-
8 Ma and with ages of ~ 3-1.5 Ma for structures located towards the eastern end. The results 
obtained in the study area show the growth of the structures of Curuyuqui, Carohuaicho, 
Tatarenda, Borebigua, Charagua and Mandeyapecua, that is, all the structures identified, 
between ~ 7.1 Ma and ~ 3-2.5 Ma. The developed t-T models (Figs. 4, 7) and the apatite (U-Th-
Sm)/He ages (Tab. 5, Tab. S3) obtained for the Devonian, Carboniferous and Miocene samples 
allowed to establish the onset of the erosion-linked cooling phenomenon related to structural 
growth at ~ 7.1-6.6 Ma (Curuyuqui-Carohuaicho), ~ 7-6.4 (Borebigua), ~ 7 Ma (Charagua), ~ 
5.2 Ma (Mandeyapecua), and ~ 3-2.5 Ma (Tatarenda) (Figs. 7-8). In the latter structure, it is 
possible that a really smooth cooling phenomenon could have taken place between ~ 6.8 Ma and 
~ 3 Ma in relationship with Borebigua structural growing age.  The structural timing of 
Carohuaicho and Borebigua was also reproduced through thermo-kinematic modeling by 
Cristallini et al., (2020, this volume) and Hernández et al., (2020), respectively, obtaining 
comparable results. This scenario implies a slightly diachronic initial growing time for the 
structures of Curuyuqui-Carohuaicho, Borebigua and Charagua, and a clearly later growth for 
the Mandeyapecua and Tatarenda structures (Fig. 8). The registered growth is linked to the 
generation of structures detaching in ductile intervals of Rheological Level 1 (RL 1, Hernández 
et al., 2018) and modeled as propagation folds by Trishear (with the exception of the 
Mandeyapecua structure related to a shortening transferred from RL 1 to RL 3, Los Monos 
Formation). This kinematics results consistent with the rheology of the fine-grain material that 
makes up the Silurian and Ordovician sediments. The growing time relationships recorded 
between structures suggest a moderate efficiency of the mentioned detachment level, allowing 
the shortening transfer, and generating a spacing between structures of ~ 8-16 km at ~ 7-5 Ma. 
On the other hand, the (U-Th-Sm)/He single-grain ages exhibit a high frequency between ~ 5.3 
Ma and ~ 1.2 Ma, making it possible to reconstruct the most recent chrono-kinematic history for 
the study area. In this sense, the integration of the thermochronological results, the constructed 
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t-T models and the developed structural analysis allowed to deduce that the aforementioned 
young ages are linked to the recent history of folding-faulting (e.g. Charagua and 
Mandeyapecua structures), to out-of-sequence movements affecting the back-limb of already 
formed structures (e.g. Carohuaicho and Borebigua cases), or fault-related folds posthumously 
formed when compared to the general structure (e.g. Tatarenda anticline), as the shortening of 
the fold-and-thrust system increases. The spacing between structures is controlled by the lower 
detachment level and subsequently distorted by the appearance of the out-of-sequence 
structures. In this way, the spacing between structures before the development of the out-of-
sequence ones, that is 8 to 16 km, it is consistent with the magnitude analyzed by Rocha and 
Cristallini (2018) and Hernández et al., (2018). 

 

Fig. 7. Upper Miocene Time (t)-Temperature (T)-evolution showing the weighted mean paths for all the 
samples modeled in the study area. Carohuaicho structure (samples A-160, A-161, A-197, A-200, A-167), 
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Borebigua structure (samples A-052, A-054, A-101, A-159), Charagua structure (A-042, A-043-, A-044), 
Mandeyapecua structure (sample A-046), and Tatarenda structure (sample A-171). Shaded rectangles 
represent the growing time interpreted for each structure based on AHe ages and t-T modeling. 

 

The plant-view analysis of the structures identified in the study area suggests an advance of the 
deformation towards the east of greater magnitude with respect to the positions analyzed further 
south by Anderson et al., (2018) and Hernández et al., (2002). This situation is consistent with 
an increase in the shortening values from south to north with magnitudes of 30-36% in the 
Argentina-Bolivia international border (Hernández et al., 2002) and values close to 50% at the 
latitude of the Pilcomayo river (Dunn et al., 1995). The total shortening value determined for 
the study area reaches 33% (Figs. 5, 8) showing a west-to-east decrease. In this sense, the 
shortening magnitude involving the structures of Carohuaicho to Borebigua reaches up to 45-
51% while the structures to the east, Charagua and Mandeyapecua, present values around 26 %, 
which is consistent with growing an east-verging system. This scenario shows that the 
aforementioned shortening increase from south to north would be specially linked to the 
structures to the west as shown by Sanchez et al., (2020), having estimated a shortening of 40 % 
for the whole sub-Andean system. On the other hand, a count of the structures plunging to the 
south in comparison with the northward plunging structures in the southern sub-Andean (from 
the study area to the Argentina-Bolivia international border), results in a wide 32-to-17-
difference in favor of the southward plunging structures, which is coherent with a south-to-north 
shortening increase. From a regional point of view, the Bolivian Orocline appears as a complex 
system with greater shortening values in its central portion (Kley et al., 1999; Arriagada et al., 
2008) in coincidence with the axis of topographic symmetry characterized by Gephart (1994) 
and modeled by Capitanio (2011). This scenario is accompanied by a generalized symmetry in 
the development of counterclockwise and clockwise rotations, to the north and south of the 
aforementioned symmetry axis, respectively, supported by both paleomagnetic evidence 
(Rousse and Gilder, 2005; Arriagada 2008) and GPS station data (Allmendinger et al., 2005). 
The previously mentioned shortening variations for the southern sub-Andean and the greater 
advance of the deformation front in the study area, is related to a north-south diachronism in the 
growth age of the structures. This is evidenced by older ages to the north with exhumation 
phenomena concentrated at ~ 7-5 Ma for the study area, and ages of ~ 6-3.5 Ma determined by 
Anderson et al., (2018) to the south for strike-equivalent structures. The high frequency of 
apatite (U-Th-Sm)/He averaged ages concentrated in ~ 4-3 Ma published by Anderson et al., 
(2018) in the structures of Suaruro, Mandiyuti and San Antonio, and the ages of ~ 2-1 Ma in the 
Aguaragüe structure would be linked to the recent structuring of the fold-and-thrust belt in this 
position as a result of an increase in the accumulated shortening of the system. This match with 
the out-of-sequence deformation stage documented by Hernández et al., (2002) and Echavarria 
et al., (2003) from ~ 4.5 Ma in northwestern Argentina. On the other hand, it is interesting to 
mention that the north-south diachronism mentioned in terms of the structural timing comparing 
Charagua, Borebigua and Carohuaicho to the north (~ 7-5 Ma, this study) and Aguaragüe, San 
Antonio, and Mandiyuti-Suaruro to the south (~ 6-1 Ma, Anderson et al., 2018), it might not be 
gradual but rather abrupt, which postulates a considerable relevance for the transfer zone over 
which the Cuevo river currently runs (Fig. 1B). The transfer zone mentioned is expressed either 
by plunging structures or by along-strike changes or inflections. 

 

5.4.1. Chrono-kinematic evolution, 7.1 - 0 Ma 

The recent sub-Andean dynamics in the analyzed transect is characterized by processes of 
subsidence and subsequent exhumation experienced by the samples analyzed, generating a 
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complex thermal history. The developed models suggest a variable t-T history depending on the 
analyzed structure. In this sense, there is evidence of a subsidence phenomenon experienced by 
the samples linked to the lithostatic load corresponding to the deposits prior to the growth of a 
structure (pre-growth strata). This subsidence is characterized by two intervals with clearly 
differentiable rates; a low-subsidence rate interval (average ~ 0.05 mm/year) linked to the west-
east basal diachronism of the Miocene deposits in the sub-Andean setting (Hernández et al., 
2002; Echavarría et al., 2003) with extreme ages of 24.4 ± 1.3 Ma (western edge, inter-Andean-
sub-Andean boundary; Erikson, 1998) and 6.98 ± 0.31 Ma (eastern end, Mandeyapecua 
structure, this publication), and an interval of higher subsidence rate (average ~ 0.6 mm / year, 
Fig. 6) linked to the lithostatic load of the adjacent structures already developed and the 
sediments supply due to their erosion. This higher subsidence rate interval is related to 
maximum accumulated thicknesses of ~ 2500-3000 meters (Tab 1, Tab. S4) which would lead 
to temperatures around ~120°C. Nevertheless, the time associated with these temperature 
conditions, as displayed by the t-T history models performed, would not have been enough to 
completely anneal-reset the AFT system as it is defined by Gleadow and Duddy, (1981) with 
temperature and time period values of ~ 110°C/10 Ma. On the contrary, the temperature 
conditions mentioned led to a complete reset of the apatite (U-Th-Sm)/He system overpassing 
the reference closure temperature and time period of ~70°C/1 Ma. It is relevant to comment that 
geothermal gradient values being lower than 30°C/km were tested for the Upper Miocene 
interval by Cristallini et al., (2020, this volume) and Hernández et al., (2020), yielding 
equivalent results. Finally, the developed models suggest exhumation processes of considerable 
speed between 7.1 Ma and 0 Ma. This phenomenon is associated to the growth of the structures 
identified in the area, with average values of ~ 0.5 mm/year, presenting maximum values of ~ 
0.9-1.3 mm/year (Figs. 6-7).  
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Fig. 8. Chrono-kinematic evolution of the study area, from > 8 Ma to 0 Ma, based on the 
thermochronological data set and t-T numerical modeling (See location in Fig. 1 C). Red bars indicating 
shortening magnitude (total shortening estimated: 33 %). 

The analysis of exhumation rates carried out in the Carohuaicho, Borebigua and Charagua 
structures, taking into account the stratigraphic thickness between samples and the results 
obtained by apatite (U-Th-Sm)/He, shows that the Carohuaicho structure begins its growth at 
high speed (~ 1.2-1.6 mm/year) between ~ 7 Ma and ~ 5 Ma, while the structures of Borebigua 
and Charagua show low exhumation rates for this interval with values of ~ 0.2-0.3 mm/year. At 
5-4 Ma, the Carohuaicho structure notably decreases its exhumation rate to values close to ~ 0.3 
mm/year, transferring shortening to structures located to the east, Borebigua and Charagua, and 
generating the Mandeyapecua structure. The AHe-ages and the t-T trajectories emerging from 
numerical modeling denote a significant growth rate at ~ 2.5-3.5 Ma with average values of ~ 
0.5-0.6 mm/year and maximum values close to ~ 1 mm/year, for the structures of Charagua, 
Borebigua and Mandeyapecua. It is in this generalized shortening interval that the growth of the 
westward- verging structure of Tatarenda becomes noticeable from ~ 2.4 Ma, with an 
exhumation rate of ~ 0.5-0.6 mm/year. The latter induced almost total erosion of the Miocene 
deposits above the sample located on the axis of the syncline between Tatarenda and Borebigua 
(Itaí), which is consistent for the structurally high position interpreted for said syncline. 

The integration of thermochronological results and the developed structural analysis allowed to 
reconstruct the chrono-kinematic history of the study area (Fig. 8). This led to characterize the 
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space-and-time evolution of the fault-related anticline structures, representing the main 
objective in conventional reservoirs, and therefore, the evolution of traps as a component in the 
oil and gas system. 

 

6. Oil and Gas system perspectives 

The development of the Oil and Gas thermal history modeling performed for the syncline 
located between Charagua and Borebigua structures (1D Petromod®, 2012; Fig. 9, Figs. S5-S6; 
see location in Fig. 1C) permitted evaluating the possible source rocks in the area as described 
by Cruz et al., (2002, 2008): a) Emsian-Eifelian-Givetian interval (Los Monos Formation), b) 
Lochkovian interval (fine-grain sediments within the Santa Rosa Formation) and c) Silurian 
interval (Kirusillas Formation). The integration of thermochronological data and numerical 
modeling in the Charagua structure (Upper Devonian Iquiri Formation) was the key point to 
define the maximum temperature reached by the potential source rocks evaluated and the 
structural timing of the fault-related anticline (conventional target trap).  

 

Fig. 9. Thermal history model (Petromod® 2012-1D) developed in the study area. Burial curve with 
temperature values for the source-rock intervals in the study area: Los Monos, Santa Rosa (fine-grain 
interval), and Kirusillas Formations. See location in Fig. 1C. 

 

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

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

-Ro values estimated from 0.8% to 0.71% 
-Transformation Relationship (TR): from TR 37% to 16% (at the current time). 
-Total mass generation (Emsian): of 0.6 Mton. (at the current time). Expulsion total mass: 0 
Mton. (at the current time).  
-Maturity perspectives: immature generating rocks. 
 
b) Lochkovian interval (fine-grain sediments within the Santa Rosa Formation) 
 
-Ro values estimated from 1% to 1.1%. 
-Transformation Relationship (TR): 75% (at the current time) 
-Total mass generation: 1.5 Mton. (at the current time). Expulsion total mass: 0.9 Mton. (at the 
current time). 
-Maturity perspectives: source rocks in oil and gas generation window. 
 
c) Silurian interval (Kirusillas Formation) 
 
- Ro values estimated of 1.28% to 1.51%. 

Jo
urn

al 
Pre-

pro
of



 

 

-Transformation Relationship (TR): of 96% (in the Lower Triassic).  
-Total mass generation 0.82 Mton. (at the current time). Expulsion total mass: 0.81 Mton. (in 
the Upper Triassic). 
- Maturity perspectives: source rocks in final stage of gas generation to overmature. 
 
 
7. Conclusions 

The evolution of fold and thrust belts requires time data restrictions to determine the rates 
related to the interaction of surface and subsurface processes and to quantify the time involved 
in the components of the petroleum system: reservoir, seal, source rock and trap. The sub-
Andean fold-and-thust belt in the Bolivian territory in general, and the transect that links the 
structures of Curuyuqui-Carohuaicho-Tatarenda-Borebigua-Charagua and Mandeyapecua in 
particular, constitutes a complex multi-variable system in which the definition of t-T trajectories 
has led to new suitable structural and stratigraphic conclusions. 

The integration of multiple thermochronological and geochronological systems (AFT-AHe-
UPb) and the existing surface and subsurface geological constraints, made it possible to develop 
a chrono-kinematic characterization of fault-related anticlines, defining their formation 
chronology, structural growth rate and a link between them in the study area. In this sense, the 
thermochronological data set and the geological constraints included in t-T modeling allowed to 
establish the onset of the cooling phenomenon linked to structural growth, from west to east, at 
~ 7.1-6.6 Ma (Curuyuqui-Carohuaicho), ~ 7-6.4 (Borebigua), ~ 7 Ma (Charagua), ~ 5.2 Ma 
(Mandeyapecua), and ~ 3-2.5 Ma (Tatarenda), from which it is inferred a slightly diachronic 
initial growing time for the structures of Curuyuqui-Carohuaicho, Borebigua and Charagua, and 
a later growth for the Mandeyapecua and Tatarenda structures with exhumation rates reaching 
values of ~ 1 mm/year.  On the other hand, a north-to-south diachronic structural timing was 
identified, showing older ages concentrated at ~ 7-5 Ma for the study area to the north of Cuevo 
river transfer zone, and ~ 6-3.5 Ma to the south for strike-equivalent structures. 

Finally, the t-T numerical modeling achieved for Devonian, Carboniferous and Miocene 
samples in the study area allowed to develop a quantitative analysis of the subsidence-burial and 
exhumation-erosion phenomena that occurred from the deposition of Silurian-Devonian source 
rocks to the present time, providing relevant determinations to the modeling of the Oil & Gas 
system in the study area. In this way, the required data for 2D and 3D petroleum system 
modeling was acquired and will be included in a near future contribution. 
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Multiple thermochronometers applied to the quantitative analysis of compressive systems: 
the southern sub-Andean fold and thrust belt of Bolivia. From source rock to trap 

 

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 trajectories 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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