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Abstract

The Tres Cruces sub-basin, located in Jujuy province, northwestern Argentina, is charac-
terized by intense N-S folding and faulting. These structures were formed as a result of
the Cenozoic shortening that produced the tectonic inversion of the Salta Rift Basin nor-
mal faults. Some of the main folds and faults show abrupt trend variations, controlled by
NW-SE transverse lineaments. We performed a fracture network analysis over the Maas-
trichtian-Danian limestones of the Yacoraite Formation, at three folds located in the cen-
tral sector of the sub-basin. A total of 832 planar fractures were measured in different
structural domains. Five main fracture sets were identified, trending NW-SE, NE-SW, ENE-
WSW, WNW-ESE and N-S to NNW-SSE. Their relative chronology was established based
on the observed abutting relationships. The analysis performed suggests that NW-SE, NE-
SW and ENE-WSW trending sets are regionally represented and were formed before the
initial stages of folding. Set ENE-WSW is sub-parallel to the convergence direction acting
during the Neogene. The other two sets are associated with local perturbations of the far-
field signal control by the oblique NW-SE lineaments. The origin of the WNW-ESE set re-
mains unclear; its distribution is locally restricted to the San Bernardo domain. Finally, the
N-S to NNW-SSE set shows a synfolding origin generated when the surveyed folds were
growing. We then place the various identified fracture sets into a single stress field set-
ting, perturbed by the leading NW-SE transverse lineaments that dominate this region.

1. Introduction

In the past years, the oil industry has shown an increasing interest in fractured reser-
voirs (e.g. Engelder et al., 2009; Hardebol et al., 2015; Casini et al., 2016; Panza et al.,
2016). Likewise, the characterization of fractures and fracture networks contribute to a
deeper understanding of rock deformation. Extensive research has been conducted to
examine the relationship between fracture generation and larger structures, such as
faults and folds (e.g. Stearns and Friedman, 1972; Twiss and Moores, 1973; Hancock,
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1985; Nelson, 2001; Bellahsen et al., 2006; Tavani et al. 2006). However, there is much
less information about the effects of preexisting anisotropies on the over-imposed frac-
ture patterns (e.g. Bergbauer and Pollard, 2004; Tavani et al., 2015), and the result of
stress field perturbations around pre-existing faults (Rawnsley et al., 1992; Homberg et
al., 1997; Homberg et al., 2004; Maerten et al., 2016; Maerten et al., 2018).

The Yacoraite Formation limestones, in northwestern Argentina, constitute a well-
known case study of a naturally fractured reservoir (Hernandez et al., 1999; Starck, 2011;
Grosso et al., 2013). It is characterized by a calcareous-dolomitic composition and repre-
sents the early post-rift stage of the Cretaceous to Paleogene Salta Group in the Salta Rift
Basin (Mon and Salfity, 1995; Disalvo et al., 2002; Marquillas et al., 2005). Few previous
studies have reported fracture patterns in the Yacoraite Formation (e.g. Grosso et al.,
2013; Hernandez et al.,, 2016; Hernandez and Franzese, 2017), and none of them has
been made in the Tres Cruces sub-basin. In this paper, we present and discuss the out-
cropping fracture patterns of the Yacoraite Formation at three different folded structures
located in the Tres Cruces sub-basin: the San Bernardo Syncline, the Arroyo Condor folds,
and the Tres Cruces Eastern Anticline. Here we propose an evolutionary model for the
fracture record and its relationship with the folding and the tectonic stresses acting in the
area through the Cenozoic, intending to assess the role of stress perturbation due to pre-
existing faults and structural weaknesses.

Our work explains de recognized fracture pattern considering a single-stage stress
far-field that can be locally controlled by the presence of preexisting structural aniso-
tropies in the basement. Assessment of these controlling factors on fracturing is thus of
importance to the characterization of fractured reservoirs.

2. Geological Setting

The study area is located in the northern Eastern Cordillera between the Puna plat-
eau to the west and the Subandean Ranges to the east (Fig. 1.a). It constitutes a bivergent
thick-skinned fold and thrust belt with prevailing N-S trends (Gangui, 1998, Kley et al.,
2005, Hongn et al., 2007; Monaldi et al., 2008b). The structural style is dominated by in-
version of the Cretaceous extensional faults of the Salta Rift Basin during Cenozoic times
(Grier et al., 1991; Mon and Salfity, 1995; Kley et al., 2005; Carrera et al., 2006; Carrera
and Mufioz, 2008; Monaldi et al., 2008a).

2.1. Tectonic setting

The Central Andes were formed as a consequence of the convergence between the
oceanic Nazca Plate and the continental South American Plate (e.g. Allmendinger et al.,
1997; Pardo-Casas and Molnar, 1987; Somoza and Ghidella, 2012). Although some con-
troversy persists regarding the beginning of the formation of the Andean foreland basin,
several studies suggest that deformation has been propagating eastward in pulses since
at least the middle Eocene (e.g. Salfity and Marquillas, 1994; Oncken et al., 2006; Hongn
et al., 2007; Payrola et al., 2009; Montero-Lépez et al., 2018).

The Eocene contractional phase is widely recognized in the Puna/southern Altiplano,
the Eastern and Western Cordilleras, where it represents the first stage of Andean short-
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ening (Coutand et al., 2001; del Papa et al., 2004; Elger et al., 2005; Hongn et al., 2007;
Oncken et al., 2006; Payrola et al., 2009; Montero-Lépez et al., 2018). The principal event
involving shortening and uplift in Central Andes occurred during the Miocene (Oncken et
al., 2006; Payrola et al., 2009). This event gave rise to the tectonic inversion of the Salta
Rift Basin’s normal faults generated in the Early Cretaceous (Salfity and Marquillas, 1994;
Rubiolo et al., 2001). Finally, deformation shifted to the east forming the Subandean fold
and thrust belt from Pliocene to present (Coutand et al., 2001; Oncken et al., 2006).
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Fig. 1. a) Geological provinces of northwestern Argentina (P: Puna; EC: Eastern Cordillera; SR: Subandean
Ranges; SBS: Santa Barbara System; PR: Pampean Ranges). b) Map of the Salta Rift Basin showing the synrift
limits adapted from Marquillas et al. (2005); black rectangles in a and b show the study area location. c)
Stratigraphic chart of the study area. d) Geological map of the study area showing the main structures and
units, modified from Boll and Hernandez (1986) and Gangui and Gotze (1996). Red squares indicate the
three work areas: San Bernardo (Fig. 2), Arroyo Condor (Fig. 4) and Eastern Tres Cruces (Fig. 6).

Paleomagnetic data show a NE-SW convergence direction between Eocene to Oligo-
cene times that changes to ENE-WSW from Neogene to recent times (Pardo-Casas and
Molnar, 1987; Somoza and Ghidella, 2012). In turn, available fault-kinematic analyses
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reveal an E-W shortening direction for the Miocene near Abra Pampa, west of the study
area (Cladouhos et al., 1994).

2.2. Stratigraphy

The oldest rocks exposed in the study area are the Ordovician marine shales of the
Santa Victoria Group (Salfity and Marquillas, 2000) (Fig. 1.c). During the Early Cretaceous,
an extensional phase took place in the area generating isolated depocenters that radiate
from a central positive block: the Salta-Jujuy High (Fig. 1.b). These depocenters got inter-
connected during the Upper Cretaceous, developing the Salta Rift Basin (Mon and Salfity,
1995). The Salta Group is the rift-related sequence that overlies the Ordovician deposits
and is subdivided into three subgroups: Pirgua, Balbuena and Santa Barbara (Fig. 1.c) (e.g.
Marquillas et al., 2005).

The Pirgua Subgroup consists of red continental sandstones and conglomerates, with
volcanic and volcaniclastic intercalations; it is interpreted as the Early to Late Cretaceous
synrift (Reyes and Salfity, 1973; Marquillas et al., 2005). Early post-rift units are repre-
sented by the Balbuena Subgroup that overlays the synrift deposits, connecting the depo-
centers with lacustrine to restricted marine carbonates and evaporitic deposits. These
rocks reflect the Late Cretaceous Atlantic ingression, represented by the Yacoraite For-
mation (Mon and Salfity, 1995; Marquillas et al., 2005). The Santa Barbara Subgroup con-
forms the late post-rift stage of the basin. It is formed by red fine-grained sandstone and
green mudstone (Moreno, 1970; Marquillas et al., 2005). As a result of the Andean con-
traction during the Cenozoic, tectonic inversion of normal faults (Grier et al., 1991; Mon
and Salfity, 1995; Carrera et al., 2006) led to the development of a foreland basin infilled
with Tertiary (Eocene to Oligocene) fluvial synorogenic deposits of Casa Grande and Rio
Grande formations (Fig. 1.c) (Boll and Hernandez, 1986; Bond and Lopez, 1995; Gonzalez
et al., 2004).

2.3. Structure

The Tres Cruces sub-basin is the northernmost depocenter of the Salta Rift Basin (Fig.
1.b). Its orientation is N-S and continues into Bolivia to the north forming the Andean Ba-
sin (Reyes, 1972). This sub-basin is characterized by the presence of intense N-S trend
folding and faulting that show along-strike variations controlled by NW-SE to WNW-ESE
regional transverse lineaments (Fig. 1.d). These lineaments are interpreted as pre-
Cretaceous basement heterogeneities, reactivated during the Cretaceous extensional
phase and the Andean structuration, compartmentalizing the deformation (Boll and Her-
nandez, 1986; Kley et al., 2005; Monaldi et al., 2008a). In the analyzed area, both Tabladi-
tas and San Bernardo thrusts are controlled by the Tabladitas Lineament, turning its
trends from N-S to NW-SE (Fig. 1.d). Moreover, in the Tabladitas area, synrift outcrops
observed north of the lineament disappear to the south, and in the central area, folds are
interrupted towards this lineament. Ugchara Lineament acts as a discontinuity limiting
the development of the Cerro Amarillo Thrust and folds in the Arroyo Céndor area (Fig.
1.d). Synrift thickness variations and changes in thrusts vergence across the transverse
lineaments have been also informed by Boll and Hernandez (1986). Therefore, it might be
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inferred that these lineaments acted as transfer zones during the Andean structuration of
the area.

The study area is located within the central sector of the Tres Cruces sub-basin,
bounded to the east by the west-vergent Cerro Amarillo Fault (Fig. 1.b and d). Two im-
portant thrusts with opposite vergences were recognized: the west-vergent Tres Cruces
Fault and the east-vergent San Bernardo Fault. Between them, two south-plunging anti-
clines cored by Lower Paleozoic strata appear, forming the south-plunging Tres Cruces
Anticlinorium with a general N-S trend (Fig. 1.d). A system of four sub-parallel, transverse
lineaments were mapped in the area: Tres Cruces, Ugchara, Tabladitas and Rumicruz (Fig.
1.d). As mentioned earlier, they interrupt, deviate and/or change the vergence of some of
the main N-S thrusts and folds. Fractures were measured over folds affecting the
Yacoraite Formation limestones along three working areas: San Bernardo, Arroyo Céndor
and Eastern Tres Cruces (Fig. 1.d).

The San Bernardo area (Figs. 1.d and 2) is dominated by the San Bernardo Syncline,
bounded by two NW-SE lineaments: Tabladitas to the south and Rumicruz to the north.
The San Bernardo south-plunging syncline presents an approximate N-S orientation and
shows an abrupt change to NE-SW at its northern termination (Fig. 1.d). It is located in the
hanging wall of the N-S west-vergent thrust that repeats post-rift deposits of Balbuena
Subgroup. To the west, a regional east-vergent N-S thrust uplifts a basement block (Santa
Victoria Group) on top of early post-rift deposits, adopting a NW-SE trend near the
Tabladitas lineament (Fig. 1.d).

In the Arroyo Condor area (Figs. 1.d and 4) fracture measurements were performed
along two south-plunging folds with N-S to NNE-SSW orientation, named here Central
Anticline and Central Syncline. These folds are in the footwall of an east-vergent thrust
with NNE-SSW orientation in the north of the mapped area, turning to NW-SE to the
south (Fig. 1.d). They are limited to the north by the NW-SE Ugchara lineament.

In the Eastern Tres Cruces area (Figs. 1.d and 6), fractures were measured over the N-
S trending Tres Cruces Eastern Anticline (Fig. 1.d). This fold plunges to the south, forming
part of the Tres Cruces Anticlinorium. It is located in the hanging wall of the east-vergent
NNE-SSW trending San Bernardo reverse fault. This structure exposes basement and syn-
rift units and uplifts post-rift deposits of Balbuena Subgroup on top of Tertiary synorogen-
ic deposits (Figs. 1.d and 6).

3. Methodology

3.1. Data Collection

The Yacoraite Formation limestones present well-exposed outcrops in the area,
showing an intense fracture network. These fractures are well developed in the northern
part of the Tres Cruces sub-basin. A total of 832 fractures were measured from three
working areas (San Bernardo, Arroyo Céndor and Eastern Tres Cruces; Fig. 1.d). In each
area, measurements were made when possible at different structural domains of the
folds (e.g. forelimb, backlimb, hinge zone and fold termination). Also, schematic cross-
sections were performed based on field data and 2D seismic sections (Figs. 2, 4 and 6),
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not shown for confidentiality reasons. Their orientations were chosen in other to extrapo-
late the structures identified in the seismic lines as parallel as possible to their strikes.

Most of the measured fractures were classified as tensile joints, mode | (Engelder,
1987; Pollard and Aydin, 1988), since they present opening displacement and contain a
coarse calcite mineral filling, that is indicative of opening mode fractures (Bellahsen et al.,
2006). Plumose structures, i.e., common and characteristic features of mode | fractures
(Engelder, 1987; Pollard and Aydin, 1988), are sometimes preserved on their surfaces.
When evidence of tail cracks or Riedel fractures were observed in the field, fractures were
classified as shear fractures, mode Il. However, in some cases deformation mode is diffi-
cult to determine, given the absence of positive evidence of shear, opening displacements
or mineral fills, features only occasionally preserve in outcrop. Upon the absence of posi-
tive evidence of fracture mode, features observed on other fractures with similar orienta-
tion were considered to characterize the deformation mode. The dominant occurrence of
mode | joints and veins allows the use of the resulting fracture sets as indicators of orien-
tations of paleo-o03 trends (Engelder, 1987) and compared them with regional stress di-
rections as will be discussed later.

Fractures orientation, spacing, and deformation mode (when possible) were system-
atically surveyed using linear and circular scanlines. Linear scanlines are 1-dimensional
lines of observation where fractures that intersect the selected line are measured (Priest
and Hudson, 1981). The orientation of this type of scanline is chosen to represent better
fracture sets. Although this method allows many measurements in short time, collected
data is still subject to orientation censoring and length biases. Circular scanlines eliminate
most sampling biases caused by scanline orientations and also correct errors due to cen-
soring and length bias (Mauldon et al., 2001; Rohrbaugh et al., 2002).

Finally, the relative chronology of fracture sets was inferred from abutting relation-
ships among fractures, considering that younger fractures abut against older ones (Han-
cock, 1985; Peacock and Sanderson, 2018). Reliable fracture chronology was considered
when abutment relationships were consistent and repetitive between sets. In addition,
cross-jointed ‘ladder-like’ fracture patterns resulting from a single deformational event
was evaluated, considering if cross joint occurs between a selective spacing of joint pairs.

3.2. Data processing

For each site, fracture data is presented in an equal-area projection on the lower
hemisphere, with density contours representing fracture data and great circles represent-
ing the mean plane of each fracture set using Stereonet program (Allmendinger et al.,
2012; Cardozo and Allmendinger, 2013).

Common orientation can be identified only after backtilting the data along the bed-
ding strike to their attitude prior to the folding. To unfold the data, the following assump-
tions are considered. First, although abrupt strike modifications of structures are ob-
served, it is assumed that the sites would not have undergone significant rotation about a
vertical axis since these modifications are associated with transfer zones. Second, the
local fold axes are considered subhorizontal, given their low axial plunge values. Com-
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monality of fracture orientation, after removal of bedding dip, is taken as supportive of a
pre-folding origin, where the fractures are subparallel and bed perpendicular (Hancock,
1985). However, fracture orientations parallel or perpendicular to bedding strike are not
affected by bedding unfolding and may be interpreted as occurring during any stage of
fold growth (Lacombe et al., 2011). Under efficient flexural slip, some bedding-
perpendicular tensile joints can develop at the onset of folding, becoming superimposed
on true pre-folding structures. In this way, the two principal stress axes can remain paral-
lel to the bedding (Tavani et al., 2006; Lacombe et al., 2011). In order to prevent this as a
source of misinterpretation, on hinge zone stations, orientation clustering was prioritized
over their bed perpendicular attitude to determine the relative chronology between frac-
tures and folding.
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Different fracture sets were identified based on data clustering after bed dip removal.
The Fisher mean fracture plane was calculated for each set along with the a95% confi-
dence angle and the K parameter to evaluate the set confidence (Fisher et al., 1987) (Ta-
ble 1).

4. Results

4.1. San Bernardo area

A total of 336 fractures were measured in three selected sampling sites along the San
Bernardo Syncline. Site 1 is situated to the south of the western flank of the fold, near the
inflection from N-S to NW-SE strike of the San Bernardo Fault. This site was chosen due to
the outcrop quality and the proximity to the fault inflection. Sites 2 and 3 are both located
in the eastern flank. Site 3 is almost at the same latitude as Site 1, and Site 2 is approxi-
mately 1 km to the north (Fig. 2). Five main fracture sets are recognized.

[T Fluvial deposits t‘ﬁ i east
[ lQuaternary deposits £ & Ny TN
[ |Synorogenic (]

[ 1Postrift
[ Synrift

[ |Basement

- :
|

Fig. 2. Top: geological map of the San Bernardo area (see Fig. 1 for structural references and location); black
numbered dots indicate sampling sites. Equal-area plots show (left) present-day density contour of poles to
planes and bed attitude (grey great circle), and (right) great circles for Fisher mean fracture set orientations
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in backtilted position. Numbers indicate the relative chronology observed, being 1 the oldest. Bottom:
schematic cross-section, based on field data (see location on map).

Most of the fractures measured in this area are sub-vertical tensile joints. The longest
fractures exceed the diameter of the circular scanlines (2 meters) and they are roughly
NW-SE. ENE-WSW and WNW-ESE sets present the largest number of fractures in site 1,
with trace lengths ranging from 10 to 50 cm. Fractures belonging to the N-S to NNW-SSE
trending set are subparallel to the fold axis. Finally, a minor fracture set with NE-SW to
NNE-SSW orientation is recognized in site 2 (Fig. 2). Fractures belonging to N-S and NE-SW
sets are shorter than those from NW-SE set, and their lengths range from 10 to 70 cm
(Fig. 3.b and d).

Abutting relationships indicate that the NW-SE set is the oldest, while the relative
chronology between the other four sets remains unclear given the ambiguity observed in
their terminations (Fig. 3).

cEEREs TN, 20cm [ E R TN

Fig. 3. Outcrop photographs and interpretation near site 3 (a and b) and in site 2 (c and d) showing exam-

ples of fracture patterns in the San Bernardo area (see Fig. 2 for location).

4.2. Arroyo Condor area

A total of 344 fractures were measured in this area. Sampling sites were distributed
through the Central Anticline and the Central Syncline (Fig. 4). Sites 4 and 6 are located on
the western and eastern flank of the anticline respectively, and site 5 on its hinge zone.
Finally, site 7 is on the eastern flank of the syncline (Fig. 4).

Five tensile fracture sets are identified in the area. The most representative one pre-
sents NE-SW to NNE-SSW orientations and includes sub-vertical fractures of highly varia-
ble trace lengths, ranging from more than 2 meters to 20 centimeters (Fig. 5.b and d).
Similar amounts of fracture were measured for fracture sets trending NW-SE and ENE-
WSW with lengths of 50-60 cm and 20-30 cm respectively. Finally, there are two minor
sets of sub-vertical fractures with N-S and WNW-ESE mean strikes.

Abutting relationships are ambiguous comparing the different sites. In site 4, NW-SE
set was developed first, because ENE-WSW and NE-SW fractures abut against it (Fig. 5.a
and b). However, in site 6, NW-SE set mostly abuts NE-SW set, suggesting that the former
may be younger (Fig. 5.c and d).
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Fig. 4. Top: geological map of the Arroyo Cdondor area (see Fig. 1 for structural references and location);

black numbered dots indicate sampling sites. Equal-area plots show (left) present-day density contour of
poles to planes and bed attitude (grey great circle), and (right) great circles for Fisher mean fracture set
orientations in backtilted position. Numbers indicate the relative chronology observed, being 1 the oldest.
Bottom: schematic cross-section, based on field data and proprietary 2D seismic lines (see location on
map).
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Fig. 5. Outcrop photographs and interpretation in site 4 (a and b) and in site 6 (c and d) showing examples
of fracture patterns in the Arroyo Céndor area (see Fig. 4 for location).

4.3. Eastern Tres Cruces

152 fractures were measured through the Tres Cruces Eastern Anticline. Site 8 corre-
sponds to the eastern flank, site 9 to the western flank, and site 10 to the southwestward
plunging anticlinal nose (Fig. 6). Four sets of sub-vertical tensile fractures were recognized
in the area.
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Fig. 6. Top: geological map of the Eastern Tres Cruces area (see Fig. 1 for structural references and location);
black numbered dots indicate sampling sites. Equal-area plots show (left) present-day density contour of
poles to planes and bed attitude (grey great circle), and (right) great circles for Fisher mean fracture set
orientations in backtilted position. Numbers indicate the relative chronology observed, being 1 the oldest.
Bottom: schematic cross-section, based on field data and proprietary 2D seismic lines (see location on
map).
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Sets ENE-WSW and N-S to NNW-SSE are present in all three sites (Figs. 6 and 7). On
the one hand, set ENE-WSW is sub-perpendicular to the fold axis and shows great varia-
bility in terms of length, ranging from 50 cm to 1 m. On the other hand, fractures grouped
in set N-S to NNW-SSE are shorter in length and they are sub-parallel to the fold axis.

The NE-SW trending set is well developed at sites 8 and 10; it is sub-parallel to the
San Bernardo Fault (Fig. 6 and Fig. 7.d). Fracture traces lengths range from 60 cm to 2
meters. Finally, a minor set of NW-SE trending fractures was detected in site 10 (Fig. 7.d),
with lengths exceeding the scanline diameter (2m).

Abutting relationships indicate that NW-SE and NE-SW sets are older than ENE-WSW
set; N-S set is the youngest of the area (Fig. 7).

- ¥ - e '?_: | S
Lo g B .
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Fig. 7. Outcrop photographs and interpretation in site 9 (a and b) and in site 10 (c and d) showing examples

of fracture patterns in the Eastern Tres Cruces area (see Fig. 6 for location).

4.4. Regional Pattern

Although considerable variations in fracture sets development can be identified be-
tween surveyed areas, a regional pattern can be clearly recognized. Comparative plots in
Fig. 8 discriminate regional from local patterns. The sets that are compatible in terms of
strike and chronology are denoted according to the set color code presented in previous
figures. Numbers indicate relative chronology of occurrence only for those sets whose
abutting relationships are well recognized and systematic.

NW-SE, NE-SW and ENE-WSW trending sets are present in the three working areas
(Fig. 8). NW-SE set ranges from Az130° to Az150°. Fracture traces are long (more than 2
m) and they seem to be the oldest based on the abutting relationships (Figs. 3, 5 and 7).
This set is subparallel to the NW-SE regional lineaments that control the structural setting
of the area (Fig. 1).

An ENE-WSW set stands out in Fig. 8. These fractures are shorter and younger than
the NW-SE and NE-SW fracture sets.

NE-SW set has variations between the three areas (Fig. 8). It is the most representa-
tive set in Arroyo Condor and is a minor set in San Bernardo and Eastern Tres Cruces area.

12



331
332

333
334
335
336
337

338
339

340
341

342

343
344
345
346
347
348
349
350
351

Moreover, in the San Bernardo area, this set seems to be younger than set NW-SE (Fig.
3.b and d), and it is coetaneous in the other two areas (Figs. 5 and 7).

The other recognized sets are unevenly distributed in the study area (Fig. 8). For ex-
ample, although N-S to NNW-SSE set is not significant in the Arroyo Céndor area, it is ob-
served at San Bernardo and Eastern Tres Cruces area (Fig. 8), being the youngest set ac-
cording to the abutting relationships. Finally, the WNW-ESE set is well defined only in the
San Bernardo area (Figs. 2, 3 and 8).
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Fig. 8. Histograms showing fracture frequency versus strike for each study area: San Bernardo, Arroyo
Condor and Eastern Tres Cruces. The fracture sets are indicated with colored bars, using the color code of
previous figures. The relative chronology for each area is indicated with numbers, being 1 the oldest.

5. Discussion

In this section, the fracture framework presented above and their relative chronology
are analyzed and framed within the Tres Cruces sub-basin structural and geodynamic evo-
lution. A regional interpretation of the various fracture sets found is provided considering
single-stage stress with local perturbations, which would have taken place during the Ne-
ogene. As it was mentioned in the tectonic setting section, this deformation stage, known
as the Quechua phase, resulted in the main pulse of tectonic inversion of the Salta Rift
Basin. According to paleomagnetic studies, an ENE-WSW directed convergence of the
Nazca Plate towards South America has been acting in the studied Andean segment since
that time (Pardo-Casas and Molnar, 1987; Somoza and Ghidella, 2012).
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A 600 meters thick sequence of Casa Grande Formation is well exposed at the
Tabladitas river, to the west of the Tabladitas village (Fig. 1.d). This sedimentary sequence
is formed by red to reddish-brown siltstones and sandstones. The whole section has a
homogeneous dip of ~402 W, without thickness variations of the strata. The absence of
progressive unconformities or any other evidence of synsedimentary deformation sug-
gests that this area was tectonically stable during the Eocene. 60 km south of this locality,
Montero-Lopez et al. (2018) recorded growth-strata in Casa Grande Formation along the
western margin of the Sierra de Mal Paso, in the Eastern Cordillera. Considering strati-
graphic and structural data from the southern parts of the Puna Plateau and the Eastern
Cordillera, many authors agree in characterizing Eocene—0Oligocene deformation as spa-
tially disparate (Hongn et al., 2007; del Papa et al., 2013; Montero-Lépez et al., 2018). This
would have resulted in an undefined deformation front during that time. The highly frag-
mented and anisotropic crust overprinted by Paleozoic and Mesozoic tectonomagmatic
processes would have influenced the disparate character of the thick-skinned defor-
mation (e.g. Hongn et al., 2010; Montero-Lépez et al., 2018). We propose that NW-SE
lineaments of this area may have compartmentalized the deformation during the Paleo-
gene. No evidence of early Cenozoic folding was recognized in the working areas, north of
the Tres Cruces lineament, suggesting as a preliminary hypothesis that this NW-SE orient-
ed lineament acted as a lateral ramp during the incipient Eocene deformation process,
without any associate folding. Therefore, we consider that the main deformation stage
and the consequent development of fracturing in our area occurred during the Neogene,
under a stress field setting associated with the ENE-WSW convergence direction.

Several studies have shown that the presence of discontinuities can induce local per-
turbations of the stress field (Rawnsley et al., 1992; Homberg et al., 1997; Homberg et al.,
2004; Maerten et al., 2016; Maerten et al., 2018). Based on numerical models, Homberg
et al. (1997) analyzed the stress perturbation around a left-lateral strike-slip fault and
described contractional and extensional zones for each fault tips. In contractional zones,
stress trajectories are rotated in a clockwise sense (amount of rotation = 3, Fig. 9.b I) dis-
posing ol trajectories sub-parallel to the discontinuity, and in extensional zones, o1 tend
to become sub-perpendicular to the discontinuity as the rotation is in a counterclockwise
sense (amount of rotation = a, Fig. 9.b I). During major fault zones reactivation, slip activ-
ity can occur along fault segments that induce the stress field deflections. Stress trajecto-
ries can adopt different perturbed directions as the active segment migrates along the
fault zone, and then acquire the far-field orientation when the fault is inactive (Homberg
et al., 1997; Homberg et al., 2004). Consequently, several local stress fields generated
during a single tectonic event can be recognized adjacent to a major fault zone.

Four major long-lived structural lineaments (Tres Cruces, Ugchara, Tabladitas and
Rumicruz; see Fig. 1.d) certainly controlled the structural setting of the study area. As
stated above, these lineaments are interpreted as pre-Cretaceous basement heterogenei-
ties, reactivated during the Cretaceous extensional phase. They are NW-SE trending sub-
parallel structures, near which sub-meridian faults and folds develop sudden strike
changes (Fig. 9.a). Taking the stress field perturbations model into account, it can be thus
assumed that the presence of these first-order discontinuities might locally induce signifi-
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cant far-field stress perturbations. Consequently, 61 trajectories would locally become
sub-parallel or sub-perpendicular to the lineaments (represented in Fig. 9.b |).

The ENE-WSW Neogene convergence direction and the associated remote stress field
are compatible with left-lateral strike-slip reactivation along the inherited NW-SE linea-
ments. Fault kinematics analysis over these transverse structures is still lacking. However,
other first-order structures of the basin with the same orientation, like the Clama-
Olapacato-Toro lineament, have evidence of sinistral kinematics (Marrett and Strecker,
2000; Seggiaro et al., 2016; Garcia et al.,2019). Furthermore, left-lateral strike-slip reacti-
vation has been reproduced in laboratory analogue models during an oblique contraction
configuration (e.g. Yagupsky et al., 2008). Considering this context, a left-lateral sense of
shear is expected to occur associated with the NW-SE oriented lineaments of the present
study.

The identified tensile fracture sets can be used to indicate paleostress orientations,
since their mean strike is perpendicular to the paleo-o03 axis (Engelder, 1987). Therefore,
it can be suggested that the NW-SE set was generated under a clockwise-rotated stress
field, being the o1 trajectories sub-parallel to the lineaments. The NE-SW fracture set is
sub-perpendicular to the lineaments, and it could be responding to a counterclockwise-
rotated stress field (Fig. 9.b 1). Both sets are usually the oldest and they are identified in
the three study areas. Some degree of dispersion between sites was found, whose origin
would require further analysis. The collected data suggest that the first order lineaments
were active during the formation of these fracture sets. This hypothesis is in good agree-
ment with theoretical models in which under an active fault system, the orientation of
natural fractures is influenced by the regional tectonic stress as well as by the perturba-
tion of that stress state by nearby active larger faults (Peacock, 2001; Maerten et al.,
2016).

South of the study area (>250 km), in the Calchaqui Valley, near the southern border
of the Salta-Jujuy High (Fig. 1b), Hernandez and Franzese (2017) identified two sets of
joints in the Yacoraite Formation outcrops. The oldest pattern they found consists of ENE-
WSW to ESE-WNW and NNW-SSE- to NNE-SSW striking (cross) joints. The authors inter-
preted the occurrence of this joints pattern as the result of along-strike stretching of the
Eocene foredeep zone of the thrust belt-foreland basin system (Quinta and Tavani, 2012;
Tavani et al.,, 2015 and references therein). It is hard to reconcile the along-foredeep
stretching hypothesis in our study area because it would require a NW-SE paleo-
deformation front at the Tres Cruces sub-basin region during the early stages of Andean
folding and thrusting. We consider that a better knowledge of the paleo-orogenic front
geometry in the northern part of the Salta Rift Basin is needed to sustain this hypothesis.
In addition, different strikes for this older joint pattern were found in both areas, meaning
that the proposed hypothesis of a local perturbation of the ~ENE-WSW regional contrac-
tion (convergence direction during the Neogene) is more consistent in the area of this
work.

The ENE-WSW set is parallel to the Neogene plate convergence direction. This set is
well represented in all the working areas and it is usually younger than NW-SE and NE-SW
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sets. A reliable explanation for this relative chronology would be that the stress field
adopts the far-field orientation (Fig. 9.b 1) after successive periods of stress perturbation
during the active stage of the lineaments. During this stage, the lineaments would have
remained inactive, in coincidence with the migration of the active structures towards the
foreland, reaching the southern Subandean wedge front (e.g., Echavarria et al., 2003;
Brooks et al., 2011; Uba et al., 2009). Distinct phases of widening and thickening of the
orogenic wedge via internal deformation are expected during this stage, as analogue and
numerical models have shown (Adam et al., 2005; Del Castello and Cooke, 2007; Hoth et

al., 2007; Yagupsky et al.,

2014).
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Fig. 9. a) Sector of the geological map of Fig. 1. Grey rectangles indicate the approximate location of the
proposed conceptual models in (b). b) Conceptual models of the stress trajectories (based on Homberg et
al., 2004) and fracture formation stages in the area during Neogene times. ENE-WSW convergence direction
(black arrows) imposes the far-field stress. Regional lineaments are depicted with grey stripes and the stress
trajectories in grey dashed lines. I) NW-SE and NE-SW fracture sets were formed during a period of stress
field perturbation associated with the reactivation of segments (dark grey line) of the NW-SE regional line-
aments (a and B are the amounts of counterclockwise and clockwise stress rotations). 1l) ENE-WSW frac-
tures were formed parallel to the Neogene plate convergence direction (Somoza and Ghidella, 2012). Ill) N-

S to NNW-SSE set were formed during folding sub-parallel to the fold axis.
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Given that WNW-ESE fractures are only significant at the San Bernardo area (Fig. 8),
they could be responding to local structural features. Proper analysis of the origin of this
specific set deserves further study.

Finally, the N-S to NNW-SSE trending set is sub-parallel to the fold axes (Fig. 9.b Ill). It
is generally the last one to be generated and fracture orientations are not affected after
backtilting, as they are sub-parallel to the bedding strike. Therefore, the fractures were
probably formed during a synfolding stage, when the folds started to grow (Stearns and
Friedman, 1972; Twiss and Moores, 1973).

6. Conclusions

We present a fracture study of the Yacoraite Formation limestones in the Tres Cruces
sub-basin, the northern depocenter of the Salta Rift Basin in Northwestern Argentina.
Fracture attributes were measured over three folded structures: the San Bernardo Syn-
cline, the Arroyo Céndor folds and the Tres Cruces Eastern Anticline. Five joint sets ori-
ented NW-SE, NE-SW, ENE-WSW, WNW-ESE and N-S to NNW-SSE were identified; the
first four are likely to be prefolding, whereas the last one is classified as synfolding. Con-
sidering their orientation, distribution and abutting relationships, we propose a regional
interpretation for the recognized settings. However, the lack of a concluding chronology
must be considered and further studies are needed to improve the analysis of the frac-
ture sets timing based on complementary techniques such as fillings analysis in thin sec-
tions.

We propose that single-stage stress far-field, directed ENE-WSW and active since the
Neogene, can explain de recognized joint pattern. NW-SE and NE-SW sets would be relat-
ed to perturbations of this same stress field, caused by pre-existing first-order aniso-
tropies in the area (Tabladitas and Ugchara lineaments). Set ENE-WSW is compatible with
the convergence direction acting since Neogene times. The WNW-ESE set origin remains
unclear, it can be composed of joints related to a local structural feature. Finally, the N-S
to NNW-SSE set is interpreted as a synfolding set associated with the beginning of the
development of the studied folds.

These results provide the first comprehensive assessment of the natural fracture con-
figuration of the Yacoraite Formation in the Tres Cruces sub-basin, related to the Neo-
gene stress field which is controlled in turn by the large-scale boundary conditions (plate
convergence). The perturbation of this far-field, associated with active stages of NW-SE
lineaments, is invoked to explain the described setting.

The presence of basement anisotropies should be considered in fracture analysis
since they can produce significant stress-field perturbations and control the fracture pat-
tern development. Their effects need to be assessed to understand naturally fractured
reservoirs such as the Yacoraite Formation.
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Highlights

¢ Afracture network analysis over the Yacoraite Formation limestones in the Tres Cruces
sub-basin was performed.

¢ Five main fracture sets trending NW-SE, NE-SW, ENE-WSW, N-S and WNW-ESE were
identified.

¢ Asingle-stage stress far-field is proposed to explain de recognized fracture pattern.

e  Stress perturbations due to preexisting crustal anisotropies exert major control on
fracture patterns.
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