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Abstract

We integrate field and wellbore data to discuss the stress field in the frontal sector of the Malargiie
fold-and-thrust belt (Andes of Argentina). Surface observations indicate N-S thrusts and NW to
WNW and ESE strike-slip faults are active in the study area. Inversion of fault kinematic indicators,
combined with borehole breakout data and a mini-frac test within the study area, constrain the
Quaternary to recent stress state, which is characterized by a subhorizontal, E-W oriented maximum
stress, and by intermediate and minimum stresses with similar magnitudes that are locally
interchanged, producing a setting in which reverse and strike-slip faults are alternatively active. The

implications of the recognized structures for earthquake hazard are examined.
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1. Introduction

The development of fold-and-thrust belts in orogenic environments is the result of contraction,
which is usually interpreted as a result of a compressional stress state, with the minimum principal
stress (o3) In the vertical direction. In this stress regime, thrusts and reverse faults are active
(Anderson, 1951) with trends sub-perpendicular to the horizontal maximum principal stress (o1). In
particular, during advance of the orogenic wedge, the active frontal structures are usually assumed
to be orogen parallel thrusts (e.g. Elliot, 1976; Chapple, 1978).

However, as Lacombe et al. (2010) and Tavani et al. (2015) noted, the occurrence of transversal
structures (strike-slip or more rarely normal faults) in the frontal sector of fold-and-thrust belts is
frequent. Field and microstructural analyses suggest that the intermediate principal stress (o7) IS
vertical during the development of these structures and the minimum principal stress (o3) is
horizontal, giving place to what these authors call the “c, paradox” (Tavani et al., 2015).

In this work, we study the orogenic front of the Malarglie fold-and-thrust belt in the Andes of
Argentina (35-36°S, Fig. 1). The Pliocene-Quaternary stress state in this region is debated in recent
works, with some researchers proposing an extensional regime (Ramos and Kay, 2006; Folguera et
al., 2008, 2009), while others reported active thrust faults (Silvestro et al., 2005; Giambiagi et al.,
2008) suggesting compression.

We document N-trending thrusts that constitute the main structures in the study area, placing
Cretaceous rocks over Quaternary deposits. Thrusts are locally displaced tens of meters by NW,
WNW and ESE-trending strike-slip faults, some of which juxtapose Cretaceous rocks and
Quaternary desposits. We explore the possible setting in which both kinds of structures could be

active and their implications for seismic hazard.



2. Geologic setting

The Malargue fold-and-thrust belt is a basement-involved belt developed in the eastern side of the
Andes between 34° and 36°S (Fig. 1). In this region, the basement corresponds to the Late Permian-
Early Triassic acidic volcanic rocks of the Choiyoi Group (Llambias et al., 1993). The sedimentary
cover consists of Late Triassic-Paleocene deposits of the Neuquén basin, a retroarc basin filled with
alternating marine and continental sediments that reach thicknesses over 6.000 m in the most
important depocenters (Legarreta and Uliana, 1999). The evolution of the basin is characterized by
a Late Triassic-Early Jurassic extensional event, during which depocenters controled by NNE- and
NNW-trending normal faults were developed at the latitude of the study area (Legarreta and Uliana,
1999; Giambiagi et al., 2009). The Middle Jurassic-Early Cretaceous was dominated by thermal
subsidence (Legarreta and Gulisano, 1989), with an episode of normal fault reactivation in the Late
Jurassic (Cegarra and Ramos, 1996; Charrier et al., 2017; Mescua et al., 2008). During the Late
Cretaceous, Andean uplift began and the Neuguén basin became a foreland basin (Mpodozis and
Ramos, 1989; Tunik et al., 2010). The latest Cretaceous to Paleocene fill of the basin corresponds to
the first Atlantic marine ingression (Legarreta and Uliana, 1999).

The final uplift of the Andes took place since 20 Ma, as recorded by Miocene to recent synorogenic
deposits locally preserved within the thrust belt (e.g. Silvestro et al., 2005). This orogenic stage is
characterized by a progression of deformation

towards the foreland since the middle Miocene (Mescua et al., 2014), with the main structuration
of the orogenic front (Fig. 1) taking place since 7 Ma in the northern part of the study area
(Malargue anticline, Silvestro et al., 2005). In the southern part of the study area, the orogenic front
was uplifted earlier (17 Ma at Sierra de Palauco, Silvestro and Atencio, 2009). Out of sequence
activity in thrusts of the inner sector of the belt took place although its age is not well constrained

(Kozlowski et al., 1993; Mescua et al., 2014). The main structures along the orogenic front are



thrusts and reverse faults, with associated fault-related folds. Dominant east-vergent basement
structures transfer shortening to the cover with detachment levels in shale and gypsum units
(Kozlowski et al., 1993). Locally, west-vergent thrusts developed giving place to triangle zones
(Manceda and Figueroa, 1995; Silvestro and Atencio, 2009). Traverse structures, oblique to the
strike of the orogen, have been recognized throughout the belt. These faults are usually interpreted
as structures developed during the Late Triassic-Early Jurassic extensional episode and inverted
during Andean orogenesis (e.g. Yagupsky et al., 2008; Bechis et al., 2010). Boll et al. (2014) related
WNW-trending faults to inherited structures and interpreted ENE faults as opening fractures parallel
to the direction of maximum horizontal stress during Andean orogenesis, and proposed that these
structures were active between the Late Cretaceous and the late Miocene.

The Pliocene to Quaternary stress field has been the subject of debate in recent works. Some
researchers suggested extension as a result of orogenic collapse of the Andes, proposing active
normal faults (Ramos and Kay, 2006; Folguera et al., 2008, 2009). In contrast, Silvestro et al.
(2005) indicate activity of the Malargtie fault and uplift of the Malargue anticline between 7 and 1
Ma (Fig. 1), and Giambiagi et al. (2008) document thrusting of Paleocene rocks over Pleistocene

deposits in the Sosneado fault near the town of El Sosneado (Fig. 1).

3. Methods

We consider that structures that affect Pliocene-Quaternary sediments are active faults. These
structures were recognized from published maps and satellite images and verified in the field.
During fieldwork, we determined the affected units, measured bed orientations and measured
kinematic indicators on minor faults (cm to m of displacement) associated with the thrusts and

strike-slip faults. Kinematic data was obtained from slickensides (direction of movement) and



displacement of marker beds, mineral growth lineations and Riedel fractures (sense of movement).
At each station, measurements vary between n=5 and n=20.

Kinematic data from faults were analyzed using the FaultKin software (Allmendinger, 2001). The
software calculates P (contraction) and T (tension) axes for each datum and uses Linked Bingham
statistics to calculate the aggregate deformation axes A1, Ay and As.

The directions of the stress field components were obtained from borehole breakout data (Cox,
1970; Bell and Gough, 1982; Zoback et al., 1985), and from the inversion of kinematic indicators
from minor faults (Angelier, 1975, 1984, 1990; Lacombe, 2012).

Borehole logging reports on three wells were used to identify sections with breakouts (Cox, 1970;
Bell and Gough, 1982; Zoback et al., 1985). Breakouts are sections of the wellbore deformed by the
stresses acting on the walls. The direction of the long section of the elliptic borehole can be
measured and is interpreted to indicate the minimum horizontal stress (Spmin) direction. Data quality
was characterized using the World Stress Map classification (Sperner et al., 2003).

Kinematic indicators were inverted for stress using the T-TECTO software (Zalohar and Vrabec,
2007) and the methods outlined in Giambiagi et al. (2016). We obtained reduced stress tensors that
record the orientation of the principal stress (o1, 62 and o3) and the stress ratio ¢ =[(c2-03)/(01-03)].
The stress ratio permits to classify the stress regime defining compressional, strike-slip and
extensional regimes and transitional states between them when two of the main stresses are similar
in magnitude.

In order to estimate the magnitudes of stresses in the region, we combine a mini-frac test from an
oilwell in the northern study area with geomechanical considerations, taking into account the results
from the stress inversion. The mini-frac test provides a measurement of the value of ¢'3 (Zoback,
2010). In order to estimate ¢’; we take into account the evidences of active faulting in the region.
Considering that the friction coefficient (us) of fractures limits the effective differential stress, and

assuming ps= 0.6 (Jaeger and Cook, 1979; Byerlee, 1978), we can use the relation:



6’1/ 6’3 < [(uP+1)**+u)® ~3.1

to estimate 6”1 (Jaeger y Cook, 1979; Zoback y Townend, 2001).

On the other hand, we calculate the vertical stress o, integrating the densities of the rock column of
a borehole with density log data and compare this value with the estimations of ¢'3 and 6’3 t0
determine the current stress field.

With the determined stress field, we carried out a slip tendency analysis (Morris et al., 1996) using
the “Stress analysis” module implemented in the Move© software. This method consists in
calculating the relationship between the normal and shear stress on planes of all orientations,
obtaining a value between 0 and 1. Planes with a value of slip tendency over 0.6, the friction
coefficient assumed as standard (Byerlee, 1978), correspond to planes that will slide, indicating
active faults in the prescribed stress regime.

Finally, taking into account the active faults recognized in the region, we modeled the Coulomb
static stress changes produced on the structures by earthquakes on the major thrusts of the area. This

change is defined as

Aot = A‘L’B - u' AGB

where Aot is the change is Coulomb stress, Atg IS the change in shear stress, ' is the effective
coefficient of friction and Acg is the change in normal stress (King et al., 1994).

We used the Coulomb 3.2 software (Toda et al., 2005; Lin and Stein, 2004) to calculate stress
changes using different faults as sources with earthquake magnitudes according to their length
(Wells and Coppersmith, 1994; Wesnousky, 2008; Leonard, 2010), always assuming a friction

coefficient ps= 0.6.



4. Active faults

4a. Northern sector

In the northern sector of the study area (Fig. 2), we studied three sectors where active structures
could be recognized and characterized.

At Cerro Pencal (Figs. 2, 3), an active N-S-striking low-angle backthrust places Upper Cretaceous
redbeds of the Neuquén Group (Cenomanian-Campanian, Tunik et al., 2010) over Quaternary
deposits, uplifting the Cerro Pencal hill (Figs. 2, 3). Quaternary deposits in the northern area
correspond to polymictic conglomerates with subangular and subrounded clasts of up to 50 cm of
diameter, locally containing larger clasts. Unfortunately no further constraints are available on the
age of these deposits. The backthrust can be mapped for 5.5 km along strike, and its southern and
northern ends are covered by alluvium. A minor east verging thrust affecting Quaternary deposits
was also observed in this region (Fig. 4). The Cerro Pencal backthrust is segmented by 20 m-wide
strike-slip fault zones composed of a series of minor subparallel faults (Fig. 3) with a few
centimeters to 1.5 m of displacement, which accumulate tens of meters of displacement for the
whole fault zone. Faults with WNW trend are sinistral, as shown by field relations and kinematic
data (Fig. 3), while minor conjugate faults with ENE trend are dextral.

South of the Salado river, in Puesto Rojas (Fig. 2), a N-trending backthrust placing Upper
Cretaceous redbeds over Quaternary deposits was also recognized, with a splay fault towards the
west (Fig. 5). This structure could be the southern continuation of the Cerro Pencal backthrust,
although it is uncertain if these structures constitute a single fault or two separate segments. The
main fault strand can be recognized for 7 km along strike. The clearest evidence of recent activity of

the strike-slip faults is found in Puesto Rojas, where WNW-trending sinistral fault that juxtaposes



mid-Cretaceous limestones (Huitrin Fm. of Albian age, Leanza, 2003) and Quaternary deposits (Fig.
5a). East of this structure, the same units are affected by an east-verging thrust (Fig. 5b). The
easternmost active structure recognized in the area is an east-verging thrust that places Upper
Cretaceous redbeds of the Neuquén Group over Quaternary (Fig. 5¢). Associated with this structure,
minor faults with 0.5 m of displacement affecting Late Cretaceous redbeds and Quaternary deposits

also indicate active contraction and reverse faulting in this sector (Fig. 5d, e).

At Cerro Mollar (Figs. 2d and 6), mid-Cretaceous rocks are thrusted over Quaternary deposits along
an east-verging structure. Poor exposure in this sector prevented us from determining the lateral
extent of the fault. West of the thrust, WNW-trending faults corresponding to 40-50 m-wide zones
of fracturing in Upper Cretaceous redbeds were observed. Analysis of kinematic data from these
structures reveals a sinistral displacement, with minor or absent dip slip (Fig. 6).

The active thrusts that we recognized are linked to major blind reverse faults observed in seismic
lines and wellbores (Kozlowski et al., 1993; Rojas and Radic, 2002), the Malargte (Fig. 1) and
Puchenque (west of the study area) fault systems. These thick-skinned inverted Mesozoic normal
faults are the main structures of the orogenic front of the Malargle fold-and thrust belt at these
latitudes (Fig. 7). The structural model proposed for the region suggests that these structures are

also active.

4.b Southern sector

In the Cajon de los Caballos area (Figs. 1 and 8), poor exposures make the determination of cross-
cutting relationship between structures difficult. Some N-trending thrusts in this sector (Fig. 8a)
affect a volcaniclastic unit dated at 11-8 Ma (Loma Fiera Fm., Baldauf, 1993; Silvestro and Atencio,

2009; Horton et al., 2016). Traverse WNW- and ESE-striking lineaments were recognized on



satellite images. Field observations indicate that these correspond to zones of fractures with strike-
slip kinematic indicators (Fig. 8b). Cretaceous rocks are deformed close to the faults with beds
rotated away from the regional N-trending attitudes. Satellite image interpretation suggests that
strike-slip faults affect the younger rocks in the region (basalts dated at ca. 3-2 Ma, Silvestro and
Atencio, 2009). We could only measure kinematic data on Late Cretaceous beds affected by WNW-
trending strike-slip faults, showing sinistral displacement, and ESE-trending faults showing dextral
movements (Fig. 8b). Based on the field data, we cannot determine if the thrusts are active
structures or were active during the prolonged contractional history of this locality, which started at
~17 Ma (Silvestro and Atencio, 2009). Strike-slip structures, in contrast, affect Pliocene volcanic

units, so we interpret them as active faults.

5. Kinematic analysis

Kinematic analysis of fault slip data was carried out on stations in all study areas (Figs. 3, 5, 6 and
8), and allowed us to characterize the movement of the mapped active faults.

Thrusts show pure dip-slip with a consistent E-W contraction direction. The P and T axes for each
station are grouped in clusters indicating a well-defined contraction direction for this deformation.
While some of the strike-slip faults affect Quaternary deposits (Fig. 5a), most kinematic data from
strike-slip faults were measured on structures that affect Cretaceous rocks. In order to analyze the
possibility that these structures were ancient faults previous to folding in the region, we compared
the kinematic results in the deformed (current) and unfolded state (Fig. 9). In the deformed state, all
strike-slip kinematic data indicate NW or E-W contraction directions, with some dispersion of P and
T axes in spite of which the fields of contraction and extension are well defined (Fig. 9). In contrast,
the unfolded data show different deformations: for stations with shallow dipping strata (both

stations at Cajon de los Caballos and station 42 at Cerro Mollar, locations in Figs. 6 and 8), the



restoration does not change the kinematics of the faults. For stations with steeply dipping strata
(stations 26 and 35 at Cerro Mollar and stations 9 and 16 at Cerro Pencal, locations in Figs. 3 and
6), the restored data indicate extension with NW to N extension directions.

We consider that the faults post-date folding because (i) the dependence of fault kinematics in the
restored state on the current bedding dip (strike-slip for low dips and extension for high dips)
suggests that the faults post-date folding; (ii) there are no indications of N-S extension between the
Late Cretaceous and the Miocene in the region, and (iii) it seems unlikely that pre-folding faults
with different kinematics and from different locations would be folded in such a way to produce
kinematics consistent with a younger strike-slip deformation event recorded in the same localities.
We propose that both kinds of structures: N-trending thrusts and ESE- and WNW-trending strike-

slip faults, were active during the Pliocene?-Quaternary to the present.

6. Stress state

6.a. Stress directions

We obtained principal stress axes directions from two independent sources: (i) maximum and
minimum horizontal stress directions (Snmax and Snmin) Were measured from borehole breakouts in
oil wells from the northern area; and (ii) the inversion of fault kinematic data (Angelier, 1975, 1984,
1990) which provides the direction of the three main stress axes and the stress ratio ¢ (see section 3.
Methods).

Borehole breakouts were measured in three wells in the northern part of the study area (Cerro
Pencal; Fig. 2). While the quality of breakout data was low due to the short length of the analyzed
well sections (class D in the classification of the World Stress Map project; Sperner et al., 2003; see

Table 1), the results are consistent with regional studies (Guzman et al., 2007, 2011; Guzman and

10



Cristallini, 2008) and those from inversion of fault kinematic data presented in this work, indicating
E-W to ENE Spmax directions (Fig. 10).

Inversion of kinematic data for stress was carried out for three locations in Cerro Mollar, where we
had the highest number of measurements. The results are shown in Figure 11 and Table 2. Stress
directions are consistent with the kinematic P and T axes and with Symax and Spmin directions derived
from borehole breakouts (Fig. 10). In addition to this, the stress ratio ¢ indicates similar magnitudes
of o, and o3 in one case (station 26, Table 2), while data from station 42 indicate a pure strike-slip

regime and stations 35 and 36 indicate a pure reverse stress state.

6.b. Stress magnitudes

In order to better understand the stress state, we used wellbore data combined with geomechanical
considerations to obtain the magnitude of stresses (see section 3. Methods). We calculated the
vertical stress (oy) as a function of depth by integrating density data from wellbore profiling. The
minimum principal stress magnitude was obtained from a mini-frac test (Zoback, 2010) carried out
in a wellbore in the northern sector (Puesto Rojas) for a depth of 1277 m: 63=26 MPa (Fig. 12). At
this same depth, the vertical stress from density data was ¢,=30.5 MPa.

Estimating the maximum stress o1 requires some assumptions. In our case study, since we know that
there are active faults in the area, and assuming ps= 0.6 (see section 3.Methods), we obtain 6;=80.6
MPa.

These results determine a stress state in which:

63 =26 MPa < 6,=06,=30.5 MPa <57 =80.6 MPa

and therefore o3~ 0 << o7.

11



This stress regime corresponds to a reverse/strike-slip faulting environment in which both kinds of
structures are active due to small fluctuations in the values of o3 and o, that interchange the
orientation of the minimum and intermediate stresses (Zoback, 2010).

The determined stress magnitudes and the differential stress (o1 - 63 = 54.6 MPa) are consistent with

estimations from frontal regions of other orogens (Lacombe, 2001; Beaudoin and Lacombe, 2018).

7. Slip tendency analysis

Combining the results of sections 4 and 5, we carried out a slip tendency analysis (Morris et al.,
1996). As in the previous case, we assume Hs= 0.6, which implies that we are not considering weak
faults that may be inherited from the pre-Andean history. We analyzed two cases, corresponding to
the two alternating stress states that we propose for the region.

In the reverse faulting regime, o3 = 6, = 26 MPa; o1 = 80.6 MPa is horizontal with a direction
parallel to the Nazca-South America convergence (N8Q°E), based on breakout data and the stress
inversion for stations 35 and 36 (Fig. 11); and 6, = 30.5 MPa is horizontal and orthogonal to c;. In
this stress state, N to NNW low-angle faults are active, consistent with the thrusts and backthrusts
observed in the field (Fig. 13a,c).

In the strike-slip regime, o3 and o, are interchanged, and therefore o, = o, = 30.5 MPa and o3 =26
MPa is horizontal and orthogonal to o, that remains in the same orientation and magnitude of the
previous case as obtained in station 26. This stress state activates high angle WNW and ENE strike-
slip faults, like the ones mapped in the field (Fig. 13b,d). The same stress magnitudes but with a
ESE-trending o1, like the one obtained for station 42 (Fig. 11) activate NW trending faults.

This indicates that the Pliocene to recent activity of N-trending thrusts and WNW- and ESE-strike
slip faults can be the result of a reverse/strike-slip faulting regime in the region. In addition to this,

pre-existing faults with those orientations will likely be reactivated.
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8. Coulomb stress variations

We calculated the static stress changes in the faults of Cerro Pencal, Puesto Rojas and Cerro Mollar
produced by the reverse faults mapped in the region, the Sosneado and Malargtie faults (Figs. 1 and
7), and the structures reported in this work. In particular, we analyzed the stress change on the
strike-slip faults. With the Sosneado thrust or the Cerro Pencal and Puesto Rojas backthrusts as
sources, static stress changes were not favorable to reactivation of the strike-slip faults. In contrast,
the static stress change produced by a M=6 earthquake on the Malargue fault produced positive and
important values (higher than 0.3 MPa) on the strike-slip faults (Fig. 14). The highest values of
static stress change on the studied faults are in dextral faults on the edges of the Malargue fault,
while values for the sinistral faults are also positive. This result suggests that seismic activity on the
Malargue fault favors seismicity on the strike-slip faults in the context of a reverse/strike-slip

faulting regime (in the sense of Zoback, 2010).

9. Discussion

9.a. Tectonic implications

The stress field in the Andean retroarc is determined by a combination of the convergence of the
Nazca and South American plates and topographic forces (Guzman et al., 2007): the general E-W
trend of Sy=o0; is a response to the convergence direction, while topographic forces produce small
rotations to ESE and WNW trends. Local deformation structures produce localized NNE to NNW
trends (Guzman et al., 2007). Our results are consistent with the determinations of the orientation of

Sy made by these authors in the frontal Malargie fold-and-thrust belt.
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The identification of active thrusts and strike-slip faults throughout the orogenic front of the
Malargue fold-and-thrust belt, and the relationship of these structures with the stress field, indicates
that this region was not affected by an extensional collapse during the Pliocene-Quaternary as
previously proposed by Ramos and Kay (2006) and Folguera et al. (2008, 2009). In contrast to this
proposal, thrusts are active along parts of the orogenic front, indicating that the region is currently
under compression.

The thrusts along the frontal Malargiie fold-and-thrust belt developed in the middle Miocene (~15

Ma, Silvestro et al., 2005) and were episodically active since that time, accumulating significant
displacement (more than 3 km according to Giambiagi et al., 2009b). The thrusts are cross-cut by
oblique strike-slip faults with tens of meters of displacement which postdate folding in thrust-
related anticlines, and were likely active since the Pliocene-Quaternary.

The stress state determined from inversion of fault slip data and available well bore information
(minifrac test) corresponds to a reverse/strike-slip faulting regime (Zoback, 2010) in which o, and
o3 have similar magnitudes and are locally exchanged, which leads to an alternation of the activity
of both kinds of structures producing the “c, paradox” defined by Tavani et al. (2015). Furthermore,
a Coulomb static stress change analysis indicates that in this stress regime, activity on the basement
N-trending reverse faults increases the likelihood of activation of the strike-slip faults. We therefore
propose that strike-slip faults were active for short periods of time following earthquakes on the
major reverse faults.

A model of the evolution of the region during the Miocene (Barrionuevo et al., under review)
suggests that these variations in the stress regime are a long-term feature of the orogenic front and
that the alternation between compression and strike-slip deformation took place intermittently in

different sectors of the Malarglie area during the Neogene and Quaternary.

9.b. Implications for seismic hazard

14



The study area is located ~25 km away from the main city in southernmost Mendoza province,
Malargue, that has a population of over 26.000 according to the 2010 census. Important
infrastructure related to oil extraction activities is found within the study area and its surroundings.
While there is no record of destructive local earthquakes in the study area, probably due to the
recent permanent population of the region (the city of Malargliie was founded in 1886), low-
magnitude seismic activity has been detected in the region (Fig. 1). Instrumental seismicity is
restricted to international or national networks (PDE and INPRES catalogs) and local seismic
experiments located near the region (Spagnotto et al., 2015). All the events with depths lower than
20 km have magnitudes M < 4.5. Important activity has been observed in the Sosneado thrust (Fig.
1), already documented as an active structure by Giambiagi et al. (2008). Only a few events have
been detected in the study area and can be the result of activity either on the Malarglie and
Puchenque faults or on the oblique strike-slip faults.

In order to estimate the implications of the main active faults recognized in this work for seismic
hazard, we determined the maximum possible earthquake magnitude for the thrusts from their
surface length, based on the equations available in the literature (Wells and Coppersmith, 1994;
Wesnousky, 2008; Leonard, 2010). We calculated the maximum moment magnitude (M,) for the
Cerro Pencal backthrust and the Puesto Rojas backthrust as separate structures, and also combined
in case both can rupture as a single fault. The result shows potential M, between 5.5 and 6.2 (Table
3), which suggests that these faults can generate moderate earthquakes that should be taken into

account in seismic hazard and risk studies.

10. Conclusions

We document active orogen parallel thrusts and oblique strike-slip faults in the orogenic front of the
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Malargue fold-and-thrust belt, in the Andes between 35° and 36°S. Based on the available data, we
propose that the Pliocene and Quaternary activity of both kinds of faults is the result of a
reverse/strike-slip faulting regime in which o3 ~ o, << o;. The lack of historical destructive
earthquakes in the region is likely a reflection of the recent permanent population of the area and
the long recurrence period of the structures, however, based on their surface length, we estimate that

the thrusts can produce earthquakes of magnitude ~6.
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Figure captions

Figure 1. Location of the study area. (A) LANDSAT ETM+ image (RGB742 band combination) of
the orogenic front of the Malargue fold-and-thrust belt. White boxes correspond to the areas where
active faults were recognized in this work. The dashed line is the approximate location of the
Malargue fold-and-thrust belt orogenic front. Red lines indicate the maximum horizontal stress (Sn)
determined by Guzman et al. (2007) based on borehole breakout determinations. Yellow dots are
upper crustal seismic events (depth < 20 km) from the INPRES catalog (1999-2018;
www.inpres.gob.ar), PDE catalog (1953-2018; https://earthquake.usgs.gov/data/pde.php), and

Spagnotto et al. (2015). All events have magnitudes lower than 4.5. (B) Geologic map based on

Giambiagi et al. (2012).

Figure 2. (A) Location of northern study areas over LANDSAT ETM+ band 8, indicating the main
active structures. Outcrops of Cretaceous to Pliocene rocks are shown, the rest of the study area is

covered by Quaternary deposits. (B,C,D) Geologic maps for the northern study areas.

Figure 3. Active faults at Cerro Pencal, location in Fig. 2. (A, B) Cerro Pencal backthust which
places Late Cretaceous redbeds over Quaternary deposits. (C) Mapped structures over Google Earth
image, insets show kinematic data of minor faults indicating pure reverse movement of the Cerro
Pencal backthrust and sinistral movement of the oblique strike-slip faults. The yellow dot indicates
the location of Fig. 4. (D, E) Strike-slip fault zones consisting of small faults with metric

displacement. Inset in (E) shows kinematic data for the strike-slip faults.

Figure 4. Minor east-verging thrust developed in Quaternary deposits at Cerro Pencal. Location in

Figs. 2B and 5.
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Figure 5. Active faults at Puesto Rojas, location in Fig. 2. (A) Strike-slip fault affecting mid-
Cretaceous rocks and Quaternary deposits. (B) Thrust placing mid-Cretaceous limestones over
Quaternary deposits. (C) Mapped structures over Google Earth image. Inset shows kinematic data
for a reverse fault zone consisting of minor thrusts. (D, E) Minor faults with tens of cm of

displacement associated with the thrust that uplifts Cretaceous rocks over Quaternary deposits.

Figure 6. Active faults at Cerro Mollar, location in Fig. 2. (A) Thrust placing Cretaceous redbeds
over Quaternary deposits. (B) Thrust placing mid-Cretaceous limestones over Quaternary deposits.
(C) Mapped structures over Google Earth image. Insets show kinematic data for reverse and

sinistral faults. (D, E) Strike-slip faults on Late Cretaceous redbeds.

Figure 7. (A) Regional cross-section across the Malargte fold-and-thrust belt from Giambiagi et al.
(2012). Note how the displacement on basement faults such as the Puchenque and Malargue faults
is transferred to thin-skinned thrusts that reach the surface in the study area. (B, C) Cross-sections
through the Puesto Rojas (B) and Cerro Mollar (C) sectors, showing the relationship between
basement reverse faults and the active faults presented in this work, located with red arrows.

Modified from Rojas and Radic (2002).

Figure 8. Active strike-slip faults in the Cajon de los Caballos, location in Fig. 2. (A) Geologic map
of the Cajon de los Caballos area. (B) Mapped structures over Google Earth image. Insets show

kinematic data for minor faults associated with two of the strike-slip faults.

Figure 9. Kinematic fault-slip data for strike slip faults. For each station, the left stereonet shows

the measured data and the right stereonet shows the data after bed unfolding. Note that all the
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measured data correspond to a compatible deformation with roughly E-W contraction, while the
unfolded data produce different deformations depending on bedding dip at each stations, which

indicates that the measured faults post-date the folding.

Figure 10. Maximum (Sy) and minimum (S;) horizontal stress derived from borehole breakout

data.

Figure 11. Stress inversion results. The direction of o1 is shown in red arrows and the direction of

o3 In blue arrows. Location of stations in Fig. 6

Figure 12. Mini-frac test in a well of the Puesto Rojas area. The Fracture Propagation Pressure

corresponds to the minimum principal stress magnitude (3774 psi=26 MPa).

Figure 13. Results of slip tendency analysis. Colors indicate slip tendency value for fault plane
poles. Faults with slip tendency>0.6 are active in the proposed stress field. (A) Reverse faulting
regime with o1 of azimuth 80°. (B) Strike-slip faulting regime with o1 of azimuth 80°. (C) Thrust
planes mapped in the study area, color coded to show their slip tendency in the compressional stress
field. Note that high-angle reverse faults show low slip tendency (green color) suggesting that some
mechanism has to act to produce their movement (e.g., high fluid pressure). Low angle reverse
faults show high slip tendency (yellow color). (D) Strike-slip faults mapped in the study area, color
coded to show their slip tendency in the strike-slip stress field. Sinistral, WNW faults show the
highest slip tendency (red color). Dextral ESE faults also show high slip tendency (yellow), whereas
sinistral NW faults show low slip tendency (green color). However these sinistral NW faults fall in

the red field if o1 has an azimuth of 110°, also observed in the study area.

25



Figure 14. Coulomb static stress change. In all cases the source is a M,,=6 earthquake on the
Malargue fault and the receptors are: (A) dextral faults (strike 67.5°, vertical), (B) sinistral faults

(strike 112.5°, vertical), and (C) reverse faults (strike 0°, dip 30°).
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Table 1. Borehole breakout data from the Cerro Pencal sector.

Wellbore A

Unit Length (m) ‘SH strike Quality
Avilé Member 40 78 D
Lower Agrio Formation |200 \66

Wellbore B

Unit ’Length (m) Sk strike | Quality
Avilé Member 82 88 D
Lower Agrio Formation |50 82

Wellbore C

Unit ’Length (m) ’SH strike Quality
Avilé Member 44 97 D

Table 2. Stress inversion of kinematic data. n= number of measurements used for the inversion;
nT= total number of measurements, ©;,62,065= principal stress axes; ¢=(c2-03)/(c1-63); and
a=misfit angle. Stress regimes are: SL/R=strike-slip/reverse; R/SL= reverse/strike-slip; SL=strike-

slip.

Site
26
35
36
42

Latitude

35°17°47,54”S
35°19°48,84”’S
35°19°45,31”’S
35°19°42,02”’S

Longitude

69°48°02,33”W
69°42°03,17"W
69°41°55,22”W
69°42°56,51”W

12
18
16
21

nT o1 o)) 03 [0} o
12 44/13 288/63 140/23 0,10 14
20 272/2 3/25 178/64 0,60 27
16 277/0 187/2 21/88 0,69 20
25 248/2 358/84 158/6 0,50 17

Regime
SL/R

SL
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Table 3. Maximum earthquake magnitude estimated from the surface length of thrusts in the study

area.
Fault Surface [Maximum magnitude [Maximum magnitude |Maximum
length Wells and Coppersmith |Wesnousky (2008) magnitude
(m) (1994) Leonard (2010)
Cerro Pencal 5500 5.8 55 5.8
backthust
Puesto Rojas 7000 59 5.7 59
backthrust
Cerro Pencal + |12500 6.2 6.2 6.2

Puesto Rojas
backthrust
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Highlights

* We document active orogen parallel reverse faults and oblique strike-slip faults in the orogenic
front of the Andes between 35° and 36°S

* A strike-slip/reverse faulting regime in which the minimum and intermediate principal stresses are
similar in magnitude is deduced from the inversion of fault kinematic data and a mini-frac test

* Based on surface length, the active thrusts can produce seismic activity with magnitudes ~6
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