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The reverse reactivation of pre-existing normal faults has been documented in many orogens. In other
cases, the lack of sub-surface information has allowed the construction of both inversion and non-
inversion structural models. We will analyze the possibility of fault inversion in one such case, in the
Malargiie fold-and-thrust belt in the Andes of Argentina. In order to address this issue, we modeled fault
inversion vs. new thrust generation using the ReActiva 2.4 software, and varying the physical parameters
for the pre-existing fault and the host rock. The results of modeling are compared to the possible sub-
surface characteristics of faults in the Malargiie fold-and-thrust belt. We show that the orientation of
these structures in the Andean stress field makes them likely to reactivate if the pre-existing fault planes
present a low coefficient of friction and/or fluid overpressure. Both are expectable in the geological
setting in which the structures are found. We conclude that fault inversion cannot be dismissed, and
should be taken into account for structural models of the Malargiie fold-and-thrust belt. Our results can
be extended to other orogens with similar characteristics.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Structural inversion has been defined as the reversion of the
dip-slip component of the original movement of basin-controlling
extensional faults during compressional tectonics (Cooper et al.,
1989; Williams et al,, 1989). The substantial reactivation of the
pre-existing fault system is a requisite to recognize inversion
tectonics, although new structures such as footwall shortcut faults
may form to some extent during this process (Cooper et al., 1989).
The reactivation of a pre-existing plane implies that ancient
structures are mechanically weaker than the surrounding rock
(Rutter et al., 2001), which can be expressed for the seismogenic
upper crust using the relation between the Coulomb—Navier frac-
ture and slip criteria. Therefore, the orientation of the pre-existing
plane with respect to the new stress field and the physical prop-
erties of the fault zone and the host rock define the possibility of
reactivation. This takes place when slip along the fault plane
requires less differential stress (¢1 —¢3) than the generation of
a new fault (Sibson, 1985).

The inversion of pre-existing normal faults has been proposed in
many modern and ancient compressional settings (Colletta et al.,
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1990; Grier et al., 1991; Homovc et al., 1995; Carrera et al., 2006;
Mouthereau and Lacombe, 2006; Zanchi et al., 2006; and many
others). In some cases, the exhumation of the structures or the
availability of sub-surface data provided evidence to support the
interpretation of inverted faults (Underhill and Paterson, 1998;
Bjorklund and Burke, 2002; Kley and Monaldi, 2002; Kley et al.,
2005; Ghisetti and Sibson, 2006). However, in other mountain
belts, the evidence can be ambiguous and different researchers may
propose different structural models for the same areas, i.e. inver-
sion and non-inversion models (Helg et al., 2004; Butler et al.,
2006). In such cases, a key issue is the inversion potential of the
pre-existing structures in the compressional stress field, given their
orientation and physical properties. In this paper, we will address
this issue for a case study in an Andean fold-and-thrust belt (FTB),
the Malargiie FTB. This belt was defined by Kozlowski et al. (1993)
as the basement-involved deformation belt which constitutes the
Andes of the southern half of the province of Mendoza
(34°S—36°S), Argentina (Fig. 1). It is one of the foreland fold-and-
thrust belts developed along the western margin of South Amer-
ica (Kley et al., 1999), related to subduction of the Nazca plate under
the South American plate (Dewey and Bird, 1970), and was formed
since the Cretaceous in the Andean orogeny (Ramos and Aleman,
2000). The basement-involved character of the deformation in
the Malargiie FTB was recognized since the first geologic works
carried out in the area (e.g. Gerth, 1931). In the sectors of the FTB
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Fig. 1. Geologic setting of the Malargiie fold-and-thrust belt. (A) Regional setting. The tectonomorphic units of the Andes: Precordillera, Cordillera Frontal, Main Andes, are shown
over the topography. The main extensional depocenters of the Neuquén basin are shown according to Giambiagi et al. (2009b). Note the NNW to NNE orientation of the Mesozoic
normal faults in the northern sector of the basin. 1: Yeguas Muertas depocenter, 2: Atuel depocenter, 3: Rio del Cobre depocenter, 4: Palauco depocenter. (B) The Andes of Mendoza,
showing the location of the Aconcagua and Malargiie fold-and-thrust belts and areas of basement involved and cover deformation. The structures described in Section 5 are also
shown: the Borbollén-La Manga lineament and the Rio del Cobre and Palauco faults. A—A’: cross-section in Fig. 5B. B—B’: cross-section in Fig. 6.

where the basement does not crop out, its involvement in the
deformation is recognized by several observations: (i) folds with
large wavelengths (>5 km) limited by high-angle reverse faults, (ii)
outcrops of syn-extensional Triassic and Lower to Middle Jurassic
deposits, which are stratigraphically below the main detachment
levels of the Mesozoic succession, (iii) variations in the structural
trends which deviate from the typical N—S Andean trend. Basement
involvement in the deformation in the Malargiie FTB contrasts with
the deformation restricted to the Mesozoic cover of the Aconcagua
FTB (Ramos et al., 1996a) developed in northern Mendoza (Fig. 1). In
spite of the wide consensus about which areas in the Andes of
Mendoza present basement involved and cover deformation, the
mechanism of basement deformation is still a matter of debate.
Two end-member structural models have been proposed: inversion
(Uliana et al., 1995; Kley et al., 1999; Giambiagi et al., 2005, 2008a;

Giampaoli et al., 2005) and non-inversion (Kozlowski et al., 1993;
Dimieri, 1997; Turienzo, 2010) models. In inversion models, the
main structures correspond to inverted Mesozoic normal faults,
whereas non-inversion models attribute shortening to newly
formed Andean thrusts. Intermediate “hybrid” models with both
kinds of structures have also been proposed for some parts of the
belt (Manceda and Figueroa, 1995; Giambiagi et al., 2009a). The lack
or bad quality of sub-surface information to resolve the deep
structure has allowed the development of the different structural
models. Different authors have constructed balanced cross-sections
using all the structural models, therefore this technique has not
been able to provide a unique solution for the interpretation of the
deep structure of the fold-and-thrust belt.

In order to address this controversy, we will examine the
potential inversion of the Mesozoic normal faults through
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numerical modeling using the ReActiva software (Tolson et al.,
2001), which is based on the reformulated Coulomb—Navier
criteria for non-Andersonian conditions (Yin and Ranalli, 1992). The
aim of this paper is to analyze under which conditions these
previous normal faults can be inverted. Modeling will be com-
plemented with a discussion of other geological arguments for and
against inversion and the analysis of particular cases of structures
suspected of being inverted normal faults.

2. Fault inversion: theoretical framework

In the seismogenic upper crust, deformation in fault zones
occurs by frictional processes, corresponding to brittle fracture
and frictional sliding (Jaeger, 1969; Sibson, 1977; Rutter et al.,
2001; Lisle and Srivastava, 2004). Sliding along a pre-existing
plane occurs if the shear stress on the plane exceeds the fric-
tional resistance (Jaeger, 1969). The reactivation of a pre-existing
fault plane will take place when slip along the pre-existing plane
requires less differential stress (g1 —o3) than the formation of
a new fault in the intact rock. This in turn depends on the
following factors: (1) the orientation of the plane with respect to
the principal stress directions, (2) the cohesion of the pre-
existing plane and host rock, (3) pore fluid pressure in the fault
zone, and (4) the coefficient of friction on the plane and host rock
(Jaeger, 1969; Byerlee, 1978; Sibson, 1990, 2004). The behavior of
these properties is influenced by the fact that faults are not
discrete surfaces but zones of finite width of fault rocks, in which
specific mechanical and hydrological properties depend on
a complex interplay between many factors (Wibberley et al.,
2008).

The orientation of fault planes with respect to the stress field
can be analyzed applying the Coulomb—Navier fracture and slip
criteria. Its application is frequently carried out using the Mohr
diagram (e.g. Anderson, 1951; Ramsay, 1967; Jaeger, 1969; Jaeger
and Cook, 1979). A fracture envelope can be constructed on the
Mohr diagram given by a pair of lines following the equation:

[t| = ¢+ pon

where 7 is the shear stress on the plane, c is the cohesion of the
material, u is the coefficient of internal friction and oy is the normal
stress on the plane. Similarly, a slip envelope can be constructed
corresponding to the equation

Tl = co + HooN

where g is the cohesion of the pre-existing fault plane and ug is the
coefficient of friction of the same plane. For determinate stress
conditions, the domain of slip along pre-existing planes contains all
the planes that lie below the line of the Coulomb fracture criterion
and above the line of the Coulomb sliding criterion (Fig. 2). In this
field, the planes are stable for fracture and unstable for slip. In order
to use the Mohr diagram, the data need to be transformed between
stress space (o — 7 space) and physical space (Alaniz-Alvarez et al.,
1998), which complicates the visualization of the planes prone to
reactivation. Application of the Mohr diagram to evaluate the
reactivation of faults requires specifying the physical conditions
(cohesion and coefficient of friction) of the materials involved, in
this case, intact rock and the pre-existing fault plane, and the
magnitudes of the principal stresses, to obtain the fracture and
sliding envelopes.

Regarding the physical properties of the fault plane and host
rock, cohesion (c) is defined as the resistance to sliding (equal to the
critical shear stress) in the absence of normal stress. It is measured
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Fig. 2. Mohr diagram in 2D (for planes containing g,), showing the Coulomb fracture
and slip envelopes for the case of a cohesionless pre-existing plane. For rocks with
a cohesion ¢ and a friction coefficient y, 7. is the critical shear to produce a fracture,
which is produced with an angle 6 If the rock contains cohesionless pre-existing
planes with a friction coefficient of uo, and oriented at angles between fs; and fs,,
slip on these planes will require a smaller 7 than 7., and reactivation will take place.
Modified from Morley et al., 2004.

in units of pressure, and a compilation of values for different
lithologies ranges between c = 1 MPa for soft sedimentary rocks to
c=>55MPa for hard volcanic rocks (Afrouz, 1992). On the other
hand, Byerlee (1978) proved that in laboratory experiments, coef-
ficients of friction (u) of rocks are largely independent of the
lithology and restricted to a narrow range of values between u = 0.6
and u = 0.85. These values seem applicable to many faults zones as
well (Sibson, 1990, 1994). Based on this result, some investigations
stress the role of pore fluid pressure as a condition for the reac-
tivation of fault planes (Sibson, 1990, 1994, 2004). In this frame-
work, the optimal faults for reactivation in compressional regimes
will be those with a dip of 30°, and steeper fault planes would
require fluid overpressure.

A compilation of fault plane dips for intracontinental reverse
ruptures presents two distinct peaks: one corresponds to the
optimal planes of 30° of dip, and the other is located around dips
of 50° and would correspond to the inversion of normal faults
(Sibson and Xie, 1998). In this way, the positive inversion of steep
normal faults would require “fault-valve” behavior, with fluid
pressure in the fault zone approaching lithostatic values, and
rupturing followed by postseismic discharge (Sibson, 1990,
2004). At the “Byerlee” range of friction values, the angle of
lockup for which fault inversion cannot take place is slightly less
than 60° (Sibson and Xie, 1998; Sibson, 2004). However, as
Byerlee (1978) stated, some fault gouges may lower the friction
on natural faults considerably. Fault gouges form during fault slip
in response to frictional wear of the wallrock. Wear processes
include brittle shearing of asperities on all scales, asperity
indentation and plowing, sidewall cracking and plucking, and
progressive rock fragmentation and grain comminution by inter-
and intra-granular cracking (Sibson, 1986). This leads initially to
brecciation of the wallrock, and grain size as well as the degree of
sorting in the breccia decrease with increasing displacement,
generating gouges in large-displacement faults (Sibson, 1986).
Wear processes also create pathways for fluid flow, and fluids
may lead to alteration and neoformation of minerals in fault
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zones through physico-chemical interaction with fault rocks and
host rocks (Wibberley et al., 2008). The combination of these
processes generates minerals which may lower the coefficient of
friction of fault zones, depending on the composition of the
gouge. For example, Morrow et al. (1992) report values between
u=0.3 and p=0.4 for illite gouges and as low as u=0.2 for
montmorillonite gouges, and Moore and Lockner (2008) have
shown that talc is extremely weak, with u =0.16—0.23 at room
temperature and even lower values at high temperatures
(>100°). Collettini et al. (2009a) have obtained low coefficients of
friction (0.2 <w<0.3) for natural foliated fault zone rocks
composed by a mixture of phyllosilicates. They also noted that
the foliated fabric of the phyllosilicate network can be a major
factor for fault zone weakening, producing low coefficients of
friction even when small amounts of phyllosilicates are present
in the fault zone. Presence of fluids seems to also lower the
friction for minerals which adsorb water such as chrysotile,
generating values of u of the same order (Moore et al., 1997;
Morrow et al., 2000). Another way of introducing low-friction
material in fault zones can take place when a sedimentary
succession containing shaly units is cut by a fault and these rocks
are incorporated in the fault zone, leading to the formation of
clay smears (Fisher and Knipe, 1998). In basement rocks, a “fric-
tional-viscous” mechanism of deformation has been proposed
based on the characteristics of large fault zones exhumed from
depths >5km, which present foliated cores comprising phyl-
lonite and/or foliated cataclasite that overprint earlier random
fabric cataclasites and brittle fractures (Imber et al., 2008). In this
model, cataclasis acts during coseismic periods (high strain rate)
and solution-precipitation aided cataclasis in the presence of
a chemically active fluid may be operative during interseismic
(low strain rate) periods (Chester and Higgs, 1992). These models
predict significant (30—70%) weakening of faults that deform by
frictional-viscous mechanisms compared with conventional
crustal strength profiles based on Byerlee friction (Imber et al.,
2008), and have been used to explain the continued reac-
tivation of unfavorably and severely misoriented faults, such as
the Zuccale low-angle normal fault in the isle of Elba (Collettini
et al., 2009b) and the Median Tectonic Line in Japan (Imber
et al., 2008).

All these processes may contribute to weaken fault zones with
respect to wall rock, and would favor the reactivation of pre-
existing faults over the generation of new structures.

3. Fault inversion modeling

The ReActiva software (Alaniz-Alvarez et al., 2000; Tolson
et al.,, 2001) is a shareware product that calculates the orienta-
tion of planes amenable to reactivation under a given set of
physical conditions. The user specifies the state of stress and the
physical properties of the intact rock and the fault plane, and the
program calculates the stress difference necessary to fracture the
rock along the plane with the ideal orientation, and compares
this value with that necessary for slip along pre-existing planes
of weakness of certain orientation, as described by Alaniz-
Alvarez et al. (1998). It is based on the equations of Yin and
Ranalli (1992), who reformulated the Coulomb-Navier criteria
for general crustal (non-Andersonian) conditions. The dependent
variable in these equations is the stress difference (o1 — 03),
instead of 7 as used in the Mohr diagram. The effective stress field
is calculated from the overburden pressure, modified with the
pore fluid factor (1) defined as the pore fluid pressure divided by
the overburden pressure. Other variables used in the equations
are the stress ratio R = (o2 — 03)/(¢1 — 03) and unit vectors normal
to the fault (N;) and to a horizontal plane (M;), which allow the

determination of slip planes in physical space. The Coulomb
fracture criterion is then defined as:

1/2
(01— 03) = 2upgz(1— A) + 2¢/ (uz + 1) —u+ 2u(M% + RM%)
and the slip criterion as

(01— 03) =popgz(1 — Jo) + o/ [ (N} + R*N3)
_ (N% +RN§)2] ]/2+u0 KM% +RM§>
~ (N} +RN3) |

where g is the acceleration of gravity, z is depth, and Ag is the pore
fluid factor for the pre-existing plane. Subscripts for N; and M; refer
to the components of these vectors projected to the stress direc-
tions. For example N1 = N;*cos 1, where v is the angle between N;
and a1, Ny = Ni*cos 72, where 73 is the angle between N; and a5, etc.

In ReActiva, the results of the calculations are plotted as slip-
rupture graphics, showing the poles of the reactivated planes on
an equal area projection net. The advantages of the slip-rupture
graphs technique were analyzed by Alaniz-Alvarez et al. (1998),
who pointed out that relative to Mohr diagrams, the graphs have
the advantage of working with geographic orientations of planes
and principal stresses and it is not necessary to transform the data
to a stress space. In some respects, the slip-rupture graphs are very
similar to the slip tendency graphs introduced by Morris et al.
(1996); however, the former allow predictions to be made
regarding the possible reactivation of slip along planes with unfa-
vorable orientations by varying different physical parameters.
Furthermore, slip-rupture graphs address not only the possible
reactivation of pre-existing planes of weakness as a function of the
various parameters discussed above, but also the possibility of
fracture. The implementation of this technique in ReActiva allows
for the rapid calculation and visualization of results, which permits
the evaluation of multiple scenarios by changing the parameters.
Furthermore, the results are easily interpreted and can be trans-
ferred directly to natural examples.

4. The case study in the Malargiie FTB
4.1. The Mesozoic Neuquén basin and its major normal faults

The model of tectonic inversion in the Malargiie FTB proposes
the reactivation of the normal faults which controlled the initial
depocenters of the Neuquén basin, a retroarc basin developed
during the Mesozoic (Fig. 1). The basin was filled with an alternance
of marine and continental deposits controlled by the interaction of
tectonics, sea level and volcanic activity in the magmatic arc, which
allowed or restricted the connection with the paleo-Pacific Ocean
(Legarreta and Uliana, 1996).

During the Late Triassic and Early Jurassic, extensional condi-
tions prevailed in the retroarc of the South American subduction
system, related to the breakup of the Gondwana supercontinent
(Uliana and Biddle, 1988). In this setting, the beginning of subsi-
dence in the Neuquén basin was controlled by normal faults which
formed isolated hemigrabens and grabens (Charrier, 1979;
Gulisano, 1981; Uliana and Biddle, 1988; Legarreta and Gulisano,
1989; Gulisano and Gutierrez Pleimling, 1995; Manceda and
Figueroa, 1995; Legarreta and Uliana, 1996, 1999; Lanés, 2005;
Vicente, 2005; Lanés et al., 2008; Giambiagi et al., 2009b; Bechis
et al,, 2009). A late Jurassic extensional reactivation has also been
proposed for some areas of the basin including the present Andes of
Mendoza (Cegarra and Ramos, 1996; Pangaro et al., 1996; Giambiagi
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et al., 2003; Mescua et al., 2008). Orientations of the normal faults
are very variable throughout the whole basin (Fig. 1), but in the
northern sector (north of 36°S), strikes of the master faults vary
between NNW and NNE (Giambiagi et al., 2009b). In the area cor-
responding to the Malargiie FTB, the major depocenters are from
north to south: the Yeguas Muertas, Atuel, Rio del Cobre, and Pal-
auco depocenters (Fig. 1). Thickness of Mesozoic sedimentary
deposits in these depocenters is in the order of thousands of
meters, and locally exceeds 5.000 m. Within this succession, several
units act as detachment layers due to their rheology: the Oxfordian
gypsum (Auquilco Formation), the Tithonian to Berriasian black
shales (Vaca Muerta Formation), and the Barremian to Aptian
gypsum (Huitrin Formation).

4.2. The Malargiie FTB: general characteristics and proposed
structural models

The Malargiie FTB can be divided latitudinally in two sectors: in
the northern sector, in the inner (western) part of the belt the
basement is involved, whereas the outer (eastern) sector presents
a thin-skinned deformation, a feature shared with the southern
sector of the Aconcagua FTB (Giambiagi et al., 2003). The southern
sector, located south of the Salado river, has the basement involved
in all its extension (Fig. 1).

The structural basement in this sector of the Andes is composed
by Proterozoic low- to middle-grade metamorphics and Paleozoic
low-grade schists and quartzites which crop out extensively to the
north in the Cordillera Frontal (Polanski, 1964; Caminos, 1965) and
Late Permian to Early Triassic acidic volcanics and plutons of the
Choiyoi Group (Groeber, 1947), a unit of widespread regional
distribution associated to extension during the beginning of the
fragmentation of Gondwana (Llambias et al., 1993). These rocks
underlie the Mesozoic sedimentary rocks of the fill of the Neuquén
basin (see previous section). The basement crops out locally in the
southern Malargiie FTB, associated to some faults and large anti-
clines, like in the Las Lefias block (“Dedos-Silla block” of Gerth,
1931) and along the Rio Grande valley (Dimieri and Nullo, 1993;
Kozlowski et al., 1993). In the northern Malargiie FTB, basement
involvement in the inner sector is recognized because of the change
in fold wavelengths and exposure level, from small folds with
wavelength <1 km and outcrops of Cretaceous units in the east to
folds with wavelengths >3—5 km and outcrops of Jurassic units in
the west (Kozlowski et al., 1993; Mescua and Ramos, 2009).
Throughout the fold-and-thrust belt, the basement structures
transfer their displacement to the Mesozoic cover generating tight
folds and thrusts with detachment levels in basinwide gypsum and
shale units.

As explained in Introduction, different structural models have
been proposed to account for the mechanism of basement defor-
mation. We classify them as inversion, non-inversion and hybrid
models. Inversion models were introduced because NW to NNE
orientations of Mesozoic normal faults seem intuitively appropriate
for reactivation in the Andean stress field (Manceda and Figueroa,
1995), whose major horizontal stress is oriented E—W (Somoza
and Ghidella, 2005; Guzman et al., 2007, 2009). The high angle of
many of the reverse faults of the Malargiie FTB also suggests that
the structures were originally normal faults. Later investigations
provided other criteria to support that model: Ramos et al. (1996b)
have shown that areas of basement-involved deformation in the
High Andes of the provinces of San Juan and Mendoza coincide
with extensional depocenters of the Neuquén basin, in contrast
with areas of cover deformation, located where the syn-rift units of
the basin where not deposited. In the northern Malargiie FTB, the
change from basement involved to cover deformation corresponds
to the Borbollén-La Manga lineament, which was interpreted as the

main fault of the Atuel extensional depocenter on the basis of
thickness and facies changes of the syn-extensional deposits on
both sides of the lineament (Giambiagi et al., 2005, 2008a). The
high angle of the La Manga fault is also pointed out by these authors
as an argument for the interpretation of this structure as an
inverted fault. These characteristics suggest a control on the loca-
tion of basement-involved deformation by the extensional depo-
centers of the Neuquén basin. The lower shortening amount
observed in basement-involved areas with respect to cover defor-
mation areas (a feature obtained with all structural models) might
be interpreted as a result of the inversion of high-angle faults in the
former, since the high angle of the structures favors uplift over
shortening (Ramos et al., 1996b). This fact, however, has been used
as the main argument for non-inversion models (Dimieri et al.,
1997). In the northern Malargiie FTB, the eastern sector of cover
deformation presents high values of shortening which cannot be
achieved through the transfer of shortening of inverted basement
structures (Turienzo, 2010). This problem has been solved in two
ways: applying non-inversion models (Turienzo, 2010) or hybrid
models in which both inverted faults and new thrusts are respon-
sible for shortening (Manceda and Figueroa, 1995; Giambiagi et al.,
2003). Hybrid models have also been used for the structure of the
southern Malargiie FTB (Giambiagi et al., 2009a) where some
structures have been interpreted as inverted normal faults based on
facies and thickness changes of Jurassic units between the foot wall
and hanging wall blocks, and others with no evidence of inversion
were interpreted as Andean basement thrusts.

5. Modeling results

In order to evaluate the inversion potential of the Mesozoic
normal faults of the Malargiie FTB during the Andean orogeny, we
carried out a set of calculations using ReActiva. Given the fact that
physical conditions cannot be accurately determined for the case of
study, we run several calculations varying the parameters in order
to establish under which conditions a normal fault with a dip
between 50° and 60° could be inverted. We calculated our models
for a depth of 10 km, coincident with the depth of the main
detachment for the Malargiie FTB interpreted from structural
models (Manceda and Figueroa, 1995; Allmendinger et al., 2004,
Giambiagi et al, 2009a) and seismological data (Farias et al.,
2010). We assume that this is maximum depth for which inver-
sion of the Mesozoic structures may have taken place; if a shal-
lower depth is used for the models, the decrease in overburden
pressure favors reactivation and the faults are inverted more easily
(i.e. either the same faults are inverted with higher u or lower 4, or
more fault planes are inverted keeping all other parameters fixed).
The stress state for the initial model was selected as reverse
faulting with an R value of 0.5, which means that ¢ has an inter-
mediate value between ¢; and 3. We started using the same
values for the physical parameters of both the pre-existing fault
and intact rock: a “Byerlee” value of u = up = 0.6 for the coefficient
of friction, a fluid pressure of A=19=0.4, and a cohesion of
¢=co=30 MPa (a value which is medium for metamorphic rocks
and low for igneous rocks, Afrouz, 1992). In these conditions, no
reactivation took place.

We proceeded to vary the parameters which can favor reac-
tivation each at a time, and plotted the planes which were inverted
(Fig. 3). In the first set of models, fluid pressure on the fault plane
was increased using increments of 0.1. The second set of models
consisted in varying the cohesion of the fault plane with a decrease
of 5MPa at each step. The third set of models was carried out
decreasing the coefficient of friction on the plane, reducing 0.1 at
each step. The total percentage of reactivated planes for each model
was obtained and plotted in Fig. 3. Other variables were examined



56 J.E Mescua, L.B. Giambiagi / Journal of Structural Geology 35 (2012) 51—63

B

% of inverted planes

% of inverted planes

Ho

M

% of inverted planes

8

3 8

o 3 8 8 8 8 8




J.E. Mescua, L.B. Giambiagi / Journal of Structural Geology 35 (2012) 51—63 57

qualitatively, such as the variation of depth, the stress ratio R, and
the density of rocks. The results were not significantly different for
reasonable values of these parameters given our case of study,
suggesting they are second-order controls, and will not be dis-
cussed in this work.

Our results show that the main factor controlling fault inversion
is the coefficient of friction on the fault plane (Fig. 3C,D). A decrease
of only 0.1 in this value (uo = 0.5) keeping all the other parameters
fixed, readily produced the inversion of the most favorable planes,
reactivating planes with maximum dips of 44° (11% of all planes). In
the extreme case of frictionless fault planes (ug = 0), almost all pre-
existing planes were reactivated (98% of all planes). For values of u
reported in the literature, like those for montmorillonite and talc
gouges (up = 0.2), 67% of the planes were reactivated. This included
planes with maximum dips of 70°.

Keeping the value of u = ug = 0.6 fixed, the increase of pore fluid
pressure on the fault plane was also able to produce inversion
(Fig. 3A,B), but to a lesser extent than that obtained with a decrease
in the coefficient of friction. With extremely high values of g
(Ao=1), only 43% of the planes were inverted, and maximum dip
was 54°. This value is consistent with the lockup values of around
60° presented by Sibson and Xie (1998) and Sibson (2004) under
similar conditions.

Cohesion seems to be the parameter with less influence for
inversion. Variation of cyp was quite ineffective to produce fault
reactivation, with the inversion of only 12% of the pre-existing
planes for a cohesionless fault plane (co=0). The maximum dip
of reactivated planes was 43° (Fig. 3E,F). Increase of rock cohesion ¢
was also modeled, but inversion of faults with dips of 50° could not
be achieved even in cases of unrealistic values such as ¢ =70 MPa
(and co = 0 MPa).

6. Examples of suspected inverted faults from the Malargiie
fold-and-thrust belt

6.1. The Rio del Cobre fault

The Rio del Cobre fault, located in the inner Malargiie FTB, has
been interpreted as a Mesozoic normal fault which controlled
deposition in the Rio del Cobre depocenter (Mescua and Giambiagi,
2010). On the hanging wall of this structure, over 800 m of deep-sea
Middle Jurassic deposits, and over 3.000 m of continental Late
Jurassic (mostly Kimmeridgian) deposits crop out. On the foot wall,
Middle Jurassic rocks do not crop out immediately east of the Rio
del Cobre fault but 7 km away where a Mesozoic basement high
was developed. In this sector shallow marine deposits are found
with less than 100 m of thickness. Late Jurassic rocks immediately
east of the fault are 1.000 m thick. These facies and thickness
changes are interpreted as the result of normal movement of the
Rio del Cobre fault during Mesozoic deposition.

At present, in the field, the Rio del Cobre fault corresponds to
a NNE trending, high angle (60°W) reverse fault zone with eastern
vergence, whose trace extends for more than 10 km (Fig. 4). The
fault zone has a maximum thickness of 600 m, and is composed of
intensely strained and fractured red shales and gypsum of the
Jurassic units found in the footwall of the fault surrounding frac-
tured metric-scale blocks of sandstones of the Jurassic units of the
hanging wall. An inverted (i.e., with reversed stratigraphy) block of

the Jurassic units is found in the front of this sector of the fault zone
(Fig. 4). A thermal spring found in the Rio del Cobre valley is the
result of the flow of deep water through the fault zone. Within the
fault zone, calcite filled veins are frequent, some of them affected by
small thrusts of centimetric displacement, which also evidences
fluid flow and possibly overpressure in the fault zone. The
displacement of the Rio del Cobre fault is estimated at more than
3.000 m, based on the stratigraphic relations across the structure,
which suggest a strong inversion according to the scale of Cooper
et al. (1989). Toward the north and south the fault decreases its
throw, giving place to large anticlines.

6.2. The La Manga fault

The Atuel depocenter is one of the most important initial depo-
centers of the Neuquén basin in the sector corresponding to the
present Malargiie FTB, with a Late Triassic—Early Jurassic syn-
extensional succession of more than 1.500 m (Bechis et al., 2009).
It is the only depocenter where Late Triassic marine deposits are
found (Riccardi et al., 1997), showing that a connection with the
paleo-Pacific Ocean was established in this sector of the basin
(Vicente, 2005). It has been proposed through sedimentary and
structural investigations that the master fault of this depocenter was
the La Manga fault (Lanés, 2005; Lanés et al., 2008; Giambiagi et al.,
2005, 2008b, 2009b; Bechis et al., 2009). This structure corresponds
to a 50 km long regional lineament of NNW trend, which marks the
limit between basement-involved deformation to the west and
cover deformation to the east in the northern sector of the Malargiie
FTB (Fig.1). Giambiagi et al. (2008a) present a structural model based
on the interpretation of a seismic line, in which the La Manga fault is
totally inverted transferring its shortening to the cover and
including the generation of a hanging wall by-pass fault (Fig. 5). An
alternative model was presented by Turienzo (2010), in which the La
Manga fault corresponds to a newly created Andean thrust. In this
model, no Mesozoic normal faults are taken into account, and the
restitution of the cross-section presents continuous Late Tri-
assic—Early Jurassic units across the La Manga fault, dismissing the
existence of an extensional Atuel depocenter. It must be noted that
balanced cross-sections constructed with both models arrive at
similar values of shortening: 14.5 km (25%) and 13.7 km (23.3%),
respectively. Following the evidence presented elsewhere for
extensional tectonics during deposition in the Atuel depocenter, and
for the La Manga fault as a major structure controlling its eastern
border, in Section 7 we will evaluate if this structure could be
inverted during Andean compressional deformation.

6.3. The Palauco fault

Inversion of east-dipping Mesozoic listric normal faults in the
Palauco area was proposed by Manceda and Figueroa (1995). The
coincidence of the Palauco anticline with a depocenter with over
1.000 m of syn-rift deposits was the base for their interpretation. In
the model presented by these authors, only inversion of the low-
angle sector of the normal faults took place, while shortcut and
by-pass faults developed upwards. Giambiagi et al. (2009a) pre-
sented a compilation of the sub-surface information available for
the Palauco area, and concluded that the Palauco fault is the result
of the inversion of a series of NNW-trending en echelon Mesozoic

Fig. 3. Equal area plots of the results of ReActiva models. (A) Increase in pore fluid factor on pre-existing planes. Each color represents the inverted faults with increments of 0.1 in
Ao, from Ao = 0.5 to A9 = 1. All other parameters fixed (see text). (B) Percentage of planes inverted in each step of (A). (C) Decrease in the coefficient of friction on the pre-existing
planes. Each color represents the inverted faults with a decrease of 0.1 of o, from = 0.5 to uo = 0. All other parameters fixed. (D) Percentage of planes inverted in each step of (C).
(E) Decrease in the cohesion on the pre-existing planes. Each color represents the inverted faults with a decrease of 5 MPa of co, from co=20 MPa to co= 0 MPa. All other
parameters fixed. (F) Percentage of planes inverted in each step of (E). The circles represent the planes corresponding to faults in the Malargiie fold-and-thrust belt: (1) La Manga

fault: 350°, 50°—60°W; (2) Rio del Cobre fault: 20°, 60°W; (3) Palauco fault, 140°, 60°E.
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Fig. 5. (A) Geometry of the Atuel depocenter of the Neuquén basin, from Giambiagi et al. (2008a). (B) Balanced cross-section of the Malargiie FTB in the area of the Atuel depocenter
of the Neuquén basin, from Giambiagi et al. (2008b). The structural model is based on the inversion of the La Manga fault. See location in Fig. 1.

normal fault segments. In the balanced cross-sections of Giambiagi
et al. (2009a), both inversion of the whole Palauco fault and
development of shortcut and by-pass faults are applied to resolve
the geometry of the structures (Fig. 6).

7. Application of modeling in ReActiva to the faults of the
Malargiie FTB

The main purpose of this work is to address the following ques-
tion: under which conditions can the major Mesozoic normal faults
of the Malargiie FTB be inverted during compressional tectonics? In
order to obtain an answer, we will analyze the results of numerical
modeling in ReActiva and compare these results with the charac-
teristics of the three structures described in the previous section.

With the premises described in Section 4.2 for our models, the
main results are that both NNE and NNW strikes are favorable for
reactivation, and therefore the strike of the structures does not
affect significantly the results in the studied case, and that for faults
with a dip of 60°, a low coefficient of friction is a necessary
condition (Fig. 3). Even increasing fluid pore pressure to very high
values like Ao =1, with a “Byerlee” coefficient of friction of puo= 0.6
inversion of fault planes with that angle does not take place:
o= 0.5 or lower is needed (Fig. 7). At low coefficients of friction,
pore fluid pressure becomes irrelevant, and for o= 0.2 no fluid
overpressure is needed to invert a fault of 60° of dip.

Following these lines of reasoning, we will discuss next what
values of up and Ag are possible in the Mesozoic normal faults of the
Malargiie FTB. The decrease in yg can be achieved in fault zones
where clay gouges and/or smears have formed. Fault zone gauges
form in mature faults with large displacements (Sibson, 1986).
During the Mesozoic, the described faults had normal displace-
ments in the order of several thousands of meters, as evidenced by
the syn-rift deposits associated with the depocenters. Displace-
ments of this order of magnitude should have produced significant
wear of the wall rocks and fault gouges. Clay smears form when
shaly units are cut by the fault and these rocks are included in the
fault zone (Fisher and Knipe, 1998). The content of clay smear in
a fault zone seems to be directly related to the content of shales in
the sedimentary succession affected by the fault (Yielding, 2002). In
our case of study, the upper part of the Mesozoic normal faults cut

the sedimentary units of the Neuquén basin with important shale
and evaporitic intervals which may contribute material for the
formation of smears. For example in the Rio del Cobre fault, red
shales and gypsum of Jurassic units form part of the 600 m wide
fault zone. These fault rocks probably lowered the friction coeffi-
cient of this segment of the fault zone. Therefore, a low o can be

expected for parts of the high-angle segment of the fault zones

in

the 2 or 3 km closer to the surface. The sealing behavior of these
fault rocks may also favor fluid overpressure (Fisher and Knipe,
1998). Exhumation levels in the Malargiie FTB prevent us from

obtaining information about the development of the fault zones

at

greater depths. For faults developed in the metamorphic basement,
if fault rocks such as clay gouges or phyllonites developed during
Mesozoic normal displacements, the viscous-frictional mecha-
nisms described in Section 3 may have acted to favor reactivation.
In fact, according to Imber et al. (2008), the metamorphic condi-
tions required for phyllonite development are likely to be met
within the deeper parts of many, or even most, faults that cut
continental basement rocks. The activation of frictional-viscous

mechanisms would provoke a weakness of faults in the range

of

30—-70% of that expected with Byerlee friction values (Imber et al.,
2008), which would create the conditions for inverting the major

Mesozoic normal faults of the Malargiie FTB.

Fluid flow through many of the fault zones is evidenced at
present by the existence of associated thermal springs, like in the
Rio del Cobre fault. If the fault zone was sealed in the past, fluid
flow could have produced overpressure. This may have taken place
for different causes: (i) shale and evaporitic units of the Neuquén
basin fill may have acted as regional seals affecting the fault zones,
as it happens at present in many oil traps in the area (Giampaoli
et al, 2005; Legarreta et al., 2008); (ii) smears of the same
lithologies incorporated in the fault zones may have limited flow
within the fault zones acting as local seals (Fisher and Knipe,
1998); (iii) fluid-induced precipitation of minerals may also have
contributed to closing the fluid pathways along the fault zones
(Wibberley et al., 2008). All these processes would favor fault-
valve behavior and reactivation of the Mesozoic normal faults. In
addition to this, fluids could also have produced alteration in the
fault zones, contributing to the formation of low-friction minerals,

and to the decrease in the coefficient of friction.
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Fig. 6. (A) Seismic line and (B) structural interpretation of the Palauco fault, from Giambiagi et al. (2009a). Location in Fig. 1.

These facts suggest that re-use of the Mesozoic faults may have (i) The fault planes present a low coefficient of friction, which
taken place if the conditions of low friction in the fault planes are implies the formation of clay gouges or some low-friction
met. A more detailed analysis is hindered in our case study by the material in the fault zones or the activation of frictional-
limited exposure of the fault zones in the Malargiie FTB and the viscous mechanisms of fault weakening. The presence of
inherent heterogeneity of fault zones. fluids may also have contributed to fault inversion promoting

the formation of low-friction minerals and creating over-
8. Discussion pressure conditions.
(ii) The host rock presents typical physical characteristics:

Our results indicate that the Mesozoic normal faults of the initial a “Byerlee” coefficient of friction, normal pore fluid pressure,
depocenters of the Neuquén basin in the Malargiie FTB, specially and a standard value of cohesion.
those major structures representing the master faults of Triassic
and Jurassic half-grabens, present characteristics which make them We have analyzed the possible inversion of three of these

prone to reactivation in the Andean stress field, provided that: structures, showing that given their orientations, inversion was
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Fig. 7. Pore fluid pressure factor vs. coefficient of friction diagram, showing the
combination of values for which a pre-existing fault of NNE to NNW strike and of 60°
of dip is inverted.

possible with a combination of reasonable values of ug and Ag. Other
faults for which inversion has been proposed (e.g. the Malargiie
anticline, Giambiagi et al., 2009a) present similar characteristics to
one of the modeled structures, implying that they have similar
potential for inversion.

Our models were carried out for a depth of 10 km, the depth of
the detachment of the fold-and-thrust belts during Andean defor-
mation in this sector of the Andes (Manceda and Figueroa, 1995;
Allmendinger et al.,, 2004; Giambiagi et al., 2009a; Farias et al.,
2010). We used fault angles of 50°—60°, which are high angles
typical of normal faults, and consistent with dips of structures
observed at the surface or interpreted from seismic lines in the
Malargiie FTB. Unfortunately, the deep geometry of the Mesozoic
normal faults cannot be determined. A listric geometry is assumed,
but the depth to the extensional detachment is unknown, which
prevents us from reconstructing the variation of fault dip with
depth. It can be deduced that at 10 km of depth the dip of the faults
should be significantly lower than 60°, which makes our models
“worst case scenarios”. A smaller dip of the fault planes would make
the orientation of the planes more favorable for reactivation, which
would lead to inversion with lower Ag and/or higher uo. In fact, if the
fault planes at 10 km of depth have a dip of 40°, either a value of
o= 0.5 or an increase in Ag up to 0.6 would suffice to produce
inversion, with all other parameters fixed. Taking into account that,
at present, fluid circulation along many of the faults produces
thermal springs (e.g. the Rio del Cobre fault), it can be deduced that if
the structures were sealed from the surface previous to Andean
compressional deformation, overpressure is likely to have occurred.
Several Cretaceous units of the Neuquén basin may have acted as
seals during the inversion, units which are now seals for hydro-
carbon traps in the oilfields of the Neuquén basin: black shales (Vaca
Muerta and Agrio Formations), and gypsum (Huitrin Formation)
(Giampaoli et al., 2005; Legarreta et al., 2008). A value of 1o = 0.6 can
be areasonable expectation in this scenario. On the other hand, alow
coefficient of friction can be expected for mature faults with thou-
sands of meters of displacement, where fault gouges can develop.
The activation of frictional-viscous mechanisms of fault weakening
is a likely process to account for reactivation, and therefore inver-
sion, of faults developed in basement rocks (Imber et al., 2008), and
may also have taken place for the deeper part of the structures.

9. Concluding remarks

We conclude that the inversion of major Mesozoic normal faults
during the Andean orogeny might have contributed significantly to
uplift and deformation in the evolution of the Malargiie FTB. In the
sectors of the fold-and-thrust belt where geological evidence

shows the presence of important pre-existing faults related to the
Mesozoic extensional episode, inversion must be taken into
account in structural models of Andean deformation. As we have
shown, given the orientation of these structures, the possible
physical characteristics of fault planes and host rocks, and the
Andean stress field, the Mesozoic normal faults are suitable for
inversion. Features particular to each case will determine the mode
of inversion, for example if only the re-use of the pre-existing fault
takes place, or if shortcut or by-pass faults develop, or may locally
inhibit inversion. But for the general cases, we have shown that
inversion is expected to be the rule rather than the exception for
the studied belt. Our results can be extended to other sectors of the
Andes in which pre-existing crustal discontinuities with similar
orientations are present and to other mountain belts with similar
characteristics.
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