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sedimentation may affect the final configuration of an inverted system, and the results were compared

{lf?c/rc/)?;ﬁsi:nversion with field observations. Our results showed that (i) folding of syn-rift deposits and increased steepness

Magmatism of the master faults accommodate the shortening of the extensional system, (ii) magmatic intrusions

Lautaro Basin condition the final geometries (top view and cross-section) of inverted normal faults in the models and

Inverted faults in the Lautaro Basin, (iii) magma tends to migrate preferentially along the inverted faults, and accumu-

Inversion anticlines lates beneath the faults and in the core of the inversion anticlines, (iv) the syn-inversion magmatism may
indicate the migration pathways, which favor major lubrication and slip on the structures during their
reactivation.
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1. Introduction

Crustal shortening and magmatism are two fundamental geo-
logical processes that occur in those orogenic belts established
over subduction zones (Barton, 1990; Ernst, 1992; DeCelles et al.,
2009). The Central Andes of South America comprise a typical oro-
genic belt that has resulted from both processes, which have been
responsible for their structural configuration (e.g., Mpodozis and
Ramos, 1989; Allmendinger et al., 1997; Ramos, 2009). Geologi-
cal evidences of contemporaneous shortening and magmatism are
commonly associated with the coeval occurrence of large thrust
systems, volcanic arcs, and plutonic complexes. Previous geologi-
cal investigations along different regions of the Central Andes have
provided descriptions of volcanoes and intrusive bodies in close
proximity to thrust faults and folds with different structural rela-
tionships, as illustrated in Fig. 1 (Kozlowsky et al., 1996; Godoy
et al, 1999; Clavero et al., 2004; Tibaldi, 2005; Galland et al.,
2007).

The interplay between compressive deformation and magma-
tism has been a topic of debate for many years, especially in terms
of understand the mechanisms of magma emplacement during the
growth of thrust faults and folds, because volcanism and mag-
maticintrusions were believed to occur only in extensional settings,
considering that the tensional stress favors magma upwelling along
vertical fractures perpendicular to the least principal stress (a3)
direction (Anderson, 1951; Watanabe et al., 1999; Tibaldi et al.,
2010); today, however, magma emplacement in compressional
settings is mostly accepted because natural examples have been
found worldwide (e.g., Tibaldi, 2005, 2008; Galland et al., 2007;
Gonzalez et al., 2009; Montanari et al., 2010). Furthermore, analog
modeling of magma emplacement in different compression styles
have allowed to understand the natural geometries and relation-
ships that can occur between thrust fault systems and intrusions
(Benn et al., 1998, 2000; Galland et al., 2009; Montanari et al., 2010;
Ferré et al., 2012).
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Good examples of the interactions between compressive struc-
tures and intrusions are exhibited in the western slope of the
Central Andes in northern Chile. In this region large and kilomet-
ric intrusions are exposed along the core of thin and thick-skinned
compressive folds (e.g., fault-bend folds, fault-propagation folds,
inversion anticlines, among others) as well as along the trace of
thrusts and inverted faults (Moscoso and Mpodozis, 1988; Arévalo,
2005; Charrier et al., 2009; Ramos, 2009; Pefa et al., 2013). Chrono-
logical data and field observations documented from some regions
in northern Chile (e.g.,, Domeyko Cordillera, Lautaro Basin, and
Tarapaca Basin) suggest that the compressional deformation and
magma emplacement events took place simultaneously during the
shortening and tectonic inversion of former Mesozoic extensional
basins (e.g., Amilibia and Skarmeta, 2003; Arévalo, 2005; Amilibia
et al., 2008; Martinez et al., 2012; Pefia et al., 2013).

In these regions some geological questions related to the struc-
tural styles, shortening magnitudes, geometry of the basins, ages of
stratigraphic units and intrusive bodies have been resolved by geo-
logical mapping, structural and chronological techniques, however,
some factors such as: (a) the geometric relationship between mag-
matic intrusions and inverted structures and thrust fault systems in
the subsurface (b) the main pathways of magma migration during
the tectonic inversion of former extensional basins, (¢) the influence
the magma migration during the basin inversion and the influence
of inherent and new structures formed during episodes of short-
ening and magmatism are still poorly understood or unresolved.
The main reason of this problem is due to the lack of subsurface
information, such as, seismic profiles, well deeps or 3D gravity sur-
veys, which help to understand the structural configuration of the
subsurface.

In attempting to give new insights to help answer these ques-
tions, we analyzed the interplay between the inverted faults, thrust
faults, and intrusive bodies, exposed along the Lautaro Basin in
northern Chile. The Lautaro Basin is located along the Central Andes
flat-slab subduction segment (27-28° S) (Fig. 2) and corresponds to
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Fig. 1. Schematic models illustrating different modes of magma emplacement along: (a) normal fault systems, (b) purely compressive system dominated by a flat-ramp-flat

geometry, (c) partially inverted fault, and (d) strike-slip fault.

Source: Modified from Roman-Berdiel (1999), Corti et al. (2005), Amilibia and Skarmeta (2003) and Galland et al. (2007).
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Fig. 2. (a) Location of Lautaro Basin in Central Andes, and (b) simplified geological map of Lautaro Basin in northern Chile, illustrating the distribution of both main geological

units and tectonic features.

Source: Modified from Martinez et al. (2012).
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a Jurassic half-graben partially inverted during the Cenozoic times
(Paleocene-Eocene) (Martinez et al., 2012). Its structure shows as
different intrusions (1.5-2 km in length) lie exposed along the mas-
ter inverted fault, inversion anticlines as well as in the hanging wall
of secondary thrust faults (Jensen, 1976; Arévalo, 2005; Martinez
et al,, 2012; Pefia et al., 2013; Fig. 2), which makes this area a
ideal place to understand the geometric relationship between mag-
matic intrusions and inverted structures and thrust fault systems.
Considering the absence of subsurface information, we used ana-
log modeling because is a powerful tool to understand the physics
of complex tectonic settings as those dominated by tectonic inver-
sion and magmatism. We have used analog models to analyze the
process of emplacement of high-viscosity magma during ortho-
gonal shortening and inversion of previous half-grabens, focusing
on how the variation in the rate of magma intrusion, shortening,
and also how high syn-compressive sedimentation affect their final
configuration, and how they compare with the Lautaro Basin.

1.1. Lautaro Basin

The Lautaro Basin is an inverted half-graben, approximately
40km long and 17 km wide, which trends N-NE and forms part
of the western flank of the Chilean Frontal Cordillera (Fig. 2). This
basin resulted from a long-lived extensional process that started
in the Upper Triassic-Lower Jurassic and could have spread until
the Early Cretaceous, such as has been recognized in neighboring
areas in Chile (e.g., Chafarcillo and Lagunillas basins) and Argentina
(e.g., Salta Basin). The Mesozoic extensional and sag episodes in
this region are associated with the stretching and mechanical and
thermal subsidence of the western section of the continental mar-
gin during the Gondwana break-up (Mpodozis and Ramos, 1989;
Mpodozis and Kay, 1990; Aguirre-Urreta, 1993; Mpodozis and
Ramos, 2008; Ramos, 2009). Following of these extensional and sag
episodes, a major compressional episode occurred along the conti-
nental margin during the Late Cretaceous, which was followed by
compressives pulses during the Paleocene, and Eocene-0Oligocene
times (e.g., Peruvian, KT (an episode of Andean deformation
(60-65 Ma)), and Incaic events; Cornejo et al., 1993; Maksaev and
Zentilli, 1999; Mpodozis et al., 2005; Arriagada et al., 2006; Amilibia
et al., 2008), which lead to the shortening and tectonic inversion of
the Mesozoic extensional systems (Jensen, 1976; Arévalo, 2005;
Martinez et al., 2012; Pefia et al., 2013).

The oldest stratigraphic record begins with the pre-rift base-
ment rocks, which are represented by a series of Permo-Triassic
basement units, the most important being the “Montosa base-
ment high” (Godoy and Davidson, 1976; Jensen, 1976; Mpodozis
and Kay, 1990; Fig. 2). These units are mainly composed of gra-
nodiorites, granites, and tonalities, which are well-exposed along
the valley of the Copiapé River, and deformed in a thick-skinned
style by high-angle, east- and west-dipping reverse faults (Jensen,
1976; Martinez et al., 2012, 2015; Fig. 2). Along this sector, the
pre-rift basement is unconformably overlain by ~2100 m of upper-
Triassic syn-rift successions made of conglomerates, andesites, and
lavas (Fig. 2). To the west of the Montosa basement high (Fig. 2),
these successions are unconformably covered by nearly 3000 m of
early Jurassic (Sinemurian-Bajocian) marine and continental syn-
rift successions that include limestones, calcareous sandstones, and
shales with some marine fauna (Jensen, 1976; Arévalo et al., 1994;
Arévalo, 2005; Martinez et al., 2012, 2015; Fig. 2). One of the most
striking features of the Triassic and Jurassic successions are the
rapid changes in thickness both across and along-strike the belt.
To the east of the Montosa basement high, the syn-rift Jurassic
successions consist of conglomerates, sandstones, and calcareous
intercalations.

On the western edge of the basin, thick (2000 m) Paleocene
volcanic and sedimentary synorogenic successions formed by

red sandstones, conglomerates, ignimbrites, tuffs, and volcanic
breccias rest unconformably on the syn-rift Mesozoic deposits
(Fig. 2), while other Paleocene-Oligocene continental synorogenic
successions cover the eastern flank of the Montosa basement high
(Jensen, 1976; Moscoso et al., 2010; Martinez et al., 2012; Pefia
et al.,, 2013) (Fig. 2). Furthermore, Paleocene intrusions made of
monzonites, granodiorites, diorites, and dacites (Pefia et al., 2013)
affect both the syn-rift Mesozoic and synorogenic deposits. Radio-
metric dating of tuffs and ignimbrites intercalated in the growth
strata of the synorogenic successions have constrained the age of
deformation to Late Cretaceous-Paleocene (78-60 Ma), matching
some radiometric ages recently reported for the intrusives in this
region (Pefia et al., 2013).

1.2. Outline of structural styles

The Lautaro Basin comprises an array of NNE structures and
many of them are associated with inverted and thrust faults. The
main structure is located along the western section of the basin,
comprising a NNE-trending long wavelength and west-vergent
asymmetric anticline that extends for 20 km (Figs. 2 and 3d), and
has been related to an inversion anticline (Martinez et al., 2012,
2015). This anticline mainly affects the Triassic and Jurassic syn-
rift deposits, which show drastic changes in thickness along the
fold, showing a typical wedge shape toward the western edge of
the Lautaro Basin, as illustrated in Figs. 3d and 4. The overturned
frontal limb of this anticline is truncated by the NNE Calquis Fault
(Figs. 2-4), which corresponds to an east-dipping fault that rep-
resents the western master fault of the basin (Fig. 2). However,
in some places, the superficial expression of this fault is obscured
by small intrusive bodies (monzogranites, diorites), volcanic flows,
and quartz veins emplaced along the fault trace (Fig. 2). The geom-
etry of the anticline has been recently related to the positive
reactivation of the Calquis Fault (Martinez et al., 2012). Moreover,
the interaction of minor syn-extensional normal and thrust faults
recognized in the hanging wall of the Calquis Faults have also con-
firmed tectonic inversion episodes for this basin.

The tectonic mode along the central and eastern sector of
the basin is dominated by a series of thick-skinned west-dipping
thrusts, such as the Jorquera, Pauna-La Estancilla, Iglesia Colorada,
and Vizcachas Faults (Figs. 2 and 3) that cut both the Mesozoic
syn-rift deposits and the granitic pre-rift basement of the basin, as
well as some thin-skinned thrust faults (e.g., the El Chanco Thrust)
that mainly affect the Mesozoic successions (Fig. 2). Most of these
thick-skinned thrusts (e.g., Pauna-La Estancilla, Iglesia Colorada,
and Vizcachas Faults) are characterized by the presence of footwall
synclines adjacent to the fault traces (Figs. 2 and 3). North of the
Copiapé River, the hanging-wall of these faults are frequently com-
posed of wide blocks of pre-rift basement. In contrast, to the south,
the structures are thin-skinned, except for the Iglesia Colorada and
Vizcachas Faults, which involve a large granitic block of pre-rift
basement (Figs. 2 and 3). In this sector, clear semi-circular and elon-
gated shallow intrusions were also recognized to form part of the
hanging wall of some thrust faults such as the Pauna-La Estancilla
Fault (Figs. 2 and 3). Structural restorations carried out for these
west-dipping thrusts suggest that they may have been formed by
previous extensional systems (Martinez et al., 2015).

2. Analog modeling
2.1. Experimental procedure
In order to understand the interplay between the inversion

structures and magmatism in the Lautaro Basin, we conducted
a series of physical analog models simulating the simultaneous
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Fig. 3. (a) Aspect of the an intrusive body emplaced in the hanging wall of Pauna-La Estancilla (PLE) Fault, north of the Copiapé River; (b) transversal view of Calquis Fault
showing evidence of magmatic migration along the fault trace; (c) panoramic view of opposite-verging PLE and Iglesia Colorada Faults, along eastern edge of Lautaro Basin.
Note the intrusive body located in the hanging wall of PLE Fault; (d) E-W view of the inversion anticline exposed along central part of Lautaro Basin and aspect of intrusive
body intruding the Mesozoic syn-rift deposits (see Fig. 2 for locations).

inversion of a half-graben structure and magma intrusion. The Our models were inspired in the previous results presented by
experiments were performed at the Tectonic Modeling Laboratory Bonini et al. (2012) who used a sand-microbeds-silicone models
of the CNR-IGG and the Department of Earth Sciences in Florence, to reproduce the tectonic inversion of half-grabens and rollovers
Italy, using a pure/simple-shear deformational apparatus (Fig. 5). associated. Five sand-silicone models (Table 1) were deformed

Triassic syn-rift

Triassic syn-rift

Fig. 4. W-E Panoramic view of Calquis Fault on western edge of Lautaro Basin, showing inversion anticline with “harpoon geometry” exposed in the hanging wall fault, and
progressive unconformities developed in Jurassic marine syn-rift deposits (see Fig. 2 for location).
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Fig. 5. (a) Photograph of deformation apparatus used in this study; (b) simplified experimental setup; (c) analog magma injection system; (d) model stratigraphy used in

experiment.

by two successive phases, (1) first, an orthogonal extension
creating a normal fault system that was followed by (2) a phase of
coaxial and orthogonal shortening. The kinematic of the extension
and shortening phases were similar to the previous experiments
reported by Bonini et al. (2012), however; the shortening phase
was accompanied by the injection of a viscous fluid to simulate
magma emplacement. The extension and shortening of the mod-
els were obtained by lateral displacement of a mobile wall driven
by a stepper motor controlled via a control panel (Fig. 5). A special
injection apparatus formed by a piston and a magma distribution
system consisting of cylindrical pipes (10 mm in diameter) allowed
us to reproduce the magma injection during the shortening phase
(Fig. 5¢).

The models had initial dimensions of 35 cm x 49 cm x 4 cm, and
were built above an acetate sheet (35cm x 25cm) attached to a
mobile wall that created a velocity discontinuity (VD) at the base
of the model (Fig. 5b and d). Our models were inspired in the knowl-
edge of the vertical stratification of the Lautaro Basin. In order to
reproduce geological conditions similar to those observed in this
basin, the models consisted of a 1-cm-thick basal ductile layer of
silicone to simulate a mobile ductile level under the basin. Over
the basal ductile layer we used a 3-cm-thick package of colored
sand to simulate the pre-rift basement of the basin (Fig. 5d). The
first extension phase was identical in all models; each model was
extended by 4 cm at arate of 3 cm/h (Table 1) and syn-rift sedimen-
tation was applied at convenient and regular time intervals in the
main depocenters formed during the entire deformation obtaining
a final fill of until 1.2 cm at the main depocenters (Fig. 6b). During
the second phase, the models were shortened orthogonally to the
VD by 4cm to 6cm (depending on the model) at a constant rate
of 2 cm/h, together with the syn-shortening injection of the ana-
log magma (Table 1). Syn-compressive sedimentation was applied
only to model IM5 (Table 1). During this phase, the acetate sheet

was released from the mobile wall to prevent folding of the acetate
sheet during shortening. The analog magma was injected at a sin-
gle point in the central part of the model, 4cm from the edge of
the acetate sheet (Fig. 5a), from a feeding pipe with a diameter of
0.9 cm. The injection was started after one hour of deformation;
subsequently, the magma injection was concurrent with the defor-
mation (Table 1). In the modeling, we also explored the effect of the
injection rate by the deformation style acquired by the model as it
was increasing. The injection rate varied from 20 cm/h to 40 cm/h
depending on the model (Table 1), which corresponded to a magma
flux of 12 and 25 cm?3/h, respectively. Top-view photographs were
taken at regular time intervals during the experiments. Deforma-
tion of the model surface was monitored through fringe projection
analysis, a technique that allows the determination out-of-plane
displacements by projecting binary fringes over the model surface,
and imaging it at different deformation stages (the difference in
the corresponding optical phases defines the relative deformation
between the two stages; Barrientos et al., 2008). This technique
also allowed us to obtain 3D reconstruction of the deformation of
the model surface (i.e., uplift or subsidence) at different stages of
shortening, as well as final digital elevation models (DEMs) of that
surface. Afterwards, the deformation models were soaked in water
to allow the cutting of serial cross sections.

2.2. Model materials and scaling

The brittle behavior of rocks represented by the pre-rift base-
ment and the infill of the Lautaro Basin was simulated by
well-sorted dry-Qz sand with grain dimensions <250 pm, an angle
of internal friction of 39°, cohesion of 66Pa, and a density of
1550kgm~3 (Schreurs et al., 2006). This material was deployed
in a sand pack with different colored sand layers used as passive
markers to visualize the internal deformation in the cross-sections
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Table 1

Model characteristics for the experiments performed in this study.

Tectonic inversion vs. magma injection

Model

Vs

Ve

Synorogenic Injection

Shortening
S (cm)

Extension
E (cm)

4
4
4
4
4

Material used

Test type

Thickness (cm)

Initial dimension

(cm)
35

sedimentation

No

20cm/h
20cm/h
40cm/h
40cm/h
40cm/h

2cm/h
2cm/h
2cm/h
2cm/h
2cm/h

3cm/h
3cm/h
3cm/h
3cm/h
3cm/h

After of first hour of S

cone and dry sand
cone and dry sand
cone and dry sand
cone and dry sand
cone and dry sand

Simultaneous with S

No

Simultaneous with S

No

Simultaneous with S

No

Simultaneous with S

Yes

Orthogona

ayer of 1cm

Orthogona

ayer of 1cm

Orthogona

ayer of 1 cm

Orthogona

ayer of 1 cm

Orthogona

ayer of 1cm

35

35

35

35
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Ve: extension velocity.
Vs: shortening velocity.

Vi: injection velocity.

(Table 1). A basal ductile layer of Polydimethylsiloxane (PDMS)
was introduced in the model as technical solution to distribute
deformation. This transparent Newtonian silicone has a density
of 965 kgm~3 and a viscosity of ~1.5 x 10*Pas (e.g., Weijermars,
1986). The material used to reproduce the magmatic intrusions
was a mixture of silicone putty (Mastic Silicone Rebodissant 29,
produced by CRC, France) and Oleic Acid (4:1 in weight) resulting
in a low-viscosity Newtonian fluid with viscosity of ~7 x 102 Pas
and density of ~1060 kg m~3 (Corti et al., 2005).

The models were scaled to achieve geometric, dynamic, and
kinematic similarity (Hubbert, 1937; Ramberg, 1981). We used
a length scaling ratio (I*), where the asterisk denotes the ratio
between the model and natural values) of 10—, such that 1 cm in
the models corresponds to 1 km in nature Both the models and the
natural case presented here are subject to the same value of grav-
itational acceleration, imposing a scale factor g*=1. On the other
hand, the density ratio p* is close to 0.5, as resulting from the
ratio between the granular material used (~1550kg m—3) and the
rocks (~2800 kg m—3) (e.g., Schellart, 2000), and the ratio between
our silicone mix (~1060kgm~3) and a natural granitic magma
at the emplacement conditions (ca. 2400 kgm~3; e.g., Montanari
et al., 2010). This results in a stress scaling ratio: (o* = p*g*l*) of
~5 x 1076, The stress scaling ratio is related to the scaling ratios of
strain rate (&*), viscosity (n*), and velocity of deformation (V*), by
the relationship o*=n*¢*=n*(V*/l). This implies that the velocity
of deformation in the models (2 cm/h) scales to natural values of
~5-50mm/year for viscosities of a natural granitic magma vary-
ing between ~5 x 1017 and ~5 x 1016 Pas. Thus, the silicone mix
was only able to simulate a high viscosity magma with high crystal
content (e.g., Roman-Berdiel et al., 1997; Benn et al., 1998, 2000).
However, this silicone mix was still suitable to model a signifi-
cant strength contrast between the analog magma and the host
rocks (Cruden et al., 1995). In the experimental conditions with
slow displacement velocities, the silicone mix offers a negligible
resistance and scaling for viscosity is not critical (Roman-Berdiel
et al., 1997). The scaling of the injection velocity results in nat-
ural values of injection rates between 0.05 and 1m/year, in line
with previous modeling works on magma emplacement (e.g., Corti
et al., 2005). This results in a scaled magma flux of ca. 30 x 103 to
60 x 10% m3/year, and a scaled volume of injected material between
ca. 25 and 70km3. These values are reasonably similar to those
obtained from the outcropping dimension of the plutons (Fig. 2).
Since the scaling ratio of time (t*) is related to the ¢* and V* ratio
(t*=1/e*=1*/V*), one hour of model deformation corresponds to
~0.04-0.4 Ma in nature.

2.3. Modeling limitations and simplifications

Analog models normally simplify the complexity of natural sys-
tems by introducing some limitations, in most cases with regard to
the difficulty of correctly reproducing the thermal and rheological
conditions. Specifically, modeling magma emplacement involves
important limitations that essentially concern the rheological prop-
erties of the analog magma, the variations in rheology and strength
during cooling and crystallization, and the emplacement rates (e.g.,
Corti et al., 2003; Merle, 2015). In our modeling procedure, an
important simplification involves the rheological characteristics of
the analog magma, which ignores the thermal effects and simu-
lates a natural high-viscosity magma (~10'7 Pas). Other important
limitation is related to the scaling of total volume of analog magma
injected, since it is difficult to estimate how much was the total
volume of magma accumulated in the Lautaro Basin during the
compressive deformation. On the other hand, the consideration
of a high-viscosity magma is a reasonable approximation, given
that the analog magma is intended to model the emplacement of
a granitic body at upper crustal levels. Another important factor
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Fig. 6. (a) Interpreted top-view photo at the final state of the extensional model, illustrating direction of tectonic transport and final position of the velocity discontinuity = VD;

(b) interpreted cross-section (A-A’) of photo at the end of deformation.

in the comparison between models and nature is related to the
rate of magma emplacement. Some models of granite emplacement
envisage injection rates several orders of magnitude higher than the
deformation rates (e.g., Petford et al., 2000). In our modeling, the
injection rate was only one order of magnitude higher (Table 1).
However, in some cases, the migration of melts in natural shear
zones may occur at rates similar to the regional tectonic defor-
mation rates, for instance when granitic plutons are emplaced in
successive magma pulses over a long time span (e.g., Glazner et al.,
2004). In these cases, it is likely that previously emplaced magma
will be partly or largely crystallized when later magma batches are
emplaced (see also Benn etal., 1998, 2000). Another factor concerns
the deformation apparatus, which consists of a 10-mm-wide injec-
tion point. This aperture scales down to 1km in nature, and may
simulate a pervasive zone of magma transport (e.g., Benn et al.,
2000).

In spite of these limitations, a number of analog modeling
studies have investigated—as a first approximation—the pro-
cess of magma upwelling and emplacement in different tectonic
environments, i.e., continental extension (Roman-Berdiel, 1999;
Bonini et al., 2001; Corti et al., 2003), transtension and strike-slip
(Roman-Berdiel et al., 1997, 2000; Corti et al., 2001, 2002, 2005),
transpression (Benn et al., 1998, 2000), and compression (Galland

et al., 2007; Montanari et al., 2010; Ferré et al., 2012). This study
represents the first attempt to model the role of magma in ana-
log models of inversion tectonics. As in previous experimental
works, our results may provide a rough picture of the deformation
outcome and contribute to unraveling the interactions between
deformation and magma dynamics in these natural systems.

3. Results
3.1. First-phase extension

The extensional deformation imposed on each model was per-
pendicular to the velocity discontinuity, and the bulk displacement
was invariably limited to 4cm (Fig. 6). During this phase, the
deformation was mainly accommodated by a series of four half-
grabens characterized by a asymmetric geometry (Fig. 6). The
master faults that bounded the half-grabens were generally con-
tinuous, with a strike roughly parallel to the velocity discontinuity
(Fig. 6). Moreover, small and isolated transfer zones developed
locally at the center of the half-graben to accommodate the
extension deformation (Fig. 6). The extended models were char-
acterized by synthetic and antithetic normal faults, dipping ~60°
toward or away from the mobile wall, respectively (Fig. 6), and a
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structural horst separated the grabens. The faults were arranged
parallel to one another in plan view; they had listric geome-
tries, and rollover anticlines were formed in their hanging wall
blocks (Fig. 6), similar to those reported by Mitra and Islam (1994).
The half-grabens contained asymmetric syn-rift wedges, which
thicken toward the master faults up to a maximum depth of ~2 cm
(Fig. 7). Listric synthetic and antithetic master normal faults (M1
and M2) delimited the extensional zone that formed in this phase
(Fig. 6).

3.2. Second-phase shortening and analog magma injection

Previously to run the experiments of the second phase (shorten-
ing and analog magma injection), a simple phase of pure orthogonal
shortening without magma injection was carried out. The results
were basically similar to those obtained by Bonini et al. (2012). Dur-
ing the second-phase, both the master and the subsidiary faults
were partially reactivated in different degrees, and propagated
upwards to affect the complete syn-rift sequence (Figs. 7-11). This

resulted in the partial closure of the half-grabens, as well as in
the reverse displacement and folding of the pre-rift and syn-rift
sequences along the reactivated faults, and thickening of the sand
pack and basal ductile layer (Figs. 7-11). The compressive deforma-
tion was mainly accommodated by displacement and back rotation
of the hanging wall blocks and by the pushing of individual syn-
rift wedge by the reactivation of synthetic faults that resemble the
geometry of the “arrowhead or harpoon” structures described in
the experiments of Buchanan and McClay (1992).

Different geometrical relationships between the magmatic
intrusion and the reactivated structures developed depending on
the timing of the magma injection (i.e., after the shortening or
coevally with it) and on the relative rates of intrusion and shorten-
ing. In particular, when the magma injection was applied after one
hour of shortening (Model IM1; Fig. 7; Table 1), the analog magma
was emplaced vertically at the base of the pre-rift hanging wall
block of the master fault MF1, producing a forced fold (Fig. 7c). The
almost linear and uninterrupted shape of the faults highlighted by
top-view photos suggests no major influence played by intrusion
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on the plan-view geometry of the structures (Fig. 7a and b). This
occurred because the intrusion was generated late respect to the
structural configuration.

Similarly, uplift of the model surface is mostly localized above
the major structures and at the moving wall, with an almost linear
pattern following the trend of reactivated faults (Fig. 7a and b). This
again indicates no major influence of the intrusion on the pattern
of deformation of the model surface. Synchronous shortening and
magma injection (Model IM2; Table 1) resulted in a general arcu-
ate shape to the structures, except for the main master fault MF1
that instead maintained a straight trace (Fig. 8a and b). In this case,
uplift of the model surface was located away from the mobile wall
and mostly localized above the reactivated master fault, as well as
above the intruding magma (Fig. 8a and b). In cross-section, the
magmatic intrusion acquired a sill geometry, which was emplaced
along the lower section of the master fault MF1, and preferentially
migrated forward along the base of the sand pack where some of
the inverted faults nucleate (Fig. 8c). This forward migration of
the analog magma favored the reactivation of some normal faults,
particularly those rooted at the tip of the intrusion (Fig. 8c). As a
consequence, these inverted faults propagated forward more than
the master fault, which was less influenced by intrusion.

Models IM3-IM5 were conducted with a higher injection rate
(40 cm/h; Table 1), which also corresponded to a higher volume of
injected material, and thus provide information on the role of these
parameters in the structural evolution of the system. In model IM3,
the final structural geometry resembled that of model IM2, with the
prominent arcuate shape of the synthetic fault MF2, and the roughly
linear shape of fault MF1. A pronounced dome developed over the
injection point zone during shortening in this model (Fig. 9a and
b), and a radial fracture network formed at the crest of the dome
(Fig. 9ca, b). Similar to model IM2, the analog magma preferentially
migrated forward along the base of the brittle crust, promoting the
propagation of the structures rooted at its edges, and thus control-
ling their overall arcuate shape (Fig. 9). Some analog magma rose
through the master fault MF1 (Fig. 9¢). The increase in the injection
velocity resulted in an increase in the volume of intruded material,
which in turn gave rise to a significant uplift of both the base of the
experimental brittle crust and the model surface (Fig. 9c).

Model IM4 was shortened by 6cm, and—as in previous
models—deformation was accommodated by partial reactivation
and rotation of the master and subsidiary faults; the plan-view pat-
tern of deformation at the end of the model consisted of straight
(MF1) and semi-arcuate inverted secondary faults, as well as some
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new minor thrusts (Fig. 10a and b; Table 1). Similar to previous
models, magma migrated both forward at the base of the brittle
crust and subordinately upwards along the fault MF1; this gave
rise to significant doming of the region above the injection point
(Fig. 10). However, the increased shortening in this model resulted
in a clear asymmetrical shape of the dome, associated with a large
asymmetric inversion anticline in the central part of the model
(Fig. 10c). The folding resulted from the reactivation of previous
faults, expressed by the fault-propagation style, and newly formed
thrusts (Fig. 10c). The higher duration of the shortening phase with
respect model IM3 resulted in an increase in the volume of intruded
material, which in turn resulted in a pronounced doming of the
model surface (Fig. 10c).

Finally, in order to test the influence of the synorogenic sedi-
mentation in the final geometry of the magmatic intrusion, we ran
a last model (model IM5) characterized by simultaneous shorten-
ing, magma injection, and a high rate of sedimentation (Fig. 11;
Table 1), which was applied as deformation fronts were formed.

This experiment resulted in an essentially symmetrical dome local-
ized over the injection point, and was limited by the inverted
master fault MF1 and other inverted antithetic faults, (Fig. 11a and
b). Two oppositely verging thrusts developed in the central part of
this uplifted zone (Fig. 11a and b). The model cross-section con-
firmed that the analog magma migrated forward horizontally and
subordinately vertically along the inverted master fault MF1. How-
ever, in model IM5, a more limited vertical migration of the analog
magma was observed, possibly in relation to the loading of synoro-
genic sedimentation. Similarly to model IM4, the presence of the
magma favored major slips during the reactivation of the faults, as
well as the folding in the central part of the model (Fig. 11c). As
in previous models, during the shortening, the fault blocks were
folded and the fault systems were partially inverted. A broad “pop-
up” structure developed in the central part of the model bounded by
the inverted master faults MF1 and MF2, and was characterized by a
drastic lateral changes in thickness of the synorogenic strata, which
thickened away from the uplifted inversion anticline (Fig. 11c).
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4. Discussion

In northern Chile, the occurrence of intrusive bodies in the
hanging wall and footwall of thrust fault systems has been largely
recognized as a common structural style derived from simulta-
neous shortening and magmatism (e.g., Moscoso and Mpodozis,
1988; Mpodozis and Ramos, 1989; Cornejo and Mpodozis, 1996;
Arévalo, 2005; Amilibia et al., 2008; Pefa et al.,, 2013), how-
ever; today also is accepted the occurrence of intrusive bodies
along inverted faults, which appear to have exerted the main
control to the emplacement of magmatic intrusions during the
tectonic inversion of the Mesozoic basins (Amilibia et al., 2008;
Martinez et al., 2012, 2015). Considering this last tectonic sce-
nario, the analog models presented here provide a first approach
to help understand the geological elements formed during the
progressive shortening of a pre-existing extensional system, and
magma emplacement, therefore we recommend take these only
as broad insights to analyze some tectonic settings dominated by
inverted structures and intrusive bodies. Although our experiments
necessarily involve some important simplifications, particularly
those related to temperature variations during the deformation

(the models approximate the thermo-mechanical process to a
merely mechanical process) and the effects of fluid pressure on
faulting, the results provide valuable qualitative insights into the
process.

4.1. Inversion of a previous extensional system

The geometry of inverted structures obtained in this work
almost invariably shows a clear positive reactivation and upward
propagation of a set of listric and normal faults. The latter show par-
tial and simple reactivation, similar to those observed in tectonic
inversion models built with purely brittle materials (e.g., Koopman
et al., 1987; Buchanan and McClay, 1992; Eisenstadt and Withjack,
1995; Panien et al., 2005). During the tectonic inversion, the reacti-
vated faults rotated progressively to steeper dips. Individual pre-rift
fault blocks and the syn-rift successions were folded and uplifted,
and were frequently buttressed against the faults, acquiring “har-
poon” geometries, consistent with those reported by Buchanan
and McClay (1992). Similar to previous experimental results using
brittle-ductile models (e.g., Mitra and Islam, 1994; Brun and
Nalpas, 1996; Bonini, 1998; Bonini et al., 2012; Di Domenica et al.,
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2014), a set of asymmetrical anticlines developed during the inver-
sion phase on the hanging wall of the master faults (MF1 and MF2),
which frequently rotated more than those localized within the
extensional system. Unlike other models deformed by orthogonal
inversion (Dubois et al., 2002), the complete reactivation does not
result in the formation of footwall shortcuts. This might be related
to the fact that the reverse displacement does not exceed the earlier
extensional displacement, and deformation is mainly accommo-
dated by folding and tilting of the fault hanging wall. Some authors
have argued that the tectonic inversion is more difficult during
orthogonal compression (e.g., Lowell, 1995). However, our results
suggest that orthogonal reactivation is facilitated when the faults
have moderate dips (40-60°)(e.g., Sibson, 1995; Bonini et al.,2012).

4.2. Relationships between tectonic inversion and magma
emplacement

Previous analog models have demonstrated that the geome-
try of magmatic intrusions is strongly related to the deformation
modes that may characterize the upper crust (Roman-Berdiel et al.,
1997, 2000; Galland et al., 2003; Benn et al., 2000; Corti et al.,
2005; Montanari et al., 2010). This situation has also been identified

through multiscale geological observations of the magmatic intru-
sions in some inverted basins in northern Chile (Amilibia and
Skarmeta, 2003; Amilibia et al., 2008; Martinez et al., 2013; Pefia
etal,, 2013).

Although we have carried out limited tests, we suggest that fac-
tors such as the timing of the intrusion, the shortening vs. injection
rates and the volumes of injected material, as well as a high synoro-
genic sedimentation may affect the final geometry (Figs. 8-11). In
particular, almost no influence of magma intrusion on the structural
architecture is observed when magma is injected after shortening
has been well established, and structures have already acquired a
preferred architecture before magma enters the system. When the
two processes are contemporaneous, there is significant interplay
between magma emplacement and structural evolution. Magma
preferentially migrates forward in a horizontal direction, facilitat-
ing the advancement of the reactivated structures rooted at the
tips of the intrusion; as a consequence, these reactivated structures
acquire a prominent arcuate shape. Minor magma upwelling occurs
at the base of the more internal master fault (MF1), which maintains
arather linear shape in plan view. Magma intrusion is always asso-
ciated with a prominent upwelling of the model surface because
space for magma is created by folding of the overlying brittle crust,
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a process which is dependent on the volume of injected material.
An increase in this parameter (which may be related to either an
increase in injection velocity and/or a longer shortening phase)
gives rise to a more prominent folding of the brittle crust (asso-
ciated with large, often asymmetric, anticlines) and consequently a
more pronounced surface doming. Model results thus indicate that
the ratio between the magma injection rate and deformation rate
mainly controls the final top-view and cross-section geometry of
the intrusions, in line with previous experiments by Galland et al.
(2009), Ferré et al. (2012), Mazzarini et al. (2010), and Montanari
etal. (2010).

4.3. Comparison with the Lautaro Basin

We have compared our results with those geological evidences
of inverted faults and magmatic intrusion recognized in the Lau-
taro Basin. It is worth noting that we only have made a qualitative
comparison between the structural and intrusive geometries and
the model presented, however; this comparation can be limited,
because this is conditioned by factors such as the limited expo-
sure of intrusive bodies or the relationships between intrusives and
inverted faults (Benn et al., 2000). Other results related to kine-
matic conditions result difficult to compare, because we observed
final geometries. As discussed earlier, the structure of the Lautaro
Basin shows a number of features indicating that magmatism and
shortening occurred simultaneously. This situation is good illus-
trated in Fig. 12, where the main intrusive bodies are emplaced
along the reactivated master fault (Calquis Fault), the hanging wall
of the arcuate Pauna-La Estancilla Fault, as well as the anticlines

associated with both structures. These intrusions correspond to
Paleocene-Eocene monzonites and hypabyssal rocks, which show
an elongated form in plan view (Fig. 12).

In first place our experiments showed that the intrusions
migrated horizontally toward the inversion anticlines associated
with reactivated faults confined in the margins of an inverted
basin, but also occurred along the basal sections of reactivated
master faults. This situation is geometrically comparable with the
geological observations in the Lautaro Basin related to the occur-
rence of intrusive bodies along the Calquis and Pauna-La Estancilla
Fault, because both structures represent the western and eastern
border faults of an inverted half graben (Fig. 12). In this sense, it
is possible to speculate that the magmatic intrusions migrated
toward the edge of the basin during the Andean deformation. On
the other hand, our models showed that a notable uplift developed
in the central sector of the basin as a result of the shortening and
simultaneous injection of magma. The surface uplift related to
magma emplacement is strongly dependent on the volume of the
injected material, and thus surface doming may be overestimated
in those models with the maximum intruded volume. Other
similarities may be related to the plan-view geometry of the
faults. In the models the arcuate shape reproduced by the central
inverted faults resulted from coeval shortening and magmatism.
This pattern is similar to those displayed by the central fault
systems of the Lautaro Basin, which also resulted of shortening,
reactivation of previous normal faults and magmatism (Martinez
et al,, 2015) (Fig. 12). Although some of these structures were
previously interpreted as thrust faults (Jensen, 1976; Moscoso and
Mpodozis, 1988; Arévalo, 2005), recent interpretations based on
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balanced cross-sections suggest that these correspond to inverted
structures (Martinez et al., 2015). Finally, the Calquis Fault, which
trends N-S, exhibits a straight geometry which is very similar to
that of the model master fault MF1, and the inversion anticline
related to the Calquis Fault is strikingly comparable to the anticline
developed on the MF1 hanging wall.

5. Conclusions

The Lautaro Basin in northern Chile (27-28° S) exhibits a partic-
ular tectonic inversion style, which is essentially controlled by the
tectonic inversion of Jurassic extensional structures. The Andean
deformation superimposed on these extensional systems lead to
the development of inversion anticlines with “harpoon geometry”,
as well as other thrust faults and folds that correspond to both
partially reactivated normal faults and new thick-skinned thrusts.
Our sand-silicone models simulate a scenario characterized by the
synchronous tectonic inversion magma injection of a half-graben
previously formed during an extensional phase, enabling direct
comparisons with the Lautaro Basin. The results obtained here
provide some hints on the coeval processes of tectonic inversion
and magma emplacement. The features observed in nature and
explained by our models indicate that:

The tectonic style of the Lautaro Basin in northern Chile is dom-
inated by a clear interplay of inverted structures, thrust faults and
intrusive bodies, which appear to have resulted of synchronous
shortening and magmatism.

Within the basin intrusive bodies are preferentially located
along inversion anticlines and inverted faults, with intrusions
influencing the final geometries (top-view and cross-section) of
inverted normal faults.

Syn-inversion magmatism may favor major slip on the struc-
tures, which could be associated with major lubrication of the faults
during their reactivation, Based on this, high rates of magmatism
during basin inversion could favor the crustal thickening and dom-
ing.

Although not systematically tested, our results suggest that
synorogenic sedimentation may influence fault reactivation and
consequently the final geometry of the syn-inversion intrusions.
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