Journal of South American Earth Sciences 64 (2015) 152—165

Journal of South American Earth Sciences

journal homepage: www.elsevier.com/locate/jsames

Contents lists available at ScienceDirect

Journat of
South American
Earth Sciences

Successive reactivation of older structures under variable heat flow
conditions evidenced by K—Ar fault gouge dating in Sierra de Ambato,

@ CrossMark

northern Argentine broken foreland

Julieta C. Nébile **, Gilda Collo °, Federico M. Davila ¢, Federico Martina ,

Klaus Wemmer ”

2 Centro de Investigaciones en Ciencias de La Tierra, CONICET-UNC, Av. Vélez Sarsfield 1611, Cérdoba, Argentina
b Geoscience Centre, Georg-August University, GoldschmidtstraRe 3, 37077 Gottingen, Germany

ARTICLE INFO

Article history:

Received 27 November 2014
Received in revised form

8 October 2015

Accepted 12 October 2015
Available online 23 October 2015

Keywords:

Argentine broken foreland
K—Ar dating

Fault gouge dating

Clay mineral geochronology

ABSTRACT

The Argentine broken foreland has been the subject of continuous research to determine the uplift and
exhumation history of the region. High-elevation mountains are the result of N—S reverse faults that
disrupted a W—E Miocene Andean foreland basin. In the Sierra de Ambato (northern Argentine broken
foreland) the reverse faults offset Neogene sedimentary rocks (Aconquija Fm., ~9 Ma) and affect the
basement comprising Paleozoic metamorphic rocks that have been dated at ~477—470 Ma. In order to
establish a chronology of these faults affecting the previous continuous basin we date the formation age
of clay minerals associated with fault gouge using the K—Ar dating technique. Clay mineral formation is a
fundamental process in the evolution of faults under the brittle regime (<<300 °C). K—Ar ages (9 frac-
tions from 3 samples collected along a transect in the Sierra de Ambato) vary from Late Devonian to Late
Triassic (~360—220 Ma). This age distribution can be explained by a long lasting brittle deformation
history with a minimum age of ~360 Ma and a last clay minerals forming event at ~220 Ma. Moreover,
given the progression of apparent ages decreasing from coarse to fine size fractions (~360—311 Ma for
2—1 pm grain size fraction, ~326—-286 Ma for 1-0.2 um and ~291-219 Ma of <0.2 pm), we modeled
discrete deformation events at ~417 Ma (ending of the Famatinian cycle), ~317—326 Ma (end of Gond-
wanic orogeny), and ~194—279 Ma (Early Permian - Jurassic deformation). According to our data, the
Neogene reactivation would not have affected the K—Ar system neither generated a significant clay
minerals crystallization in the fault gouge, although an exhumation of more than 2 Km is recorded in this
period from stratigraphic data.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

deformation and uplift would have occurred within the Cenozoic.
To the south, in the Sierras de Cérdoba and San Luis (or southern

Stratigraphic relationships (e.g., Caelles et al., 1971; Strecker
et al., 1989; Kleidert and Strecker, 2001; Mortimer et al., 2007;
Carrapa et al., 2008; Bossi and Muruaga, 2009; Vazquez, 2010;
Nobile and Davila, in prep.) as well as some low-temperature
thermochronologic data (e.g., Coughlin et al., 1998; Kleinert and
Strecker, 2001; Sobel and Strecker, 2003; Lobens et al., 2013;
Davila and Carter, 2013) in the transitional region between the
Andean plateau (Puna) and the Sierras Pampeanas Argentine
broken foreland (27—29° SL) (Fig. 1A), indicate that the main
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Argentine broken foreland, Fig. 1A), the lack of Cenozoic cooling
ages together with the high recurrence of Cretaceous ages
(~70—80 Ma) drove most authors to propose a low-denudation
episode in the formation of the mountain belts (Jordan et al,
1989; Carignano et al., 1999; Lobens et al., 2010). Recent studies
using K—Ar gouge dating technique in this region interpreted a
long-lasting brittle faulting history since Carboniferous times
(Lobens et al., 2010; Bense et al., 2014). They attribute the lack of
Tertiary K—Ar ages to the basement cooling below illite formation
temperature, indicating that exhumation and uplift driven by the
Andean compression might be less significant for this region.
Nevertheless, the strong differences in thermochronologic ages as
well as the lack of Tertiary K—Ar ages in fault gouges might be
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Fig. 1. A) Shaded relief map of the Argentine broken foreland, location of Sierra de Ambato and Ancasti, Sierra de Cérdoba and San Luis, Sierra de Aconquija and Cumbres Cal-
chaquies; B) Simplified geological map of the Sierras de Ambato and Ancasti, northern Argentine broken foreland, NW Argentina. Sample locations are represented by white
rectangles (name) and by black dots (location), stereonets show minor fault kinematic; C) Schematic structural cross section along line AA' (B).

alternatively indicating along strike variations in the thermal
structure of the lithosphere (e.g., Davila and Carter, 2013). The
southern Argentine broken foreland (in contrast to the northern
broken foreland belt) places on a flat slab subduction zone, where
compression and plate coupling is high (see discussion in Davila
and Carter, 2013). The main objective of this research is to
constrain and estimate the contribution of the Andean deformation
to the exhumation and uplift of the northern broken foreland using
the K—Ar method to date authigenic clay minerals formed in clay-
rich fault gouge. We model both the obtained ages and the thermal
fluctuations of the region. The selected region in the northern
Argentine broken foreland shows clear evidences of Cenozoic
deformation (crystalline basement thrust and progressive rotation
of the synorogenic Neogene deposits) and Cenozoic low-
temperature thermochronological ages. We took into account a 2-
km relief for sampling (e.g., cerro El Manchao, 4550 m a.s.l.) given
that new clay mineral phases within the fault gouge grow above
around 50 °C (Velde et al., 1986).

2. Geological setting

The Cenozoic uplift of the Argentine broken foreland ranges, or
Sierras Pampeanas, have been explained by a combination of
shallow and deep processes, basement thrusting and dynamic
topography, occurred since the installation of the Neogene-Present
flat slab subduction regime (e.g., Isacks et al., 1982; Jordan et al.,
1983; Jordan and Allmendinger, 1986; Ramos et al., 1991; Kay and
Abbruzzi, 1996; Ramos et al, 2002; Ddavila and Lithgow-
Bertelloni, 2013). However, this region in the Argentina interior

has been affected by recurrent orogenic events since the early
Cambrian. These orogenies would have constructed the main
mountain belts that were then reworked during subsequent
deformation phases, for example, during the Andean compression
(Mpodozis and Ramos, 1989).

The Sierras Pampeanas, from 27° to 34° SL (see Fig. 1A), is
essentially compounded of a Lower Paleozoic crystalline basement
(igneous and metamorphic) (Acenolaza et al., 1996, 2000; Sims
et al, 1998; Pankhurst et al., 1998; Rapela et al., 1998, 2007;
Biittner et al., 2005; Dahlquist et al., 2006; Steenken et al., 2004,
2008; Collo et al., 2009; Verdecchia and Baldo, 2010), formed
during the Early Paleozoic accretionary margin history of western
Gondwana. After a long break (over 50 my, from the Silurian to
Middle Devonian) in the magmatic activity of the arc, a Late
Devonian to Early Carboniferous intracratonic magmatism
occurred in this region, represented by A-type granites (Fig. 1B) and
related to extensional tectonics (Grosse et al., 2009; Dahlquist et al.,
2010; Alasino et al., 2012). The remaining Late Paleozoic strati-
graphic record was dominated by alluvial-fluvial sedimentation
(from glacial to semiarid environments) developed within a ret-
roarc foreland setting, known as the Paganzo Basin (Fernandez-
Seveso and Tankard, 1995). During the Mesozoic extensional set-
tings dominated the central part of Argentina as a result of the
generalized breakup and fragmentation of Pangaea/Gondwana
(Uliana et al., 1989; Rossello and Mozetic, 1999; Ramos et al., 2002).
Most of the Sierras Pampeanas records rifting tectonics and sedi-
mentation during this period. Finally, with the opening of the
Atlantic Ocean and westward displacement of South America
(Husson et al., 2012), a net compression occurred and the Cenozoic
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Andean orogeny took place. Most authors proposed that the
Neogene deformation phase reused the older structures generated
during the former tectonics events described above.

The study area places in the northeastern Argentine broken
foreland, between 27°—-29° SL, along the Sierras de Ambato and
Ancasti (Fig. 1B). This region shows west-vergent, steep reverse
faults that overthrust Ordovician metasedimentary basement rocks
(phyllites to granulites, e.g., Caminos, 1979; Toselli et al., 1986). The
thrust geometry has generated asymmetric profiles across the
ranges, with steep western slopes and gentle east flanks (Fig. 1C).
The metamorphic basement in mainly formed by the Ancasti For-
mation, with sedimentation ages between 680 and 570 Ma (Rapela
et al.,, 2007; Murra et al.,, 2011) and a metamorphic episode be-
tween ~477 and 470 Ma (U—Pb geochronology on monazite grains,
Larrovere et al., 2011). The igneous activity is Middle to Late
Ordovician (Kntiver, 1983; Toselli, 1992; Toselli et al., 1996;
Pankhurst et al., 2000; Rossi et al., 2002; Rapela et al., 2005) and
Devonian-early Carboniferous (Kniiver, 1983; Toselli, 1983; Indri
and Barber, 1987; Toselli, 1992) (Fig. 1). A ductile shear zone
affecting basement rocks (Ambato shear zone, Fig. 1B) (Gonzdlez
Bonorino, 1953) crops out in the NW part of Sierra de Ambato.
This deformation was constrained in the early Cambrian-
Ordovician (Larroverre et al., 2008) through intrusion relation-
ships. The oldest exposed sedimentary unit is a glacial Carbonif-
erous succession (Trampeadero Formation, Fig. 2A, Gonzalez Diaz,
1970; Gutierrez and Barreda, 2006), which rests on the crystalline
basement and is in turn covered by Quaternary deposits. Creta-
ceous sediments are absent in the Sierra de Ambato, although thin
strata (~90 m), crops out further south (approx. 100 km) in La Rioja
creek (Tauber, 2002), and toward north in the Cumbres Calchaquies
(Grier et al., 1991; Gonzalez, 2000).

On the gentle eastern flank of the Sierras de Aconquija and
Ambato (Fig. 1B), thick alluvial Neogene strata (ca. 2000 m, Acon-
quija Formation, Fig. 2B and C; Gonzdlez Bonorino, 1950; Nasif et al.,
2007) lap onto a flattened surface developed on crystalline base-
ment (Pampean planation surface or peneplain, Jordan et al., 1989).

Sierra de Ambato

However, geophysical data from nearby areas (e.g., Fisher et al,,
2002; Cristallini et al., 2004; Mortimer et al., 2007; Davila et al.,
2012) have reported ~3.5 km of Cenozoic strata. Quaternary con-
glomerates (~1.8 Ma, Duarte, 1997) lay unconformably on Neogene
(Fig. 2D), representing the first records of intermontane sedimen-
tation within the Sierra de Ambato and Sierra de Ancasti. The
stratigraphic relationships and new ages (Nobile and Davila, in
prep.) suggest the thrusting, tilting and uplift of the thrust sheets
would have occurred after 9 Ma.

3. Theoretical framework

The K—Ar dating of authigenic clay minerals phases formed in
fault gouge can provide an accurate method to constrain shallow
faults and/or to determine different periods of motion along a fault
(e.g., Lyons and Snellenburg, 1971; Kralik et al., 1987; Ylagan et al.,
2002; van der Pluijm et al., 2001, 2006; Hayman, 2006; Haines and
van der Pluijm, 2008; Lobens et al., 2010; Bense et al., 2014). Fault
gouges mainly consist of few large rock fragments isolated in a
matrix rich in clay minerals. They are usually found in faults that
have been active at shallow crust (<4 km, Sibson, 1977; Passchier
and Trouw, 2005) (Fig. 3) under a cataclastic regime above a
certain stress level (brittle regime, <300 °C) during repeated fault
movement. The matrix consists of newly grow clay minerals formed
due to hydration reactions (usually illite and interestratified illite/
smectite; Zwingmann and Mancktelow, 2004) and can contain
fragmental fine-grained phyllosilicates inherited from the host
rock. Consequently, radiometric dating of authigenic clay minerals
should contemplate the possible presence of detrital material,
producing mixed ages (Pevear, 1992; Grathoff et al., 2001), but also
the presence of authigenic mineral assemblages growing along the
protracted history of the fault and under multiple deformation
mechanisms (e.g., Hayman, 2006, Fig. 3). In order to identify these
mixtures of phases originated in different events, a physical sepa-
ration of different grain size fractions should be performed (Haines
and van der Pluijm, 2010) and a mineralogical characterization of

Fig. 2. A) El Trampeadero Formation (Upper Carboniferous) at La Cébila creek; B) Stratigraphic relation between Aconquija Formation (Miocene) and basement (Pampean pene-
plain) in Sierra de Aconquija, C) and Sierra de Ambato; D) and Quaternary conglomerates lapping unconformably Miocene strata. Notice that the Miocene units rest subparallel on

the basement peneplain (B and C).
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Fig. 3. Conceptual model of a major fault zone (modified from Sibson, 1977) and
location of different phases of gouge clay minerals at different depth and Fe and Mn-
oxides at superficial levels (Hayman, 2006). The vertical scale is given considering a
geothermal gradient of 25 °C/Km. Ilt/Sme: interestratified illite/smectite.

each fraction must be achieved.

4. Methods
4.1. Sampling and sample preparation

We analyzed three fault zones (PIP2, PIP8 and PIP9) along the
steep western flanks of the Sierra de Ambato, Sierra de Humaya/
Farignano, Sierra de Graciana and Sierra de Ancasti (Fig. 1B). They
are >100 m thick and orientated NNW (~330°) and dipping
30°—45°E. The fault rocks show a gradual transition from the non-
deformed basement to the damage zone, mainly gouges. We
observed iron patinas and calcite across the faults. Slickenside ki-
nematic indicators (Fig. 4 E—F) reveals reverse kinematics
(Gonzalez Bonorino, 1950 and Fig. 1 B). Our kinematics analysis on
the different fault planes matches with crustal focal mechanism
studies, which evidenced shortening events with a minor strike-
slip component (Alvarado and Ramos, 2011). We collected ~1 kg
of fault gouges from each damage zone (Fig. 4). While PIP2 was
collected in the Ambato thrust (Fig. 4 A—B) affecting phyllites, the
PIP8 and PIP9 host rocks, in the Sierra de Graciana and Ancasti
(Fig. 1B), are migmatites and gneisses (Fig. 4 C—D).

We disaggregated the gouge samples and then removed car-
bonates and organic materials following the recommendations of
Moore and Reynolds (1997). In order to isolate fine-grained clays
with varying proportions of authigenic clays, we separated three
size fractions (2—1 um, 1-0.2 pm and <0.2 um) using a centrifuge.
The grain size distributions were established for each fraction
through a Laser Particle Analyzer Horiba LA-950 (Fig. 5). The pre-
cision (repeatability) of the analyzer has been tested using a syn-
thetic mixture of glass particles (NIST traceable standard
polydisperse particles PS202/3-30 m and PS215/10—100 mm in
Whitehouse Scientific®). For both analyses (PS202, PS215 and
n = 6, n = 5) average (D50) was within 3% of nominal value and
percentiles D10 and D90 not fit within 5% of the nominal value for
the standards. Finally, we prepared oriented aggregates for each
sample to be analyzed using XRD.

4.2. Analytical methods and procedures

In order to identify and semi-quantify the different K-bearing
phases present in each separated fraction the oriented aggregates
were analyzed using PANalytical X'Pert PRO diffractometer at the

“Facultad de Ciencias Quimicas” (Universidad Nacional de Cérdoba,
Argentina) using Cu radiation from 4 to 30°26, with a step size of
1°20/min and diffractograms were obtained from air-dried (AD),
ethylene-glycol solvated (EG; 24 h), and heated (at 500 °C for 4 h)
slides. Clay—mineral phases were semi-quantified using MIF factors
and the recommendations of Moore and Reynolds (1997).

The Kiibler index (KI; Kiibler, 1968; Kisch, 1991) allows esti-
mating the temperature conditions during the clay gouge forma-
tion and the intensity of illite growth processes. The KI was
measured in the fine-grained white mica (001) reflection in both
AD and EG oriented clay mineral aggregates, and Klcs values (CIS:
Crystallinity Index Standard, Wart and Rice, 1994) were established
from the regression equations for the diffractometer employed.

To quantify the different phases of clay minerals, we performed
a decomposition of reflections in the angular interval between 5
and 11° 20 EG diagrams using the ProFit 1.0c software (cf. Lanson
and Velde, 1992; Lanson, 1997), distinguishing illite from R3-
ordered and RO-disordered mixed layer illite/smectite (Meunier
and Velde, 2004).

K/Ar clay minerals ages were determined at the Geoscience
Centre of the University of Gottingen for each fraction by the
following procedure: The argon isotopic composition was measured
in a Pyrex glass extraction and purification line coupled to an ARGUS
VI multi-collector noble gas mass spectrometer operating in static
mode. The amount of radiogenic “°Ar was determined by isotope
dilution method using a highly enriched *%Ar spike from Schu-
macher, Bern (Schumacher, 1975). The spike was calibrated against
the biotite standard HD-B1 (Fuhrmann et al., 1987). The age calcu-
lations were based on the constants recommended by the IUGS
quoted in Steiger and Jager (1977). Potassium was determined in
duplicate using a BWB XP flame photometer. The samples were
dissolved in a mixture of HF and HNOs3 according to the technique of
Heinrichs and Herrmann (1990). The analytical error for the K/Ar age
calculations is given on a 95% confidence level (2c).

Based on the ages and relative percentages of clay mineral
phases of the three different grain-size fractions in each sample, we
performed a linear correlation to obtain extrapolated ages (Solum
et al, 2005; van der Pluijm et al., 2006; Haines and van der
Pluijm, 2008). Moreover, we modeled the corrected ages with
Modelage 1.0 (Szczerba and Srodon, 2009). This program considers
illite/illite-smectite ratio as proxies for the ratio of detrital and
diagenetic components and calculates the end-member ages and
the 40Kdetrital/40[(diagenetic ratio using genetic algorithms that
contemplate the potassium content in these end-member clay
minerals (Szczerba and Srodon, 2009). For each sample we deter-
mined two extrapolated ages: Modeled ages 1 (MA1) and 2 (MA2).

4.3. Basement thermal history

We modeled the burial-exhumation history for one of the
samples using PetroMod 1D Express Basin Modeling (from IES
GmbH, Schlumberger). The modeling included the reconstruction
of the depositional and erosional intervals as well as the temper-
ature history (paleo-heat flow variations). PetroMod runs numeri-
cal simulations considering input parameters such as stratigraphic
intervals (initial thickness, eroded thickness, lithology and age),
paleo-water depth (PWD), seawater interface temperature (SWIT),
and heat flow (HF) values.

5. Results

5.1. Characterization and semiquantification of the clay mineral
fractions

The grain size distributions established for each fraction are
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shown in Fig. 5. The clay mineral phases identified through XRD
analyses for the nine sub-samples (from the three fault gouge
samples) are shown in Table 1 and Fig. 6.

Sample PIP2 has illite, chlorite as the major clay mineral com-
ponents with minor traces of quartz and feldspar. Decomposition in
the 5°—11° 20 angular interval of XRD patterns shows that the
coarser fraction is dominated by illite, with R3 in the finest fraction.
No RO I/S was identified in this sample. Major clay mineral com-
ponents of PIP8 are illite, I/S and kaolinite, with quartz and K-
feldspar as minor components. No chlorite was identified.
Decomposition shows that illite and R3 are present in all fractions,
with RO in the two finest fractions. PIP9 has illite, I/S (R3) and
chlorite as major clay mineral components, with presence of RO in
the coarser fraction. Kics values for the nine fractions range from
0.46 to 145 A°20 and are higher as the grain size decreases
(Table 1). These values are typical of the diagenetic zone to anchi-
zone (<200 °C).

The sample PIP2 is affecting a phyllite, and then illite and I/S
contribution from host rock should be contemplated in the K—Ar
ages results. According to Verdecchia et al. (2011) phyllite rocks
from the southern Sierra de Ambato (in La Cébila creek, Fig. 1B)
have abundant illite, kaolinite, vermiculite, smectite and chlorite
and Kl¢s values ranging from 0.17 to 0.46 A°26. For low-grade
metamorphic host rocks, with illite and chlorite, it is difficult to
differentiate newly grown clay minerals from host phyllosilicates.
In samples PIP8 and PIP9, which involve high-grade metamorphic
basement rocks, the obtained Klcs values (ranging from 0.5 to 1.5
A°20, Table 1) allow discarding the presence of inherited muscovite
(with Klcys ca. 0.060 A°26, Wart and Rice, 1994). Moreover, given the
presence of K-feldspar in the coarsest fraction of PIP2, the age ob-
tained for this fraction should contemplate the contribution of
inherited material from basement.

5.2. K—Ar ages

Potassium (K,O) concentration ranges from 2.45 to 6.18%
(Table 2). The results show K/Ar ages (9 grain-size fractions)
ranging from Late Devonian to Late Triassic (~360—220 Ma,
Table 2). The K—Ar ages from sample PIP2 are 328.1 + 6.1 Ma for
2—1 pum fraction, 325.6 + 4.8 Ma for 1-0.2 um fraction, and
291.2 + 3.9 Ma for <0.2 pm fraction. The sample PIP2 shows an age
gap between the 2—1 um fraction and the smallest fractions but
overlapping ages, within the error, between 1 and 0.2 pm and
<0.2 pm fractions. K—Ar ages from samples PIP8 and PIP9 do not
overlap in any fractions. Sample PIP8 yielded K—Ar ages of
358.5 + 6.9 Ma for 2—1 pm fraction, 304.4 + 6.9 Ma for 1-0.2 um
fraction and 285.6 + 3.1 Ma for <0.2 pum fraction. Finally, the K—Ar
ages from sample PIP9 are 311.3 + 4.1 Ma for 2—1 pm fraction,
280.8 + 3.4 Ma for 1-0.2 um fraction and 219.8 + 6.1 Ma for <0.2 pm

fraction. In all the cases the youngest ages correspond to the
<0.2 um grain size.

For clays, the proposed closure temperature interval of the K—Ar
system is between ~260 and 350 °C (Purdy and Jager, 1976;
Hunziker et al.,, 1986; Wemmer and Ahrendt, 1997). Kibler in-
dexes determined for our samples confirm temperatures below
~200 °C, which indicates that a loss of argon due to high temper-
ature conditions is unlikely. However, argon loss by diffusion
related with the small grain size of the clay minerals and time
should not be ruled out.

Given the presence of K-feldespar in the coarsest fraction of PIP2
it was excluded from the age-% detrital component model (see
Fig. 7). From the linear correlation between the three K—Ar ages
and the percentage of clay minerals phases we obtained extrapo-
lated end-members ages with a high correlation coefficient
(R? > 0.93, Fig. 6): the lower intercept of the regression line at 100%
mixed-layer illite/smectite phases (MAT1) is calculated as ~271.5 Ma
for sample PIP2, ~276.8 Ma for sample PIP8 and ~194.4 Ma for
sample PIP9. The upper intercept at 100% illite (MA2) gives ages of
325.6 Ma for PIP2, 416.8 Ma for PIP8 and 316.7 Ma for PIP9. Com-
parable results were obtained using Modelage software. Modeled
brittle deformation events were established at 236.7 + 22.4 Ma and
325.6 + 0.1 Ma for sample PIP2; 278.7 + 0.2 Ma and 416 + 0.1 Ma for
sample PIP8 and 198.2 + 0.4 Ma and 316.9 + 1.0 Ma for sample PIP9
(Table 3).

6. Discussion

Our absolute ages obtained by the K—Ar dating on the fault
gouge across the northern Argentine broken foreland in the
Ambato region are comparable with those obtained by Bense et al.
(2014), as is shown in Fig. 8. These authors conclude, on the base of
a set of non-modeled K—Ar ages, that a long lasting brittle defor-
mation history would have occurred in the Sierras de Cérdoba and
San Luis from the Carboniferous to the Early Cretaceous. However,
the rejuvenation of K—Ar ages with the decreasing grain size con-
stitutes a strong evidence of mixing between different clay mineral
populations generated at different times. We suggest that modeling
of K—Ar ages should be calculated in order to discriminate likely
isolated deformation events from an apparent long lasting history
of deformation. This might also allow correlating individual
deformation events with the sedimentation and exhumation epi-
sodes recorded in the region. The overlapping K—Ar ages from two
fractions of one sample (Nogoli samples) reported by Bense et al.
(2014), argues in favor of the existence of discrete events in the
southern Argentine broken foreland.

From the extrapolated and modeled ages we have established
two discrete events represented by MA2 (100% illite) ages at
~417 Ma, ~317—326 Ma, and younger events represented by MA1

Table 1
Results of X-ray diffraction analyses from the sample material fractions and illite crystallinity index.
Sample Fraction [pm)] Lat Lon Mineralogy [%] Clay mineral phases [%] KI*
It Chl 1/S Kin Qtz Pl Kfs Mllite R3 R1 RO [A°26]
PIP2 2-1 28.34°S 86 14 — — — X X 100 0 — — 0.46
1-0.2 66.13°W 95 5 — — X — — 100 0 — — 0.46
<0.2 - 96 4 — — — — — 36 64 - — 0.80
PIP8 2-1 28.48°S 82 — — 18 X — v 55 45 — — 0.50
1-0.2 65.67°W 66 — 6 28 X — — 27 65 — 8 145
<0.2 - 47 - 28 25 - - - 2 48 — 50 0.80
PIP9 2-1 28.47°S 85 5 11 — — — — 86 4 - 10 0.54
1-0.2 65.64°W 90 10 v — — — — 81 19 — — 0.60
<0.2 - 88 12 v — — — — 20 80 — — 0.67

Notes: IIt, Illite, Chl, Chlorite, KIn, Kaolinite, Qtz, Quartz, Pl, plagioclase, Kfs, K-feldspar, I/S, interestratified illite -smectite (R3, R1 and RO-ordered), KI* converted to CIS scale:

y = 1.1162 * x + 0.0571; X minor components; v traces.
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(0% illite) ages between ~194 and 279 Ma, which likely record the
cooling of the host rock from epizonal and anquizonal conditions.
Particularly, MA2 corrected age for the sample PIP8 at ~417 Ma
(Silurian-Devonian boundary) could be attributed to the end of the

Famatinian cycle after the collision of the Precordillera terrane
(Astini and Davila, 2004, Fig. 9). Although the main deformation
phase of the Famatinian orogeny would have occurred between
~480 and 465 Ma (Ordovician), there are evidences of later

Table 2
K—Ar ages of different clay minerals fractions.
Sample Grain size [pum] K—Ar data
K0 [Wt. %] 40Ar? [nl/g] STP 40Ar [%] Age [Ma] +2c-error [Ma]
PIP2 2-1 4.96 57.59 98.09 328.1 6.1
1-0.2 6.1 70.19 99.35 325.6 4.8
<0.2 6.18 62.99 97.7 291.2 3.9
PIP8 2—-1 2.83 36.19 92.38 358.5 6.9
1-0.2 3.00 32.03 93.46 304.4 6.5
<0.2 2.45 24.41 93.4 285.6 3.1
PIP9 2—-1 5.06 55.39 97.94 311.3 4.1
1-0.2 5.83 57.11 96.59 280.8 34
<0.2 3.06 23.04 92.37 219.8 6.1

¢ Radiogenic argon.
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deformation events during the Silurian-Devonian in basement
rocks from the northwestern broken foreland (~402 Ma Sm—Nd
garnet age from the TIPA shear zone, Hockenreiner et al., 2003,
Fig. 1A) and more than 400 km southward in the Sierras de Cérdoba
(~441—414 Ma K—Ar muscovite dating; Steenken et al., 2010,
Fig. 1A). It is important to note that as muscovite closure temper-
atures are slightly higher (~300—420 °C, Reiners et al., 2005;
Harrison et al., 2009) than those proposed for the illite formation
(until ~300 °C, Hunziker et al., 1986), the cooling ages are compa-
rable with the PIP8 authigenic illite age. The MA2 ages for PIP2 and
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PIP9 are ~317 and ~326 Ma (early-middle Carboniferous), which
well correlates with other low-temperature cooling ages reported
in the northeastern broken foreland (Fig. 9). U-Th/He zircon data
(ZHe; closure temperature ~200—160 °C; Reiners et al., 2005) from
the Aconquija/Cumbres Calchaquies basement yield ages between
~340 and ~309 Ma (Lobens et al., 2013, Fig. 9). These cooling ages
could be related with the exhumation associated to the Early
Carboniferous mountain building and glacial valley formation
(Astini, 2009; Isbell et al., 2012).

Extrapolated MA1 ages are ~194—198 and 237—279 Ma (Fig. 7).
Bense et al. (2014) reported similar cooling ages using the same
method on fault rocks from the Sierras de Cérdoba and San Luis in
the southern broken foreland emphasizing the regional character of
these events. Middle Permian-Lower Triassic ages from PIP2 and
PIP8 are interpreted as result of the Gondwanide/San Rafaelic
orogeny (cf., Mpodozis and Ramos, 1989; Llambias et al., 2003) that
exhumed the Paganzo basin (Fig. 9). The Lower Jurassic age ob-
tained for PIP9 is likely recording an extensional reactivation of
older structures.

From the comparison between non-modeled and modeled ages
it is clear that oldest and youngest episodes recorded in the fault
gouges are masked by the initial K—Ar mixing ages and discrete
episodes could be overlooked if modeled ages are not considered in
the analysis. Moreover, our results and K—Ar age modeling show
that the fault ages vary across the studied region. Considering the
ranges of thermal stability for the different clay mineral phases and
the modeled K—Ar ages (MA1 and MA2), a time-temperature path
for the samples can be modeled (Fig. 10). We considered illite for-
mation temperatures between 100 and 300 °C (cf. Hunziker et al.,
1986; Merriman and Peacor, 1999; Vrolijk and van der Pluijm,

Table 3
Resume table showing corrected and extrapoled ages for PIP2, PIP8 and PIP9.
Sample Linear extrapolation Modelage 1.0 extrapolation FIT
M2 (100% Illite)[Ma] M1 (100% Ilt/Sme) [Ma] M2 (100% Illite) [Ma] M1 (100% Ilt/Sme) [Ma]
PIP2 325.6 2715 325.6 £ 0.1 236.7 + 224 999.76
PIP8 416.8 276.8 416 + 0.1 278.7 + 0.2 59.27
PIP9 316.7 194.4 3169 + 0.1 1982 + 1.0 31.77
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Fig. 8. Compilation of K—Ar fault gouge ages (different grain size fractions) from Sierras Pampeanas of Cérdoba and San Luis (Bense et al.,, 2014) and from Sierra de Ambato and
Ancasti (this work). Dark areas show K—Ar muscovite and biotite cooling ages taken from Steenken et al., 2008 (1), 2010 (2) and Lobens et al., 2013 (3).
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1999) and between 65 and 220 °C for the formation of high
ordering (R3) mixed-layer illite/smectite (Velde et al., 1986; Srodon,
2007).

Fig. 10 shows a relatively simple temperature-time path
considering the calculated ages and formation temperatures for
each fraction. In sample PIP8 a rapid cooling history from Ordovi-
cian to Silurian-Devonian and a slowly cooling from Devonian to
present-day are observed. Sample PIP2 shows a rapid cooling from
Carboniferous to Permian and depict a slowly cooling from Permian
to present-day, whereas sample PIP9 depict a slowly cooling from
Ordovician to present-day. The conversion of this temperature-
time path to a depth-time path requires knowing the changes of
the thermal state in the region along the history. This was achieved
for the Sierra de Ambato (sample PIP2) using the PetroMod

software (see 4.3 for further details) and considering heat flow
variations (according to the present day analogues for different
tectonic settings interpreted for the region along the geological
history) and the sedimentary records. The latter is very important
as exhumation or burial episodes strongly affect the results. Fig. 11
shows the model result and a hypothetical path for the sample PIP2
within the upper crust (uppermost 12 km). Heat flows were esti-
mated considering the different geotectonic context for the region
from Paleozoic to present (cf. Gutscher et al., 2000; Collo et al.,
2011; Jaupart and Mareschal, 2007; Furlong and Chapman, 2013).
The sedimentation stages for the northern broken foreland were
considered from preserved stratigraphic records (Gonzalez Diaz,
1970; Gutierrez and Barreda, 2006; Mamani et al.,, 2002; Fisher
et al., 2002; Sobel and Strecker, 2003; Davila et al., 2012). The
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two discrete deformational (exhumation) events at ~326 Ma
(Fig. 11A) and ~237—272 Ma (Fig. 11B) are used to constrain the
path, according the modeled K—Ar ages. The model shows more
than 2.5 km of exhumation during the Carboniferous (Fig. 11A) in
accordance to geochronological data from the TIPA shear zone
(Hockenreiner et al., 2003). Assuming that exhumation is propor-
tional to uplift, this exhumation might have favored the mountain
building and conditions to develop the glacial valleys reported in
the region and represented by the tillites of the Trampeadero For-
mation (~320—280 Ma, Gonzalez Diaz, 1970, Gutierrez and Barreda,
2006). The second exhumation episode (Fig. 11B) is constrained to
the Permian—Middle Triassic and would have generated a lower
relief, likely associated with the San Rafael orogenic phase
(Llambias et al., 2003). After this event, the model shows a flat path
almost until the Neogene. A late Cenozoic exhumation following a
Neogene sedimentation episode is interpreted from geological re-
lationships (Davila et al., 2012, Fig. 11C). The clockwise rotation and
exhumation of the Miocene Aconquija Fm. (~2 Km thick) support
our interpretations. It is important to note that as a consequence of
the very low heat flow reported for the Argentine broken foreland
during the Neogene (Collo et al., 2011; Davila and Carter, 2013) the
crustal thermal gradient would have been <17 °C and consequently
at ~1-3 km the temperature would have been <50 °C, inhibiting
the growth of newly formed Tertiary gouge clay minerals (Fig. 11C).

On the base of our results, models and interpretations, the lack of
Cenozoic K—Ar ages in fault gouges in the northern Argentine
broken foreland might be interpreted as a consequence of the low
geothermal gradient instead of a low exhumation. The deep
Neogene Bermejo and Vinchina basins located immediately to the
west (>7 km thick) show K—Ar ages in clay minerals from sedi-
mentary units older than the sedimentation age. This indicates
unsuitable thermal conditions to form the authigenesis clay min-
erals (Collo et al., 2011, 2015), in agreement with very low heat flows.

From the analysis and the modeled fault gouge ages in this
study, as well as the data analyzed by Bense et al. (2013) (Fig. 8), it is
clear that each fault record a particular deformational history that
together allow us to interpret the evolution of the region. This is
consistent with a complex history of reactivation of individual

faults within the same region. The Paleozoic deformation history
interpreted for the Sierras de Ambato and Ancasti from the gouge
ages is similar to that proposed for other regions located to the
south, with exhumation—deformation episodes related to different
Paleozoic—Mesozoic orogenic phases, preserved at depths and
exhumed during the Andean deformation. However, in the case of
the northern region, the modeled age at ~417 Ma (Silurian-Devo-
nian boundary) allows inferring an older deformational episode
than those recorded by other authors for the southern broken
foreland. Moreover, our interpretation for the Andean evolution
also differs. The thermal modeling suggests a Neogene burial depth
of about 3 km under a low thermal gradient (25 mW/m?), followed
by an exhumation of over ~3—7 km (thickness of the exhumed
basin plus thickness of the basement substrate of the Neogene
basin exhumed in the Sierra de Ambato). Further north, Lobens
et al. (2013) proposed a similar exhumation of about 8 km since
9 Ma for the Sierra Aconquija, assuming a geothermal gradient
between 20 and 26 °C/km. To the south, the lack of Cenozoic
cooling ages in different thermochronometers, as well as K—Ar fault
gouge ages, led to propose a low exhumation stage (Lobens et al.,
2010; Bense et al., 2014). However, considering that the Sierras de
Cérdoba and San Luis are currently located in the flat-slab region,
low heat flow conditions similar than those inferred to the north
could explain the presence of significant exhumation with no reset
of the isotopic systems. The differences between the two regions
could be attributed to a more important Cenozoic burial towards
the north, where the low-temperature thermocronological systems
would have been reset during the late Cenozoic (after 9 Ma?; Fig. 8).
To the south, the poor burial (~800 m, Astini et al., 2014) together
with a low temperature regime would avoid the thermochrono-
logic resetting (Davila and Carter, 2013), preserving older cooling
ages (>50 Ma).

7. Conclusions
From XRD and K—Ar analyses three main clay mineral growth

episodes are recognized at ~417 Ma, ~316—326 Ma, ~237—278 Ma
and 198 Ma in the northern Argentine broken foreland, indicating
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Srodori, 2007) at ~ 237—272 Ma. Stratigraphically constrained sedimentation stages for the northern broken foreland are: 320—280 myr, 1200 m (Trampeadero Fm. and
Permian units, Gonzalez Diaz, 1970; Gutierrez and Barreda, 2006); 80—70 myr, 100 m (Cretaceous units, Mamani et al., 2002); and 10—2 myr, 2000 m (Aconquija Fm.), 1-0 myr, 5 m
(Quaternary, Fisher et al., 2002; Mamani et al., 2002; Gonzalez Diaz, 1970; Sobel and Strecker, 2003; Davila et al., 2012). Time intervals are normal subduction stages, 200—120 myr
and 60—20 myr; flat subduction stage, 420—370 myr and 10—1 myr; transitional subduction stage, 320—270 myr; extensional regime, 360—330 myr, 260—210 myr and 115—70 myr.

that authigenic clays in gouges occurred prior to the Mesozoic. No
Cenozoic ages were obtained. Given the Paleozoic K—Ar ages
recorded in modern faults, we propose successive reactivations
since then, likely reworking the same weakness zone. The oldest
age for the central damage zone suggests a deepest exhumation or
the basement block kept relatively shallow since its exhumation in
the Middle Paleozoic. The western and eastern fault zones record a
Carboniferous exhumation likely associated with the relief forma-
tion and mountain building associated with the Late Paleozoic
alpine glaciation in west-central Argentina. During Cenozoic
deformational event, even though there is clear evidence of brittle
deformation and exhumation in the study region, there is a lack of
K—Ar ages that we attribute to the prevailing thermal regime
instead of a minor exhumation event during this period.
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