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Abstract Palacomagnetic data from poorly consolidated
to non-consolidated late Cenozoic sediments along the cen-
tral segment of the active El Tigre Fault (Central-Western
Precordillera of the San Juan Province, Argentina) demon-
strate broad cumulative deformation up to ~450 m from the
fault trace and reveal clockwise and anticlockwise verti-
cal-axis rotations of variable magnitude. This deformation
has affected in different amounts Miocene to late Pleisto-
cene samples and indicates a complex kinematic pattern.
Several inherited linear structures in the shear zone that
are oblique to the El Tigre Fault may have acted as block
boundary faults. Displacement along these faults may have
resulted in a complex pattern of rotations. The maximum
magnitude of rotation is a function of the age of the sedi-
ments sampled, with largest values corresponding to mid-
dle Miocene—lower Pliocene deposits and minimum values
obtained from late Pleistocene deposits. The kinematic
study is complemented by low-field anisotropy of magnetic
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susceptibility data to show that the local strain regime sug-
gests a N=S stretching direction, subparallel to the strike of
the main fault.
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Introduction

Palacomagnetism, in combination with structural and geo-
morphic studies, is a useful tool to quantify the cumulative
strike-slip deformation at different scales, from decametres
(Salyards et al. 1992; Nagy and Sieh 1993) to kilometres
(Ron et al. 1984; Itoh et al. 2003, 2008; Kimura et al. 2004,
2011; Mattei et al. 2012; Hernandez-Moreno et al. 2014)
from the fault trace. Three decades of investigation have
yielded many different kinematic and deformational mod-
els associated with strike-slip faults, from simple, fragile,
domino-style systematic rotation of crustal blocks (Ron
et al. 1984; Nur et al. 1986; Sylvester 1988) to distributed
and ductile or fragile-ductile deformation, including het-
erogeneous deformational models that consider blocks
of different sizes that rotate a highly variable amount and
comprise opposite sense of rotations of adjacent blocks
(Nelson and Jones 1987; England and Wells 1991; Sonder
et al. 1994; Hernandez-Moreno et al. 2014). On the other
hand, magnetic fabric analyses, defined by the anisotropy
of magnetic susceptibility (AMS), have become a valuable
tool for determining small amounts of internal deforma-
tion in poorly consolidated sediments in orogenic regions.
However, in spite of a growing number of studies in the last
two decades (Mattei et al. 1999; Sagnotti et al. 1999; Larra-
soafia et al. 2011; Parés 2015), the acting mechanisms are
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not known in detail and applications in areas affected by
strike-slip deformation are still scarce.

El Tigre Fault is a 120-km-long right-lateral strike-
slip structure (Fig. 1; INPRES 1982; Bastias et al. 1984;
Siame et al. 1997a, b; Cortés et al. 1999; Fazzito et al.
2013) located in the Central-Western Precordillera of the
San Juan Province, in Argentina. The Argentine Precordil-
lera is the seismically most active area of the whole country
(INPRES 1977). In particular, the El Tigre Fault has been
considered to play an important role in the seismotectonic
evolution of the Andean foreland at these latitudes. In many
models, it is proposed that the fault accommodates, to a
large extent, the margin-parallel dextral strike-slip compo-
nent of the oblique convergence vector between the Nazca
and the South American Plates (Siame et al. 1997b, 2006).
For this reason, the study of the kinematics of this fault is
of significance to better estimate the seismic hazard of the
region. In the El Tigre Fault, cumulative horizontal dis-
placements have been measured along the fault trace by
means of stream channels offset (Siame et al. 1997a, b). A
maximum offset of (260 £ 20) m during the late Quater-
nary was estimated. However, no assessment on the defor-
mation associated with the fault mechanics in a broader
scale has yet been provided. Quantification of vertical-axis
rotations through palacomagnetic measurements may prove
an important tool in a thorough characterization of defor-
mation associated with the El Tigre Fault.

We carried out the first systematic palaeomagnetic study
of non-consolidated to poorly consolidated sediments
around the fault in this region. A complementary study of
magnetic fabrics was carried out in order to evaluate the
influence of the tectonic regime in the internal deformation
of sediments devoid of external signs of any tectonic dis-
turbance and to determine whether the main regional strain
directions were recorded in the sediments. The results are
analysed in view of previous structural and geomorphic
research, and different simplistic kinematic models for the
central segment of the El Tigre Fault are proposed.

General geologic setting

The El Tigre Fault extends from 30°12'S to 31°14’S in the
intermountain depression between the Sierra del Tigre, to
the east, and the Sierra de la Crucecita, to the west, being
limited to the north by the Jachal River and, to the south, by
the San Juan River (Fig. 1).

The study area is situated in the Western Precordillera
of Argentina within the subhorizontal subduction zone of
the Nazca Plate beneath South America (Fig. 1). This flat-
slab segment extends from 27°S to 33°S and gives rise to
a series of morphotectonic units that, from west to east,
are: the Frontal Cordillera, the Calingasta—Iglesia Valley,
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the Precordillera and the Sierras Pampeanas. The Argen-
tine Precordillera is recognized as a fold-and-thrust belt,
400 km long and 80 km wide, uplifted during the late
Cenozoic, beginning at around 16 Ma in its northern end
and becoming systematically younger up to 3.5 Ma in its
southern tip (Ramos et al. 2002 and references therein).
The southern end of the Precordillera coincides with the
end of the flat-slab segment, which has been interpreted
as an uplift closely related to shallowing of the subducted
Nazca Plate under South America in the late Cenozoic (All-
mendinger et al. 1990; Kay and Abbruzzi 1996; among oth-
ers). The Neogene tectonic evolution is characterized by
a migration towards the east of the orogenic front and the
contractional and transpressional deformation of the fore-
land basin (Isacks and Barazangi 1977; Jordan et al. 1983a,
b; Ramos et al. 2002). At intermontane basins, folds and
fault scarps that affect the piedmont areas are common
(Bastias et al. 1990; Cortés et al. 1999; Costa et al. 2000).
The eastern flank of the Precordillera, between 31° and 34°
S, concentrates most of this active deformation (Costa et al.
2006); however, evidence of neotectonic activity has also
been reported at the western margin (Cortés and Cegarra
2004; Cortés et al. 2005a, b, ¢, 2006; Basile 2004; Vallejo
2004; Yamin 2007; Terrizzano 2010). One major example
is provided by the El Tigre Fault (Bastias and Bastias 1987,
Siame et al. 1997b, 2006; Cortés et al. 1999; Fazzito et al.
2013).

Stratigraphy

The Neogene sediments in the area of research are repre-
sented by the Iglesia Group, which involves the Lomas del
Campanario (950 m thick) and Las Flores (>600 m thick)
formations (Wetten 1975a, b; Aparicio 1984; Weidmann
et al. 1985; Contreras et al. 1990; Card6 and Diaz 2005).
The age of the Iglesia Group brackets between the late
Miocene (~11 Ma) and the Pliocene (~4 Ma) as estimated
by Ar/Ar and fission track radiometric datings (Johnson
et al. 1987; Re and Barredo 1993; Re 1994; Jordan et al.
1997). It is generally considered that the Las Flores For-
mation overlies the Lomas del Campanario Formation by
a regional unconformity (Contreras et al. 1990), but Gagli-
ardo et al. (2001) recognized an interdigitation of both
units. The Lomas del Campanario Formation is made up
of pyroclastic rocks, ignimbrites, andesites, tuffs, agglom-
erates, conglomerates and sandstones (Card6 and Diaz
2005). The Las Flores Formation is composed of fine-
grained laminated clastic sedimentary rocks, mostly pelites
with intercalation of fine-grained sandstones and thin-
bedded gypsum (Bello Camilletti 2012). Alonso (2010)
considered the same stratigraphic relation but considered
both units as members of the same formation, called the



Int J Earth Sci (Geol Rundsch) (2017) 106:631-657

633

-
—
c
p ol
Drainage network . Road @~ 7
prinipal Lingamont. L / ” S1
Fausecton 1 \q
S s
Obluofau OF1 L
Pressure ridge  PR1 m T
Reloasing basi orsag pond R1 (a)

Northern segment

Southern

Fig.1 a Geologic map, structure and segmentation of the central
segment of the El Tigre Fault zone [modified from Fazzito (2011),
Bello Camilletti (2012) and Fazzito et al. (2013)]. Main features: PR
(pressure ridge), RB (releasing basin), SP (splay) and S (fault sec-

Rodeo Formation. In the vicinity of the El Tigre Fault zone
(Fig. 1a), the Lomas del Campanario Formation is exposed
around the Quebrada Ancha area, between 30°47'40”S and
30°49'9"S (~69°13'11"W) (Fazzito et al. 2013). The con-
tact between these two formations has not been detected in
the field (Bello Camilletti 2012). Outcrops of the Las Flo-
res Formation are found to the north of the previous ones,
in the upthrown block between 30°45’18”S and 30°45'46"S
(~69°12/17"W) and in small hills along the eastern block
between 30°44'2"S and 30°45'23"S (~69°11’18”W). In the
study area, the intermontane depression between Sierra
de la Crucecita and Sierra del Tigre is infilled by Quater-
nary alluvial deposits (~15 m thick, Cardé and Diaz 2005).
These have been subdivided into six units (Siame et al.
1997a, b; Siame 1998; Table 1), with ages from 21 & 4 to
670 £ 140 ka, according to stratigraphic relations, mor-
phologic surfaces and minimum '°Be exposure dating of

tion). b The EI Tigre Fault structure [after Siame et al. (1997b)] and
segmentation [after Fazzito et al. (2013), modified from Siame et al.
(1997b)] on Digital Elevation Model (image from SRTM, 3 arc sec-
ond)

alluvial fan surfaces. Yamin (2007), however, distinguished
only four regional levels and a fifth level consisting of
recent sediments (Table 1). At a regional scale, and follow-
ing the previous studies by Siame et al. (1997a) and Yamin
(2007), we distinguished in the present work aggradation
and erosion surfaces associated with the El Tigre Fault (see
Table 1). In order to simplify the analysis of the palacomag-
netic data, we have subdivided the Quaternary sediments
into two major units: ancient Quaternary alluvial depos-
its (AQAD) that comprise sediments dated between ca.
670 and 180 kyr, and young Quaternary alluvial deposits
(YQAD) bracketed between ca. 100 and 20 kyr. The AQAD
(middle Pleistocene) comprise most of the Quaternary sedi-
ments of the western-upthrown block of the fault. On the
eastern-downthrown block, mostly at latitudes where the
route 425 runs parallel to the fault (Fig. 1a), near the foot-
hills of the Sierra del Tigre, they are preserved as remnants
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Table 1 Stratigraphic chart of the alluvial deposits associated with the El Tigre Fault according to Siame et al. (1997a, b), Yamin (2007) and this

paper
Age (ka) Author
Siame et al. (1997a, b) Yamin (2007) This work
- - Current and recent Current and recent
21+4 Q6 Fourth aggradation-level deposits Young Quaternary alluvial deposits (YQAD)
378
42+9
99 + 21 Q5 Third aggradation-level deposits
180 £ 38 Q4 Second aggradation-level deposits Ancient Quaternary alluvial deposits (AQAD)
280 + 58
350+ 72 Q3
No data Q2 First aggradation-level deposits
580 £ 120 Q1
670 £ 140

10 Be ages are those obtained by Siame et al. (1997a, b)

of dissected alluvial fans. The YQAD (late Pleistocene)
extend broadly over the entire downthrown block of the El
Tigre Fault, surrounding the outcrops of the AQAD. In the
western-upthrown block, fluvial valleys were filled by the
YQAD. The YQAD reach a lower height than the AQAD,
and their aggradation surfaces are less weathered. The gen-
esis of the aggradation levels has been assigned to climatic
factors due to their regional distribution (Yamin 2007)
and their correlation with interglacial stages (Siame et al.
1997a, b). However, in the upthrown block of the fault,
erosion levels that are not necessarily correlated with the
main aggradation levels have been distinguished. They are
probably associated with changes in the base level that are
a result of tectonic uplifts in the fault zone (Fazzito 2011).

The El Tigre Fault

El Tigre Fault is a 120-km-long right-lateral strike-slip
structure with an approximate north—south trend (~N7°E)
and an uplifted western block on its central sector (see
Fazzito et al. 2013 and references therein). Quaternary
activity of this fault is revealed by geomorphologic features
(fault scarps, releasing basins, pressure ridges and offset
streams) and disruptions of Pleistocene surfaces (INPRES
1982; Bastias and Bastias 1987; Bastias et al. 1990, 1993;
Siame et al. 1996, 1997b, 2006; Cortés et al. 1999; Fazzito
et al. 2013, Fig. 1a). Along its southern sector, Cenozoic
deformation exposes the Palaeozoic bedrock of the Sierra
del Tigre, while, in the study area, the structure affects
Neogene successions of the Iglesia Group (Lomas del
Campanario and Las Flores formations) and Pleistocene
strata (AQAD, YQAD). Other regional structures are neigh-
bours to the El Tigre Fault. They are, the east-vergent La
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Crucecita Thrust to the west and, the thrust faults that mark
the eastern margin of the Sierra del Tigre to the east (Cardé
and Diaz 2005). Geologic evidence suggests that the El
Tigre Fault mostly evolved before the accumulation of the
late Pleistocene sediments. Since the late Pleistocene, reac-
tivation and growth of the fault are evidenced by tectonic
geomorphology. The absence of an angular unconformity
between the Neogene and Quaternary sediments constraints
the amount and type of deformation that affected this area
in the last million years. Horizontal and vertical slip rates
of 1.0 and 0.3 mm/year, respectively, since the late Pleis-
tocene, were estimated from measurements of cumula-
tive displacements and radiometric age data (Siame et al.
1997a, b, 2006).

Considering the fault geometry, Siame et al. (1997b)
proposed the subdivision of the El Tigre Fault into three
major parts: the northern, central and southern segments.
Later, minor changes to this segmentation model were
introduced by Fazzito et al. (2013) to better estimate the
possible co-seismic rupture. In this case, the structure
and behaviour of each segment were also evaluated. The
limit between the northern (52 km long) and the central
(49 km) segments is located at 30°38’00”S, while the limit
between the central and the southern (19 km) segments is at
31°04'01”S (Fig. 1b). Our study was carried out along the
central segment of the El Tigre Fault.

The northern segment (Fig. 1b) comprises dispersed
small fault strands spaced less than 5 km apart which
conform a horse-tail-like fault termination (Siame et al.
1997b). Along the southern segment of El Tigre Fault
(Fig. 1b), the strike-slip component of deformation is dis-
tinctly exhibited by the right-lateral offset of the drainage
network entrenched in the alluvial fans in the western pied-
mont of the Sierra del Tigre.
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In the central segment, the El Tigre Fault is character-
ized by an uplifted western block bounded by a piedmont
and bedrock fault scarps. Both the sediments of the Igle-
sia Group and the fluvial deposits of middle Pleistocene
age are exposed along this fault segment due to a signifi-
cant vertical component of displacement. The fault scarp
has a well-defined east-facing slope (18°-24°, Bastias et al.
1984) and a maximum height of ~85 m at Los Morros zone
(Siame et al. 1997b; Siame 1998; Fig. 1a). Several pressure
ridges, releasing basins and splays, indicate the importance
of strike-slip displacements along these segments (see
Fazzito et al. 2013 and references therein) and are indicated
as PR, RB and SP, respectively, in Fig. la. The morpho-
metric analysis by these authors indicated two splays (SP1
and SP2), nine pressure ridges (PR1 to PR9Y, labelled from
south to north in Fig. 1a) and nine releasing basins (RB1
to RB9 in Fig. 1a). Pressure ridges have widths from 0.30
to 0.55 km (0.40 km average), lengths between 0.50 and
2.2 km (1.44 km average) and a length/width ratio from
1.57 to 6.0 (3.59 average). Releasing basins have widths
from 150 to 250 m (200 m average), lengths from 250 to
750 m (500 m average) and an average of the length/width
ratio of 2.5. Indices show that the elongated form domi-
nates both pressure ridges and releasing basins.

According to Fazzito et al. (2013), the central segment
is characterized by six major sections (S1 to S6, Fig. 1a)
whose lengths range from 5.0 to 7.3 km and whose strikes
vary from N-S to NI8°E. Each section was determined
by: (a) a pronounced change in the strike of the fault, (b)
the concentration of some tectonic-related geomorpho-
logic features and (c) the type of fault scarp. Geologic data
together with results of electrical resistivity tomography
led Fazzito et al. (2013) to propose a geometric model for
the central segment of the El Tigre Fault in which the high-
angle structure alternates between a western dip and east-
ern dip according to the dominant inferred stress regime in
each of the sections. Right and left bends of the fault plane
define, respectively, transtensive (S5) and transpressive (S2,
S4 and S6) sections. Sections with almost pure strike-slip
kinematics (S1) and more complex behaviour (S3) were
also defined.

A remarkable feature of the central segment is the pres-
ence of several lineaments and inferred faults oblique to the
main fault, which seem to play a key role to accommodate
the deformation along the El Tigre Fault and are probably
the surface expression of basement structures (Fazzito et al.
2013; Fig. 1a). These oblique fractures are especially con-
centrated in sections S4, S5 and S6, and they have typically
a NW-SE (N134°/136°E) strike to the north of Quebrada
Ancha and a WNW-ESE (N110°/114°E) strike to the
south of it. Among these, a particularly conspicuous line-
ament (Principal Lineament L, between RB7 and PR8, see
Fig. 1a) has been identified as a major structural boundary

that divides two areas of different kinematic characteris-
tics of the El Tigre Fault (Fazzito et al. 2013). The vertical
component of displacement of the El Tigre Fault is much
more evident to the south of L, with respect to the north
of it. A greater throw of the El Tigre Fault, the disappear-
ance of AQAD over the eastern block (western piedmont
of Sierra del Tigre) and a large releasing basin (RB6) have
been observed immediately to the south of this lineament.
The exposed Neogene rocks change at this lineament, with
outcrops of folded rocks of the Las Flores Formation to the
north and virtually undisturbed poorly consolidated beds of
the Lomas del Campanario Formation to the south. In addi-
tion, a change in the orientation of the drainage network
from NW-SE in the north to WNW-ESE in the south and
a bend in the strike of the fault trace from ~NS5°E in the
north to ~N18°E in the south occur at around L (Fazzito
2011; Fazzito et al. 2013). Furthermore, an unpublished 2D
electrical resistivity tomography (Bello Camilletti 2012)
orthogonal to the Principal Lineament in the area of RB7
showed a subvertical discontinuity in the distribution of
rock resistivities that correlate at surface with L and that
was interpreted as a subvertical fault with oblique displace-
ment that uplifts the southern block.

Sampling and laboratory methods

Sampling along the central segment of the El Tigre Fault
(Fig. 2) involved 36 sites typically with 820 specimens
at each (total of 483 samples) that were distributed around
the fault trace (less than 1.2 km away) on middle Miocene
to late Pleistocene strata (Lomas del Campanario Forma-
tion, Las Flores Formation, AQAD and YQAD). Most sites
are located on the western margin of the fault where the
oldest units are exposed by its vertical displacement. Ori-
ented samples of sediments of diverse granulometry, with
no evidence of macroscopic deformation, were collected
by means of plastic or hydro-bronze tubes depending on
the state of consolidation. A pure solution of sodium sili-
cate was poured on the sampled sediments for the purpose
of cementation prior to transportation. Well-indurated
sedimentary rocks from the Las Flores Formation were
obtained as hand samples. Magnetic and, whenever possi-
ble, solar compasses were used for orientation of all sam-
ples. Differences between both orientation methods were
never significant. An average direction was calculated when
measurements from both sun and magnetic compasses were
available. The right-hand rule system was always used dur-
ing sampling. Specimens have typical dimensions ranging
from 25.4 to 26.0 mm in diameter and 22.0-25.0 mm in
height, depending on the sampling method. Sampled sites
are mostly distributed in eight main zones (named A to
H from north to south, see Fig. 2), according to the sites
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Fig. 2 Sampling sites around the central segment of the El Tigre
Fault over ASTER satellite image (RGB: 321). Grouping by zones
(A-H) is indicated. Only sites with effective palacomagnetic or mag-
netic fabric results have been included

proximity. However, each zone is separated from the others
by an inferred oblique/transversal fault or lineament. The
Las Flores Formation (middle Miocene—lower Pliocene)
was sampled on zone A, while the Lomas del Campanario
Formation (middle Miocene—lower Pliocene) was sam-
pled on zones B, D, E and G. The AQAD were sampled on
zones E, F, G and H and on an isolated site (T42) outside
the defined zones. The YQAD were sampled on zones A, C
and F. In particular, sites T3 and T4 (zone F, YQAD) were
taken from two different stratigraphic levels exposed at a
palaeoseismological trench orthogonal to the main fault
studied by Siame (1998). Significant mesoscopic tectonic
deformation is observed exclusively in the Las Flores For-
mation outcrops (zone A). Folded strata of deca to hecto-
metric scale with strikes ranging from N30°E to N69°E are
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exposed at this location. Generally, three to four bedding
planes were measured for each sampling site from Las Flo-
res Formation. Mean bedding correction was calculated for
each site by averaging the bedding plane poles with Fishe-
rian statistics (Table 2). Only a single measurement was
obtained at site T12 (Lomas del Campanario Formation),
due to lack of suitable exposed bedding planes near the
sampling area.

Remanent magnetization

Stepwise thermal demagnetization was carried out with
an ASC Scientific dual-chamber furnace, while alternat-
ing field (AF) stepwise demagnetization was applied with
a three-axis static degausser coupled to a 2G Enterprises
cryogenic magnetometer (750R) with SQUID-DC sensors
in the “Laboratorio de Paleomagnetismo Daniel A. Valen-
cio” (IGEBA). When possible, two samples per site were
used as pilot specimens to define the most appropriate
demagnetization approach. A maximum of 11 steps up to
560 °C was sufficient to unblock the magnetization by ther-
mal treatment (50 °C steps between 100 and 500 °C and
two more steps of 530 and 560 °C), and a maximum of 15
steps up to 120 mT was used in the case of AF demagneti-
zation (3-mT steps from 0 to 15 mT, 5-mT steps from 15
to 40 mT, 10-mT steps from 40 to 60 mT and 20-mT steps
from 60 to 120 mT). All samples collected by hydro-bronze
tubes (11 sites, 116 specimens) were treated by thermal
demagnetization. Specimens sampled through plastic tubes
(20 sites, 273 specimens) were subjected to AF demagneti-
zation. In general, AF treatment was more efficient than
thermal demagnetization.

Anisotropy of low-field magnetic susceptibility (AMS)

The anisotropy of low-field AC magnetic susceptibil-
ity (Hpeax = 200 Am™'; f = 976 Hz) was studied with an
AGICO Multi-function Kappabridge susceptibility-metre
(MFK1-B) by operating in the fifteen-position protocol
(Jelinek 1978; Tauxe 1998). Again, samples of sediments
collected by hydro-bronze tubes had to be excluded from
the measurements. Best-fitting susceptibility ellipsoid was
calculated on each sample by operating the Safyr 3.2 soft-
ware (AGICO, Inc.), while statistics of AMS ellipsoids
on each site were computed through the Jelinek (1978)
method by using the Anisoft 4.2 software developed by
Chadima and Jelinek (2009). The semi-axes lengths of
the ellipsoids are characterized by the principal values &,
k, and k; (maximum, intermediate and minimum suscep-
tibility, respectively), and the orientation is defined by the
principal directions K|, K, and K;. Mean principal direc-
tions and respective 95 % confidence ellipses on each site
were determined by the statistical analysis. The magnetic
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Table 2 Site-mean characteristic remanence directions for geologic units exposed along the central segment of the El Tigre Fault
Unit Zone Site s.m. d.m. n D (°) 1(°) Strike (°) Dip (°) D* (°) I* (°) ays (%) k Pol.
LF A 33 hs AF 12 19.8 —58.0 249.0 26.0 70.9 —69.8 15.5 8.8 N
A 32 hs AF/T 6 0.3 —46.9 225.0 53.0 76.2 —55.4 7.0 92.5 N
A 30 hs AF/T 7 134.8 81.8 210.0 30.0 294.5 67.8 14.6 18.2 R
Sites mean (zone A) n = 3 Dec = 3.8° Inc = —64.4° ay5 = 30.4° k = 17.5 Dec* = 88.0° Inc* = —65.3° arg5* = 18.4° k* = 45.8
Specimens mean (zone A) n = 25 Dec = 7.2° Inc = —63.1° ag5 = 9.9° k = 9.6 Dec* = 83.9° Inc* = —66.6° ag5* = 8.6° k* = 12.3
LC B 2 h T 10 243 —36.3 - - 243 —36.3 74 44.0 N
B 1 h T 7 32.7 —58.9 - - 327 —58.9 19.1 11.0 N
B 26 h T 7 197.0 56.7 - - 197.0 56.7 10.2 36.0 R
B 25 hs AF/T 7 183.0 53.1 - - 183.0 53.1 17.5 12.9 R
Sites mean (zone B) n = 4 Dec = 19.3° Inc = —51.8° ag5 = 14.4° k =41.5
Specimens mean (zone B) n = 31 Dec = 19.9° Inc = —50.1° ag5 = 6.9° k = 15.2
D 36 p AF 11 254 —31.8 - - 254 -31.8 15.0 10.3 N
D 12 P AF 6 210.4 9.8 135.0 10.0 210.6 0.1 17.4 15.8 R
D 13 p AF 6 336.0 —47.5 - - 336.0 —47.5 18.7 13.8 N
Sites mean (zone D) n = 3 Dec = 14.8° Inc = —31.8° atg5 = 50.0° k = 7.1 Dec* = 14.9° Inc* = —28.6° atgs™* = 57.6° k* = 5.7
Specimens mean (zone D) n = 23 Dec = 17.1° Inc = —31.8° ag5 = 12.6° k = 6.7 Dec* = 17.3° Inc* 29.3°% ags* = 13.6° k* = 6.0
E 14 h T 6 68.2 —42.4 - - 68.2 —42.4 20.3 11.8 N
E 15 h T 3 227.8 5.5 - - 227.8 5.5 20.8 36.2 R
Sites mean (zone E, sites T14 and T15) n = 2 Dec = 56.5° Inc = —24.3° ag5 = -k =—
Specimens mean (zone E, sites T14 and T15) n = 9 Dec = 59.8° Inc = —30.2° g5 = 19.0° k = 8.3
E 22 P AF 1 147.4 27.6 - - 147.4 27.6 - - R
E 27 p AF 14 112.1 453 - - 112.1 453 7.9 26.2 R
Sites mean (zone E, sites T22 and T27) n = 2 Dec = 311.8° Inc = —37.8° ags = -k =
Specimens mean (zone E, sites T22 and T27) n = 15 Dec = 295.0° Inc = —44.5° ag5 = 8.4° k = 21.6
G 8 h T 9 286.8 —45.1 - - 286.8 —45.1 8.9 34.0 N
G 6 h T 8 114.1 0.1 - - 114.1 0.1 6.3 78.5 R
AQAD E 43 p AF 7 354.2 —35.3 - - 354.2 —353 9.0 457 N
F-G 44 p AF 9 333.7 —51.1 - - 333.7 —51.1 15.6 11.8 N
F-G 45 p AF 8 349.0 —46.7 - - 349.0 —46.7 6.5 74.0 N
Sites mean (zone F-G)n =2 Dec = 341.7° Inc = —49.2° g5 = -k = —
Specimens mean (zone F-G) n = 17 Dec = 341.5° Inc = —49.2° ags = 8.4° k = 18.9
- 42 p AF 6 19.1 —40.8 - - 19.1 —40.8 12.6 29.4 N
H 417 p AF 6 317.0 —36.6 - - 317.0 —36.6 14.3 22.8 N
H 39 P AF 10 16.4 —41.9 - - 16.4 —41.9 7.1 47.7 N
H 40 p AF 13 0.6 —459 - - 0.6 —45.9 8.4 25.5 N
H 38 p AF 11 12.5 —21.0 - - 12.5 —21.0 8.3 31.6 N
Sites mean (zone H) n = 3 Dec = 10.2° Inc = —36.5° atg5 = 22.8° k = 20.2
Specimens mean (zone H) n = 34 Dec = 9.6° Inc = —36.9° g5 = 5.8° k = 19.2
YQAD C 10 p AF 7 12.8 —34.1 - - 12.8 —34.1 19.6 10.4 N
C 11 p AF 6 7.7 —34.7 - - 7.1 —34.7 19.7 12.6 N
Sites mean (zone C) n =2 Dec = 10.3° Inc = —344° qgs = —k =—
Specimens mean (zone C) n = 13 Dec = 10.4° Inc = —34.4° ag5 = 12.4° k = 12.2
F 3 p AF 13 13.8 —48.2 - - 13.8 —48.2 5.7 54.6 N
F 4 p AF 10 352.1 —48.8 - - 352.1 —48.8 6.1 63.2 N

Sites mean (zone F) n =2 Dec = 2.9° Inc = —48.6° ags = —k = —
Specimens mean (zone F) n = 23 Dec = 4.4° Inc = —48.9° g5 = 4.8° k =41.0

Sites are presented by geologic unit and from north to south. LF: Las Flores Formation; LC: Lomas del Campanario Formation; AQAD: ancient
Quaternary alluvial deposits; YQAD: young Quaternary alluvial deposits; s.m.: sampling method (hs: hand sample; h: sampling by hydro-bronze
cylinders; p: sampling by cylindrical plastic containers); d.m.: demagnetization method (AF: alternating field; T: thermal); n: number of spec-
imens used to compute the site-mean direction; D, I: site-mean declination and inclination, respectively; Strike, Dip: strike and dip of bed-
ding, respectively; ays: half-angle of the cone of 95 % confidence about the mean; k: Fisher’s precision parameter; Pol: remanence polarity (N:
normal, R: reverse). Sites mean and specimens mean are calculated (Dec: declination; Inc: inclination; ays, k: statistical parameters of Fisher

(1953))

* Bedding corrected data

 Site T41 was not taken into account for the calculus of the specimens mean of zone H
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anisotropy was quantified by standard parameters such as
P; (corrected anisotropy degree), which indicates the eccen-
tricity of the anisotropy ellipse, and 7, which defines the
shape of the anisotropy ellipsoids, ranging from —1 (a pro-
late ellipsoid of revolution, i.e. k, = k;) to 41 (an oblate
ellipsoid of revolution, i.e. k; = k,). The arithmetical mean
of the susceptibility (k) was also estimated for each site.

Thermomagnetic curves

Temperature dependence of magnetic susceptibility for
samples from the four geologic units was studied with an
AGICO Kappabridge (MFK1-FA) susceptibility-metre cou-
pled to high-temperature (CS4) and low-temperature (CSL)
controllers. Temperature range varied from ~—187 °C to
room temperature in air (low-temperature curve) and from
room temperature to 685 °C (high-temperature curve) in
an argon-controlled atmosphere. The peak external field
was set at 200 Am™~! and its frequency at 976 Hz. Heating
rate was about 13.5 °C/min (low-temperature curve) and
3.0 °C/min (high-temperature curve). Low temperatures
were reached by use of liquid nitrogen (~77 K).

Field and frequency dependence of magnetic
susceptibility

Field and frequency variation of magnetic susceptibility
were studied to help on the identification of ferromagnetic
minerals and characterization of their grain size, respec-
tively. Curves of variation of bulk magnetic susceptibility
as a function of a peak AC field from 2 to 700 Am~! at a
fix frequency of 976 Hz were obtained on different samples
from the four geologic units with an AGICO Kappabridge
(MFKI1-FA). Also, measurements of bulk susceptibility
at 200 Am~! at two different frequencies f1 (976 Hz) and
f3 (15,616 Hz) were imparted on several specimens from
every sampling zone. The frequency dependence of mag-
netic susceptibility was evaluated through the parameter
kg (%0) = 100 x (kg — kp)lkp.

Isothermal remanent magnetization and backfield

Ferromagnetic mineralogy was studied using curves of the
acquisition of isothermal remanent magnetization (IRM) of
representative specimens from every zone by using an ASC
Scientific IM-10-30 pulse magnetizer from 3 to 2300 mT
and an AGICO spinner magnetometer (JR-6). Afterwards,
backfield demagnetization of IRM measurements was
imparted to these samples to evaluate the remanent coer-
cive force (B,,) of the ferromagnetic minerals. Cumulative
log-Gaussian functions (CLG, Robertson and France 1994)
were used to analyse the magnetic coercivity components
of some of these curves by the three fitting procedures
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Fig. 3 Representative vector component diagrams (Zijderveld plots) p
of samples treated by progressive alternating field (AF) or thermal
demagnetization. Open (solid) symbols represent the projection on
the vertical (horizontal) plane. Important demagnetization steps
have been indicated. NRM: natural remanent magnetization; LF: Las
Flores Formation (light blue); LC: Lomas del Campanario Forma-
tion (green); AQAD: ancient Quaternary alluvial deposits (orange);
YQAD: young Quaternary alluvial deposits (purple). Sites are mostly
arranged by latitude

(LAP, GAP and SAP) included in the software developed
by Kruiver et al. (2001). Values of SIRM (saturation of
isothermal remanent magnetization), B,,, (applied field at
which half of the SIRM is reached) and dispersion param-
eter DP (half-width of the distribution) were estimated.

Results
Palaeomagnetism

Interpretable palacomagnetic results were obtained from
samples from 28 sites (226 samples, Table 2, see their loca-
tion in Fig. 2) located within a distance of about 420 m
from the fault trace. Eight sites (one site from Las Flores
Formation, six sites from Lomas del Campanario Forma-
tion and one site from YQAD) showed lack of intra-site
directional coherence. Representative Zijderveld diagrams
(Zijderveld 1967) are presented in Fig. 3. In most cases,
stepwise demagnetization permitted the isolation of a char-
acteristic component, with both AF and thermal treatment.
Some thermal demagnetization curves from Las Flores For-
mation (sites T30, T31, T32 and T33) reveal partial inten-
sity decay at about 150 °C, which suggests the presence of
goethite. Unblocking temperatures between 350 and 400 °C
and low-to-medium destructive fields (<50 mT) in sites
T30, T31, T32 and T33 are consistent with the presence of
titanomagnetite or maghemite as the main carrier. After AF
demagnetization at 120 mT, some samples from Las Flores
Formation (e.g. T33-1A1, Fig. 3) preserve 10-20 % of the
initial remanence confirming a subordinate contribution of
a high coercivity magnetic mineral (goethite, haematite).
In the Lomas del Campanario Formation (sites T1, T2, T6,
T8, T14, T15, T25 and T26), highest unblocking tempera-
tures in the range of 500-550 °C reveal that Ti-poor titano-
magnetite carries the characteristic magnetization. Several
samples at some of these sites (T1, T2, T6, T15, T25 and
T26) show pronounced remanence decay at lower tempera-
tures, generally ranging from 250 up to 350 °C, which sug-
gests a low-stability component either carried by Ti-rich
titanomagnetite, maghemite or by large PSD-MD Ti-poor
titanomagnetite grains. The characteristic component of
samples from the AQAD and YQAD shows an univecto-
rial decay towards the origin of the Zijderveld diagrams
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(Fig. 3). Most of it is erased at fields higher than 12 mT, but
in general it is not completely removed by the AF demag-
netization method (<20 % of the original intensity survived
fields of 100-120 mT). This suggests that titanomagnetite
is probably the main carrier of this magnetization and that
a higher coercivity component as goethite and/or haematite
carries the same remanence direction.

Components of magnetization were isolated by principal
component analysis (PCA; Kirschvink 1980) on the basis of
the Zijderveld plots with support of the SuperlAPD2000 soft-
ware (Torsvik et al. 2000). Only components with less than
16° of maximum angular deviation (MAD) were considered
interpretable. Most sites display two components of magneti-
zation. The low-unblocking-temperature or low-coercivity
components (typically in the range 0-250 °C or 0~15 mT) are
attributed to a secondary magnetization of recent age, probably
as a result of viscous overprints, since their directions resem-
ble that of the present-day field at the study locality or are ran-
domly distributed. The high-stability characteristic magnetiza-
tion component was isolated usually between 250 and 500 °C
or 15 and 60 mT. Only in a few samples from sites T8 (Lomas
del Campanario Formation) and T30 (Las Flores Formation)
a third component was observed, although not erased by AF
(e.g. T30-02, Fig. 3), which also has been interpreted as a sec-
ondary magnetization carried by an antiferromagnetic fraction.
Spherical statistics (Fisher 1953) were first used to calculate
the mean direction of the magnetic components for each site.
Some sites (TS5, T9, T28, T29, T31, T34, T35 and T37) did not
show directional consistency. Sampling procedures of uncon-
solidated sediments may bias the remanence and/or AMS
directions, but in our case no correlation was found between
the sample orientation and any of these magnetic directions.
Mean magnetic directions and statistical parameters of the
characteristic component are given in Table 2. This remanence
is of both reverse (eight sites, see Table 2) and normal polarity
(twenty sites, Table 2). To deal with more representative data,
whenever possible remanence directions for specimens from
sites at the same zone were averaged for each geologic unit
(Table 2). Equal-area projections of site-mean and zone-mean
characteristic magnetic directions are plotted in Fig. 4. At zone
A, where the Las Flores Formation shows significant folding,
application of the Watson and Enkin (1993) fold test to the
site-mean as well as the specimen-mean directions (Fig. 5a,
b) indicates a pre-folding remanence. The precision parameter
k reaches the maximum value (i.e. clustering of directions is
maximum) at 95 % of bedding correction in the first case and
at 92 % in the second case. This strongly suggests a primary
remanence for the Las Flores Formation. The remaining sites
were located in flat-lying sediments, so that no fold or tilt test
was possible to determine the timing of remanence acquisi-
tion. However, the recording of both geomagnetic polarities in
zones A, B, D and E (Las Flores and Lomas del Campanario
formations) suggests that the remanence is ancient, probably
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primary, and the palaeosecular variation has been mostly aver-
aged by these deposits. Large values of rotations found in
several sites (see “Vertical-axis rotations” section) also argue
against any recent remagnetization of these sediments. The
normal polarity found in all samples from AQAD and YQAD
is consistent with the age estimates obtained by '°Be cosmo-
genic dating (Siame et al. 1997a), indicating that these sedi-
ments were deposited during the Brunhes chron.

Magnetic mineralogy

All IRM acquisition and backfield curves from Lomas del
Campanario Formation, AQAD and YQAD (Fig. 6b—d) show
analogous behaviour. Saturation occurs at magnetic fields
below 1T and 90-92 % of it is reached at 300 mT. Backfield
curves indicate, for these three units, remanent coercive force
values (B,,) in the range of 14-52 mT and a weighted mean
of 36 mT (Table 3; Fig. 6). This range is compatible with
titanomagnetite (see typical values of B, in Peters and Dek-
kers 2003), suggesting that maghemite is not a likely car-
rier in the Lomas del Campanario Formation. On the other
hand, pyrrhotite is not a likely carrier considering the results
of field dependence of susceptibility (Fig. 8b) together with
geologic evidence of oxidizing environments both during
deposition and diagenesis of the sediments. In the Las Flores
Formation, however, three types of IRM acquisition curves
are observed (Fig. 6a). Curves from samples T30-3 and
T32-2A1 are similar to those from other units. In fact, the
remanent coercive forces of both specimens (36 and 37 mT,
respectively; Table 3) are almost identical to the weighted
mean of those three units. The other acquisition curves
clearly show the presence of two magnetic phases, which are
interpreted as titanomagnetite and an antiferromagnetic min-
eral. These samples show either a significant contribution of
the ferrimagnetic phase (T31-1C1 and T32-2B) with values
of B, of 52 and 55 mT, or a much lower presence of this
phase (T33-2B and T33-3B) and dominance of the antiferro-
magnetic component, as backfield curves indicate remanent
coercive forces (B,,) of 200 and 508 mT, respectively. These
values are compatible with high goethite or haematite con-
tent (Table 3). Maghemite is not a likely carrier of the lower
coercivity component in Las Flores Formation, considering
that B, of this mineral is higher than 36 mT (Table 3).
Cumulative log-Gaussian functions (CLG, Robertson and
France 1994) were used to analyse IRM acquisition curves
of samples from Las Flores Formation. Fitting parameters
(Table 4) obtained by using the specific software of Kruiver
et al. (2001) corroborate the previous interpretations. A
bimodal distribution of coercivity spectra is observed for
all these samples (except for T32-2A1, which is unimodal).
Taking into account the values of B, (>50.1 mT), the
lower coercivity phase is associated with titanomagnet-
ite, while the higher coercivity phase of samples T31-1Cl1,
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Fig. 4 Equal-area projection (lower hemisphere) of site-mean (T42) or
zone-mean characteristic remanence directions. At every zone, statis-
tics is applied all over the samples. Open (close) symbols correspond to

T32-2B and T33-2B corresponds to goethite and T30-03
and T33-3B to goethite/haematite (see evidence of haema-
tite in thermomagnetic curve from site T30; Fig. 7).
Thermomagnetic curves (susceptibility vs. tempera-
ture) of Lomas del Campanario Formation, AQAD and
YQAD show properties that are independent of rock type
(Fig. 7). The curves show a high Curie temperature typical
of a population of Ti-poor titanomagnetite (~580 °C) and a
certain amount of haematite (T = 680 °C), also suggested

normal (reverse) polarity. Confidence ellipses of 95 % are represented.
Directions of sites T12, T15, T25, T26 and T30 are inverted for the
zone-mean. Sites are mostly presented from north to south

by incomplete demagnetization of the NRM at 100 mT
(Fig. 3). However, the IRM acquisition curves (Fig. 6) from
these formations suggest that contribution of haematite is
clearly subordinate. Low-temperature peaks between —151
and —172 °C for all the specimens suggest the Verwey
transition which is indicative of PSD-MD magnetite (Dear-
ing 1994). SD magnetite in samples of Lomas del Cam-
panario Formation is, however, suggested by small Hop-
kinson peaks (Dunlop and Ozdemir 1997). A distribution
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of grain sizes from SD to MD magnetite is therefore likely.
As in Lomas del Campanario Formation, thermomagnetic
curves of Las Flores Formation (see an example in Fig. 7a)
show a high Curie temperature (~580 °C) and Hopkinson
peaks which indicate the presence of SD Ti-poor titano-
magnetites. Low haematite content is also present. No Ver-
wey transition is observed in this case. An important frac-
tion of magnetic minerals (mainly magnetite) is generated
during heating, as the process is not reversible, showing an
increase in susceptibility in the cooling curve.

Field variation of susceptibility is very low for all lith-
ologies, with k.4 < 4 % (see Fig. 8). All selected samples
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from Lomas del Campanario Formation, AQAD and
YQAD (Fig. 8a) present monotonically increasing curves
(mostly concave-down) for fields higher than 10 Am~'.
From these results, the prevailing magnetic mineral in
these sediments is likely titanomagnetite with variable
titanium content (Worm et al. 1993; Hrouda et al. 2006).
Curves of samples from Las Flores Formation (Fig. 8b)
show very small to non-significant increase in most part
of the field range (for fields higher than 100 Am~"), which
may suggest that susceptibility is governed by antifer-
romagnetic, paramagnetic or Ti-poor titanomagnetite
minerals.
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Fig. 6 Normalized isothermal remanent magnetization (IRM) acquisition curves in magnetic fields up to 2300 mT and associated backfield
curves of samples from: a Las Flores Formation, b Lomas del Campanario Formation, ¢ AQAD and d YQAD
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Table 3 Remanent coercive force B, as estimated from backfield
curves of Fig. 6

Geologic unit Sample B, (mT)
Las Flores Formation T30-03 36
T31-1C1 55
T32-2A1 37
T32-2B 52
T33-2B 200
T33-3B 508
Lomas del Campanario Formation TO8 36
T12-10 34
T13-13 35
T14 37
T25-1A3 36
T26 14
T27-14 36
Ancient Quaternary alluvial deposits T38-12 31
T39-04 38
T40-08 40
T41-11 38
T42-07 39
T43-01 37
T44-02 32
T45-13 35
Young Quaternary alluvial deposits T03-03 52
T04-04 37
T10-03 44
T11-19 19

To summarize, titanomagnetite with variable titanium
content to pure magnetite is the dominant mineral that car-
ries the characteristic magnetic remanence in Lomas del
Campanario Formation, AQAD, YQAD and some samples
from Las Flores Formation. Subordinate contribution of
haematite is observed in these units. Goethite is the main

antiferromagnetic mineral of high coercivity in sites T31,
T32 and T33, while haematite is present in sites T30, T31
and T33 from the Las Flores Formation.

Frequency dependence parameter ky on a selected num-
ber of specimens of the four geologic units showed a mean
value of 2.8 % (Table 5). If the result of sample T33-2B
(with ky = 7.9 %) is ignored, all parameters are below
4.2 %. Then, no significant frequency dependence of sus-
ceptibility was found for the complete collection of sam-
ples (i.e. superparamagnetic fraction contribution is neg-
ligible). Thermomagnetic curves compatible with SD and
MD grains support this result (Dearing 1994).

SIRM acquisition and demagnetization crossover plots
from seven samples of the four geologic units (representative
cases are shown in Fig. 9) indicate R points with x values in
the range 13-31 mT and y values in the interval 0.15-0.26.
Considering the crossover plot of magnetite by Symons and
Cioppa (2000), the average effective (not actual) domain size
of the magnetic carriers is PSD for six of these samples and
MD for the sample T38-12 (x = 13, y = 0.15).

Vertical-axis rotations

Vertical-axis rotations were estimated in the direction-
space approach (Beck 1989). When sites from the same
zone showed similar directions, a single mean direction
was computed from all samples for the whole zone. This
may imply the presence of quasi-rigid blocks; however, as
shown below, this is likely an oversimplification of the rhe-
ological behaviour along the El Tigre Fault but facilitates
a first approach to the directional data analysis. The rota-
tion of declination is given by R = Do — Dr, whereas the
anomaly of inclination is determined by F = Ir — Io (“flat-
tening” sensu Beck (1989)), where the observed palaeo-
magnetic direction is (Do, Io) and the reference direction
is (Dr, Ir), which corresponds to the geocentric axial dipole
field direction at the study area (Dr = 0 and Ir ranges from

Table 4 Fitting parameters Zone A (Las Flores Formation)

from analytical method

developed by Kruiver et al. Sample Parameters
(2001) on samples from zone A
Component 1 Component 2
SIRM1 %SIRM B, (mT) DP SIRM2 %SIRM B, (mT) DP
T30-03 0.80 94 50.1 0.28 0.05 6 794.3 0.40
T31-1C1 0.11 84 56.2 0.33 0.02 16 1258.9 0.36
T32-2A1 1.00 100 61.0 0.14 - - - -
T32-2B 0.48 83 70.8 0.17 0.01 17 1000 0.21
T33-2B 0.13 34 79.4 0.38 0.250 66 631 0.30
T33-3B 0.13 33 70.8 0.30 0.260 67 1000 0.23

SIRM: saturation of isothermal remanent magnetization; B ,,: applied field at which half of the SIRM is

reached; DP: dispersion parameter

@ Springer



Int J Earth Sci (Geol Rundsch) (2017) 106:631-657

645

(@) Las Flores Formation (b) Lomas del Campanario Formation (©) Lomas del Campanario Formation
72 } 450 180 180

i T30 [ 400 = 160 1 T14 160 | = T8

g el

S 7 L 350 @ 140 — 140 ——

o ‘ [ 300 = 120 - — ! 120 T

= Q — 4 =

T 6 [ 250 8 2] 100 - N @ 100

o 5 = 80+ | = 80

< b 200 @ ~ | ~

= o 60 % 60

(/)3 66 F 150 5 40 3 0]

~ T —_— r 100 o 20 ] . 20 ]
64 r 50 0 0

T T T T T T T T T T
-200 -100 O 100 200 300 400 500 600 700 -200 -100 0

LRY

(d) Ancient Quaternary alluvial deposits

100 200 300 400 500 600 700

(e) Ancient Quaternary alluvial deposits ®)

100 200 300 400 500 600 700
T°Cl

200 100 0
T[°C]

Young Quaternary alluvial deposits

180 180
160 -
140 -

120

K [uSI]
K [uS1]

100 -

80

404 60

20 40

350

300 -

250 4

200 -

k [usI]

150

100 -

50

100 200 300 400 500 600 700 -200 -100 0

T[°C]

-200 -100 0

100 200 300 400 500 600 700

100 200 300 400 500 600 700
T[°C]

0 e
-200 -100 0
T[°C]

Fig. 7 Some representative low- and high-temperature thermomagnetic curves of samples from each geologic unit: a Las Flores Formation, b, ¢
Lomas del Campanario Formation, d, e AQAD and f YQAD. Arrows indicate heating (red) or cooling (blue) sense
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Fig. 8 Bulk magnetic susceptibility as a function of an external magnetic AC field with H, from 2 to 700 Am™! at a fixed frequency of
976 Hz. a Lomas del Campanario Formation, AQAD and YQAD. b Las Flores Formation

—49.6° to —50.1° according to different latitudes of each
zone). The same reference direction was assumed for the
Late Miocene—Pliocene sediments, since drift of South
America in the last 10 million years can be considered neg-
ligible (Besse and Courtillot 2002; Torsvik et al. 2008). The
95 % confidence intervals associated with R and F' are cal-
culated as AR and AF, respectively, according to Demarest

(1983). The results for each geological unit at each zone
or isolated sites are given in Table 6. Computed rotations
are indicated by arrows in Fig. 10 where cones represent
95 % confidence limits, being the reference a north point-
ing arrow. The 95 % confidence limit of the present-day
axial dipole field direction is adopted as 3°, following Mer-
rill and McElhinny (1983).
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Table 5 Frequency dependence of magnetic susceptibility parameter
kg4 in selected samples of the four geologic units

Geologic unit Sample ky kg ky (%)

T33-2B 14.06 1295 7.9
T32-3A 10.10 9.82 2.8
T30-01 920 884 39
T36-16 4.68 455 2.8
T12-15 525 517 15
T13-12 598 582 2.7
T22-01 455 447 1.8
Ancient Quaternary alluvial deposits T44-14 327 3.20 2.1
T45-04 238 231 29
T39-09 266 260 2.3
T40-13  1.19 1.14 42
T38-5B 437 428 2.1
T10-01 10.74 10.57 1.6
T11-15 784 772 1.5
T03-04 190 1.85 2.6
T04-11 3.01 295 2.0

Las Flores Formation

Lomas del Campanario Formation

Young Quaternary alluvial deposits

Susceptibility values k;; and kg are expressed in 102 (SI), except for
Las Flores Formation, which is in 107> (SI)

Several observations are made considering the rota-
tion values of the four geologic units (Table 6). (a) Las
Flores Formation. The estimated vertical-axis rotation in
zone A of 83.9° £ 17.9° indicates a very large clockwise
(CW) rotation of at least 66° of these outcrops. (b) Lomas
del Campanario Formation. (i) Zones B and D have vir-
tually identical and smaller but significant CW rotations,
R =19.9° £ 9.0° and R = 17.3° & 12.7°, respectively. (ii)
The mean direction of sites T14 and T15, which are located
very near the fault trace in zone E, reveals a CW rotation
of much larger magnitude: 59.8° £ 17.9°. (iii) Large anti-
clockwise (ACW) rotations were detected in zone E as well
as in zone G. Mean results from sites T22 and T27 in zone
E indicate an ACW rotation of —65.0° £+ 9.8°. These sites
are situated 250 m to the west of the fault trace in the Que-
brada Grande. Sites T6 (reverse polarity) and T8 in zone
G yield similar declination anomalies; however, site T6
shows a very large flattening. In this case, therefore, only
site T8 was considered for estimating the vertical-axis
rotation at this zone, which yielded an ACW rotation of
—73.2° £ 10.4°. The contrasting results within zone E and
of zones E and G with respect to other zones indicate an
area with a complex kinematic pattern. (c) Ancient Quater-
nary alluvial deposits. (1) No significant rotation was iden-
tified for site T43 in the zone E (R = —5.8° 4 9.2°). (ii) The
isolated site T42 reveals a CW rotation of 19.1° 4+ 13.6.
(iii) An ACW rotation has been identified in the zone F-G
(R = —18.5° £ 10.6°). (iv) Zone H (sites T38, T39, T40
and T41) is much larger than the previous ones, suggesting

@ Springer

that the resolution of the results is reduced. Declination of
the characteristic components for sites T38, T39 and T40 is
positive and small; meanwhile, site T41 shows an impor-
tant ACW rotation of —43.0° £ 14.5°. Considering that
sites T39 and T41 belong to the same stratigraphic level,
that they are 177 m apart and that no structural discontinu-
ity is observed between them, we excluded site T41 in the
computation of the mean rotation of this zone (see “Discus-
sion” section). Thus, it is interpreted that zone H may have
suffered a small but significant CW rotation of 9.6° + 6.3°
since deposition of the AQAD. (d) Young Quaternary
alluvial deposits. Values with R = 10.4° + 12.3° and
R = 4.4° £+ 6.3° were observed at zones C and F, respec-
tively. This means that no significant rotations affected
these deposits.

Magnetic fabrics

The anisotropy of magnetic susceptibility (AMS) of
twenty-five sites (360 samples) was determined (Table 7;
Fig. 11). The site-mean bulk magnetic susceptibility (k)
spans over three orders of magnitude, from 3.6 x 107 to
1.6 x 1072 SI. Correlation between bulk susceptibility and
lithology is observed. Mean bulk susceptibility of all speci-
mens of the Las Flores Formation is 8 x 107> SI; while
those of the Lomas del Campanario Formation, AQAD and
YQAD are in the order of 10~ SI.

The T-P; plot (Jelinek 1978; Fig. 12) for the complete
set of specimens shows that samples with low anisotropy
degree fall both in the oblate and in the prolate fields, and
those with higher anisotropy are mostly oblate-shaped.
For the site-means, the degree of anisotropy (P) is moder-
ate to low for all sites (most values are below 1.10). Only
one site, T25, shows an anisotropy degree of around 12 %.
This type of distribution is characteristic of undeformed or
weakly deformed sediments (see Mattei et al. 2004; Cifelli
et al. 2005; Chadima et al. 2006).

Magnetic rock studies suggest that the anisotropy of
magnetic susceptibility is controlled mostly by PSD and/
or MD magnetite. Well-defined Curie temperatures at ca.
580 °C as determined from the thermomagnetic curves
(Fig. 7) indicate Ti-poor magnetite as the principal mineral
governing the bulk susceptibility, at least in the Lomas del
Campanario Formation, AQAD and YQAD. Considering
this, the results of the crossover plots (Fig. 9) and the well-
developed Verwey transition observed in most low-temper-
ature curves indicate PSD to MD magnetite for all the geo-
logic units (Figs. 7, 9). Moreover, a mineralogical control
of the magnetic fabric seems unlikely as the IRM acquisi-
tion curves (Fig. 6) are virtually identical irrespective of the
type of magnetic fabric shown by the sampling site. This
repetitive behaviour suggests a prevailing common miner-
alogy. The presence of mineralogically controlled inverse
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Fig. 9 Crossover plots of SIRM acquisition and AF demagnetization of SIRM of samples from: a Las Flores Formation, b Lomas del Cam-

panario Formation, ¢ AQAD and d YQAD

or mixed magnetic fabrics (Rochette et al. 1992) is there-
fore highly unlikely. A normal magnetic fabric is then
expected for the sampled sites, and a tectonic overprint of
those “non-sedimentary” fabrics is interpreted.

With the exception of the folded Las Flores Formation,
little or no macroscopic deformation was detected dur-
ing field work. However, magnetic fabrics with different
degrees of tectonic overprint were observed (Winkler et al.
1996). Examples of primary (sedimentary-compaction)
fabrics are found in sites T10 (YQAD) and T25 (Lomas
del Campanario Formation), a mild tectonic overprint is
observed in T36 (Lomas del Campanario Formation) and
T38 (AQAD), while a clear tectonic fabric is recognized
in T9 (Lomas del Campanario Formation), T28 (Lomas
del Campanario Formation) and T34 (YQAD), where

sedimentary magnetic fabric seems completely oblit-
erated. Principal magnetic susceptibility axes and strain
directions are coaxial and define maximum stretching
and maximum shortening directions in a magnetic fabric
of tectonic origin. The axis associated with stretching or
shortening depends on the degree of the tectonic overprint
of the fabric. A pure depositional or compactional fabric is
expected to be represented by the minimum susceptibility
axis (K3;) orthogonal to the bedding plane, while K; and
K, are distributed along a girdle contained in the bedding
plane. In early stages of deformation, the magnetic line-
ation (K) clusters around the stretching direction, while
the maximum shortening is indicated by the mean axis
K, still on the bedding plane. As deformation progresses,
K, and Kj start forming a girdle in a plane orthogonal to
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Table 6 Palacomagnetic
rotations around vertical axes
calculated on the basis of zone-
mean magnetic data and on
some isolated sites (Table 2)

Unit

Zone T sites R(°) AR (°) F(°) AF (°)
Las Flores Formation A 30-32-33 83.9 17.9 16.6 7.3
Lomas del Campanario Formation B 1-2-25-26 19.9 9.0 0.1 6.0
D 12-13-36 17.3 12.7 —20.7 11.1
E 14-15 59.8 17.9 —19.8 154
E 22-27 —65.0 9.8 -5.5 7.1
G 6 —65.9 5.6 —49.9 5.6
G 8 —73.2 104 —-4.9 7.5
Ancient Quaternary alluvial deposits E 43 -5.8 9.2 —14.7 7.6
F-G 44-45 —18.5 10.6 —-0.8 7.1
- 42 19.1 13.6 -93 10.4
H 41* —43.0 14.5 —13.5 11.7
H 38-3940 9.6 6.3 —13.2 52
Young Quaternary alluvial deposits C 10-11 10.4 12.3 —15.6 10.2
F 34 44 6.3 —-1.1 4.5

T sites: sites involved in the statistical analysis; R: rotation of declination; F: flattening; AR, AF: 95 % confi-
dence intervals associated with R and F, respectively. The observed palaeomagnetic declination and inclination
for the zone at a specific geologic unit (Do and Io, respectively) are given by the specimens mean (Table 2)

2 Site T41 is excluded from the calculus of the mean rotation of zone H
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Fig. 10 Rotations around vertical axes in the central segment of the
El Tigre Fault on top of the geologic map of Fig. la (see structural
references there). a Las Flores Formation (zone A) and Lomas del

K. In the most advanced state, the maximum shortening
is indicated by K; which becomes subhorizontal (Win-
kler et al. 1996). For example, fabrics from T3, T4 and
T11 (YQAD, Fig. 11) show a low grade of deformation

@ Springer

Campanario Formation (zones B, D, E and G). b AQAD (site T42 and
zones E, F-G and H) and YQAD (zones C and F). Cones represent
95 % confidence regions

with the shortening direction given by the K, axis and the
stretching direction given by the K axis. This means that
the magnetic fabric of all these sites shows an E-W short-
ening direction.
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Zone D

Zone F-G

K1m maximum susceptibility
K2 A intermediate susceptibility
K3 @ minimum susceptibility

Zone H

Fig. 11 Anisotropy of low-field magnetic susceptibility plots in
equal-area projections, lower hemisphere (bedding corrected data).
Square, triangle and circle symbols correspond to maximum, inter-

normal displacement to the south of L. This means that L
has worked, at least at some time in the fault history, as a
mechanical discontinuity that separates two areas of dif-
ferent kinematic behaviours. Large rotations have also

mediate and minimum principal directions of susceptibility anisot-
ropy, respectively. Ovals: 95 % confidence regions of the mean axis.
Sites are mostly arranged by latitude

been identified in the Lomas del Campanario Formation
(Miocene-lower Pliocene) at zone E (Table 6; Fig. 10a). A
CW (~60°) is suggested by data for sites next to the fault
trace (sites T14 and T15, zone E), while, an ACW (~—65°)
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Fig. 12 Shape of anisotropy ellipsoid T as a function of anisotropy
degree P;

rotation was detected for the more distant sites (sites T22
and T27, zone E). Similar ACW rotation values (~—70°)
were calculated for the same unit at zone G. However, the
AQAD (middle Pleistocene) show very small to unsignifi-
cant values of vertical-axis rotations, i.e. an ACW rotation
at zone F-G (~—20°), a CW rotation at site T42 (~20°), a
CW at zone H of ~10° and a not significant value at site
T43. The only exception is the large ACW rotation found at
the isolated site T41 (~—43°). Finally, no significant rota-
tions are indicated by data from YQAD (late Pleistocene,
zones C and F). Evidently, magnitudes of rotations are
related to the age of the sampled geologic units. The larg-
est values are detected at sites in Miocene—lower Pliocene
strata, while minor tectonic deformation is identified for the
youngest sediments (late Pleistocene age). This indicates
that most of the rotations occurred in pre-middle Pleisto-
cene times and suggest that deformation along the El Tigre
Fault probably extends back at least into the Pliocene.

(a) N

Maximum density:
10.3% at Dec=0.0° Inc=7.4°
n=20

Density
10.27
913
7.99
6.85
5.70
456
342
228
114
0.00

Equal-area

Lower hemisphere 30%

Large ACW rotations are somewhat unexpected, as dex-
tral strike-slip systems, depending on the structural set-
ting, tend to produce clockwise block rotations in simple
structural models (e.g. Ron et al. 1984; Nur et al. 1986).
In our case, sites with large ACW rotations correspond to
areas where important oblique structures to the El Tigre
Fault have been identified. In a specific case, both senses of
rotation occur at sites located relatively close together (less
than 4 km apart) in the same sampling zone E (sites T14
and T15 show a CW rotation, whereas T22 and T27 yield
an ACW rotation, Fig. 10a). We propose that this peculiar
distribution of significant rotations within a region of com-
plex structures could be explained as the result of the tec-
tonic interaction of the main fault with a system of second-
ary oblique faults. The horizontal displacement of the El
Tigre Fault (central segment) could have (re)activated these
oblique faults, which probably originated in pre-existing
structures of the Palacozoic basement. The reactivation of
Palacozoic or Mesozoic structures by Andean deforma-
tion has been detected very frequently in the Precordillera
of San Juan and neighbouring areas (e.g. Ramos and Kay
1991; Cortés et al. 1997; Cortés 1998; Terrizzano et al.
2010, 2012). Small semi-rigid blocks constrained by the
main fault and boundary faults (oblique structures) could
have suffered simultaneous CW and ACW vertical-axis
rotation as in a block rotation pattern with internal anti-
thetic shear. For this type of setting (domino-like system),
the faults that limit the blocks undergo an opposite dis-
placement (left-lateral strike-slip) with respect to the prin-
cipal system (right-lateral strike-slip). Typical kinematic
deformation schemes in a dextral strike-slip fault system
are discussed by Sylvester (1988), Itoh et al. (2003) and
Kimura et al. (2004, 2011). The large magnitude of rota-
tions (zones A, E and G) along the main fault as well as
in secondary faults can be explained by drag deformation.

Mean direction = 356.9°
95% conf.: £+18.2°

|

/_"\

Weighting: frequency
Maximum: 26.7%
n=15

30%

Fig. 13 Distribution of site-mean K, axes of the four studied geologic units (corrected by rotation). a Contour colour fill diagram. b Rose dia-

gram (axes with inclinations over 45° are omitted)
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Fig. 14 a Bookshelf-like model with drag (Itoh et al. 2003) along the main and the secondary faults for the central segment of the El Tigre
Fault. b Multiple small block model with variable internal rotation (Sylvester 1988)

This rules out a simple system of rotating rigid blocks as a
viable kinematic model for the El Tigre Fault deformation.
The lateral dimensions of the semi-rigid blocks and the
limits of the broad deformation cannot be determined with
the available data. Systematic palaeomagnetic sampling
progressively farther from the main fault up to distances
of several 100 m is required. The important fault zone in
the western piedmont of Sierra del Tigre (Fig. 1a), possibly
associated with a thrust zone (Fazzito 2011; Fazzito et al.
2013), probably indicates the maximum eastern exten-
sion of these blocks. To the west of the El Tigre Fault, the
deformation has reached at least 420 m at the latitude of T2
(zone B), the most distant site that has been sampled from
the main structure. A bookshelf-like pattern with significant
drag (Fig. 14a) may probably be a first-order approxima-
tion to account for much of the observed palacomagnetic

data. However, a more complex pattern that includes many
additional small blocks with variable rotations (Sylvester
1988) cannot be discarded (Fig. 14b), at least for some
localities, considering the important ACW rotation found
in several sites of the Lomas del Campanario Formation at
zones E and G as well as in middle Pleistocene deposits of
site T41 (Fig. 10b). The presence of different scarps in the
vicinity of site T41 (Fig. 1a) shows neotectonic activity that
could be responsible for this local behaviour. The simpli-
fied kinematic model for the central segment of the El Tigre
Fault presented in Fig. 14a shows the Principal Lineament
L and the lineament at Quebrada Ancha as block boundary
faults. The smaller rotation of the Miocene—lower Pliocene
sediments at zones B and D with respect to that of zones
A, E and G may be due to (i) a minor drag effect along the
main fault in these zones, (ii) an effect of location of sites
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considering the sinusoidal variation of the angle of rotation
representative of a bookshelf model with drag (Itoh et al.
2003) or (iii) the existence of an almost rigid block that
includes zones B, C and D. On the other hand, a more com-
plex model like that presented in Fig. 14b is possible. How-
ever, the density of sampling is far from being adequate to
reconstruct with some precision the extension, shape and
magnitude of rotation of each block. The available data
only permit a very preliminary approximation to such pos-
sibility. The fact that no rotations have been registered for
the YQAD is probably due to the short time elapsed since
deposition. Although the vertical displacements in the
AQAD are large (tens of metres), the displacements in the
YQAD are less significant, and they are represented by
small piedmont scarps (<2 m) and uplifted fluvial terraces,
indicative of the fact that they have undergone much lesser
tectonic disturbance.

The significance of the small rotation values determined
for the AQAD (with the only exception of site T41) can
be questioned as to whether they reflect actual rotations
or incomplete average of palaeosecular variation. This is
likely not the case for the Las Flores and Lomas del Cam-
panario formations in which both polarities of the Earth
Magnetic Field were recorded and show much larger dec-
lination deviations. For the AQAD, we calculated the total
angular standard dispersion Sy (McElhinny and Merrill
1975; McElhinny and McFadden 1997) of the VGPs com-
puted on a specimen basis (see data in Online Resource 1).
In order to reduce the influence of experimental errors in
the dispersion value, the within-site dispersion S,, (average
dispersion) was computed (McElhinny and Merrill 1975),
so that the VGP dispersion S is given by S% = §7 — (S¥),
where 7i is the average number of samples per site. The
value of S is 16.8° for zone H (34 specimens), 21.2° for
zone F-G (17 specimens) and 23.2° for the entire set (70
specimens). Other zones or sites were not included due to
a smaller number of observations. The VGP angular disper-
sion averaged for the last 5 Ma at ~30° of latitude is below
13° (McFadden et al. 1988). Other works (Lund 1985,
2007) have reported even lower values for the VGP angu-
lar dispersion averaged over intervals of 10* and 10° year.
The value computed for the entire set of VGPs is signifi-
cantly higher than expected suggesting the presence of CW
and ACW tectonic rotations affecting it. This is supported
by the fact that those corresponding to zones H and F-G,
although still higher than expected, are smaller than that
for the overall mean. For this reason, we conclude that the
computed values of rotations for the AQAD are unlikely
due to non-averaged palaeosecular variation and likely
reflect true tectonic rotations.

Further research on the deformation pattern of the fault,
which includes a quantitative estimation of the cumulative
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strike-slip crustal deformation, should give a more precise
evaluation of the seismic hazard of the region.

Conclusions

Palacomagnetism can provide a quantitative characteriza-
tion of deformation associated with strike-slip faults. Here,
the combination of this approach with magnetic fabric
studies on non-consolidated to poorly consolidated Mio-
Pliocene and younger sediments of diverse age reveals
evidence of significant and variable vertical-axis rotations
along the central segment of the El Tigre Fault. Rotation
values versus age of the affected sediments indicate that
most of the rotations, and therefore probably the activity
of the fault, took place before the middle Pleistocene, per-
haps since the Pliocene. The presence of oblique structures
together with the identification of clockwise and anticlock-
wise rotations allows us to suggest simplified kinematic
models of the El Tigre Fault based either in a domino-like
scheme with drag along the main and secondary faults or
a more complex pattern of rotation with numerous hetero-
geneous blocks that rotate in different senses and magni-
tudes. The absence of significant rotations on late Pleisto-
cene deposits could be the effect of lack of enough time
for measurable deformation. Magnetic fabric studies show
tectonic overprint in most of the sediments, even when no
visible macroscopic deformation was observed in the field.
Application of palacomagnetic rotations to the AMS axes
suggests a N-S trend in the maximum regional stretching
direction.
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