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ABSTRACT

The structure of basement-cored uplift mountains is fundamentally controlled by the
geometry of the basement and the basement unconformity. In the Sierra de Hualfin, an
uplift located in the Sierras Pampeanas of NW Argentina, the well-exposed basement
unconformity displays along-strike structural variations. The Sierra de Hualfin is composed
of a core of Ordovician granitoid overlain by and thrust over Tertiary sedimentary rocks.
The range is uplifted by an east-directed thrust fault, creating a steep range-front on the east
and a gently dipping backlimb on the west. In the central region, however, basement and
cover rocks in the backlimb are folded. Cross sections across the uplift and a three-
dimensional computer model show that the variations along strike are due to differences in
the geometry of the underlying fault or faults that deform the basement unconformity.

Analysis of the folded basement unconformity on the west side of Sierra de Hualfin
shows that brittle processes of faulting, cataclasis and fracture foliation help the basement
attain a folded form. Pervasive and continuous joint fractures, and an unconformity-parallel
fracture foliation at the surface, set up a condition for “flow” of granitic materials.
Additionally, in order for basement to fold, the tip of the underlying fault must be located
within the basement before it begins propagating towards the surface.

Using the knowledge gained from the detailed structural studies, two regional cross
sections were constructed in the region of Sierra de Hualfin, showing spatial and geometric
relations between the adjacent uplifts, and the thrust systems of the eastern Puna Plateau.
The cross sections show detachment levels at 16 km and ~27 km for uplifts in the northern
Sierras Pampeanas. Thrust faults of the northern Sierras Pampeanas, and of the eastern
edge of the Puna can be interpreted as part of the same east-directed thrust system, with

intervening west-directed backthrust development. The combination of the modeling of



Sierra de Hualfin and the regional cross sections with detachments at 16 to 27 km depth
suggests that basement-cored uplifts can be formed, not by steep faults, but by gently-

dipping faults detaching in the middle crust and near the base of the crust.
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CHAPTER 1
INTRODUCTION

This work addresses the structure and regional context of the Sierra de Hualfin, a
basement-cored uplift located in the northern Sierras Pampeanas, NW Argentina. The
Sierras Pampeanas present an opportunity to study a modern (and active) basement-cored
uplift province. Basement-cored uplift provinces occur in many places around the world
and are composed of individual mountain ranges separated by wide, intervening basins.
Attention was first drawn to basement-cored uplifts in the western United States because
they occur far inboard from the North America-Pacific plate margin, perhaps too far for
compressional forces to be uplifting these structures (Dickinson and Snyder, 1978). Thus,
their tectonic significance and mechanism of formation were in question. The structure of
the uplifts (i.e. fault geometry, basement geometry) as observed on the surface only added
to debates on their origin, plate tectonic significance, and kinematic development (e.g.
Stearns, 1978; Brown, 1988; Jordan et al., 1983; Jordan and Allmendinger, 1986).

With the recognition of the Sierras Pampeanas, first as basement-cored uplifts
(Gonzilez Bonorino, 1950), and subsequently as a possible modern analogue to the Rocky
Mountain foreland (Sales, 1968; Dickinson and Snyder, 1978; Jordan and Allmendinger,
1986), the Sierras Pampeanas became a natural place to study active basement-cored
uplifts. The Sierra de Hualfin was chosen for this study because it is one of the few uplifts
in the Sierras Pampeanas where cover sedimentary rocks are preserved (Fig. 1.1).
Additionally, the uplift is exposed at the level of the basement-cover interface. The
basement-cover interface is a paleo-erosional surface in granite, and was presumably
horizontal before basement-cored uplift deformation (Jordan et al., 1989). Thus the
geometry of the basement unconformity records the deformation of the basement during

development of the uplift. The basement unconformity in the Sierra de Hualfin is clearly
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folded, and thus the question of how crystalline, granitic basement can achieve a fold shape
(also a point of contention in the Rocky Mountain foreland) can be addressed.

The premise of the first and second studies presented herein is that a better
understanding of the structure of these uplifts from analysis of field observations, and
available subsurface data, will lead to better theories concerning the tectonic significance of
the uplifts and the provinces they comprise. The third paper deals with the northern Sierras
Pampeanas in their regional context, and suggests a deformational history related to
adjacent thrust systems. These studies also suggest that basement-cored uplifts formed via
low-angle thrust faults.

The first study, “Along-strike variations in the Sierra de Hualfin, NW Argentina:
Clues to the formation of a basement-cored uplift,” addresses the three-dimensional range-
scale structure of the Sierra de Hualfin. Field mapping of the uplift uncovered along-strike
variations in the geometry of the basement unconformity which can be divided into four
structural domains. The along-strike structural variations appear to be the result of
backthrust formation, and of complexities in the main thrust plane. Three-dimensional
modeling of the main thrust shows that there is a kink in the west-dipping main fault plane
that may be contributing to along-strike structural variations on the east side of the uplift. In
addition, cross section balancing shows that the Sierra de Hualfin, and similar basement-
cored uplifts, can be formed by gently-dipping thrust faults whose geometry reflects the
geometry of the overlying basement and cover rocks.

The second study, “Mechanisms of basement deformation as revealed in the Sierra
de Hualfin basement-cored uplift, NW Argentina,” takes a close look at the geometry,
kinematics, and deformation of the granitic basement in the Sierra de Hualfin. Brittle
processes of faulting, cataclasis and fracture foliation development affect the basement and
help it attain a folded form. However, it is the condition of the granitic basement prior to

deformation that most influences how it deforms. The presence of pervasive and
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continuous joint fractures, and of an unconformity-parallel fracture foliation at the surface,
sets up a condition for “flow” of granitic materials, much the way grains in a sandstone
facilitate bulk-rock flow during folding and deformation. Additionally, in order for
basement to fold, the tip of the fault must be located (deep) within the basement before it
begins propagating towards the surface. This is contrary to the depiction of basement-cored
uplifts in the literature, where the fault tip is located at the basement-cover interface. This
condition implies that, where basement is folded, the underlying faults must have been
newly-formed or the tips of pre-existing faults must have been beneath the basement-cover
interface. Thus, the development of models of basement-cored uplifts can include an
assessment of the extent of folding of basement in these provinces and incorporate a buried
fault tip into their models in order to more closely reproduce observed features.

The third study, “The northern Sierras Pampeanas and their relation to the adjacent
Puna Plateau and Eastern Cordillera-Santa Barbara System,” examines the regional context
of basement-cored uplifts in the northern Sierras Pampeanas and their development through
the construction and analysis of two regional cross sections. Previous studies of kinematics
of the adjacent thrust systems of the Puna Plateau and the Eastern Cordillera-Santa Barbara
System show a continuity of deformation (Allmendinger et al., 1997, Marrett et al., 1994),
suggesting these systems have a related compressional history. The cross sections in this
study show two detachment levels, at 16 km and ~27 km for uplifts in the study area of the
northern Sierras Pampeanas. The cross sections can be restored and balanced using a
general eastward progression of deformation from the eastern edge of the Puna to the
northern Sierras Pampeanas. Thrust faults of the northern Sierras Pampeanas and of the
eastern edge of the Puna can be interpreted as having similar detachment levels, and as part
of the same east-directed thrust system, with intervening west-directed backthrust
development. The combination of modeling of the Sierra de Hualfin from the first study,

and the regional cross sections with detachments ranging from 16 to ~27 km depth
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suggests that, in the northern Sierras Pampeanas, basement-cored uplifts can be formed,
not by steep faults, but by gently-dipping faults detaching in the middle crust and near the
base of the crust. Similar detachment levels have also been proposed for the uplifts in the
Wyoming foreland (Stone, 1993; Erslev, 1993). Mechanisms for the formation of
basement-cored uplifts must then address or account for varying levels of detachment for

individual uplifts within a province.
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CHAPTER 2
ALONG-STRIKE STRUCTURAL VARIATIONS IN THE SIERRA DE
HUALFIN, NW ARGENTINA: CLUES TO THE FORMATION OF A
BASEMENT-CORED UPLIFT

ABSTRACT

The Sierra de Hualfin is a basement-cored uplift located at the southern boundary of
the Puna Plateau and the northhwestern end of the Sierras Pampeanas province. Referred to
as the Tucuman Lineament and the Tucumén Transfer Zone, this area is marked by NE-
SW-trending structures, which depart from the general N-S trend of uplifts in the Sierras
Pampeanas. The Sierra de Hualfin trends NNE to NE, and is a 22 km-long, thrust-
bounded basement-cored uplift that places Ordovician granite over Tertiary sedimentary
rocks. The uplift is characterized by a broad fold related to a large east-verging, listric
reverse fault.

Field mapping in the Sierra de Hualfin revealed NW-SE trending tear faults with
apparent dextral motion and/or NINE-NNW directed reverse motion. The main range-
bounding reverse fault strikes INE and appears to have accommodated mainly dip-slip
motion. The uplift is compartmentalized by tear faults into several basement blocks that
have distinct characteristics. The arrays of basement blocks can be divided into four
domains that are distinguished. by changes in the orientation (and shape) of an originally
planar basement unconformity . Movement on the tear faults, although minimal, imparted an
overall right-lateral shear to the basement of the Sierra de Hualfin. Analysis of the
compartmentalizing faults and the domains suggests that the Sierra de Hualfin was formed

by (1) Major faulting of the uplift under NW-SE directed compression (1a) Development of
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the backthrust on the west (2) Uplift of the Northern Domain block by local NNE-SSW
compression (2a) Movement of the East-Central Domain block due to thrusting of the
Northern Domain over the East-Central Domain. This is compatible with regional kinematic
interpretations of two distinct shortening directions, one oriented E-W to WSW-ENE and
the other oriented N-S.

The along-strike structural variations appear to be the result of backthrust
formation, and of complexities in the main thrust plane. Three-dimensional modeling of the
main thrust shows that there is a kink in the west-dipping main fault plane that may be
contributing to along-strike structural variations on the east side of the uplift. In addition,
cross section balancing shows that the Sierra de Hualfin, and similar basement-cored
uplifts, can be formed by gently-dipping thrust faults whose geometry reflects the geometry

of the overlying basement and cover rocks.

2.1. INTRODUCTION

The Sierras Pampeanas are a group of basement-cored uplifts (Fig. 2.1), analogous
to the Laramide province in the western U.S. Basement-cored uplifts are typically located
in the foreland of fold-thrust belts and consist of several major, and subsidiary, individual
basement-cored uplifts. The two-dimensional structure of basement-cored uplifts has been
studied most extensively in the Laramide province of the western United States (e.g.
Brown, 1988; Schmidt and Perry, 1988; Schmidt and Erslev, 1993). In many cases,
basement-cored uplifts are structurally complex or they display structural variation along
strike.

The Sierra de Hualfin is located at the southern boundary of the Puna Plateau
(Allmendinger, 1986) and at the northwestern end of the Sierras Pampeanas (Fig. 2.1).

This area has been interpreted as the site of the Tucumdn Lineament (Mon, 1976) and the
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Sierras Pampeanas
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Figure 2.1. Shaded digital topographic image of the western margin of South America
and simplified geologic map of the Sierras Pampeanas. Sierras Pampeanas are located
in the black outline box. Adapted from Jordan and Allmendinger (1986) and the
Geologic Map of Argentina (Achili et al., 1997) by the Servicio Geoldgico Argentino.
Ranges are accompanied by their respective names. Sierra de Hualfin is located in the
northern region. Tucuman Transfer Zone location from Urreiztieta et al. (1996).
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Tucumadn Transfer Zone (Urreiztieta et al., 1996) because of NE-SW-trending structures
throughout the area, which depart from the general N-S trend of uplifts in the Sierras
Pampeanas. The Transfer Zone is postulated to be a dextral transpressional zone that helps
accommodate the southward narrowing of the Puna Plateau (Jordan et al., 1983; Urreiztieta
et al., 1996, Gapais et al., 2000).

Sierra de Hualfin is one of the few uplifts in the Sierras Pampeanas where
sedimentary cover rocks are preserved (Figs. 2.1, 2.2, 2.3) and where structures are
exposed at the level of the basement-cover interface (Figs. 2.2, 2.3). Thus, it is an
opportune place to study the structure of a typical basement-cored uplift, and to analyze
how deformation of the basement defines the structural form of the uplift. Additionaily, the
topography can be directly correlated to the structure because of the youthful age of
deformation (not older than ~ 10 Ma) and recent denudation of the area (Coughlin et al.,
1998).

Structural variations seen in the Sierra de Hualfin have been recognized before
(Urreiztieta et al., 1996); however, no attempts have been made to examine the transitions
between these variations to interpret the development of the Sierra de Hualfin. The uplift
can be divided into a southern portion characterized by bending of basement, a central area
where there is kinking of the basement erosional surface and obvious folding of the
overlying Tertiary rocks, and a northem area where there is “low-angle” thrusting of
basement over Tertiary sedimentary rocks (Urreiztieta et al., 1996). The presence of the
prominent along-strike variations in the Sierra de Hualfin lends to the definition of
structural domains within the uplift. Results of field mapping at a scale of 1:55,000 show
that structural variations along-strike of Sierra de Hualfin can be divided into four domains
separated by transverse faults (Fig. 2.4, 2.5).

Regional kinematic interpretations (Allmendinger, 1986; Marrett et al., 1994,

Urreiztieta et al., 1996; Gapais et al., 2000) suggest there are two distinct shortening
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directions that have affected the region of the northern Sierras Pampeanas and the SE Puna
Plateau. The shortening directions from these interpretations are oriented E-W to WSW-
ENE and N-S. The present study integrates the results of mapping, cross sections and a
three-dimensional model, and suggests that the Sierra de Hualfin was uplifted along a
main, gently-dipping thrust fault, and other reverse faults, that are oriented consistently

with respect to the regional shortening directions previously interpreted.
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Figure 2.2. Geologic map of the Sierra de Hualfin. Stratigraphy and legend described in

Figure 2.3.
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Figure 2.3. Stratigraphic column of lithologies in the area of Sierra de Hualfin, showing
classifications from Gonzalez Bonorino (1950), Allmendinger (1986), and Muruaga
(1998). The 100-m scale on the right corresponds to thicknesses reported in Muruaga
(1999). Legend at right corresponds to mapped units in Figure 2. Abbreviations used for
units (where identifiable) are: Qg (Ordovician granite), Thua (Hualfin Fm.), Tarc (Las
Arcas Fm.), Tchiq (Chiquimil Fm., undifferentiated), Tchiba (Los Bafios member,
Chiquimil Fm.), Tchias (El Aspero member, Chiquimil Fm.), Tchija (El Jarillal member,
Chiquimil Fm.), Tand (Andalhuala Fm.), Teq (Corral Quemado Fm.), Q(al, Is, f1).
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Figure 2.4. Geologic map of the Sierra de Hualfin with domain boundaries and cross

section locations. See Figure 2.3 for legend details.
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Figure 2.5. Aerial photo collage of the Sierra de Hualfin showing general domain
locations, domain boundaries, and salient features of the uplift. Latitude and longitude
bounding box corresponds to the same area in the geologic map of Figure 2.2. Aerial
photos are from the Instituto Geografico Militar in Buenos Aires, Argentina.
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2.2. SIERRA DE HUALFIN

2.2.1. Tectonic and Geologic Setting:

The Sierras Pampeanas province is located in the foreland of the central Andes,

between 26°S and 33°S, and comprises a modern and active orogenic system. Movements

along reverse faults that place Precambrian to Ordovician metamorphic and granitic
basement rocks (Omarini et al., 1984) over Paleozoic to Tertiary sedimentary rocks have
formed the uplifts of the province. The majority of the uplifts of the Sierras Pampeanas are
oriented approximately N-S and the range-bounding reverse faults verge both to the east
and to the west (Fig. 2.1). The province borders the Puna plateau on the NW and the
Eastern Cordillera-Santa Barbara thrust belts to the north. In general, it is thought that the
uplifts of the province were produced in response to compressive stresses generated from
the subduction of the Nazca plate underneath the South America plate. The ages of uplift of
the Sierras Pampeanas have been loosely constrained to about 10 Ma, perhaps continuing
through 2 Ma (Allmendinger, 1986; Jordan and Allmendinger, 1986). Dating of pediment
surfaces (Strecker et al., 1989) and fission track ages of exhumation for several uplifts

(Coughlin et al., 1998) are in agreement with these dates.

2.2.2. General Structure:

Sierra de Hualfin trends NNE to NE and is composed of a core of Ordovician
granitoid rocks overlain by and thrust over Tertiary sedimentary rocks (Figs. 2.2, 2.3).
Although the range is only 5 km wide, the complete structural entity is almost 20 km in
width. Strata of the uppermost Tertiary section dip gently to the west in the hanging wall
for at least 20 km farther west, at which point they become the footwall of the thrust
beneath Cerro Negro (Fig. 2.2). On the eastern front of the uplift, the granite is thrust over
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the sedimentary strata along 40° to 70° west-dipping faults that strike from N30°E to

MNSOQ°E. This faulting produces a steep range front in the north and south and underlies a

large fold in overlying sedimentary strata in the central part of the range (Figs. 2.2, 2.5).

The west side of the uplift is characterized by a gently dipping (15° - 20°W) backlimb,

departing from this geometry only in the central region. In the central region, the basement-

cover unconformity and overlying sedimentary units are sharply folded (Fig. 2.6a, b).
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Figure 2.6. (a) View ENE of the folded west limb of the Sierra de Hualfin. The basement
unconformity is seen in the center of the photograph (lighter surface) among patches of
remaining Hualfin Formation sandstones. Geologic sketch for reference to rock units
(legend in Figure 2.3). (b) View NE of the same area as (a). The basement unconformity is
the light area in the central part of the photograph. Note the folded geometry of the
sedimentary rocks (pock-marked flat-irons) that track the folded unconformity.
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2.2.3. General Relationships and Map Stratigraphy

Characteristic of basement-cored uplift provinces is the presence of basement rocks
near the surface due to a lack of thick sedimentary rock cover. The basement rocks present
in the Sierra de Hualfin are part of the Faja Eruptiva de la Puna (Mendez et al., 1973). Most
of the basement rocks that are exposed in the Sierra de Hualfin are Ordovician granitoid
rocks (Omarini et al., 1984). The rocks are generally coarse grained and equigranular with
sporadic fine-grained sills. A mylonitic schist mapped in the northeastern end of the uplift
likelwy represents the lower Paleozoic and/or upper Precambrian basement which makes up
the cores of neighboring uplifts (e.g. Sierra de Aconquija, Sierra de Quilmes).

The sedimentary cover section is composed of Tertiary age continental deposits and
is only 3 -4 km thick. The stratigraphy of the Tertiary section in combination with the
geometry of the strata are important for constraining the geometry of the underlying fault.
The Tertiary strata that unconformably overlie basement rocks are well exposed, and are
variable in thickness and lateral extent (Allmendinger, 1986). There are several section
localities that have been previously studied in detail. These are located near the town of
Santa Maria (e.g. Bossi et al., 1993), on the outskirts of the village of Puerta de Corral
Quemado (~10 km WNW of the village of Hualfin) (Marshall and Patterson, 1981; Butler
et al., 1994; Latorre et al., 1997), and in the area of Rio Villa Vil located on the west side
of the Sierra de Hualfin (Muruaga, 1998; Muruaga, 1999). The names of the units and the
unit boundaries related to these sections have been changed over the years with the addition
of new information throughout the NW Sierras Pampeanas (Marshall and Patterson, 1981
Butler et al., 1984; Allmendinger 1986; Jordan and Alonso, 1987; Latorre et al., 1997;
Muruaga, 1999).

At the time mapping was carried out for this study, the stratigraphy used was based
on the studies by Gonzilez Bonorino (1950), Caminos (1979), Butler et al. (1984) and
Allmeendinger (1986) (Fig. 2.3). Approximate locations of the revised stratigraphic
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boundaries suggested by Muruaga (1999) are shown as dashed lines on Figure 2.2. A
complication that arises from this interpretation is that the type section studied by Muruaga
(1999), located on the west side of Sierra de Hualfin, may not exist in its entirety on the
east side of the uplift. For example, other workers have noted the absence of the distinct
volcanic breccia (El Aspero Member of the Chiquimil Formation) on the east side of Sierra
de Hualfin (Bossi et al., 1993; Urreiztieta et al., 1996).

The Tertiary strata reflect a continental depositional environment and are composed
of sandstones, siltstones and conglomerates. The section is approximately 3050 m thick in
the western area of Sierra de Hualfin (Muruaga, 1999). The Tertiary section overlies the
erosional basement surface (a nonconformity), and can be divided simply into three parts
(Gonzilez Bonorino, 1950; Allmendinger, 1986): the Calchaquense Formation or lower
unit, the volcanic complex, and the Araucanense Formation or upper unit (Fig. 2.3).
Muruaga (1998, 1999) completed a more detailed study in which she subdivided the
section into the following five major formations (from older to younger): Hualfin, Las
Arcas, Chiquimil, Andalhuala, and Corral Quemado Formations. Her work showed that
the section in the Hualfin-Las Cuevas area is part of a sub-basin within the regional Santa
Maria-Hualfin basin (Muruaga, 1999) (Fig. 2.3). Briefly, the major characteristics of each

formation are as follows (Note: all formation thickness are from Muruaga (1999)):

Hualfin Formation (130 m):

This unit is composed of a distinctive red arkosic sandstone with minor intercalated
conglomerate beds. The age of the base of the section is estimated at about 15 Ma
(Allmendinger, 1986), but is not known with certainty. The basal sedimentary section
overlying basement in the vicinity of the Sierra de Quilmes (about 40 km northeast of Sierra
de Hualfin), a sedimentary section in the equivalent stratigraphic position as the Hualfin

Formation, was dated to be ~10 Ma (Strecker et al., 1987). Muruaga (1999) has proposed
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a possible correlation between thhe Hualfin Formation and the Saladillo Formation of

Paleogene age (Bossi et al., 1997) in the Valle de Santa Maria.

Las Arcas Formation (226 m):
This unit lies unconformably over the Hualfin Formation and is composed of fine

and medium-grained sandstones, brick red to brown-red in color (Muruaga, 1999).

Chiquimil Formation (940 m)

This formation is composed of three members:

Los Banios member (50 mn) lies conformably on Las Arcas Formation and is
distinguished from it by its beige-yellow color. This member has upward-fining sequences
of sandstones with basal conglomerate lenses (Muruaga, 1999). Pelitic horizons at the top
of the section contain rhizo-concretions and root traces (Muruaga, 1999) that would be
indicative of a paleosol horizon.

El Aspero member (130 ) is composed of a cobble volcaniclastic conglomerate,
green to gray in color. This unit decreases in thickness and pinches out to the south, about
8 km WNW of the village of Hualfin (Fig. 2.2). Mapping carried out for this study
identified only one or two possible outcrops of this unit on the eastern flank of the range,
towards the northern end. Provenance for this unit is from volcanic centers in the Puna
(Muruaga, 1999). At the east side of the Sierra de Hualfin, where this member is not
present, the distinction between the Los Bafios member and the El Jarillal member is
difficult to discern. These units are shown as undivided Chiquimil Formation and with a
dashed line on the geologic map (Fig. 2.2).

El Jarillal member (760 m) defines an upward-fining sequence of fine-grained
sandstones. It is beige to green-yellow in color (Muruaga, 1999). The upper section is

characterized by abundant vertebrate fossils (Powell et al., 1998).
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Andalhuala Formation (900 m)

The base of this unit is marked by a tuff located at the Puerta de Corral Quemado
(Muruaga, 1999) and dated by Latorre et al. (1997) to be 7.14 Ma. This formation is in
conformable depositional contact with the underlying El Jarillal member, is composed of
beige to gray sandstones, and contains a distinct, eolian sandstone with large cross beds in

the middle part of the section (Muruaga, 1999). In this study, this eolian sandstone unit

was identified ~300 m from the 44°NW dipping thrust fault of the Cerro Negro (Fig. 2.2),

suggesting that the overlying Corral Quemado Formation does not exist in its entirety in the

NW region of the map.

Corral Quemado Formation (850 m)

This formation is characterized by a total predominance of conglomerate facies,
clast supported and with sporadic lenses of medium-grained sandstone (Muruaga, 1999).
The lower part of this section contains a tuff dated at 3.53 +/- 0.04 Ma (Marshall et al,,

1979) and 3.66 +/- 0.04 Ma (L.atorre et al., 1997).

The Tertiary section is unconformably overlain in places by the Punaschotter unit
(Penck, 1920; Alimendinger, 1986; Muruaga, 1999), a boulder conglomerate of local
origin (Muruaga, 1999) that mantles older terraces and small hills in the area. This unit has
not been dated but is considered Quaternary in age (Allmendinger, 1986; Bossi et al., 1997;
Muruaga, 1999). Other alluvial and colluvial Quaternary deposits occur on the east side of
the Sierra de Hualfin, but these do not form part of the Punaschotter. These deposits are
mainly composed of coarse alluvial fan deposits, including loosely consolidated boulder
conglomerates, sandstones and gravels. They generally rest in angular, unconformable

contact on top of the Tertiary formations.
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2.2.4. Basement Unconformity

Exposures of the basement-cover interface, an unconfosrmity, are well-preserved in
the Sierra de Hualfin (Fig. 2.7a, b). The unconformity betweem Ordovician granitoid and
Tertiary strata is a depositional unconformity, although in some= locations there is evidence
for shear within a meter below the interface that is likely relatedl to Miocene to Recent
folding and faulting. The unconformity is interpreted to be a regional surface identified in
several other uplifts in the Sierras Pampeanas, and recognized mn the Sierra de Hualfin by
Gonzilez Bonorino (1950). The surface was formed over 300-400 Ma, beginning in the
Late Paleozoic (Jordan et al., 1989) and is presumed to have be=en nearly horizontal and
subsequently buried by Tertiary strata (Jordan and Allmendingzer, 1986; Jordan et al.,
1989) before basement-cored deformation was initiated. Therefore, the unconformity
surface can document rotation of basement fault-blocks along faults. Also, the original
planar geometry of the basement unconformity provides a cons-istent structural datum for
estimates of offset along faults and serves as a dependable surface for calculating structural
relief. The exposure of the basement unconformity and preserv:ation of cover sedimentary
rocks at Sierra de Hualfin is valuable because it allows for the esvaluation of basement
deformation and of the range-scale structural form of the uplift_ It is the unconformity that

delineates the along-strike structural variations of the Sierra de Hualfin.
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b)

Figure 2.7. Excellent exposures of the basement unconformity on the west side of

the uplift. Note the roughly planar nature of the surface and the prominent fracture sets
visible. (a) Close up view of the unconformity, camera lens cap on the right for scale.
(b) View SE of the unconformity in the foreground (Kirk Hofmann for scale). Top of
the far cliffs in the background is also the basement unconformity (top basement).
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2.3. STRUCTURAL DOMAINS AND TRANSITION ZONES

2.3.1. Structural Domains

In the Sierra de Hualfin, field mapping at a scale of 1:55,000 revealed abrupt,
along-strike differences in the geometry of the basement unconformity. The variations in
the geometry of the basement unconformity along trend of the Sierra de Hualfin can be
divided into four principal domains: Southern (SD), West-Central (WCD), East-Central
(ECD), and Northern (ND) (Figs. 2.4, 2.5). The structurai variations along the uplift are
expressed by the changes in the structural attitude and form of the basement unconformity.
For example, the unconformity in the northwest (Fig. 2.8) dips gently west, whereas just
to the south in the west-central area the unconformity is sharply folded. In turn, the
structural form of the basement unconformity is directly related to the faulting that affects it.
In some places it is not faulted, in other places it is folded, and in still other areas there are
several subparallel reverse faults that displace the basement unconformity. Thus, variations
in the structural form of the unconformity permit the identification of domains where
varying combinations of: faulting and folding are present and have affected the development
of the uplift.

The following descriptions of the geology of each of these domains focus on the
faulting and folding patterns in the basement and in cover, and how the geometry of cover

strata may reflect basement faulting patterns.
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Figure 2.8. View south of gently dipping unconformity in the northern area of the uplift
(surface in the foreground) and the folded unconformity in the West-Central Domain,
just to the south.
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2.3.1.a. Southern Domain (SD)

The SD (Figs. 2.4, 2.5) begins at the southern tip of the Sierra de Hualfin near the
village of Hualfin, Catamarca Province. It extends north towards Termas de Nacimientos
on the east, and approximately 2 km south of the confluence between the Rio Aguas
Calientes and the Rio de las Zanjas on the west. Mapping in this area revealed the existence
of a thin cover of the basal arkosic sandstone (Hualfin Fm.) above basement, occupying
most of the southern portion of the range top (Figs. 2.4, 2.5). This part of the uplift had
previously been mapped as Ordovician granitoid (Gonzalez Bonorino, 1950; Allmendinger,
1986). The basement unconformity is clearly preserved in the southern end of the uplift.
Thus, its position is known and constrains the geometry of the uplift.

The Sierra de Hualfin, in this domain, forms a faulted, asymmetric, southward-

plunging anticlinal fold. The basement unconformity dips ~20°- 25°W on the west side of

the uplift and is faulted on the east side. The large fault on the east side places Ordovician
granitoid on deformed and apparently thinned red beds of the Tertiary Hualfin and Las

Arcas Formations. This fault strikes NE to NNE and has fault surfaces that dip from

~23°W to ~54°W. The anticline plunge axis in the southern tip of the uplift is oriented
215°, 10° (Fig. 2.9). Northeast of the anticlinal plunge axis (Fig. 2.4), a network of

normal faults oriented ~N40°W with steep NE dips, and ~N60°E with steep SE dips (Fig.
2.10) offset the basement unconformity by ~20 m to 50 m. The normal faults appear to
terminate against a fault striking N50°W to N55°W and dipping north (Fig. 2.4), an

orientation that is roughly perpendicular to the strike of the range. This faulting produces a
NNE trending drainage which is along strike of the normal fault in Poso Verde just to the

south (Fig. 2.4).
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Figure 2.9. Stereonet of plunge axis calculation for the southern end of the Sierra de
Hualfin. The fold axis trend and plunge is 215, 10°.

Figure 2.10. View south of normal faults on the southern ridge crest of Sierra de Hualfin.
Offset on the faults is from ~15 m to 30 m. Thin lines represent lithologic contacts,
thicker lines with ball-and-stick represent fault traces.
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On the eastern side of the uplift near the village of Hualfin, a normal fault oriented

~N5°W to NS, located in the canyon Poso Colorado (Figs. 2.4, 2.5), offsets the basement

unconformity approximately 40-60 m. The beds of the lower unit dip eastward here and

define minor, monoclinal folds. These folds are characterized by changes in the dip of
bedding from 5°SE to ~30°SE, over a 2 - 5 m distance. A nt-diagram of bedding
orientations in the Poso Colorado area (Fig. 2.11) shows that bedding consistently dips

SSE and shows the trend and plunge of a fold axis calculated from this data (239°, 6°).

Nearer to the village of Nacimientos de Abajo, the range-front on the eastern side of
Sierra de Hualfin typically is expressed by eastward dipping beds in the Tertiary section
(Fig. 2.4). Bedrock exposures in the alluvial fan channels on the flank of the mountain

show an increase in dip towards the range-front. Minor folds in these sedimentary units are

oriented parallel to the range front, approximately N30°E, and are often visible in outcrop.

These folds are similar to the monoclinal folds located in Poso Colorado described above,

and in the area of Termas Nacimientos, described in the ECD.

2.3.1.b. West-Central Domain (WCD)
The WCD is characterized by a sharply folded basement unconformity (Fig. 2.6).

The domain extends northward from the southern domain to the tear fault oriented

~N62°W, 71°N (Fig. 2.4).
From east to west, the basement unconformity increases in dip from ~20°W to

65°W to almost vertical within a 500 m to 800 m horizontal distance (Fig. 2.4). This

increase in dip appears to be continuous with only minor faults (~.5 m - 2 m offset) to help

accommodate the bending (Fig. 2.12). These faults appear in a cross-pattern on the surface
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of the basement unconformity. In detail, the granite below the unconformity has a fracture
foliation which is subparallel to the unconformity. In places, this foliation has slickenlines
suggesting the observed folding was accommodated by slip along these fracture surfaces

(Garcia, 2000). The continuous fold geometry can be clearly seen in Figures 2.6b and 2.8.

Mapping in this area defined a fold axis oriented NSO°E to N65°E (Fig. 2.4).

2.3.1.c. East-Central Domain (ECD)

The ECD encompasses the area of Termas Nacimientos (Figs. 2.4, 2.5) where the
basement unconformity is repeatedly faulted and superbly exposed (Garcia, 1999). In this
domain (Figs. 2.4, 2.5) there is a rapid change in the character of the range-front along
strike. The originally planar basement unconformity is well exposed and dips
northeastward (Fig. 2.13). A series of spaced subparallel reverse faults offsets the
basement unconformity, producing an overall folded shape of the unconformity. Offset on
these reverse faults results in folds in the overlying sedimentary rocks (Fig. 2.14) (Garcia,
1999), similar to the minor, monoclinal folds in the SD. The folds in the SD, by analogy,
may be caused by minor reverse faults in the underlying units. The ECD is also

characterized by a range-scale fold in the Tertiary strata (Fig. 2.15). The axis of this fold is

parallel to the trend of the uplift (44°, 15°), although in aerial view it appears that the

sedimentary units thin to the southwest and to the northeast (Fig. 2.5), producing a

concave eastward strike in the Tertiary strata (Fig. 2.2).

In the northern part of this domain, a reverse fault striking ~N60°W, dipping

65°NE places basement rocks from the north above the Tertiary strata and the basement

unconformity to the south (Fig. 2.2). There is an associated footwall syncline parallel to the



Figure 2.11. n-diagram of bedding near fold in Poso Colorado. The fold axis calculated
for these bedding measurements is 239°¢ 6°



45

Minor faults on ba gLn nt unconformity

Figure 2.12. View to the east of the basement unconformity on the west side of the Sierra
de Hualfin. Ledges and cross pattern of lineations are small-displacement faults. Note
the cliffs of Hualfin Formation towards the top of the photograph.
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Figure 2.13. View to the west of the faulted, northeast-dipping basement unconformity at
Termas de Nacimientos on the east side of the Sierra de Hualfin. Note faulted basement
unconformity surface and overlying Tertiary strata.
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Figure 2.14. View NE along-strike of a fold in Tertiary Hualfin Formation directly above
a fault in the basement (Og). Note car for scale in bottom right corner, and trace of
bedding surface from upper left corner towards the center. Termas Nacimientos.

Figure 2.15. View NE along-strike of the uplift of the range-scale fold at Termas
Nacimientos. Note the basement unconformity in the foreground is below the folded
sedimentary units, while in the background, the basement unconformity would be at the
top of the range.
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reverse fault which is approximately perpendicular to the larger range-scale fold (Fig. 2.2).
The intersection of these two folds causes an interference pattern in the cover rocks that

reflects the interaction of several basement faults in this area (Fig. 2.16).

2.3.1.d. Northern Domain (ND)
The ND (Figs. 2.4, 2.5) includes the area of Sierra de Hualfin northeast of the

~N60°W 65°NE thrust fault on the east side of the uplift, and northeast of the ~N62°W
71°N tear fault on the west (both faults are described above). In the ND, the basement is

faulted on the east, and the basement unconformity dips 20°W on the west, delineating the

backlimb of the uplift (Figs. 2.4). The gently dipping backlimb can be seen in aerial view
(Fig. 2.5) as a planar-looking surface that is highly fractured.

At the northern termination of the Sierra de Hualfin, there is another thick exposure
of the Tertiary strata (Fig. 2.4). The strata overlie the south dipping basement unconformity
of the next uplift to the north, the Sierra de las Cuevas. Basement rocks at the northern end

of the Sierra de Hualfin are thrust over the Tertiary strata, overturning and folding the

strata. This thrust is oriented ~N15°W, 40°S and intersects a normal fault towards the

north. The normal fault trends generally northeasterly and is composed of several fault
segments that are offset by north-striking faults (Figs. 2.4, 2.17). The north-striking faults

offset the normal fault segments from 10 to 30 m in a right-lateral sense. Slickenlines

measured on the normal fault segments (N65°W 60°S, N45°E 50°E) rake 70°NE and
65°N, respectively; slickenlines on the right-lateral fault planes (N10°E 60°E, N5°W 84°E)

rake from 40°N to 62°S, respectively (Fig. 2.17). The interaction between these faults
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Figure 2.16. View west-northwest of the northern corner of East-Central Domain in the
Sierra de Hualfin. Note the syncline next to the thrust that places Ordovician granitoid
(Og) over the Tertiary Hualfin Formation (Thua). The line above the bedding surface
trace separates the Tertiary rocks of the foreground from the granite cliffs in the back
ground. The cliffs in the background are interpreted as a normal fault scarp (see text for
more details).
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All faults
N=16

b)

Normal faults
N=3

Reverse
right-lateral faults
N=3

Figure 2.17. Stereonet representation of faults at Nacimientos de Arriba. (a) All faults
(b) Normal faults (c) Reverse right-lateral faults.
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(normal, thrust and strike-slip) produces a syncline trending ~N30°E, located to the south

and along the strike of the normal fault.

2.3.2. Domain Transition Zones

The domain boundaries have been defined by faults that segment the Sierra de
Hualfin into distinct basement blocks. Most of the transition zones are discrete and abrupt,
often represented by a narrow fault zone. Only the transition between the SD and the WCD

is a broader, diffuse zone composed of several faults.

2.3.2.a. Southern to East-Central Domain transition
The transition between the SD and ECD is denoted by a tear fault along which a

steep-sided, deeply eroded canyon has been carved (Figs. 2.5, 2.18). The range-bounding

fault just to the north of the canyon is oriented N40°E 46°W. In the canyon, there are
several slickensided fault planes. The fault planes have strikes that vary from N75°E to

N10°E to N39°W (Fig. 2.19).The NW fault set appears to offset the NNE fault set. The

fault planes that best fit the orientation of the canyon and are likely related to the tear fault

that separated the domains are shown in Figure 2.18. These fault planes strike WNW to
NW, dip ~75°and have sub-horizontal slickenlines, suggesting a significant component of
strike-slip motion on the fault. The location of these faults coincides with a change in the
range-front fault orientation from ~NSO°E in the south to N30°- 40°E in the north (Fig.

2.2). Map relations and field observations (Fig. 2.18) suggest that the ECD block moved
down relative to the SD block (Fig. 2.20a). Sense of motion along the tear fault is

interpreted from the presence of the basement unconformity on the ECD block at
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progressively lower levels than the basement unconformity on the SD block (Fig. 2.20b).
The tear fault has at least 550 m vertical displacement towards the southeast and tapers to
zero towards the northwest. Horizontal displacement is more difficult to determine, but an
estimate based on the exposed leading edges of the basement blocks in the hanging wall

gives right-lateral displacement of at least 125 m and possibly up to 800 m.

2.3.2.b. East-Central to Northern Domain transition:

The transition from the ECD to the ND is marked by a thrust fault that dips ~ 65°N

and varies in strike from N60°W to ~N35°W (Fig. 2.21a). This thrust has placed the

basement block of the ND over the basement block of the ECD and has displaced the ECD
basement block down and to the southeast relative to the ND basement block (Fig. 2.21b).
Evidence for this displacement is the northward dip of the basement unconformity in the
ECD, and the fact that the basement unconformity is topographically lower then the
basement to the north, west, and south (Fig. 2.21b, 2.20b).

The ND is thrust only over the ECD and not over the WCD, thereby causing a steep
normal fault to form in the northwest corner of the ECD (Fig. 2.4). An abrupt discontinuity
in the basement unconformity, marked by a steeply east-dipping surface in the Ordovician
granitiod can be seen (Fig. 2.16). The east-dipping surface is interpreted as the fault scarp

expression of the normal fault.

2.3.2.c. Northern to West-Central Domain transition:

The transition from the ND to the WCD is also an abrupt transition defined by a tear

fault that is oriented ~N62°W, dipping 71°N with slickenlines that rake 74°W (Fig. 2.18).

The fault orientations, slickenline measurements and map relationships (Fig. 2.4) indicate
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that the tear fault is a high-angle right-lateral reverse fault. The fault separates a gently-
dipping basement unconformity in the ND, from a folded and steeply-dipping basement
unconformity to the south in the WCD. Folding of the basement unconformity can be seen
looking south from the location of the tear fault (Fig. 2.8). Although the tear fault marks
the discrete transition from the ND to the WCD, the abrupt change from a gently west-
dipping unconformity to a sharply folded unconformity may have caused significant
deformation in the granite. The area from the location of the tear fault to the location of
folded basement is marked by a lack of granite exposures in a region where granite is

otherwise preserved (Fig. 2.5, just south of arrow pointing to tear fault).

2.3.2.d. West-Central to Southern Domain transition:

South of the ND on the west side of the uplift (Figs. 2.4, 2.22), the transition
between the WCD, where the basement unconformity is folded, and the SD, where the
unconformity can be seen again to dip gently westward, is a diffuse fault zone. Faults in

this zone are evident in aerial photos (Figs. 2.5, 2.22). The faults in this 2-km wide zone

trend approximately N52°W, N48°W and N46°W and are steeply dipping (Fig. 2.4,

2.22). South of the fault zone, the basement unconformity dips homoclinally ~ 20°-25° W.

2.3.2.e. East-Central to West-Central transition:

The transition between the ECD and the WCD is uncertain. The domains do not
appear to be separated by faulting. The distinction between the ECD and the WCD is made
simply on the fact that the basement is topographically lower in the ECD and more Tertiary
strata are preserved on top of the basement unconformity to the south of the transition zone

in the WCD than in the ECD (Figs. 2.4, 2.5).
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Figure 2.18. Details of the transition from the Southern Domain to East-Central Domain,
and the transition between the West-Central Domain and Northern Domain.

Figure 2.19. Stereonet of all fault planes with slickenlines measured in the canyon that
separates the Southern Domain from the East-Central Domain (east-side tear fault).
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a) Southern Domain
SW basement block

(not to scale)
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Figure 2.20. (a) Diagram showing movement of the East-Central Domain basement
block relative to the Southern Domain basement block. View is to the southwest.

(b) View southwest of the basement unconformity at the top of the Southern Domain
(in the distant foreground) and the unconformity in the East-Central Domain dipping
north and becoming lower in elevation towards the north.
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Figure 2.21. (a) Details of the thrust fault transition from the East-Central Domain to the
Northern Domain. (b) View northwest of northerly dipping basement unconformity.
Folded Tertiary strata are on the right (in the shadows). Note the topographically lower
basement unconformity in the foreground relative to the north and the west.
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Figure 2.22. Details of the diffuse transition zone between the Southern Domain and the
West-Central Domain. The 40°E dipping symbol is in the same approximate location in
the geologic map and on the aerial photo.
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2.4. CROSS SECTIONS AND THREE-DIMENSIONAL MODEL

2.4.1 Cross Sections

A series of six balanced cross sections across the Sierra de Hualfin (Fig. 2.23a-f)
of show the structural form of the uplift across the four domains, and show interpretations
of the faulting patterns related to the along-strike structural variations.

The cross sections were constructed perpendicular to an average of the trend of
bedding and the trend of the main range-bounding fault. The trends of these features differs

slightly along strike of the uplift, generally showing a change in orientation from ENE to

NE towards the northern part of the range. Thus, the lines of section range from N54°W in

the south (section line A-A’, Fig. 2.23a ) to N45°W (section line F-F’, Fig. 2.23f). The

cross sections show the uplift has an overall folded form in which the basement
unconformity is folded to some degree. This interpretation is supported by field
observations of folding of the originally planar basement unconformity and folding of

sedimentary rock units above the basement unconformity (Fig. 2.6).

2.4.1.a. Regional basement elevations

The regional elevation of the top of the basement in the cross sections was
determined from extrapolation of this surface from a seismic reflection profile line located
~26 km NE of the Sierra de Hualfin. The seismic reflection profile line 2545 was originally
acquired by Yacimientos Petroleros Fiscal, and was reprocessed by Cristallini et al. (1998,
2001). Line 2545 is located on the west side of the east-verging Sierra de Quilmes.

Line 2545 (Cristallini et al., 1998) shows a thrust fault and an anticlinal fold
structure in the western-most portion of the line. This structure is not visible at the surface,

as is evident from the lack of topographic relief directly above the area of line 2545.



59

However, it is important to note the style of deformation that is produced by this thrusting.
The fold shape is defined mostly by evenly spaced reflectors (e.g., reflectors at ~1.5 s and
1 s ) which likely represent a constant thickness of bedding in the sedimentary rock units
above the top basement. There is also some disturbance of bedding directly in front of the
fold and thrust that appears to be low amplitude, longer wavelength folds. The presence of
this thrust suggests there may be other blind structures underneath the basins in the Sierras
Pampeanas, similar to blind basin structures in the Laramide province of the western U.S.
The velocity structure in this area is not know precisely. Average estimates for
sandstone/sand, loosely consolidated (from surface exposures) range from 3 km/s to 4.5
km/s (Sheriff and Geldart, 1995). These velocities have been used elsewhere in the Sierras
Pampeanas province (R. Allmendinger, personal communication, 2000) With surface
elevations between 2200 m and 2250 m, and the above velocity values, the depth to
basement could be between 0.8 km and 2.3 km below sea level. An average and median
velocity of 3.8 km/s was used to place the basement at 1.6 km +/- 0.8 km below sea level
in the footwall of the cross sections. These results are consistent with the interpretation of a
250 km regional cross section by Cristallini et al. (2001). Depth to the top of basement

calculated from their regional cross section is 1.7 km +/- 0.5 km.

2.4.1.b. Methodology

The cross sections were constructed by fitting surface geology data to subsurface
interpretations. The interpretations are constrained by calculations of depth to detachment,
line length and area balance of the basement surface and the lower 1000 m of Tertiary
strata, and restorability using flexural slip assumptions. All of the undeformed cross
sections (Fig. 2.24a-f) are restored to the top of the basement surface elevation in the

footwall. Since the top of the basement in the hanging wall is slightly higher in elevation
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that in the footwall (higher than regional), the main thrust is interpreted to be dipping ~5°W

under horizontal Tertiary strata in the hanging wall. The best control on the subsurface fault
geometry is from the structural form of the basement unconformity. This originally planar
surface deforms with the development of the uplift but is not subject to changes in
thickness due to depositional factors (i.e. growth sedimentation). This, the cross sections
focus on the basement unconformity, assuming that the geometry of the basement

unconformity reflects the geometry of the underlying fault.

2.4.1.c. Cross section data

The six balanced cross sections are similar in their overall geometry, depicting an
east-directed thrust fault with anticlinal and synclinal bends that reflect the geometry of the
basement and cover rocks in the hanging wall. Shortening in the hanging wall of the six
cross sections ranges from 6.9 km in the south to 9.0 km in the northern region.

Of the four domains identified in the Sierra de Hualfin, the ND and SD have the
same geometry (steep range front on the east and gently dipping backlimb on the west).
This geometry is represented in cross sections A-A’, D-D’, E-E’, F-F’ (Fig. 2.23a, d-f).
The principal structural variations occur in the ECD and WCD, which separate the SD from
the ND. In the WCD, the basement and basement unconformity is folded, and interpreted
in cross section B-B’ (Fig. 2.23b) as a result of movement along an east-dipping
backthrust. In the ECD, illustrated by cross section C-C’ (Fig. 2.23c), the basement
unconformity on the east is preserved, dips NE, and attains a folded form by movement
along a series of subparallel, spaced faults. Seven mapped reverse faults displace the
eastward dipping basement unconformity in the ECD. These reverse faults vary in offset

from S mto 36 m.
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Figure 2.23. Cross sections are oriented NW-SE from left to right, with no vertical
exaggeration and a topographic profile to the edge of the geologic map in Figures 2.2 and
2.4. The top and bottom of the bounding box are 7000 m and 5000 m elevation,
respectively. The top of the basement in the footwall of the uplift is at ~1600 m below sea
level, as calculated from seismic data 26 km NE of the Sierra de Hualfin published in
Cristallini et al., (1998, 2001). The cross sections emphasize the basement unconformity
and show only the lower 1000 m of Tertiary section (shaded gray). Dashed lines above
basement in the hangingwall are approximate bedding orientations. Dip bars are shown in
the footwall where data is available. Basement is depicted in a cross hatch pattern. Scale
bar on the top left is 10 km. For cross section location, see Figure 2.4. (a) Cross section A-
A’ trends N54°W, and passes through the Southern Domain. (b) Cross section B-B’ trends
N55°W, and passes through the Southern and West-Central Domains. (c) Cross section C-
C’ trends N57°W, and passes through the East-Central and West-Central Domains. (d)
Cross section D-D’ trends N55°W, and passes through the East-Central and Northern
Domains. (e) Cross section E-E’ trends N50°W and (f) Cross section F-F’ trends N45°W.
Both (e) and (f) pass through the Northern Domain exclusively. See text for discussion.
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2.4.2. Three-Dimensional Model

In order to visualize the spatial relations between the cross sections and to better
understand the observed domains, a three-dimensional computer model was constructed
from the series of cross sections across the Sierra de Hualfin. The focus of the model was
the main thrust plane of the Sierra de Hualfin (Fig. 2.25a, b).The model shows that, in the
central part of the uplift at the location of cross section C-C’, the main thrust plane
protrudes southeastward ~ 1.5 km in front of the thrust plane in cross sections A-A’, B-B’,
D-D’, E-E’, F-F’. This can be seen clearly in a plan view image of the model (Fig. 2.25a).
At the same location of the SE protrusion of the thrust plane, there is also an abrupt kink in
the thrust, which is visible in a view towards the NW (Fig. 2.25b). Tear faulting on the
surface on the east side of the uplift correlates loosely with the location of the kink in the

main fault plane.

2.5. DISCUSSION

Integrating the map relations, the cross sections and the three-dimensional model
produces a more complete interpretation of the development of the Sierra de Hualfin, which
has implications for the general formation of basement-cored uplifts. Mapping of the
domains and the transition zones in the Sierra de Hualfin documents NW-SE trending tear
faults that displace blocks of basement in a right-lateral sense of motion and/or in a NNE-
NNW directed reverse motion. The balanced cross sections show that the uplift could have
been formed by a gently-dipping east-directed thrust fault with anticlinal and synclinal
bends, and with west-dipping fault splays and an east-dipping backthrust. The structural
variations along strike of the Sierra de Hualfin are largely due to the effects of the
backthrust in the west. The three-dimensional analysis of the main thrust of the uplift

shows that there are more complexities in the subsurface expression of the main thrust than
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the two-dimensional cross sections reveal or that mapping alone would suggest. The kink
in the form of the main thrust plane observed in three-dimensional space may help explain
the structural variations observed in the geometry of the basement unconformity,
particularly on the east side.

Analysis of the tear faults (domain transition zones) and the domains suggests that
there was NW-SE shortening followed by, or contemporaneous to, local NNE-SSW
shortening. Shortening oriented NNE-SSW is marked by thrusting of the ND over the
ECD and over the Sierra de las Cuevas. The thrusting of the ND basement block over the
ECD caused the ECD basement block to move down relative to the ND and ~1-2 km SE,
marked by the topographically lower, and northward-dipping basement unconformity. This
interpretation would give the following order of events to the formation of the Sierra de
Hualfin (Fig. 2.26):

1. Major faulting of the uplift, under NW-SE directed compression.

1a. Formation of the back thrust on the west.

2. Local NNE-SSW compression uplifts northern domain block.

2a. Thrusting of ND over ECD causes faulting/movement of ECD block.

The presence of NW-SE striking faults that displace blocks of basement in a right-
lateral sense of motion and/or in a NNE-NNW directed reverse motion is consistent with
regional kinematic interpretations that place the Sierra de Hualfin in the center of a dextral
transpressional zone, the Tucumadn Transfer Zone (Urreiztieta et al., 1996; Mon, 1976).
The interpretation of the development of the Sierra de Hualfin (Fig. 2.26) is compatible
with regional kinematic interpretations of two distinct shortening directions oriented E-W to

WSW-ENE, and N-S (Allmendinger, 1986; Marrett et al., 1994; Urreiztieta et al., 1996).
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Figure 2.25. Three-dimensional computer model of the main thrust plane of Sierra de
Hualfin. UTM grid shown for both figures. Surface is color contoured at 150 m (depth).
Letters indicate the SE tips of the cross section lines. Artificial lighting is from the NE.
(a) Plan view of the fault plane, with color bar denoting variations in the depth of the
plane. The thrust deepens to the northwest. Note the protrusion of the thrust plane in the
SE at the location of cross section C-C’. (b) View to the NW of the thrust plane showing
the abrupt kink in the plane at the location of cross section C-C’.
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Figure 2.26. Block diagram of the central region of the Sierra de Hualfin northwards
showing the development of the uplift.
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2.6. CONCLUSIONS

The Sierra de Hualfin is marked by along-strike structural variations, largely due to
backthrust formation and possibly to complexities in the main thrust plane. The uplift of the

Sierra de Hualfin occurred along a thrust fault or several thrust fault segments that change

in strike from ~NSO°E in the south to ~N40°-35°E in the north. A three-dimensional model

of the main thrust shows that the thrust appears to protrude southeastward in the central

region of the uplift, coincident with a kink in the thrust surface. The basement core of the
uplift is segmented by faults that trend ~N50°W, perpendicular to the strike of the uplift,

and that displace blocks of basement in a right-lateral sense of motion and/or in a NNE-
NNW directed reverse motion. The kinematics of the Sierra de Hualfin are consistent with
the interpretations of the dextral-transpressional Tucumén Transfer Zone (Urreiztieta et al.,
1996; Mon, 1976) in this region. Analysis of the compartmentalizing faults and the
domains suggests that the Sierra de Hualfin was formed by (1) Major faulting of the uplift
under NW-SE directed compression (1a) Development of the back thrust on the west (2)
Uplift of the ND block by local NNE-SSW compression (2a) Movement of the ECD block
due to thrusting of the ND over the ECD.

This study shows that a three-dimensional analysis approach is useful in examining
complex areas of along-strike variations. In addition, cross section balancing shows that
basement-cored uplifts can be formed by gently-dipping thrust faults whose geometry

reflects the geometry of the overlying basement and cover rocks.
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CHAPTER 3
MECHANISMS OF BASEMENT DEFORMATION AS REVEALED IN THE
SIERRA DE HUALFIN BASEMENT-CORED UPLIFT, NW ARGENTINA

ABSTRACT

In the Sierra de Hualfin, a basement-cored uplift in NW Argentina, the excellently
exposed basement unconformity delineates an overall folded form in granitic basement
rocks. The Sierra de Hualfin, a 22-km long basement-cored uplift with ~ 66 km* area of
exposure of the basement-cover interface, is composed of a core of Ordovician granite,
overlain by and locally thrust over Tertiary sedimentary rocks. The geometry of the uplift is
that of a faulted anticlinorium with a ~ 4 km amplitude fold. The uplift likely developed as a
fault-propagation fold above a thrust fault tip initially located deep in the basement before it
broke through. Standard models of basement-cored uplifts in the literature depict the fault
tip exactly at the basement-cover interface. These models do not take into account the
basement distortion that must take place in advance of the propagating fault tip when it is
initially located below the basement-cover unconformity. Thus, these models cannot
explain the folded shape of the Sierra de Hualfin and also the map patterns of some uplifts
in the Rocky Mountain foreland.

An example of folded basement (above a fault tip located in basement) is the back
limb of the uplift in the west-central area of the Sierra de Hualfin. Folding of the basement
is accommodated by reactivation of joints as faults and mode I fissures, by fracturing and
faulting near large displacement faults, and by flexural shear of the uppermost basement.
These mechanisms are observed to deform the basement at shallow levels. Similar
mechanisms were at work deeper in the basement to accommodate the fold geometry of the

basement and basement-cover unconformity.
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The form of the basement fold resulting from propagation of a fault tip initially in
basement depends on the propagation to slip ratio of the fault. Kinematic modeling of such
basement-cored uplifts using trishear demonstrates that a lower propagation to slip ratio
promotes greater folding of the units involved, while a higher ratio (~ 2 and higher) will
cause the fault to break through the units before folding can occur. In turn, the propagation
to slip ratio is controlled by the “deformability” of the granite, i.e., by the extent to which
the joints, microfractures, and fracture foliation are reactivated. Our findings at Sierra de
Hualfin demonstrate the mechanisms by which granite basement can act as a deformable
body to produce a folded basement-cover unconformity. Furthermore, our modeling
suggests that a variety of the folded forms in granite are possible in other areas around the

world.

3.1. INTRODUCTION

Basement deformation in basement-cored uplifts has been at the heart of debates
about the structure and development of these low temperature, low-pressure tectonic
elements. Most studies of basement-cored uplifts, particularly their structure, have been
carried out in the Rocky Mountain foreland province in the western United States, a
possible ancient counterpart for the Sierras Pampeanas. Where overlying cover sequences
are seen to fold, comparable folding of the underlying basement unconformity and
basement rocks is suggested. Folding of metamorphic basement rocks by flexural slip
along foliation planes has been documented in the Rocky Mountain foreland (e.g. Schmidt
and Garihan, 1983; Miller and Lageson, 1990; Schmidt et al., 1993). Foliation planes
provide a planar anisotropy along which units of rock can slide past each other in a flexural
manner, similar to bedding-plane slip in sedimentary rocks (Spang and Evans, 1988;

Schmidt et al., 1993). However, folding of crystalline “isotropic” basement is not
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understood (Spang and Evans, 1988), and even considered unlikely (Stearns 1975). In the
absence of ’folding” of granite there develops a challenging problem in modeling a
structure compatible with folded cover and unfolded basement. Various configurations for
the underlying basement, whether basement is exposed somewhat or not at all, have been
proposed to account for the observed folding in cover. Geometries such as basement
faulted by a single fault, by several faults, or containing a wedge of cataclastic material to
help fold the cover have been proposed (e.g. Erslev, 1986; Spang and Evans, 1988; Narr
and Suppe, 1984). These scenarios have different implications for the behavior of
basement during deformation and for the kinematic development of an uplift. Thus, if
basement deformation is better understood, kinematic models can be better constrained.

Sierra de Hualfin (Figs. 3.1, 3.2) is mostly composed of granitoid rocks, and in
cross sectional representations it has a fold form with an amplitude of approximately 4 km
(Fig. 3.2b). In addition, the basement unconformity on the west side of the uplift is
smoothly folded over a horizontal distance of ~ 1 km (Figs. 3.2b, 3.3). We postulate that
the folding of the unconformity is an example of basement folding above a fault tip within
the basement, where fractures, reactivated joint planes, faults and a fracture foliation in the
granitoid rocks document the distortion of the basement. Few opportunities exist to
“observe” a fault tip beneath the basement-cover interface and the resulting basement
response. Uplifts that formed by a fault tip initially deep in basement may only be
postulated from map geometries and with much conjecture.

Basement-cored uplifts that form as a result of a fault that propagates to the
basement-cover interface show minor deformation of the basement, and considerable
deformation of the overlying sedimentary rocks (Fig. 3.4a). However, if the fault tip does
not readily propagate to the basement-cover interface and remains in basement while slip is
still fed into the fault, then the basement rocks above the fault tip deform in order to

accommodate the slip (Fig. 3.4b). Numerical models of blind faults studied in the Los
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Angeles basin show that slip on planar anisotropies (usually bedding planes) can take up
significant coseismic deformation that would otherwise be taken up by propagation along
the fault (Roering et al, 1998). The folded unconformity in the Sierra de Hualfin provides a
glimpse of folded basement, frozen at a stage before possible continued propagation breaks
through the basement-cover interface. The folded unconformity may be representative of
an earlier time-step in the development of the entire uplift, and would help explain the
overall folded shape of the basement.

Not all basement-cored uplifts have folded basement (e.g. Erslev and Rodgers,
1993; Schmidt et al., 1993). The circumstances under which basement actually folds are
controlled by many factors, most important of all is the rheology of the basement during
deformation. Whether basement folds or not is expressed kinematically in the propagation
to slip ratio (P/S) demonstrated by trishear modeling. Modeling for this study shows that a
lower propagation to slip ratio promotes greater folding of the units involved, while a
higher ratio (~ 2 and higher) will cause the fault to break through the units before folding
can occur. It is unclear at the moment what controls P/S, but application of trishear to the
Sierra de Hualfin strongly suggests that it is greatly influenced by the material properties of

the rocks undergoing deformation.
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Figure 3.1. Shaded digital topographic image of the western margin of South America
and simplified geologic map of the Sierras Pampeanas. Sierras Pampeanas are located
in the black outline box. Adapted from Jordan and Allmendinger (1986) and the
Geologic Map of Argentina (Achili et al., 1997) by the Servicio Geolégico Argentino.
Ranges are accompanied by their respective names. Sierra de Hualfin is located in the
northern region.
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Figure 3.2a. Geologic map of Sierra de Hualfin, with cross section locations and area
names. Abbreviations used for units (where identifiable) are: Og (Ordovician granite),
Thua (Hualfin Fm.), Tarc (Las Arcas Fm.), Tchiq (Chiquimil Fm., undifferentiated),
Tchiba (Los Bafios member, Chiquimil Fm.), Tchias (El Aspero member, Chiquimil
Fm.), Tchija (El Jarillal member, Chiquimil Fm.), Tand (Andalhuala Fm.), Teq (Corral
Quemado Fm.), Q(al, Is, f1).
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Figure 3.2b. Cross sections A-A’ and B-B’ through the central region of Sierra de Hualfin
showing the western folded unconformity (Rio Villa Vil area) and the eastern faulted

unconformity (Termas Nacimientos area).
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a) BN _ ‘Basement unconformity surface
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Figure 3.3. (a) View southeast from Rio de las Zanjas area of smoothly folded basement
unconformity in the Rio Villa Vil area. (b) Closer view of the smoothly folded
unconformity from the northwest. Basement granite is denoted by Og, the overlying
basal sandstone of the Hualfin Formation is denoted by Thua.



Figure 3.4. (a) Model of fault tip propagating from basement-cover interface into
sedimentary cover rocks, resulting in deformation of cover rocks only.

(b) Model of fault tip propagating from within basement into shallower basement and
sedimentary rocks, resulting in significant deformation of basement and cover rocks.
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3.2. SIERRA DE HUALFIN

3.2.1 Setting and Background Geology

The Sierra de Hualfin is an ideal place for examining and analyzing basement
deformation as it relates to uplift geometry because of the preservation of sedimentary cover
rocks and the excellent exposure of the basement-cover unconformity (~ 66 km?® in plan
view, and some three-dimensional exposures). The Sierra de Hualfin is located in the
northem Sierras Pampeanas and at the border with the Puna Plateau (Allmendinger, 1986).
A west-dipping thrust fault places Ordovician granitoid rocks over Tertiary sedimentary
rocks (Figs. 3.1, 3.2). The shape of the uplift is a broad fold, asymmetric to the east, with
a steep range front on the east and a gently dipping backlimb on the west. Uplift of the
range is estimated to have occurred between 10 Ma and 2 Ma (Jordan et al. 1983;
Allmendinger, 1986; Coughlin et al., 1998; Muruaga, 1999). The range is small enough to
be studied in its entirety (approximately 125 km?), thus allowing for generation of a
complete picture of a basement-cored uplift structure. Because the Sierras Pampeanas
basement-cored uplift deformation is young (not older than ~ 10 Ma; e.g., Jordan et al.
1983, Coughlin et al., 1998) and is the last deformation event to affect the area, many of
the features seen are clearly related to this Neogene deformation.

The basement rocks in the Sierra de Hualfin are mostly an Ordovician granitoid
(Omarini, 1984), occurring as equigranular, coarse grained to aphanitic or very fine
grained. Where it is coarse grained and equigranular, the granitoid is composed of quartz,
potassium feldspar, and clumps of actinolite crystals that appear to radiate outward from
common centers. Where finer grained, the granitoid is composed of quartz, potassium
feldspar, some plagioclase and biotite. At the northern end of the uplift, the basement

includes exposures of mylonitic schist (Precambrian ?).



80

Exposures of the basement occur mostly at the level of the basement-cover
interface. Only in a few places do deep canyon cuts expose basement in cross-sectional
view. In the area of LL.a Quebrada, a three-dimensional view of the basement can be seen.
Where basement is observed in canyon cuts (Rio Villa Vil exposure), the basement granite

is jointed, sometimes with clastic material filling the joints.

3.2.2. Basement Unconformity

The unconformity between Ordovician granitoid and Tertiary sedimentary rocks is
an originally-planar erosional surface. The unconformity is regionally extensive (Gonzilez
Bonorino, 1950; Allmendinger, 1986; Jordan et al., 1989) and its originally-planar nature
is best seen on the gently-dipping backlimbs of uplifts throughout the Sierras Pampeanas.
Thermochronology studies of the basement unconformity in the southeastern and north
central area of the Sierras Pampeanas suggest that the surface formed from continuous and
progressive unroofing of the basement over a 300-400 million year time period (Jordan et
al, 1989). The surface is presumed to have been nearly horizontal prior to late Cenozoic
uplift formation (Jordan and Allmendinger, 1986; Jordan et al., 1989). Therefore, the
present day geometry of the unconformity documents rotation of basement fault-blocks
along faults and other translations and deformations the basement may have undergone.

Comparison of the dip of the unconformity with the dip of sedimentary beds
directly above (Fig. 3.5a), where both are homoclinally dipping, shows that the orientation
of the basement erosional surface is generally concordant and that there is no preferred
orientation of this surface prior to deposition of the overlying Tertiary sedimentary rocks
(Fig. 3.5b). Thus, one can be used as a proxy for the other where one or the other is not

present or not exposed.
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Tertiary bedding

Basement unconformity
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Figure 3.5. (a) Stereonet plot of bedding measurements of red sandstone at the base of the
Tertiary section (black) and measurements of the basement unconformity surface (gray)
at the same location as bedding measurements. N = 25 for both.
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Figure 3.5. (b) Graph of dip of the unconformity vs. the angle between the
unconformity and bedding.
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The geometry of the basement unconformity delineates the geometry of the hanging
wall of the uplift (Fig. 3.2b). The geometry of the hanging wall is critical to determining
the kinematics of the uplift and to discriminating between different models of deformation.
The basement unconformity in the central part of the Sierra de Hualfin delineates a broad
fold, asymmetric to the east with a folded unconformity on the west and a faulted
unconformity on the east (Figs. 3.2a, b). A balanced cross section, based on surface
mapping, shows that the basement has a 4 km amplitude fold-shape, defined by the
basement unconformity and the regional elevation (Fig. 3.2b). The location of the basement
unconformity is well constrained at the surface because it is preserved almost entirely along
the exposed uplift. The regional elevation is constrained by a seismic reflection profile 26
km NE of the Sierra de Hualfin (Cristallini et al., 1998) and by the thickness of the
stratigraphic column in the area, which is between ~5000 m (estimate includes about 1000
m of Quatemary deposits, Allmendinger, 1986) and ~3000 m (measured section without
Quaternary deposit thickness, Muruaga, 1999).

In many exposures of the basement-cover interface, the distinct Tertiary red
sandstone of the Hualfin Formation that overlies the uncenformity is partly composed of
clasts of grus, produced from the weathering of the underlying granite (Fig. 3.6). The
thickness of grus ranges from O m to 0.5 m to 0.05 m.. In turn, the granite directly below
the basement unconformity is pervaded by clastic infilling along joints and fractures. The
orientations of the fractures range from nearly vertical to subhorizontal. The infilling is
mostly composed of silt particles, often with hematite and 1 - 2 millimeter quartz grains.
The presence of grus in the overlying Tertiary sedimentary rocks, and of fractures and
infilled fractures in the basement suggest an eroded and mechanically weak layer of

basement around the unconformity.
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Figure 3.6. Photograph of the basement unconformity near the village of Nacimientos
de Arriba and the village of Hualfin, showing abundant grus clasts in the overlying
sandstone.
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3.3. BASEMENT DEFORMATION

Basement deformation in the Sierra de Hualfin has been documented at the level of
the basement unconformity and up to ~ 50 m below the unconformity. The principal
deformation mechanisms are jointing (sometimes followed by dilation), faulting, and slip
along subparallel, closely-spaced tensile fracture planes (which we refer to as a fracture
foliation) oriented subparallel to the unconformity. Jointing, faulting and the development
of a fracture foliation are documented throughout the uplift, both where the unconformity is
homoclinally dipping east or west, and where it is folded. Slip along the fracture foliation
planes appears only to have been active where the unconformity is folded. These features
accommodated the distortion of the basement as necessary. There are four main locations
where the characteristics of basement deformation are well exposed: Termas de
Nacimientos area, La Quebrada area, Rio Villa Vil area and Rio de las Zanjas area (Fig.

3.2a).

3.3.1. Homoclinally Dipping Basement Unconformity: Jointing and Brittle

Foliation in La Quebrada, Termas Nacimientos, Rio de las Zanjas

3.3.1.a. Jointing

Areas of the exposed, gently dipping basement unconformity are notable for the
pervasive fractures that cross-cut the surface (Fig. 3.7). Measurements of these spaced
fractures revealed two to three distinct sets of similarly oriented mode I fractures,
interpreted as joints. Joints were measured in five different locations, and in fine-grained

and coarse-grained granite (Fig. 3.8). Two principal locations on the west side of the Sierra



Figure 3.7. View of a typical basement surface. Note the pervasive fracturing and
alteration (dark bands symmetric about fracture planes) around many of the joints.
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Termas de Nacimientos NW
Basement Unconformity Profile
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Figure 3.9. Profile of a 350-m transect across the basement unconformity at Termas
Nacimientos showing the position of faults (reactivated joints) and their vertical offset.
Note that the basement unconformity surface changes in dip from ~ 30°E at ledge

1 to ~23° at the uppermost ledges. Ledge 1 is the lower area at Termas Nacimientos.
Stick figure not to scale.
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de Hualfin are the Rio de las Zanjas area and La Quebrada area, approximately 8 km apart.
The other three are within the Termas de Nacimientos area on the east side of the uplift.
Jointing in the basement is pervasive. The joints are systematic, regular features in the
granite. Polished and slickenlined joint surfaces imply that movement was accommodated
on these fractures, and that the fractures were reactivated as faults, some with significant
offset. Also, infilling of joint fractures is evidence of dilation of the basement, most likely
during deformation. The strike and dip of the average planes for separate joint sets, as well
as average foliation planes, are noted in Table 3.1.

In the Rio de las Zanjas location, the joint sets are in coarse-grained granite and are

steeply dipping to the east (set 1) and to the north (set 2) (Fig. 3.8a). Average planes for

these sets (Table 3.1) are virtually perpendicular, with an angle of 89° between the two

average planes.
Joint fractures in two separate areas in the La Quebrada location were analyzed. In

the first area, La Quebrada 1, two sets were measured in coarse-grained granite. One joint

surface in set 1 is marked by red polish and slickenlines. The slickensides plunge 8°

N24°E; offset could not be determined due to a lack of marker units or other

distinguishable features. The second area, La Quebrada 2, affords a three-dimensional
exposure of the basement granite where three sets of joint fractures were measured. The

fracture sets occur in coarse-grained, fine-grained, and porphyritic granite. Set 1 is
subparallel to the orientation of the basement unconformity in this area, which is N14°E
34°W. The foliation measurements at La Quebrada 1 are similar in orientation to fracture set

1 at La Quebrada 2 (Fig. 3.8c - black squares, 3.8d - white circles). Seventeen joint

surfaces from the 3 sets combined are polished and have slickenlines raking steeply (70°)
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to moderately (30°). Again, displacement could not be determined due to lack of offset

markers.

On the east side of the Sierra de Hualfin, in the area of Termas de Nacimientos,
several joint fracture sets were analyzed (Fig. 3.8¢e-j). The sets were measured in the lower
area (first ledge), on a second ledge (Fig. 3.9) and in a higher elevation area to the west. In
the first ledge, joints were measured in coarse-grained and fine-grained granite, and in an
exposed fault-cliff face. Two sets were distinguished in the coarse-grained granite (Fig.
3.8f), and three sets were distinguished in the fine-grained granite (Fig. 3.8g) (Table 3.1).
In an exposed fault cliff-wall, there also appeared to be two noticeable fracture sets, mostly
in coarse-grained granite (Fig. 3.8h). Set 1 of all three sampling locations appears to be
correlative (Table 3.1 - gray shaded boxes). Fracture foliation plane measurements in the

coarse-grained granite (Fig. 3.8e) are similar to set 3 in the fine-grained granite (Table 3.1),

with only a 21° angle between the two average planes. Six joints measured in the fine-

grained and coarse-grained sets had measurable offset of the basement unconformity or of:
other markers (Fig. 3.10). The offsets measured range from 28 cm of right-lateral offset,
3-29 cm of vertical offset, and 1 cm right-lateral offset. Right-lateral reverse sense of
motion on one joint fracture was determined from slickenline measurements, although the
amount of offset was not discernible. Movement and offsets documented along these joint
fractures demonstrates reactivation of joint surfaces as fault surfaces.

On the second ledge of the Termas Nacimientos area, joint measurements are
similar but not the same as in the first ledge (Fig. 3.81 and Table 3.1) and the fracture
foliation in the coarse-grained granite is the same as in the granite of the first iedge (Fig.
3.8e and Table 3.1). Finally, in the upper area of the Termas de Nacimientos (Fig. 3.8j),

there appears to be three distinct joint sets in coarse-grained granite (Table 3.1). Four joints
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Strike and dip of average joint planes
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Table 3.1. Strike and dip of average joint planes for the stereonet plots in Figure 3.8.



Termas Nacimientos
N=6

Figure 3.10. Stereonet plot of joints with measured offset at Termas Nacimientos.
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from set 1 and set 2 combined have steeply raking slickenlines (66°-88°N), although offset
was not measurable, and one joint in set 2 had 10 mm of right lateral offset of a joint

fracture in set 1.

3.3.1.b. In-filled joint fractures

A large majority of the joint fractures in the Ordovician granitoid discussed above
are infilled with clastic material. The amount of clastic infill material in the joints over the
distance along the basement unconformity was recorded in order to determine the
magnitude of dilation in the granite (Table 3.2). The average orientations of the joints and
the direction of infilling (dilation) are shown in Figure 3.11.

Total infill material was calculated for five sites: La Quebrada 1, La Quebrada 2,
Rio de las Zanjas, Upper Termas Nacimientos and Termas Nacimientos. If the sampled
areas are representative, the calculations (Table 3.2) show that there has been between 0.09
to 0.54% dilation in the granite that can be accounted for by infilling of veins with clastic
material. The largest amount of infill material measured was 4.5 cm over a distance of 1336
cm (approximately perpendicular to joint strikes); the minimum measured was 0.5 cm over
538 cm. These measurements were made on infilled joints at the basement unconformity.
However, infilled fractures are also present ~30 m stratigraphically below the
unconformity. The distribution of these fractures was not as systematic and therefore
difficult to determine a dilation amount in a given direction (Fig. 3.12). Also, it is not
certain that these fractures are filled with clastic material; the infill material maybe
cataclastic, as suggested by slickenlines associated with some of the infilled fractures.

Infilling of the joint fractures could have occurred at two different points in time.
Joints could have formed and opened up during unroofing and exhumation of the granite

and immediately would have filled with available material. Although exhumation of the
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Perpendicular Total

Joint Fracture Set Orientation _ Length {cm) Vein filling (cm) Type infill Percent dilation
La Quebrada 1 CGG set#1 N73E 1336 4.5 clastic 0.34
La Quebrada | CCG set#2 NIIW 1603 2.8 clastic 0.17
Area (cm”2) 2.140.807

La Quebrada 2 set#1 N 75W 538 0.5 clastic 0.09
La Quebrada 2 set#2 N76W 887 0 0.00
La Quebrada 2 set#3 NIOE 612 0.9 mainly gtz veins 0.15
Volume (cm”3) 292.050.072

Rio Las Zanjas CGG set#1 N36W 982 1.5 clastic 0.15
Rio Las Zanjas CGG set#2 N60OE 1162 1.3 mainly gtz veins 0.11
Area (cm”2) 1.140.503

Upper T. Nac. CGG set#1 N29W 203 1.1 clastic 0.54
Upper T. Nac. CGG set#2 N46E 704 1.3 includes qtz. 0.18
Upper T. Nac. CGG set#3 NSI1W 373 0.5 clastic 0.13
Volume (cm”3) 53,174.880

Termas Nac. FGG set#1 NSIE 514 1.25 cataclastic? 0.24
Termas Nac. FGG set#2 N47TW 678 2 clastic 0.29
Area (cm”2) 348,153

Table 3.2. Amount of clastic material in-filling joint fractures.
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Dilation in the granite basement, Sierra de Hualfin

Unit circle

Ellipse axes represent

100x exaggeration of
dilation, 1.e. 0.17%

is shown as 117% of
original unit axis.

La Quebrada 1
N73E: 0.17%
NI1W: 0.34%

La Quebrada 2
N75W: 0.09%
N76W: 0%
NIOE: 0.15%

Rio de las Zanjas
N36W: 0.15%
N60OE: 0.11%

Upper Termas
Nacimientos
N29W: 0.54%
N46E: 0.18%
N81W: 0.13%

Termas
Nacimientos
NSIE: 0.24%
N47W: 0.29%

Figure 3.11. Map view representation of dilation in basement due to infilled joints at the
basement unconformity. Unit circle shows a standard original length of lines. Ellipse
axes correspond to percent lengthening of the original unit circle lines in the direction
perpendicular to the average strike of the joint set for each area (calculations in

Table 3.1).
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Rio Villa Vil
Canyon cut, 25 m below
basement-cover interface

N=27

Figure 3.12. Stereonet plot of fractures in a canyon exposure near the Rio Villa Vil area.
Specific fracture orientation with rake of slickenlines and/or cataclasitc material are as
follows:

(1) EW 60°S, 55°W slicks, with 3-4 mm communated granite

(2) N50°W 35°E, with 3 mm communated granite

(B)N75°W 74°S, 54°W slicks, with ~1 mm of altered granite material

(4) N70°W 90°, 64° W slicks, with 1 mm of altered granite material.
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granite and the preserved peneplain surface would imply an erosion regime rather than
depositional, material passing over open “fissures” would fall into open cracks and remain
there. Alternatively, vein infilling may not have occurred until the basement surface
subsided (in the Paleocene/Miocene - Muruaga, 1999) and was covered by the lower-most
Tertiary sedimentary rocks of the Hualfin Formation. In this scenario, fluids (water) would
have accompanied deposition of clastic material into the opened joint surface. Many of
these joints show alteration concentrated 1-3 cm on both sides of the infilled joint. Also,
there may have been a continuum of vein infilling from the time the basement granite was
exposed to the time it became covered again. Similar infilled fractures have been found in

basement rocks in the Appalachian mountains (G. Mitra, personal communication, 2001).

3.3.1.c. Fracture foliation

At three localities studied, Termas Nacimientos, Rio Villa Vil, and La Quebrada, the
upper ~ 0.5 m to 2 m of the basement granite displays closely-spaced, subparallel fractures
that are often filled with silt particles, sometimes with hematite and larger grains of quartz
(Fig. 3.13). The fractures are subparallel to the orientation of the basement unconformity
(Figs. 3.14a, b) in all the locations where they were measured. These fractures separate
domains of quartz and feldspar crystals in the granite. The fracture planes are anastomosing
to subparallel, resulting in lenticular “microlithons™ of quartz and feldspar and
discontinuous planes. Spacing of the fractures is from 0.6 mm to 10 mm, and the thickness
of the infill material in the fractures ranges from 0.1 mm to 3-4 mm (Table 3.3). Because of
the close spacing of the fractures, and their planar and subparallel nature, we call this
feature a fracture foliation. This fracture foliation decidedly imparts a mechanical anisotropy
to the granite.

In thin section, the transgranular and tensile nature of the fractures is evident. The

fractures cross individual grain boundaries, and often matching halves of grains can be
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Figure 3.13. Close up photograph of the fracture foliation in granite, at and below the
basement unconformity. Note that the fracture planes cut across grain boundaries and do
not appear to follow any pre-existing feature. The fracture planes are often filled with
fine-grained material, which shows up as the dark lines on the photograph.
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Lower Rio Villa Vil: La Quebrada
Foliation and basement unconformity are subparallel where unconformity is homoclinally dipping

a)
Plot of foliation (grey circles) side of S?Z}?f};e Hualfin
N=10
and basement
unconformity (black circles)
N=10

Termas de Nacimientos
Foliation and basement unconformity are subparallel where unconformity is offset by reverse faults

? ide of S'EAS'cIi‘ Hualfin
Plot of foliation (grey circles) Sice of Sterma Ce Hua
N=11
and basement
unconformity (black circles)
N=21
] WEST
Upper Rio Villa Vil: The Wail side of Sierra de Hualfin
Foliation and basement unconformity are subparallel where unconformity is folded
Faae Plot of foliation (grey circles) Foliation planes with
N=7 slickenlines
and basement
unconformity (black circles)
N=2
right lat. offset
on N15E 29W
plane

Figure 3.14. Stereonet plots of fracture foliation planes.(a) La Quebrada (b) Termas
Nacimientos (c) Rio Villa Vil.



Foliation Width Width
fracture infilling*  microlithons
Sample #: mm mm
PG-98-13 0.25 4
0.25 1
0.25 2
0.5 2
0.25 4.50
0.5 5
0.25 3
0.25 7
PG-TRV II 3.5 9
gr-ss rock 1.3 6
1.25 4
0.5 4
0.5 6
0.3 3
PG-98-46 0.5 3
granite 0.3 5.0-6.0
0.3 5.0-3.0
0.3 5.5-10
0.1 35
0.1 10
0.1 6.5
PG-98-25 0.1 1.3-1.1
granite 0.1 1.1
0.1 3
0.1 3
0.1 1.4
0.1 14
0.1 0.6

* width is estimated below 0.5 mm: 0.1 for hairline width, 0.25 and 0.3 are relative

Width (mm)

Width of fracture infilling and width of microlithons

Number

{ @ Seriesl ‘
i ASeries2 |

Table 3.3. Foliation spacing thickness.
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seen across silt and/or hematite infilling (Figs. 3.15a, b). The infill material is mostly very
fine-grained to fine-grained particles of quartz, altered potassium feldspar, and biotite. The
material is sometimes extremely fine-grained, and some individual grains are visible but
their grain boundaries are not clear. This is evidence that the material has been recrystallized
at very low temperatures in the presence of fluids, or siderized (G. Mitra, personal
communication, 2001). The grains in the fill material are subangular to subrounded,
randomly oriented and poorly sorted. More rounded grains and allocthonous particles are
evidence for cataclasis and fluid-assisted flow of material from other sources. Offset of
other fractures and grains attest to movement of material along the boundaries of the infilled
fractures and not just within the infill material. Not surprisingly, the sample with the
greatest amount of infilled material, rounded grains and flow textures seen in thin section is
PG-TRV11 (Fig. 3.15c), which is from the Rio Villa Vil area where the basement-
unconformity is folded.

The photomicrographs of the fracture foliation planes show a possible progression
of deformation from a single, hematite-filled fracture cutting across a quartz grain (Fig.
3.15a), to hematite-filled fractures incorporating quartz clasts and developing around an
altered feldspar grain (Fig. 3.15b) to a hematite-filled vein with many more particles of

quartz and other minerals from the surrounding rock (Fig. 3.15c).
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Figure 3.15. Series of photomicrograph of fracture foliation planes in thin section that
show a possible progression of deformation from a single, hematite-filled fracture cutting
across a quartz grain (a) to hematite-filled fractures incorporating quartz clasts and
developing around an altered feldspar grain (b) to a hematite-filled vein with many more
particles of quartz and other minerals from the surrounding rock. The photographs cover an
area approximately 2.5 mm across; (a) and (c) are in polarized light, (b) is in plain light.
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A,y

Figure 3.15
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3.3.2. “Folding” of Basemeent by Faulting: Termas Nacimientos

In the vicinity of the N acimientos area, coincident with a series of subparallel shear
zones in the basement, there arxe cover rocks that have been deformed into a range-scale
fold (Fig. 3.2a, 3.16). In order - to evaluate the shape of the basement unconformity and the
role of basement faulting in thee folding of cover sedimentary rocks, we took measurements

along a 350-m transect over bare exposures of the basement unconformity. The transect

was oriented N60°W, roughly perpendicular to the strike of the range and to the strike of

many of the reverse faults in thhis area (Fig. 3.2a, 3.16). Along the transect there are 14

measurable fault surfaces that mccommodated a change in the dip of the originally-planar

basement unconformity. The usnconformity shallows from ~30°E in the east to ~20°E in the

west, thus imparting an overalll folded shape on the basement. This can be seen in both the
profile of the transect (Fig. 3.99) and in a plot of distance from SE to NW versus dip of the
basement unconformity surfac=e (Fig. 3.17a). The plot and the profile show that the
basement unconformity surfacse is not continuously folded, but that it achieves a folded

shape via offsets on spaced fawults bounding domains of homoclinal dip. Faults dip between

50° and 75° to the west, with t-he majority of faults dipping between 50° and 60°.

However, there is no clear relastionship of fault dip to distance traveled from E to W across
strike of the range (Fig. 3.17b)es. The acute angles between the reverse faults and the
bedding, which indicate how mmuch bed lengths are being shortened or extended by the
faults, are relatively large for asll the faults and thus appear to be shortening bed lengths
only slightly (Fig. 3.17c). The faults range in throw from 0.5 m to 23 m and accommodate

about 43 m of shortening over the 350-m distance in the basement (12%).
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Figure 3.16. Aerial photo of the Termas Nacimientos area. Arrows point to the area of
spaced faults in cross section B-B’ (Fig. 3.2b) and Figure 3.9, and to the folded Tertiary
strata.



b)

Figure 3.17. (a) Graph of dip of unconformity v. horizontal distance. (b) Graph
of fault dip over horizontal distance. (c) Graph of acute angles.
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Most striking are m-diagrams on equal-area stereonet plots for poles to bedding of
the cover rocks and poles to strike and dip of the basement surface that show similar fold
axes trends (Fig. 3.18). These fold axis trends are within the range of strike trends for the
subparallel reverse faults that displace the basement unconformity, confirming the
observation that these faults are participating in the folding of the cover rocks. The
basement unconformity is clearly and discontinuously broken by faults with high cut-off
angles, yet when viewed at greater distance, the basement unconformity may appear
smoothly folded. Thus basement faults are not only allowing the cover to fold, but are

permitting the basement to “fold” as well.

3.3.3. Folded Basement Unconformity: Rio Villa Vil

The basement unconformity exposed on the west side of the Sierra de Hualfin is

sharply folde-d (Fig. 3.3b). From east to west, the basement unconformity increases in dip

from ~20°W to 65°W within a 500 m to 800 m horizontal distance (Fig. 3.2a). The

(continuous) fold geometry can be clearly seen in cross section A-A’ (Fig. 3.2b). A fold

axis oriented N50°E to N65°E was determined from mapping.

3.3.3.a. Fraczure foliation

At the location where the folded basement unconformity can be examined closely
(Rio Villa Vil area), the presence of a fracture foliation similar to the foliation described in
other areas is notable (Fig. 3.19). The fracture planes can be seen as dark lines which are
planes that project into and away from the plane of observation (Fig. 3.19a). Some of these
fracture foliation planes were stripped of overlying layers, revealing slickenlined surfaces

on red polish (Fig. 3.19b). Slickenlines on these planes were generally gently to shallowly
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Termas Nacimientos

Strike trends of reverse faults Fold axes for cover beds
Greatest average strike trend: and basement unconformity
210°-220°

v

Circle = 40%

® Poles to bedding

= Poles to basement
= .
N=19 unconformity

Figure 3.18. Rose diagram of the strike trends of reverse faults and a n-diagram of
bedding of sedimentary rocks and dip of the basement unconformity in the Termas
Nacimientos area. The plots show that the trends of the reverse faults coincide with

the n-axis of the folded strata.
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Figure 3.19. Fracture foliation at the folded unconformity in the Rio Villa Vil area.
(a) Dark lines on surface are fracture foliation planes. (b) Slickenlined surface of a

fracture foliation plane suggesting slip has been accommodated along these planes.
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raking (Fig. 3.20a), and one plane showed right-lateral sense of motion. The orientation of

the fracture foliation planes (average N22°E 32°W) and the orientation of the basement

unconformity (NSO°E 57°W) in this area do not coincide as closely as the orientations of

these features in the other two areas described previously (angle between average

orientation planes is 31°) (Fig. 3.14c). The basement unconformity in this area appears to

have a much greater component of hematite-stained silt material compared to other sites.
Hand sample PG-TRVII collected at this location shows a greater thickness of infill
material from 0.3 mm to 4 mm, in comparison to fracture filling in other samples from
Termas Nacimientos and La Quebrada (Table 3.3) which show a maximum thickness of
0.5 mm. Because the exposure at Rio Villa Vil is parallel to the plane of foliation, the depth

of the fracture foliation in the granite cannot be observed here.

3.3.3.b. Faults and joints

The increase in dip of the unconformity from east to west appears to be continuous.
Up close, though, the surface of the basement is riddled with fractures (Fig. 3.19a). Some
fractures are faults with minor measurable offset (~.5 m - 2 m offset). Prominent fractures
appear in a cross pattern on the surface of the basement unconformity. A stereographic plot

of all the fractures measured on this surface shows that there are almost all orientations and

dips of faults (NS to EW strikes and 15° to 89 °dips), though there is a cluster of about

eleven fractures that dip steeply and trend WNW (Fig. 3.8b). Among these fractures, six
faults with measurable offset (Fig. 3.20b) displace the basement unconformity surface in
reverse and normal right-lateral sense. These faults range in length from ~40cm to 10 m
and larger (out of the view of outcrop) (Table 3.4). Five faults have reverse sense of

motion, with offsets measuring from 0.05 m to at least 3 m. A normal right-lateral fault
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measured has 0.17 m right lateral offset. Four of the six faults, when rotated back to

horizontal 65° about an axis oriented 043°, remain reverse faults (Fig. 3.20c); one reverse

fault (#8) becomes a normal fault (Fig. 3.20c, Table 3.4), and the right-lateral normal fault
remains a normal fault. A comparison of the angle between the basement unconformity
surface and the present day fault surfaces confirms that four out of six faults are shortening

the basement unconformity (at variable degrees), one fault is extending the unconformity,

and another fault is at 90° to the unconformity, thus neither shortening or extending the

surface (Table 3.4). A stereonet of these faults in combination with this analysis shows that
there is approximately NW-SE shortening and N-S extension of the surface. This is similar

to the regional strain field that uplifted the Sierra de Hualfin.

3.3.4. Small Scale Fault-to-Fold Examples

In the areas of Termas Nacimientos, La Quebrada and Nacimientos de Arriba, the
basement unconformity is dipping homoclinally and appears to be displaced by reactivated
joints that have between 0.04 m and 20 m of vertical offset. In all of these examples, the
fault tip is at the basement-cover interface because many (if not all) of the faults are
reactivated joint fractures in the basement (Fig. 3.10 - Termas Nacimientos). The transfer
of displacement from the basement fault to the sedimentary cover can be observed where
there are sedimentary rocks overlying these basement faults. Faulting in the basement
causes displacement of the sedimentary rocks immediately overlying the basement by
various fractures that often emanate from the fault tip (Fig. 3.21a, b). Fracturing in the
sedimentary unit displaces the upper bedding “boundary” into a fold shape and promotes

folding of the units farther upsection, depending on the amount of initial displacement.
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Rio Villa Vil Faults

(fracture measurements

with slickenlines and/or offset)
N=21

Rio Villa Vil Faults with offset

Fault #34:
at feast 3 cm rev

Rio Villa Vil Faults with offset:
rotated 61 deg. about N43E axis

Figure 3.20. Analysis of faults in the Rio Villa Vil arza (a) stereonet with fault/fracture
planes and slickenlines (black circles) (b) faults with offset (c) rotation of
(b) 65°about a 043 °axis.
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Set #1
Strike Dip Rake Slicks |Comments Slicks
“The Wall" AVG orientation: N6OE 62W trend  jplunge
sed 8 N 25]E | 31{E protrudes Icm from surface
sed 9 N 18IE 28|E Fault: Smm reverse displacement, 39 cm long
basement 16 N 9IW | 21|W Fault: ~60 cm offset base/sed contact, 10 m long
base/sed 23 N IS|E 29|W 26IN _|slicks _{Fault: 17 cm right lat. offset. 2-3 mm red cat.mat.. [80cm long |N8W 12
| base/sed 32 N S21E | 21{E Fault: rev. offset 1-5 cm, has same orientation as big fault N6SW 18
basement 34 N 89{w | 38lE 28IN |grooves |Fault: at least 3m rev. offset, ph. 16 &17
Bedding | IN | s3lelefw] T | best bedding
cotated about axis 43, 61 degrees (best bedding )
Strike Dip Rake Slicks
sed 8 214 89
sed 9 32 87
t 16 65 50
base/sed 23 65 37 187] 48islicks
base/sed 32 46 82
basement 34 360 42 2§ 77 ves
| Angle between faults and N43E 61W bedh% Angle between faults and NSSE 62W unconformity
223 61 235
Strike Dip Angle Angle
sed 8 25 31 91 90| neutral
sed 9 18 28 87 85{shortening/neutral
| bas 16 171 2i 50 55|shortening
base/sed 23 195 29 37 42|shortening
base/sed 32 52 21 82 83 |extending/neutral
basement 34 271 38 42 36{shortening

Table 3.4. Orientations of faults and slickenlines at Rio Villa Vil, along with calculations of

the angle between faults and bedding or the basement unconformity at the same location.
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Ugconformity:
NI16E 34W
4 cm vertical

offset

Fault: Og
NG6OE 69S

Figure 3.21. Photos and corresponding sketches of faults in basement propagating into
overlying sedimentary rocks. The fault in basement generates fracturing and an overall
fold shape in the sedimentary rocks. (a) La Quebrada area (b) Nacimientos de Arriba
area.
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These outcrops show a mechanism for folding of rocks due to fault-propagation
that is not entirely by flexural slip, especially in the units closest to the tip of the
propagating fault. One outcrop in La Quebrada is a fault with 12 cm of vertical offset that
shows a pattern of fractures fanning from the main fault plane in basement (Fig. 3.22a).
Displacement on the basement fault causes a triangular zone of distortion in the (thin)
sedimentary rocks above the fault (Fig. 3.22b). If these small scale fault-to-fold examples
can be representative or indicative of processes active at a larger scale, then their existence
supports the idea of fault-propagation folding as a mechanism active in the Sierra de
Hualfin, and possibly in other basement-cored uplifts. The geometry of the exposures in
the rocks is also very similar to descriptions of the effects of trishear and would argue for

the relevance of trishear in this system.

3.3.5. Mechanical stratigraphy

The pattern of deformation in the Sierra de Hualfin suggests that a macro-
mechanical stratigraphy exists in the rocks (Fig. 3.23), similar to the structural lithic units
described by McConnell and Wilson (1993) in the Rocky Mountain foreland province of
the United States. McConnell and Wilson (1993) used the concept of structural lithic units
to describe the different deformation mechanisms by which sedimentary rocks
accommodate folding above basement faults in the Rocky Mountain foreland. In the Sierra
de Hualfin, we propose a mechanical stratigraphy composed of stiff granite basement, a
semi-stiff intermediate zone of basement and cover (a transition zone), and a soft, clastic-
dominated cover sedimentary sequence (Fig. 3.23). The basement undergoes translation
and rotation with some faulting and jointing. The transition zone deforms by cataclasis,
folding, faulting, and jointing. The cover deforms by flexural slip folding, jointing,

fracturing, and some faulting, which includes some of the same mechanisms described for
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the Rocky Mountain foreland (Spang and Evans, 1988). McConnell and Wilson (1993)
also noted that sedimentary rocks that are low-ductility units deform by faulting, whereas
high-ductility units deform by other mechanisms, such as cataclastic flow. This analysis
can be applied to basement as well as cover rocks. Where rocks are “ductile” they will
deform by more distributed deformation because of the presence of pervasive fractures. At
low temperatures and pressures, ductile behavior can be visualized as flow via movements
along grains, where the grains are separate sand grains in a sandstone, or are blocks of
granite separated by joints and fractures. For example, a highly fractured and faulted layer
of basement above a fault might exhibit a pseudo-ductile bulk behavior. Where rocks are
very stiff and low in ductility, they will simply break.

The mechanical stratigraphy is clearly a function of the rheology of the materials.
The semi-stiff nature of the intermediate transition zone is due to the fracturing of the top
portion of the basement and penetration of silt and clay material into the granite through
those fractures, which impart a lubricated fracture foliation to the top of the basement. This
foliation is only present in coarse-grained granite, even when fine-grained sills rest
stratigraphically above coarse-grained granite (Fig. 3.24). The pervasive fractures and
joints, and the fracture foliation allow the transition zone to deform almost incrementally
along these fractures surfaces, effectively flowing, much like sedimentary rocks flow along
grain boundaries, but less continuously or smoothly because the *“grains” in this zone are
blocks of granite, ranging from 1-10 mm in thickness (microlithon thickness - Table 3.3) to
tens of centimeters or more (defined by the spacing of joints). This fundamental property
allows the basement unconformity on the west side of Sierra de Hualfin to assume a
smoothly folded appearance from a relatively close distance (~ 100 m). However, the
folded shape of the Sierra de Hualfin extends deeper than the ~ 2 meters that the foliation
has been observed to exist. Thus, movement on faults, joints and fractures deeper in the

basement must be accommodating the folded form of the entire uplift.
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La Quebrada
a) west side Sierra de Hualfin b)

—

Zone of

deformed Zone of
granite deformed
sandstone

Figure 3.22. View southeast of the west-dipping
basement unconformity and a 12-cm fault along
a reactivated joint plane in the La Quebrada area.
(a) Panned view showing the fault plane is also a
joint plane. Note the fanning pattern of fractures
in the footwall. (b) Close up view showing dense
fracturing of the basement hangingwall, subparallel
to the basement unconformity. Note a triangular
zone of deformed sandstone whose apex is at the
tip of the fault. Swiss army knife in the center is
5 cm long.
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m—wy

Mechanical i
Stratigraphy | Stratigraphy Outcrop-scale Deformation Mechanisms

Tertiary Mechanical Flexural-slip folding, jointing, minor fracturing,

cover faulting, layer parallel shortening and extension
"Transition" Cataclasis, flexural-slip folding, internally
zone faulted, jointed
Ordovician | Mechanical
granite basement

Rigid translation and rotation, jointing

Figure= 3.23. Diagram showing the macro-mechanical stratigraphy seen in the Sierra de
Hualfi-n, as related to the stratigraphy and the outcrop-scale deformation mechanisms.
The wxidth of the transition zone can be variable, but has to extend at least to the depth
of the :amplitude of the overall fold in basement.
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Figure 3.24. Photograph of a fine-grained granite sill over coarse-grained granite. Note
that the fine-grained sill is fractured but does not develop the closely-spaced, subparallel
fracture foliation that is seen in the coarse-grained granite, despite the sill occurring at
the basement unconformity level. The basement unconformity is just above the sill

in the photograph.
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3.4. DISCUSSION

3.4.1. Folded basement in the Sierra de Hualfin

The data presented from Sierra de Hualfin show how basement has deformed into a
fold shape with a ~ 4 km amplitude fold. Deformation mechanisms at shallow levels seen
on the west side of the uplift where the basement unconformity is continuously folded are
suggestive of deformation mechanisms at work deeper in the basement, where these are
presently not observable.

The basic structure of Sierra de Hualfin is a fault-propagation-fold breached by a
through-going fauit. Fault-propagation folding is cited and accepted as a mechanism for the
development of basement-cored uplifts (DeCelles et al., 1991; Erslev and Rodgers, 1993;
Allmendinger, 1998). Fault-propagation folding has been mostly used to describe the
distortion of sedimentary rocks above a fault in the same units or in basement, while
basement was seen to behave mostly rigidly with little internal deformation. However,
there are numerous studies that document internal deformation in the hanging wall of
basement-cored uplifts, away from the main fault zone. For example, in the hanging wall
of the Wind River Mountains there are significant fault and fracture zones throughout the
range (Mitra and Frost, 1981; Mitra and others, 1988). In the Washakie range, there is
small-scale fauiting within the range, and broad zones of faulting at the front (Evans, 1985
and 1986). The presence of closely spaced faults in the hanging wall of the Madison
Range, Montana, has been noted by Spang and Evans (1988).

How do the granitic basement rocks assume a bent folded shape? Studies in the
Rocky Mountain province show the dominant mechanisms in crystalline basement that
accommodate deformation and “folding* are fracture and faulting. In Coad Mountain in
southeast Wyoming, Barnes and Houston (1969) suggested that basement folded passively

along microfractures that parallel vertical joints formed during the uplifting event (Fig.
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3.25a). From deformed experimental rock models by Friedman et al. (1986), Cook (1988)
postulated that cataclastic flow near the basement-cover interface and directly above a
master fault create the appearance of folding (Fig. 3.25b), a theory that was subsequently
applied to Rattlesnake Mountain and to Sage Creek anticline structures in Wyoming (Cook;
1988). In the Teton Mountains, Wyoming, folding of basement appears to have occurred
by movement on minor normal and reverse faults in the hanging wall (Erslev and Rodgers,
1993). Slip along closely spaced fractures can also produce an overall folded form in rocks
(Spang et al, 1985; Spang and Evans, 1988; Garcia, 1999), and backthrust faulting and
cataclastic flow observed in deformed rock model experiments have also been proposed as
mechanisms for “folding” (Chester et al., 1988).

Opponents of folded basement cite that isotropic basement, similar to a brick,
would not fold but break under compression because of a lack of planar and other
anisotropies by which folding could take place (Stearns, 1975). Isotropic basement would
be difficult, if not impossible, to fold; however, basement is typically pervaded with pre-
existing faults, fractures (including joints, a regular and often regional system of fractures)
and fabrics that have an affect on the final basement-cored uplift shape. These pre-existing
structures (fractures and fabrics) have been recognized as a way to impart anisotropy to the
basement and help effect observed distortions (Blackstone, 1983). Thus, it is these
ubiquitous and pervasive discontinuities that allow basement to attain a folded form.

At shallow basement levels in the Sierra de Hualfin, the basement unconformity
assume a smoothly folded shape via movements on joints, minor faults and brittle foliation.
Faulting along spaced reactivated joints in the Termas Nacimientos area has also imparted
an overall fold shape on the basement. Deeper in the basement, the combination of joint
fractures that define blocks (as seen in La Quebrada 3D exposure), and faults move granite
blocks and distorts the basement into a fold shape. A simple analogy for this would be the

behavior of several rows of wooden blocks lying above a faulted block when one part of
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the block moves up (or down). A real, small-scale analogy mainly folding sedimentary
rocks would be the fault-to-fold exposures in La Quebrada and Nacimientos (Figs. 3.21,

3.22).

3.4.2. Influence of propagation to slip ratio on form of folded basement

The trishear kinematic model is a helpful tool to visualize the propagation of a fault
tip into the overlying medium and to visualize how the ratio of propagation to slip affects
the fold shape that occurs in the basement rocks. Figure 3.26 shows a chart created in
Trishear v. 2.9.4 (Allmendinger, 1999) with varying fault angles and varying P/S that help
describe the deformation in the Sierra de Hualfin. A direct inversion or forward model of
the Sierra de Hualfin cannot be carried out in the Trishear program, if one assumes that the
main fault uplifting the Sierra de Hualfin is listric or has several bends (R. Allmendinger,
1999, personal communication). However, it is still useful to compare simpler trishear
models to the cross section of Sierra de Hualfin.

Clearly, a high propagation to slip ratio (> 2) does not fold rocks very much (Fig.
3.25), and this may be the case for basement-cored uplifts such as Rattlesnake Mountain,
and the Uncompaghre uplift where the fault tip from which folding occurs appears to be at
the basement unconformity. In other uplifts, where folding of basement has been
documented (Coad Mt., Sheephead Mt., Elk Mt. - Barnes and Houston, 1969; Blackstone,
1983; Schmidt et al. 1993), a smaller propagation to slip ratio would be more relevant (<
2). It is also likely that P/S changed during the development of an uplift, thus having a
larger ratio in the basement (less folding) and a smaller ratio in the cover (more folding). In
summary, structures that are folded will have been formed by trishear with a smaller P/S

than a structure that is purely faulted.
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(Barnes and Houston, 1969)

b)

Figure 3.25. Mechanisms of folding basement proposed by other authors:
(a) Barnes and Houston (1969): Basement surface folds passively by variable m
ovement along joints and/or microfractures.
(b) Cook (1988): Pseudo-folding of the basement-unconformity surface
achieved by cataclastic flow of granite along the basement-cover interface.
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Figure 3.26. Models of folds using Trishear (Allmendinger, 1999). All models have a
trishear angle of 60 and a slip of 100 units. The P/S varies along the vertical axis for a
ramp angle of 20° (best fit to the orientation of the backlimb of Sierra de Hualfin). Two

models on the right show the effects of using higher ramp angles (30°and 45°)

fora P/S of 1.2.
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3.5. CONCLUSIONS

In the Sierra de Hualfin, the critical exposure of the folded basement unconformity
on the west side of the uplift, as well as the faulting at Termas Nacimientos, has allowed us
to develop a model of basement deformation that can explain how basement folds (Fig.
3.27). The basement unconformity is variously deformed by reactivated and infilled joints,
faults and a fracture foliation. These features imply similar mechanisms at work deeper in
the basement in order to produce the 4-km amplitude fold that occurs in the hanging wall of
the Sierra de Hualfin uplift.

In order for basement to fold or assume a folded shape via various deformation
mechanisms (such as the ones discussed here), conditions have to be such that the tip of the
fault propagating through the basement lies within the basement while slip is accumulating,
causing folding and distortion of the basement rocks above it. This implies that the
propagation to slip ration (P/S) as seen in trishear modeling, must be low enough to induce
folding in the basement while the fault tip is still in the basement. The factors that influence
the position of the propagating fault tip are unknown at this time but undoubtedly are

related to the mechanical properties of the medium through which the fault is propagating.
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Folding of basement in the Sierra de Hualfin

Rio Villa Vil

Termas Nacimientos

Figure 3.27. Nlustration of folding of basement in the Sierra de Hualfin, showing the
two type areas, Rio Villa Vil and Termas Nacimientos. At Rio Villa Vil, the basement
unconformity has a smoothly folded form, the result of movement along joints, fractures
and fracture foliation planes. At Termas Nacimientos, the basement attains a folded
shape via offsets on spaced, reactivated joint surfaces. Shaded areas represent overlying
cover strata.
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CHAPTER 4
THE NORTHERN SIERRAS PAMPEANAS AND THEIR RELATION TO
THE ADJACENT PUNA PLATEAU AND EASTERN CORDILLERA-
SANTA BARBARA SYSTEM

ABSTRACT

The northern Sierras Pampeanas are an ideal place to study the relation of basement-
cored uplifts and proximal fold-thrust structures. Located at the southeastern edge of the
Puna Plateau and the southern end of the Eastern Cordillera and Santa Barbara System, the
northern Sierras Pampeanas constitute a transition zone between flat and steep subduction
of the Nazca Plate, and between lesser and greater thickness of Paleozoic and Mesozoic
sedimentary strata. Relating structures across these along-strike changes and across

transitions between provinces remains an important and understudied subject.

Two balanced cross sections (along a 260-km transect at ~ 27° 30°S) were

constructed in order to investigate the structural relationships between the northern Sierras
Pampeanas and the eastern edge of the Puna Plateau. Individual basement-cored uplifts in
the northeastern cross section are products of both east- and west-directed fault systems,
separated by intervening basins. Basement-cored uplifts in the southwestern cross section
are more closely spaced and are separated by relatively narrow and shallow basins. In the
westernmost region, where there is almost twice the thickness of sedimentary strata,
deformation includes normal faulting, as well as compressional basement-involved
structures. Despite the surficial presence of normal faults, the elevated regional top of

basement from ~3 km below sea level in the east to 1.5 km above sea level in the west
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indicates that there are younger thrust faults in the subsurface, increasing the thickness of
basement and raising the top of basement in the western region.

This study presents a comparison of decollement levels, and structural geometries
of the northern Sierras Pampeanas, the Eastern Cordillera-Santa Barbara System, and the
Puna Plateau as an initial step towards producing a three-dimensional picture of how these
different foreland thrust systems of the Andes are evolving. Thrust structures are more
closely spaced in the Eastern Cordillera and Santa Barbara System (EC-SBS) than in the
northern Sierras Pampeanas, and have shallower decollement levels (19 km to 12 -11 kmin
the EC-SBS, versus 16 km and 27 km below sea level, calculated for the northern Sierras
Pampeanas in this study). Previous studies of Puna and northern Sierras Pampeanas
kinematics show a continuum and an eastward progression of timing of deformation and
consistent kinematics between provinces. These kinematics suggest there is a link between
the thrust structures of the Puna and those of the northern Sierras Pampeanas. In the
regional cross sections presented, thrust faults at the eastern edge of the Puna are
interpreted to join and interact with faults and structures of the northern Sierras Pampeanas,
soling into similar detachment levels as basement-cored uplift faults and forming a

consistent system.

4.1. INTRODUCTION

Along-strike variations of the structure of the Andean Cordillera have been noted
and discussed mostly in relation to the development of the Central Andes (e.g. Isacks,
1988; Whitman et al., 1996; Kley and Monaldi, 1998, 1999a). These variations and the
transitions between them are some of the most intriguing parts of the Cordillera and can tell

us a great deal about orogenic processes, specifically, the differential responses of the crust
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(and lithosphere) to compressive forces. The northern Sierras Pampeanas from 26°30° S to
28° S (Fig. 4.1) are a key transition area in the Andean foreland. Thicker sedimentary

strata and a 30° dipping segment of the Nazca Plate occur to the north, and much thinner

sedimentary strata and a more shallowly subducting segment of the Nazca Plate occur to the
south. The Eastern Cordillera and the Santa Barbara System lie to the north of the Sierras
Pampeanas, the Puna Plateau is to the west and northwest, and the Precordillera fold and
thrust belt, although not contiguous with the northern Sierras Pampeanas, lies to the
southwest (Fig. 4.1). Whereas each of the provinces of the central Andes are well
understood, relating structures across the transition between provinces remains an
important and understudied subject (Allmendinger and Gubbels, 1996; Grier et al., 1991;
Kley and Monaldi, 1999b). This study focuses on the structure of the northemn Sierras
Pampeanas and their relationship to the adjacent Eastern Cordillera-Santa Barbara System
and the Puna Plateau, specifically looking at the possible depth to detachment of major
thrusts.

Two balanced cross sections were constructed in order to examine the relation of

the northern Sierras Pampeanas to the adjacent provinces. The combined section lines

extend 260 km from the foreland to the eastern edge of the Puna Plateau at 27°30’S and

27°42’S (Figs. 4.1, 4.2). In the eastern region of the cross sections, there are individual

basement-cored uplifts, products of both east- and west-directed fault systems, separated
by intervening basins. In the southwestern cross section, basement-cored uplifts are more
closely spaced and are separated by relatively narrow and shallow basins. In the
westernmost area of the southern cross section there is almost twice the thickness of

sedimentary strata due to the addition of Ordovician, Permian and Carboniferous deposits.
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Figure 4.1. Location map of the northern Sierras Pampeanas region showing the Sierras
Pampeanas, the Precordillera fold-thrust belt, the Puna Plateau, the Santa Barbara system
and the Eastern Cordillera. Black outline box on shaded digital relief image of the western
coast of South America shows location of larger map. Location of cross sections in Figures
4.2a and 4.2b are shown as A-A’, B-B’. Qutline box on map bounds the study area.
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Figure 4.2. (c) Geologic map of the study area in the northern Sierras Pampeanas showing cross section locations,
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Deformation in the west includes normal faulting, as well as compressional basement-
involved structures. The westernmost normal faults are interpreted as older faults, cross-cut
by younger thrust faults that elevated regional top of basement from 3 km below sea level
in the east to 1.5 km above sea level in the west.

The interconnectedness of structures between provinces is one way to evaluate the
relationship between provinces. Thrusts from one system may carry over into the other via
similar detachment levels, or by way of lateral ramps which connect to a deeper common
level of detachment. Alternatively, a vertical “suture” zone between each of these provinces
could inhibit deformation (faults and folds) from one system to continue into the other.
These relationships can be determined through kinematic and geometric analysis of surface
and subsurface structures (decollement levels). In the Eastern Cordillera and Santa Barbara
System (EC-SBS), thrust structures are more closely spaced and have shallower
decollement levels than in the northern Sierras Pampeanas. Previous studies of Puna and
northern Sierras Pampeanas kinematics (Marrett et al., 1994; Allmendinger, et al. 1997)
show a continuous, eastward progression of the age of deformation and consistent
kinematics between the provinces. These kinematics suggest a structural link between
deformation in the Puna Plateau and deformation in the northern Sierras Pampeanas. In the
regional cross sections presented, thrust systems at the eastern edge of the Puna are
interpreted to join and interact with faults and structures of the northern Sierras Pampeanas.
Faults in the Puna also are interpreted to sole into similar detachment levels (~16 km) as

basement-cored uplift faults.
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4.2. NORTHERN SIERRAS PAMPEANAS

Within the region - of study in the northern Sierras Pampeanas there are seven main
basement-cored uplifts, inzcluding the Sierra Aconquija, Cerro Durazno, Sierra de Quilmes,
Sierra de Hualfin, Sierra cle las Cuevas, Sierra Fiambald, and Sierra de Zapata (Fig. 4.1).
The basement in this region is composed of Precambrian and Paleozoic metamorphic rocks
and Ordovician granitoid fbodies (Omarini et al., 1984; Mendez et al., 1973). A common
and important feature of tkhe uplifts is the basement-cover unconformity that is preserved in
many of the gently dippin; g backlimbs of the structures. This paleo-erosional surface is
thought to have been formed over a 300-400 million year time span (Jordan et al., 1989).
The unconformity (or basement-cover contact) is important in constraining the geometry of

basement-cored uplifts ansd thus aids in the construction of regional cross sections.

4.2.1. Paleogeography., Tectonic Stratigraphy, and Stratigraphy
Paleogeography diirectly relates to depocenters in the region and is important as it
helps to constrain the later-al extent of sedimentary strata in the regional cross section. A
summary of sedimentatior1 and related tectonic activity is given in Figure 4.3. Three major
depositional events are represented in the region of study. An Ordovician basin located
behind a west-facing contEnental-margin volcanic arc (Bahlburg, 1998), and currently
preserved as meta-sedimemtary strata, appears to have extended eastward only as far as the
Sierra Narviez and does msot exist in the Sierras Pampeanas proper. The Carboniferous-
Permian Paganzo Basin, c-onsidered to be a foreland basin to Pacific Plate subduction under
the margin of Gondwana Ramos, 1988), represents the next major depositional period.
Carboniferous deposits of the basin are from the post-glacial Lake Narvdez (Buatois and
Mangano, 1995). In the Permian, the region is thought to have evolved into a rift system

(Buatois and Mangano, 1995). The northern part of the Paganzo Basin extended only as far
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east as Sierra Narvdez, as the northeastern regions were likely basement highs during the
Carboniferous (Buatois and Mangano, 1995). In the middle to late Tertiary (Miocene)
through Quaternary, continental deposits were accurnulating in vast quantities in the
northern Sierras Pampeanas, as the area was the site of a non-marine foreland basin
(Jordan and Alonso, 1987). During the Miocene-Pliocene, the southern Eastern Cordillera
was lower than the northern Sierras Pampeanas, as revealed by Miocene foreland basin
deposition that began earlier in the already-low Eastern Cordillera than in the northern
Sierras Pampeanas (Grier et al., 1991). Quaternary deposition of the Punaschotter unit, a
boulder conglomerate composed mainly of crystalline rocks from the Puna, appear to mark
the uplift of structures to the west (Penck, 1920; Gonzilez Bonorino, 1950; Allmendinger ,
1986; Muruaga, 1999).

Stratigraphic terminology for the area of the cross sections (Fig. 4.4) was drawn
from several sources. For the northeastern cross section, stratigraphy and unit thicknesses
from Gonzalez Bonorino (1950), Allmendinger (1986), and Muruaga (1999) were used
(Fig. 4.4). These include approximately 3 km of sedimentary strata beneath El Bolsén (area
west of Sierra de Hualfin) and 4 km under the Campo del Arenal (basin east of Sierra de
Hualfin) (Fig. 4.2c). Basin depths for the Tucumadn basin are interpreted on the basis of
reflection seismic profiles in Cristallini et al. (2001; 5 km depth), and in Gémez et al.
(1999; greater than 3 km depth). For the southwestern cross section, in the areas of Valle
de Chaschuil and Sierra de Fiambal4, stratigraphy from Turner (1967) was used (Fig. 4.4).
The sedimentary rocks increase westward in thickness from ~4 km to ~ 8 km with the
addition of Permian, Carboniferous, Devonian-Ordovician and Ordovician strata west of
the Sierra de Fiambala.

There is a change in thickness of the two Tertiary units in the cross section (Fig.
4.4). In the east, the lower Tertiary unit (Calchaquense or Tamberia Formation) is only

~1000 m thick, whereas in the west, the unit is 2800 m thick. The overlying Araucanense
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Formation (or Guanchin Formation) is ~ 3000 m thick (Allmendinger, 1986) in the east,
and only 1000 m thick in the west. When compared in terms of time represented (shading
of units in Fig. 4.4), the strata are more similar in thicknesses (2600 m and 2800 m for
Tamberia Formation; 1600 m and 1000 m for Guanchin Formation). If these units are
correlative (Gonzélez Bonorino, 1972; Turner, 1967), then a shift in depocenters from

west to east during the Mio-Pliocene is implied.

4.2.2. Regional Cross Section

4.2.2.a. Methodology

The regional cross sections were constructed based on published map data,
published reflection seismic profiles, and field work conducted for this study. Published
maps are from the Instituto Nacional de Geologia y Mineria, Repiiblica Argentina, at
1:200,000 scale. The published maps used for the cross sections and for Figure 2c are
Hoja 12e Anconquija - Gonzalez Bonorino (1951), Hoja 13e Villa Alberdi - Gonzilez
Bonorino (1950), Hoja 12d Capillitas - Hoja 12e Andalgala - Gonzalez Bonorino (1950a),
Hoja 12c Laguna Helada - Ruiz Huidobro (1975), Hoja 13c Sierra de Fiambala - Gonzélez
Bonorino (1972), and Hoja 13b Chaschuil -Tumer (1967). Mapping at a scale of

1:250,000 was carried out at approximately latitude 27° 42 S along Rt. 45 from ~ 67°40°

to 68° 03’ in detail, with reconnaissance mapping from 68°03’ to 68°30°. Also, detailed

mapping at a scale of 1:55,000 in the area of Sierra de Hualfin was used (Garcia, 2001).
Cross sections were constructed at a scale of 1:250,000 and in two segments (Fig.

4.2a, b) in order to take advantage of available subsurface data from the literature and

surface data collected for this study. Regional elevations for the top of basement were

determined from known and estimated basin depths. The cross sections were balanced by



141

conserving line lengths and area in the deformed and the restored versions, and by
reasonable depiction of observable structural geometries (Bally et al., 1966; Dahlstrom,
1969).

Depth to detachment for the basement-cored uplifts was calculated iteratively by
restoring the individual structures using a flexural slip algorithm in a cross section
restoration software program (2DMove from Midland Valley Exploration) (Fig. 4.5a), and
by using the area balance method (Dahlstrom, 1969) (Fig. 4.5b). Iterative balancing of
individual structures involved restoring the deformed state hanging wall shape, conserving
line length and area, and matching the restored hanging wall geometry to the geometry of
the (undeformed) footwall (Fig. 4.5a). This method yielded fault-bend fold geometries for
basement-cored uplifts, and the detachment levels seen in the cross sections (Fig. 4.2a, b).
The area balance method (Fig. 4.5b) uses the area above regional, which is the area
between the fault, the hanging wall, and the regional elevation line. This area should be
equal to the amount of shortening (Jo-If) multiplied by the depth to detachment (Dahlstrom,
1969; Fig. 4.5b, A=A’). The combination of these two techniques produces better
constrained depth to detachment calculations; however, the calculations are non-unique.
For example, for the Sierra de Aconquija, different fault geometries within an acceptable
range produced depths to detachments of 23 to 31 km. A depth of 27 km was calculated for
Figure 4.2a.

The main variables that affect depth to detachment calculations are the geometry of
the top of basement and fault trajectory. The basement unconformity is often well exposed
on the gently dipping backlimb of uplifts in the northern Sierras Pampeanas, and thus
provides a rigid constraint for depth to detachment calculations. Studies in the Sierra de
Hualfin (Garcia, 2001; Garcia and Davis, 2001), where the basement unconformity and
overlying cover sediments are well-preserved, have served as a guideline for interpreting

the geometry of the basement unconformity of other uplifts where the unconformity may
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a) Iterative balancing of the Sierra de Aconquija,
using flexural slip restoration
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Figure 4.5. (a) Sample restoration step for the Sierra Aconquija showing footwall and
hanging wall cut-offs. These cut-offs need to match in order to consider the cross section
balanced. The cut-off geometry depends on the shape of the fault, and thus can help
determine depth to detachment calculations. Steeper fault angles did not restore well,
give the observed surface geometry of the top of basement and overlying sedimentary
strata.

(b) Area balance method for determining depth to detachment for the Sierra Aconquija,
after Dahlstrom (1969). Depth to detachment is obtained by calculating shortening
(lo-If), and dividing the shaded area A by shortening. This results in the vertical
component (d) of area A’, which is the depth to detachment.
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not be exposed. Fault geometry was constrained by the geometry of the overlying
sediments and the basement unconformity. In some areas of the Sierras Pampeanas,
inversion of previous rift structures (e.g., Schmidt et al., 1995) has been cited as a way to
explain steep dips on thrust faults. Within the northern Sierras Pampeanas of this study
area, there is no sedimentological record that indicates previous rifting, in contrast to, for
example, the region of the Santa Barbara System where Cretaceous sedimentation records a
rifting event (Grier et al., 1991). Thus, low angle thrust faults are interpreted to be

producing the basement-cored uplifts in the area of the cross sections.

4.2.2.b. Structure

The northeastern cross section line trends N80°W from the town of Concepcidn,

Tucuman Province, to NW of the village of Villa Vil, Catamarca Province (Fig. 4.2a, ¢).
The length of this section line is approximately 145 km. The section line crosses (from SE
to NW) the western edge of the Tucumén basin, Sierra del Aconquija, Cerro Durazno,
Campo del Arenal basin, Sierra de Hualfin, and the eastern edge of the Sierra de Alto
Huasi. The cross section shows individual basement-cored uplifts separated from each
other by intervening basins. There is a west-directed thrust system, represented by faults
beneath the Sierra del Aconquija and the Cerro Durazno, and an east-directed fault system,
represented by faults beneath the Sierra de Hualfin and the Sierra de Alto Huasi.
Subsurface data from Cristallini et al. (2001) show several other minor structures, both
east- and west-directed, that do not have a surface expression, but are interpreted as a fault
system related to the larger uplifts. Regional elevation of the top of basement in the area of

the northeastern cross section is at approximately 5 km below sea level on the east and 1

km below sea level on the west, and thus slopes 2°E. Shortening in this cross section is

about 16 km or 11%.
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The southwestern cross section line trends E-W at the latitude of ~ 27° 42’ S. The

cross section line is 145 km long, and from E to W passes through Campo de Belén, Sierra
de Zapata, Cerro Fraile, Sierra de Fiambal4, Bolsén de Fiambald, Sierra Narvaez, and
Valle de Chaschuil. In this section, the Sierra de Fiambala and the basement-cored uplifts to
the east are separated by relatively narrow and shallow basins. Cerro Fraile appears to be
an imbricate thrust block of the Sierra de Fiambala because its eastern-bounding fault is
interpreted to join the thrust of Sierra Fiambala to the south and to the north (Fig. 4.2¢).
West of the Sierra de Fiambal4 (considered the westernmost uplift of the Sierras
Pampeanas), folded and faulted Tertiary sedimentary rocks have been juxtaposed by a
normal fault with the east-dipping backlimb of another basement-cored uplift, the Sierra de
Narvéez. The east flank of the Sierra de Narvdez contains the eastern-most exposures of
Carboniferous and Permian sedimentary units. In the footwall of the east-dipping Sierra de
Narvaez fault, Permian and Carboniferous strata are folded into an anticline-syncline-
anticline geometry (Fig. 4.2b, c). It is unclear whether folding of these units was
contemporaneous with thrusting of the Sierra Narvéez, related to thrusting of Ordovician
strata from the west, or a combination of both. Five kilometers west of the Sierra de
Narviez, Ordovician metasedimentary rocks are thrust eastward over the folded Permian
and Carboniferous strata, and Devonian-Ordovician rocks are thrust westward over
Tertiary strata. In the cross section, the west-dipping thrust is interpreted as the major
uplifting thrust whereas the east-dipping thrust is interpreted as a backthrust. West of the
thrusted Ordovician rocks are a series of normal faults with variable offset that affect
Precambrian through Tertiary rocks. These normal faults are interpreted as older faults, cut
by a west-dipping thrust fault, and transported eastward in the hanging wall of the thrust

fault.
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Regional elevation of the top of basement in the east is ~ 3 km below sea level
under the Campo de Belén, and would be 6.4 -8 km below sea level in the west, given the
thickness of the Paleozoic through Cenozoic strata in the western region. However, the top
of the basement in the westernmost area of the southern section is currently at 1.5 km
above sea level, despite greater thickness of sedimentary cover units. Structural relief on
the basement, thus, is ~ 7.9 - 9.5 km. In order to attain this structural elevation on the
west, a large basement thrust is interpreted to lie beneath the normal faults in the west,
thereby increasing the thickness of the basement underneath the western region and
elevating regional top of basement.

Splicing the two cross sections together, the region of the northern Sierras

Pampeanas at ~ 27° 30’S can be interpreted as shown in Figure 4.6. The sections are

joined at the westernmost fault in the northeastern section (Cerro Negro-S. Alto Huasi
fault, see Fig. 4.2c) which, along strike and to the south, becomes the fault of Sierra de
Fiambald. The combined sections show east- and west- directed fault systems which detach
below ~ 25 km, near the base of the crust. There is also a midcrustal detachment at 16 km
depth and a lateral ramp under Sierra de Hualfin at 5 km that is interpreted to join the

midcrustal detachment farther to the west and south.

4.2.2.c. Crustal thickness

In order to help constrain the regional cross sections, it is important to interpret
crustal thickness. Crustal thickness in the area between 27°S and 28°S latitude has not been
directly measured. Estimates of depth to the Moho at 24.5° S and at 30°S latitude, obtained
from broad band seismology studies (Whitman, 1994; Yuan et al., 2000) (Fig. 4.7), and

gravity measurements and modeling (Introcaso et al., 1992), are the closest direct



Northern Sierras Pampeanas and eastern Puna Plateau
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3 km average elevation line

Jfrom Yuan et al., 2000
71 68 65

Figure 4.7. Crustal thickness map. Moho contours are from Whitman et al. (1994).
Cross section D-D’ (from Yuan et al. 2000) shows depth to Moho at 24.5° S. Geology
is the same as Figure 4.1.
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Area Thickness (km) Comments Reference
Southern Altiplano 75-80 Predominantly felsic crust, relatively high velocity uppermost mantle Zandt etal., 1994

No recent delamination here, no large mafic magma component to thickening

Felsic crust—-weaker, localizes deformation? or felsic product of thickening

jLat 20 dep S 70-74 Western Cordiliera and Eastern Cordillera Beck etal., 1996
(S. Altiplano) 32-38 Chaco Plain (200 km east)
60-65 Central Altiplano
55-60 16 deg lat, E. Cordillera
70-74 20 deg lat, E. Cordillera
43-47 Subandean zone
at boundarv btw E. Cord. & Suband., & in Chaco—>
thinner than predicted bv Airy isostacy modeling
ILat 30deg S 70 Gravitv modeling, MAXIMUM crustal depths Introcaso et al., 1992
Lat 32-33 deg S 65
[Lat 35 deg S 57
Lat. 26 deg S* ~33 Cross section (their Fig. 11). no refS or constraints? Kay et al., 1994
Near San Juan From portable local seismic network (converted waves) Regnier etal., 1994
52 Sierras Pampeanas (S. Pie de Palo)
55-57 Eastern Precordillera
60 Central Precordillera
40 Brazilian shield
Lat. 24 degS From inverted seismic travel time residuals, eastern edge Puna, Whitman, 1994
coupled with esti of foreland flexural rigidity
* 4045 Flat beneath foreland
beneath eastern margin of Puna, dips 10-15 deg west
65 Flatens beneanth eastern Puna
SIMILAR to Moho modeled from refraction data on westem side of Puna Wigger et al.. 1994
Lat 30degS From cross sections Allmendinger et al., 1990
~45 Under foreland (pre-deformation crustal thickness of 38km)
~65 Under high Andes
~45 Under Coastal Cordillera
Lat. 24 deg S* 36 Cross section (their fig. 8, p.36) under Santa Barbara system Whitman et al., 1996
Lat. 24.5 deg S 75 Altiplano Yuan et al., 2000
* 50 Puna
30 Chaco plain at lat. 19 deg S, figure 3a

Lithosphere

eater than 150
less than 100

Altiplano

Whitman et al., 1992, 1993

Puna

Table 4.1. Summary of the available crustal thickness values by location.



Area Elevation  Layer thickness Density Crustal thickness
| km | km | kg/m-3 | km
1{Tucuman basin
low -04 5.0 2300
4.6 19.0 2750
23.6 76.5 3300
100.0 24.0
high -0.4 5.0 2500
4.6 22.8 2800
274 72.6 3300
100.0 27.8
2} Aconquija-Campo Arenaf-Hualfin
1{low -2.0 4.0 2300
2.0 304 2750
324 67.6 3300
100.0 34.4
2thigh -3.0 43.6 2750
40.6 3300
43.6
3{Campo de Belén-Fiambala
low -1.6 3.0 2300
1.4 29.8 2750
31.2 68.8 3300
100.0 32.8
high 2.0 37.6 2750
35.6 3300
100.0 37.6
4] Valle Chaschuil
low -3.0 1.0 2500
-2.0 42.2 2750
40.2 59.8 3300
100.0 43.2
high -3.0 i.0 2500
-2.0 46.4 2800
444 55.6 3300
100.0 47.4
Notes:

Areas separated by changes in elevation or regions of more equal elevation (2 and 3 should be similar).
Elevation is negative above sea level and positive below (depth).

Table shows low and high calculations for crustal thickness based on average crustal densities for

a simple, presumed crustal structure.
Average densities from Turcott and Schubert (1982)

mean upper mantle
granite and diorite

mean density cont. rocks
sedimentary rocks: Ss

3300 kg/m-3

2650-2800
2750
2200-2700

Isostatic balance calculated against a standard column:

Elev. Thick. Density

0 10 2670
10 10 2870
20 10 2950
30 70 3300
100

1 Assumes basin elevation and basin fill across area.

2 Assumes negligible basin fill, uses and estimated average elevation.

Table 4.2. Airy isostatic calculations for an average crustal column for the Tucumaén basin,

Campo Arenal-Campo de Belén region and the eastern Puna in the Valle Chaschuil region
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measurements available. A combination of general trends (i.e., crust is thicker under the
Puna than in the foreland) and calculations of an isostatically balanced crust derived from
normal crustal densities and average elevations were used for determining crustal thickness
in the study area (Tables 4.1, 4.2). Studies of crustal thickness farther north at 20°S and
21°S (Beck and Zandt, 2001, submitted) show a strong correlation between crustal
thicknesses, suggesting Airy isostatic compensation. However, studies carried out farther
south suggest that the Puna is supported thermally as well as by a crustal root (Whitman et
al., 1996), and thus the elevation of the Puna may not correspond entirely to the thickness
of the crust. Recent studies showing a 50-km crust beneath the Puna at 24.5° S (Yuan et
al., 2000) support the idea of a thermal root that elevates the Puna an average of ~ 1 km
higher than the Altiplano to the north (Whitman et al., 1996). Isostatic calculations in the
northern Sierras Pampeanas and southern Puna Plateau using the present day elevations
may give a maximum thickness value for the crust in this area.

A summary of the available crustal thickness values by location is shown in Table
4.1. The general trends in the Central Andes include: crustal thickness in the foreland and
Subandean zone is around 30 km (Yuan et al., 2000), with thinner crust under the foreland;
thickness measurements under the Puna vary from 50 km (Yuan et al., 2000) to 65 km
(Whitman, 1994; Wigger et al., 1994). Airy isostatic calculations for an average crustal
column for the Tucumadn basin, Campo Arenal-Campo de Belén region and the eastern
Puna in the Valle Chaschuil region are presented in Table 4.2. The calculations range from
24 to 28 km in the Tucumadn basin, and 43 to 47 km in the Valle Chaschuil (Table 4.2).
These values are in agreement with the general trend of crustal thicknesses from published
data of 30-35 km in the foreland to 50-55 km in the Puna (Table 4.1). The slightly lower
values given in the isostatic calculations may suggest that the effects of a thermal root under

the Puna farther north are not as great in this region.
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4.3. COMPARISON TO OTHER PROVINCES

4.3.1. Setting and Relevance

At the latitudes of the northern Sierras Pampeanas, the main provinces that
comprise the Central Andes are: the Puna Plateau (the westernmost region is an active
volcanic arc, the central-northern region is an internally drained basin, the eastern edge is a
basement-involved thrust system), the Eastern Cordillera (a basement-involved thrust belt)
the Santa Barbara System (a foreland province, transitional thrust belt between the thin-
skinned Subandean belt to the north and the thick-skinned Sierras Pampeanas to the south)
and the Sierras Pampeanas (a foreland basement-cored uplift system).

The structure of the Puna Plateau, as well as the Eastern Cordillera and the Santa
Barbara System, is important in considering the structure of the northern Sierras
Pampeanas because the tectonomorphic provinces are contiguous and are the result of the
same orogenic event. The Puna lies to the north and along-strike of the Precordillera thin-
skinned fold-thrust belt, thus occupying a hinterlandward position relative to the northern
Sierra Pampeanas. Geologic maps of western Argentina show that the Precordillera
becomes or dies out to the north into the Puna region (Fig. 4.1). The Eastern-Cordillera
and Santa Barbara System lie along-strike of the northem Sierras Pampeanas and are

foreland provinces comparable to the Sierras Pampeanas.

4.3.2. Puna Plateau
The Puna Plateau is considered to be south of 23°S latitude (Whitman et al., 1996)
and the area encompassed by elevations greater than 3 km (Isacks, 1988). Puna

morphology is characterized by NNE-SSW-trending thrust-bounded Precambrian and

Paleozoic basement ranges. The thrusts are east- and west-directed and are separated by
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intervening Cenozoic intermontane basins (Coutand et al., 1998). Late Cenozoic
sedimentary basins reach up to 5 km in thickness (Allmendinger et al., 1997). The structure
of the Puna includes NW-trending Miocene and younger volcanic centers, which have been
suggested to be related to preexisting NW-trending zones of weakness (Allmendinger et
al., 1983, Alonso et al, 1984, Coira et al., 1982; Allmendinger et al., 1997). The Puna is
also the site of the southernmost segment of the active magmatic arc of the Andes.
Deformation and uplift of the Puna have been cited as Neogene (20-15 Ma) in age
(e.g. Allmendinger et al., 1983; Jordan and Alonso, 1987). However, recent studies
showing syntectonic sedimentation in the Upper Eocene Casa Grande Formation argue for
an earlier start of deformation (Coutand et al., 1998). Compression and thrusting in the
Puna is thought to have lasted until 2-4 Ma, at which time shortening was mostly active in
the Sierras Pampeanas and the Santa Barbara System (Allmendinger and Gubbels, 1996).
The bulk of crustal shortening at these latitudes is thought to be in the Puna and not in the
foreland (Allmendinger and Gubbels, 1996), although precise amounts are not known due
to significant volcanic cover. Estimates of shortening across the Puna have been made on
the basis of mass balance considerations (210 km , Isacks, 1988) and mass balance given a

thinned lithosphere (150 km, Whitman et al., 1996). Reflection seismic profiles from the
Puna at ~23° S (Coutand et al., 1998) (Fig. 4.8d) show that the easternmost basement-
involved and other thrusts detach at approximately 2.5 s (TWT; ~ 7.5 - 8 km below the

surface, with Vp = 6 - 6.4 km/s), and thus would relate to midcrustal detachment levels in

the Santa Barbara system.
The Puna Plateau at ~27° 42’ S is an elevated area, both topographically and
structurally. A substantial increase in structural elevation is seen by the presence of

Permian, Carboniferous, and Ordovician strata that have been raised significantly above

their regional elevation. In the cross sections presented here, this increase in regional
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elevation where strata are gently dipping or have minor structure and are not accompanied
by the development of a fold-thrust belt, is accomplished by large thrust sheets expressed at
the surface and in the subsurface. This is the simplest case scenario that balances the cross

section and produces the observed surface geometries.

4.3.3. Eastern Cordillera and Santa Barbara System

The northern Sierras Pampeanas are along trend with the Eastern Cordillera in NW
Argentina (Grier et al., 1991). The Eastern Cordillera is a basement-involved fold and
thrust belt (e.g. Grier et al., 1991) with Precambrian and Paleozoic basement rocks and
overlying sedimentary strata. The boundary between the Eastern Cordillera and northern
Sierras Pampeanas appears to be the southern margin of the Cretaceous Salta Rift Basin
(Grier et al., 1991). The significant change in composition of basement rocks and the
amount of overlying sedimentary rocks related to the paleogeography of this region are
accountable for the major change in structural styles seen across this boundary (Grier et al.,
1991). However, because they lie along-strike, structures need to be compatible or there
would be significant shear zones that have not been observed or recognized.

The Eastern Cordillera and the northern Sierras Pampeanas differ in the spacing of
structures, in the amount of cover sedimentary units involved and in the composition, and
therefore rheology, of the basement. The Eastern Cordillera has folds and faults spaced
between 10 and 20 km consistently (Grier et al., 1991) whereas the northern Sierras
Pampeanas have structures separated by 5 to 30 km randomly (20 km between S. Quilmes
and Cumbres Calchaqui; 15 km between S. Hualfin and C. Durazno; 30 km between C.
Durazno and S. Aconquija; less than 5 km in the area of Sierra Fiambala-Sierra Zapata; see

Fig. 2). Similarly, the change from the Subandean belt to the Santa Barbara System
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Figure 4.8. Cross sections from the northern Sierras Pampeanas region and adjacent
tectonic provinces. Sections are shown at the same scale and in relative spatial positions.

a) Balanced cross section from Grier et al. (1991) across the Eastern Cordillera and
the Santa Barbara system at ~25°S.

b) Combined cross section from Figure 4.6, this study, across the northern Sierras
Pampeanas and eastern edge of the Puna Plateau, ~27° 30°.

c) Western Sierras Pampeanas reflection seismic profile interpretation at ~ 30°S.
From Smalley et al. (1993).

d) Seismic reflection interpretation from Coutand, et al. (1998) of thrust structures
on the Puna Plateau at ~23 °S. Note both thin-skinned and basement-involved thrusting.
Depth to detachments at the top of basement are approximately 2.5 s (TWT), ~7.5 - 8 km
below the surface (Vp=6 - 6.4 km/s).
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between 23-24°S is abrupt and occurs at the Ordn low, the northern margin of the
Cretaceous Salta rift (Kley and Monaldi, 1999a).

A cross section at 25°30’ from Grier et al. (1991) provides the best comparison to
structures in this study because of the proximity of their study area (Fig. 4.8a). They show
a decollement level at 10-12 km in the eastern most part of their section under the Santa
Barbara system, which deepens to 19 km under the Eastern Cordillera. Grier et al. (1991)
suggest that the structures are completely controlled by the Cretaceous rift architecture,
which accounts for the west- and east- vergence of the structures in the Eastern Cordillera
and in the Santa Barbara System. Cross sections in the Santa Barbara System between 24°
and 25°S, farther NE than Grier et al. (1991), similarly show a decollement in the Santa
Barbara system at 10-12 km depth that continues to shallow towards the east (Kley and
Monaldi, 1999a; their figure 5c). Additionally, reprocessing of a reflection seismic data
from the Metan region near the study of Grier et al (1991) reveals a high reflectivity zone at
6 seconds (interpreted as 12 km depth) that is interpreted as the boundary between upper
and lower crust, coincident with the decollement horizons in this area (Cristallini et al.,
1997). Thus, in these foreland provinces there appears to be a common midcrustal
detachment for thrust structures. However, the northern Sierras Pampeanas differ in that
the larger uplifts, such as the Sierra Aconquija, require deeper detachment levels, given the

geometric and structural assumptions related to detachment depth calculations.

4.3.4. Implications for Basement-Cored Uplift Formation

The combination of modeling of the Sierra de Hualfin from the first study and the
regional cross sections with detachments ranging from 16 to 27 km depth suggests that, in
this area basement-cored uplifts can be formed by gently-dipping faults detaching in the

middle crust and near the base of the crust. Faults with ~30° dips have been imaged in the
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Rocky Mountain foreland (e.g. Smithson et al., 1978, 1979) and dips have been
corroborated by well data that gives vertical separation and horizontal separation. For
example, in the Wind River Mountains there is 10.3 km of vertical separation and 19.5 km
of horizontal separation, and in the Bighom Mountains there is 4.26 km of vertical
separation and 8 km of horizontal separation (Stone, 1993). These measurements give
average fault angles of about 28° (arctan(vertical separation/horizontal separation) = fault
dip) . The midcrustal and deeper detachment levels interpreted here for the northern Sierras
Pampeanas also correspond well with detachment levels proposed for the uplifts in the
Wyoming foreland (Stone, 1993; Erslev, 1993) (Fig. 4.9). Mechanisms for the formation
of basement-cored uplifts must then account for varying levels of detachment for

individual uplifts within the same province.

4.3.5. Lithospheric Considerations

Figure 10 shows a scaled lithospheric cross section across the Central Andes at
27°30’ S, with the position of the subducting Nazca Plate beneath the South American
continent. Foreland structure is represented by the combined cross sections from this study
(Fig. 4.6), showing the relation of the study area with other crustal-scale elements. The
distance from the active volcanic arc to the foreland is relatively small (under 100 km), and
the structural geometries in the foreland, as presently known, do not show large amounts
of shortening, although faults are know to exist over 300 km in board from the volcanic arc
(Cristallini et al., 2001). This scenario implies that there are significant amounts of
shortening under the Puna Plateau that have not been observed. The few seismic reflection
profiles from the Puna that are available (at ~23°S, Coutand et al., 1998), suggest the

presence of large thrust faults helping to accommodate shortening in the Puna.
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4.5. CONCLUSIONS

1. The regional cross section across the northern Sierras Pampeanas and the eastern
edge of the Puna Plateau shows that the northern Sierras Pampeanas have two main
detachment levels at 16 km and ~25 km depth.

2. The 16 km depth of detachment in the western region, with a lateral ramp level at
5 km, corresponds well with detachment levels postulated for the Eastern Cordillera to the
north. Smaller uplifts, such as the Sierra de la Huerta in the western Sierras Pampeanas,
also have a mid-level detachment at ~ 10-12 km depth. In the Puna, 2.5 s (TWT) could be
interpreted to be ~ 7.5 -8 km below the surface (Vp =6 - 6.4 km/s), and thus would relate
to midcrustal detachment levels in the Santa Barbara system.

3. The deeper detachment level in the eastern region underneath the Sierra de
Aconquija is not seen in the adjacent provinces and seems to be characteristic of the large
basement-cored uplifts of the Sierras Pampeanas.

4. Mechanisms for the formation of basement-cored uplifts must address or account
for varying levels of detachment for individual uplifts within the same province.

5. The formation of the northern Sierras Pampeanas is not an isolated event and is
related structurally (spatially and temporally) to the adjacent Puna Plateau and Eastern
Cordillera-Santa Barbara thrust systems, and thus, to the development of the Andean

Cordillera.
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