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The Pampean flat slab segment of the Central Andes in Argentina is a broad, active deformation zone sub-
ject to both plate boundary-related and intraplate deformation. To the west, plate boundary-related
deformation is dominated by thin-skinned fold-and-thrusts of the Precordillera, while to the east,
intraplate deformation involves thick-skinned reverse faults of the Sierras Pampeanas. GPS data and
absolute dating of displaced geomorphic features suggest that most of the active permanent deforma-
tion occurs between these two regions at the Andean orogenic front and that there is a west-to-east trend
of decreasing shortening rates. However, GPS stations and sites with geomorphic slip rate measurements
are currently too sparse and cover too short a time period to make reliable inferences about the longer-
term distribution and relative rates of deformation. Mountain range-scale geomorphic indices, on the
other hand, reflect tectonic activity since at least the Pleistocene. In this study, we measured geomor-
phic indices (hypsometric integral and curves, basin elongation ratio, basin volume-to-area-ratio, valley
floor width-to-height ratio, mountain front sinuosity, and normalized steepness indices of rivers) from
10 different N-S striking, range-bounding faults that span both the Precordillera and Sierras Pampeanas
regions from west to east. We use these data to assess the regional relative tectonic activity of major
Quaternary deformation features in the Pampean segment of the Central Andes. Even when variations in
climate and geology are considered, mean values for each geomorphic index suggests uplift rates for the
10 mountain-range bounding faults display local trends that are closely associated with the structural
style and tectonic evolution of these structures. Although vertical uplift rates vary little, horizontal short-
ening rates are higher for the Precordillera fold-and-thrusts in the west than the thick-skinned reverse
faults of the Sierras Pampeanas in the east, due to shallower fault dips for Precordilleran structures. The
similarity with decadal slip rate gradients from GPS studies could possibly indicate that the stress-field
has been constant since at least the Pleistocene, but further slip rate studies over broader time intervals
in the late Quaternary are necessary to confirm this. Variations observed in relative uplift rates along each
fault point to sites that warrant further detailed study of slip rates and evaluation of associated seismic
hazards.
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1. Introduction

Tectonic shortening of the South American plate results from
the east-directed convergence of the Nazca plate causing Neogene
crustal thickening in the Central Andes (Allmendinger et al., 1997;
Isacks, 1988; Kley and Monaldi, 1998; Ramos, 1988; Ramos et al.,
1996, Sempere et al., 1990; Sheffels, 1990), a region which has
one of the thickest continental crusts (>70 km) on Earth (Wigger
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et al.,, 1994; Zandt et al., 1994; Mcquarrie et al., 2005; Giambiagi
et al., 2012). In the Pampean flat slab segment, north-south trend-
ing thrust and reverse faults in the upper plate accommodate
east-directed plate convergence (Ramos, 1988; Ramos et al., 1998;
Ramos et al., 2002, 2004; Ramos and Folguera, 2009). These thrust
and reverse faults, which are almost entirely associated with moun-
tain range fronts, are widely distributed, extending as far as 700 km
east from the plate boundary, and are responsible for most of
the relief in back-arc region of the Pampean flat slab. In contrast,
the horizontal GPS velocity field and narrow longitudinal distribu-
tion of documented Quaternary-active faults and shallow crustal
seismicity have led previous workers to suggest highly-localized
back-arc active deformation, which possibly defines a microplate
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between the Nazca and South American plates (Brooks et al., 2003,
and references therein).

The coverage and resolution in space and time of the geodetic,
seismic, and neotectonic observations suggesting localized defor-
mation, however, are currently too limited to definitively rule out
more widely-distributed, active deformation throughout the back-
arc contractional wedge. For instance, the continuous GPS station
network in the Andes is not dense enough to measure slip rates on
individual faults and can only reliably describe deformation on a
decadal timescale. On the other hand, neotectonic and paleoseis-
mic slip rates, which cover much longer time scales than GPS (late
Pleistocene to Holocene), are site-specific and usually not available
for all structures within a large region. Indeed, the rarity in studies
employing Quaternary geochronology has limited the characteri-
zation of the activity of most of the structures in the Precordillera
and the Sierras Pampeanas (Costa et al., 2015a, and references
therein). Knowledge of the longer-term distribution and rates of
movement of major structures in the region will provide a bet-
ter understanding of the dominant controls on ongoing mountain
building, partitioning of strain, and the relative amounts of crustal
deformation accommodated by end-member thrust tectonic styles.

One approach for filling the spatio-temporal data gap in the
Pampean flat slab segment of the Andes is measurement of
geomorphic indices on fault-bounded mountain range fronts.
Morphometric measurement allows for broader spatial coverage
(hundreds of kilometers) and increased temporal coverage due
to longer required response times (into the Pleistocene) and is,
therefore, appropriate for addressing questions about longer-term
deformation (Bull, 2008; Burbank and Anderson, 2012). Geomor-
phic indices, dimensional ratios of a landform (or its parts), can
be used to quantify the amount of modification the landform has
undergone over thousands to millions of years and to analyze the
relative contributions of tectonics, climate, and geology to shaping
that landform. Sensitive to the balance between active tectonics
and surface processes, geomorphic indices can be used to deter-
mine relative level of tectonic activity of an area, as long as the
possible influence of climatic and lithologic conditions on these
indices are accounted for (Bull, 2008; Bull and McFadden, 1977;
Burbank and Anderson, 2001; Cyr et al., 2010; Keller and Pinter,
2002; Kirby et al., 2003; Kirby and Whipple, 2012; Rockwell et al.,
1985; Snyder et al.,2000; Wobus et al., 2006). Various combinations
of geomorphicindices have been successfully employed in studying
relative tectonic activity of large regions worldwide (e.g., Bull and
McFadden, 1977; Rockwell et al., 1985). Despite the extensive use
of different combinations of geomorphic indices for regional rel-
ative tectonic activity analysis in other orogens, these techniques
have only been applied locally in this part of the Andes, in a study
in which river longitudinal profile analysis on the ranges of the
easternmost Sierras Pampeanas were used to determine relative
uplift rates (Canelo et al., 2019). However, no regional study has
been done yet in the seismically active Pampean flatslab region of
West-Central Argentina in the context of assessing regional strain
distribution patterns.

The aim of this study is to explore the degree and trend of vari-
ations in relative uplift rate along major active faults that span the
Pampean flat slab segment of the Andes (30-32°S) and explore pos-
sible trench perpendicular (W-E) gradients in relative uplift and
shortening rates that may provide information on the relationships
among slab-dip, structural style, and tectonic evolution of struc-
tures to the observed strain distribution. Our secondary aim is to
identify priority sites that may require quantitative slip-rate deter-
mination and more detailed studies of seismic hazard potential. We
accomplish this by using a combination of range front- and drainage
basin-based geomorphic indices to characterize the spatial distri-
bution of relative uplift rates on 10 nearly parallel, north-south

oriented faults that reach as far as ~700 km east of the Peru-Chile
Trench.

2. Background
2.1. Tectonic setting

2.1.1. Regional tectonics

The Pampean flatslab segment (Fig. 1), a section of the Nazca
plate from 27 to 33 °S that is subducting beneath the South Amer-
ican plate at an unusually shallow angle, is characterized by a
convergence rate of 6.3 cm/yr (Brooks et al., 2003; Kendrick et al.,
2003). It is associated with a broad zone of plate boundary-related
and intraplate deformation that reaches more than 700 km east of
the Peru-Chile trench (Gutscher et al., 2000). Seismic and tomo-
graphic data demonstrate that the slab reaches as far as 300 km
east into the continental interior at a depth of only ~100 km (Cahill
and I[sacks, 1992; Engdahl et al., 1998; Gutscher et al., 2000; and
Smalley et al., 1993), likely the result of subduction of the Juan
Fernandez Ridge (Pilger, 1984; von Huene et al., 1997v).

East-directed flat-subduction produced nearly north-south ori-
ented thrust and reverse faults in the upper plate (Ramos, 1988;
Ramos, 1998; Ramos et al., 2002, 2004; Ramos and Folguera, 2009)
(Figs. 1-3). Most of the permanent deformation taking place at
these latitudes is divided into two, oppositely-verging thrust sys-
tems in the back-arc region: 1) the predominantly west-dipping,
thin-skinned Precordillera fold-and-thrust belt (plate-boundary
related deformation) in the west, and 2) the predominantly
east-dipping, thick-skinned, Sierras Pampeanas basement uplifts
(intraplate deformation) in the east.

Plate boundary-related deformation migrated eastward
through time and reached the Eastern Precordillera at ~2.6 Ma,
while intraplate deformation in the Sierras Pampeanas propagated
westward, beginning at its easternmost reach at ~6-5.5 Ma and
arriving in the west, at Pie de Palo, at around ~3 Ma (Jordan et al.,
1983a, 1983b; Jordan and Gardeweg, 1989; Jordan et al., 1993;
Ramos, 1988; Ramos et al., 2002; Zapata and Allmendinger, 1996).
At present, an ~50km wide band of Quaternary-active defor-
mation called the Andean Orogenic Front is located between the
oppositely-verging Precordillera and Sierras Pampeanas regions
(Brooks et al., 2003; Costa, 1999; Fielding and Jordan, 1988;
Groeber, 1944; Kadinsky-Cade et al., 1985; Meigs et al., 2006;
Ramos et al., 1997; Siame et al., 2002; Siame, 2005; Siame et al.,
2015; Smalley et al., 1993; Uliarte et al., 1987; Vergés et al., 2007).
Highly-localized deformation along the Andean Orogenic Front is
indicated by GPS gradients, spatial clustering of high-magnitude,
shallow (5-35 km) crustal earthquakes (Smalley and Isacks, 1990;
Cahill and Isacks, 1992; Smalley et al., 1993; Engdahl et al., 1998;
Gutscher et al.,, 2000), and documentation of almost 90 % of
Quaternary deformation in this strip (Cortés et al., 1999; Costa
et al., 2000, 2006, and references therein) (Fig. 2). GPS estimates of
back-arc deformation rates between the Eastern Precordillera and
the Western Sierras Pampeanas range from 2 to 7 mm/yr (Kendrick
et al., 2006; Kendrick et al., 1999, 2001, 2003; Brooks et al., 2003).
Brooks et al. (2003) explains strain localization by proposing that
a doubly-vergent microplate, located between the Nazca and
South American plates, accommodates deformation mainly at its
boundaries rather than across the entire back-arc region.

2.1.2. Precordillera and Sierras Pampeanas structures

Most mapped major structures in the predominantly thin-
skinned Precordillera region, such as the Eastern Sierra del Tigre
(ETF), Eastern Sierra de la Cantera Fault (ECF), and the Sierra de
Osamentas Fault (OF), dip to the west at a shallow angle (Fig. 3).
These generally dip ~40°, but reach up to 60° in westernmost Pre-
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Fig. 1. A map of the Pampean flat slab segment showing the extent of the top of the subducting slab (dashed black lines) by Anderson et al. (2007) and Mulcahy et al. (2014).

cordillera where earlier-formed imbricate thrusts are progressively
steepened (Von Gosen, 1992). Although less common, east-dipping
structures such as the Morados-Villicum-Zonda-Pedernal Faults
(MVZPF) are found in the east at the boundary with the Sierras Pam-
peanas (Fig. 3; Von Gosen, 1992; Ragona et al., 1995; Ramos and
Vujovich, 2000; Card6 and Diaz, 2005). The contrasting vergence of
the MVZPF could reflect its origin as a backthrust related to an east-
verging, blind crustal wedge (Vergés et al., 2007) or could possibly
mark the onset of thick-skinned mode of deformation (Von Gosen,
1992). Late Quaternary activity has been documented in close prox-
imity to each of these range-bounding Precordilleran structures in
the form of parallel scarps cutting across alluvial fans (Bastias, 1985;
and Siame et al., 1997, 2002; Millan & Perucca, 2011; Perucca and
Onorato, 2011; Rockwell et al., 2014; Peruccaetal.,2015; Lara et al.,
2018; and Rimando et al., 2019; Fig. S2-13).

Opposite to what is observed in the Precordillera, structures in
the thick-skinned Sierras Pampeanas, such as the Western Pie de
Palo Fault (WPF), Valle Fertil Fault (VF), Pocho Fault, and Sierra
Chica Fault Zone (SCFZ), are predominantly steeply east dipping,
with only a few structures that are west dipping, such as the East-
ern Pie de Palo Fault (EPF) and the Sierras de los Llanos & Sierras
de las Minas y Ulapes Faults (LMUF) (Fig. 3). Most faults dip at least
~60° and can reach nearly vertical (Guerrero et al., 1993; Ragona
et al., 1995; Furque et al., 1998; Vujovich et al., 1998; Bonalumi
etal., 1999; Caselli et al., 1999; Ramos and Vujovich, 2000; Candiani
etal., 2001; and Bellahsen et al., 2016). The steep dip of these faults
is attributed to reactivation of normal faults related to Triassic
rifting (Ramos et al., 2002, and references therein). Late Quater-
nary activity is also documented along most structures in this
region through observation of recent scarps, range morphology,
and recent seismicity (Kadinsky-Cade et al., 1985; Regnier et al.,
1992; Zapata, 1998; Costa et al., 2000; Costa et al., 2001a, 2001b,
2001c; Richardson et al., 2013; Costa et al., 2014; Ortiz et al., 2015;
Siame et al., 2015; Bellahsen et al., 2016; Rothis et al., 2018; Fig.
S2-13). There are a few structures, however, such as the Sierras de
los Llanos & Sierras de las Minas y Ulapes Faults (LMUF) and the
Western Pie de Palo Fault (WPF), which have not been associated
with recent deformation features, and whose activity has yet to be
determined.

2.2. Lithology

Lithological variation can lead to differences in rock erosional
resistance and can therefore affect measurement of geomorphic
indices (Moglen and Bras, 1995; Kiihni and Pfiffner, 2001, and ref-
erences therein). Due to the scale of the study area, we were unable
to measure the determinants of rock erodibility directly in the field.
Rather, we followed previous work that infer erosional resistance
from rock type (e.g., Lifton and Chase, 1992; Lague et al., 2000;
Kiithni and Pfiffner 2001; Korup, 2008; Jansen et al., 2010). We use
a compiled geologic map (Fig. 4a) and follow the same erodibility
ranking from studies that conducted in-situ tests in different tec-
tonic and climatic settings (e.g. Selby, 1980; Clayton and Shamoon,
1998) to create a rock erosional resistance map (Fig. 4b). The thin-
skinned structures of the Precordillera fold-and-thrust belt in the
west developed on an Early Paleozoic sequence of carbonate and
siliciclastic shallow marine (inner and outer continental shelf), and
siliciclastic deep marine rocks, and proximal foreland, fluvial and
glacial continental, and synorogenic deposits. In contrast, the thick-
skinned reverse faults of the Sierras Pampeanas in the east cut
through Precambrian-Early Paleozoic metamorphic and igneous
rocks that are partially covered by a series of Late Paleozoic conti-
nental clastic fluvial, alluvial, and glacial deposits (Bonalumi et al.,
1999; Candiani et al., 2001, 2010; Cardé and Diaz, 2005; Costa et al.,
2001a; Costa et al., 2001b; Fauqué et al., 2004; Furque et al., 1998;
Miré et al., 2005; Ragona et al., 1995; Ramos and Vujovich, 2000;
Ramos, Caminos, et al., 2000; Ramos et al., 2010; Vujovich et al.,
1998).

2.3. Geomorphology

The landscape of the Pampean flat slab from 30-32°S is
characterized by north-south-trending parallel mountain ranges,
reflecting the contemporaneous east-directed shortening in the
region. The ranges in the Precordillera, which are narrower com-
pared to ranges in the Sierras Pampeanas, are an expression of
stacked Paleozoic sedimentary thrust sheets separated by simi-
larly narrrow, highly-deformed intermontane basins (Suriano et al.,
2015). Ranges of the Sierrras Pampeanas, on the other hand, are
wider with highly assymetrical profiles with a steep fault-bounded
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Fig. 2. Tectonic features (Costa et al., 2000 and Siame et al., 2002), seismicity (Engdahl and Villasefior, 2002), GPS velocity field (Brooks et al., 2003), and Quaternary slip rate
data (Costa et al.,, 2015a, 2015b; Costa et al., 2018; Rimando et al., 2019; Rockwell et al., 2014; Salomon et al., 2013; Schmidt et al., 2011; Schoenbohm et al., 2013; and Siame
et al,, 2002, 2006, 2015) in the Pampean flat slab segment plotted on a 30-meter ASTER digital elevation model. The red perpendicular symbols indicate the location of the
cross-section in Fig. 2B. The blue corners show the location of Fig. 3. Numbers in white boxes indicate faults with known slip rates: 1—El Tigre Fault, 2—La Laja Fault 3—Las
Tapias segment of Villicum-Zonda- Pedernal Thrust, 4—Las Higueras 5—La Cal Thrust, 6— La Rinconada Fault Zone, 7a&b— Las Pefias Thrust, 8—Northern Sierra Pie de Palo
Fault, 9— Southern Sierra Pie de Palo Fault, and 10— Los Molinos branch of the Comechingones (modified after Rimando et al., 2019). b) Schematic structural cross-section
through the Pampean flat slab at 31°S. Letters indicate faults investigated in this study: a—Eastern Sierra del Tigre Fault. b— Eastern Sierra de Cantera Fault. c—Sierra de
Osamentas Fault. d— Morados-Villicum-Zonda-Pedernal Faults. e— Western Pie de Palo Fault. f— Eastern Pie de Palo Fault. g— Valle Fertil Fault. h— Sierras de los Llanos and

Sierras de las Minas y Ulapes Fault. i— Pocho Fault. j— Sierra Chica Fault Zone.

side and a gentler hindside, which is reflective of an underlying
listric fault geometry (Jordan and Allmendinger, 1986). Intervening
basins in the Sierras Pampeanas are wider and largely undeformed.
Elevation and relief is generally higher in the Precordillera, with
Cerro Pircas as its highest peak standing at 4380 masl, compared
to the Sierras Pampeanas, with Mogotes Corallitos as it highest
peak standing only at 3032 masl. Ranges in the Precordillera are
mostly shorter, due to shorter associated fault segments and/or
due to passage of transverse rivers that drain the Principal and
Frontal cordillera to the west. On the fault bounded sides of moun-
tain ranges in both regions, piedmonts are composed of extensive
contiguous Quaternary alluvial fans which manifest indications of
recency of movement (e.g., fold and/or fault scarps) and relative
rates of activity of the main range-bounding structures (e.g., out-
line of outcropping bedrock). Drainage basins of the fault-bound
sides of ranges, which generally drain west or east (except in local-

ities where drainage is controlled by planes of weakness, such as
jointing and bedding planes) (Fig. S1), can also be parametrized to
use as indicators of relative rates of uplift.

2.4. Climatic setting

We use Tropical Rainfall Measuring Mission (TRMM)-based
precipitation data to provide additional context for interpreting
regional trends in geomorphic indices values, since it is known that
climatic differences can control the rates and patterns of landscape
evolution (Bookhagen and Strecker, 2012), and consequently, the
geomorphic indices used as indicators for relative tectonic activity
(Tucker, 2004; Molnar et al., 2006; Attal et al., 2011). In particu-
lar, we use the average annual rainfall TRMM data gathered over
a span of 12 years (1998-2009). There is no substantial latitudinal
precipitation rate gradient between 30-32 °S latitudes (Bookhagen
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and Strecker, 2012; Fig. 4c). However, longitudinal precipitation
rates range from less than 10 mm/yr in the west to as much as
2250 mmy/yr in the east. According to the Képpen-Geiger climate
classification system, the climate group of the area varies from
arid (steppe & dessert) in the west, to temperate in the east (Peel
et al.,, 2007). This considerable west-east climatic gradient can be
explained both by a rainshadow effect of the Andean range on the
Pacific winds from the west and the gradual loss of moisture from
Atlantic winds at they cross the extensive continent from east to
west (Bruniard, 1982; Abraham de Vazquez et al., 2000; Houston
and Hartley, 2003). This climate has likely been stable since Late
Miocene. Paleocosmogenic dating-based erosion rates in the Pre-
cordillera (at around 31.25 °S and between 68-69 °W) indicate that
areas which are currently receiving low mean annual precipitation
(Fig. 4C) were arid since Late Miocene (Amidon et al., 2017). Sim-
ilarly, in the Late Quaternary, between 31-32°S and 66.5-68 °W,
dating of dune field deposits show repeated reactivation, with
the last reactivation taking place ~400-600 years ago. South of
our study area (at around 34°S and between 65-66 °W), but still
within regions mapped as having low mean annual precipitation
with TRMM, dating of sand dune fields indicate repeated activation
between 33-20 ka (Tripaldi and Forman, 2007). This consistency on
different timescales allows us to use TRMM-based rainfall data to
represent long-term average precipitation gradients.

3. Methodology

We chose 10 nearly parallel, north-south oriented faults that
span the study region to measure range front- and drainage basin-
based geomorphic indices in order to characterize the spatial
distribution of relative uplift rates. From west to east, the faults
we examined are: Eastern Sierra del Tigre Fault, Eastern Sierra
de Cantera Fault, Sierra de Osamentas Fault, Morados-Villicum-
Zonda-Pedernal Fault, Western Pie de Palo Fault, Eastern Pie de
Palo Fault, Valle Fertil Fault, Sierras de los Llanos and Sierras de
las Minas y Ulapes Fault, Pocho Fault, and the Sierra Chica Fault
Zone (Figs. 2 and 3). Characterization of along-strike relative uplift
rate variation allows us to infer the structural evolution of individ-
ual faults, identify priority sites for future detailed seismic hazard
studies, and to see potential sources of uncertainty in data in our
regional analysis of relative uplift rates. Analysis of variation among

the different structures allows us to examine W-E trends in defor-
mation.

We measured hypsometric Integral (HI), elongation (Re),
volume-to-area ratio (Rya), valley-floor-width-to-height (V¢) ratio,
mountain front Sinuosity (Ss), normalized channel steepness
index (ksp), and the statistical moments of the hypsometric curve:
skewness (Sk), Kurtosis (Kur), Density Skewness (Dsk), and Density
Kurtosis (Dkur). This combination of geomorphic indices measured
both along and within mountain ranges that span the Pampean flat
slab region allow us to detect landform changes related to local tec-
tonic base-level fall associated with range-bounding faults rather
than base-level fall related to regional, long wavelength uplift. The
widely used mountain front sinuosity (Sy,¢) and valley-floor-width-
to-height (Vy) ratios are perhaps the most direct indications of
relative uplift rate since these are measured at or near the interface
of the mountain range and the piedmont where tectonic perturba-
tions, which cause base-level fall, originate from (Bull, 2008). We
also measure volume-to-area ratio (Rya ) and hypsometric integral
(HI), which encompass effects of both hillslope and fluvial pro-
cesses within the entire drainage basin, rather than just one aspect
or section of the tectonic landform. We also measure hypsometric
curve statistical moments since these further describe characteris-
tics of a basin that the HI value itself cannot reflect. The elongation
ratio (Re), on the other hand, provides a complementary areal-
based measure of the relative proportions of lateral erosion and
down-cutting taking place in each basin. Lastly, the normalized
channel steepness index (ks ) is sensitive to tectonic perturbations
and reflects recent activity which we use for along strike variations
in uplift rates of individual faults. Geomorphic indices, such as the
ones used in this study, have been extensively used for assessment
of relative uplift rates in different tectonic settings worldwide (See
Table 1 for examples).

We inspected geologic maps from Servicio Geoldgico Minero
Argentino (SEGEMAR), Bing Maps satellite images, and a combina-
tion of hillshade, classified slope, and aspect maps derived from the
Advanced Spaceborne Thermal Emission and Reflection Radiome-
ter (ASTER) Global Digital Elevation Model Version 2 (GDEM V2)
(https://asterweb.jpl.nasa.gov/gdem.asp) to delineate these fault-
bounded mountain range fronts. We chose not to use SRTM30 and
AW3D30 digital elevation models due to the presence of frequent
voids in mountainous regions. Considering the scale of the study
area, the features observed, and the nature of measurements for
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the particular geomorphic indices we analyze, the vertical and hor-
izontal accuracy of ASTER GDEM V2 are sufficient for measurement
aimed at describing regional trends in relative tectonic activity.
Existing fault names were used where available; where there were
no names for mountain range-bounding faults, we used the name
of the range and an indication of which flank it bounds.

For measurement of drainage basin-based geomorphic indices,
we delineated basins using the hydrology toolset of ArcGIS.
Pourpoints for basin delineation were chosen wherever the range-
bounding fault trace intersected a channel flowing from the
mountain range. The total number of drainage basins per moun-
tain range front varied from 35 to 203 (Fig. S1. We measured basins
with drainage area greater than 250,000 m2, a minimum threshold

value which allowed us to analyze enough basins along strike to
have meaningful results, but kept us from analyzing small basins
in which non-fluvial processes might dominate, basins that were
a product of errors in the DEM (as confirmed on satellite images),
or basins that were too youthful to yield reliable measurements
for morphometrics (Bull and McFadden, 1977). Additionally, while
previous studies have shown that smaller catchments are more
sensitive to uplift (Merritts and Vincent, 1989), we demonstrate
that there is insignificant correlation between our geomorphic
indices measurements and drainage basin area (see Fig. S24-33),
except for Rya (see Text S1). This low correlation is due to the small
variance in area of drainage basins selected for this study (see data
repository-Geomorphic Indices Table).


http://www.segemar.gov.ar/institucional
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http://www.segemar.gov.ar/institucional
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Table 1
Relative Tectonic Activity Studies Worldwide.

Scale Regional Tectonic Number of indices Examples of studies
Regime applied
Compressional 1-2 Ahmad et al. (2015)
>2 Pedrera et al. (2009), Giaconia et al. (2012)
. . 1-2 -
Single structure Extensional >2 Peters and Van Balen (2007), Ozkaymak and S6zbilir (2012),
Yildirim (2014), Ozkaymak (2015)
. . . . 1-2 —
Strike-slip/Oblique-slip >2 Azor et al. (2002), Giirbiiz and Giirer (2008), Selim et al. (2013)
Compressional 1-2 Silva et al. (2003), Gao et al. (2013)
P >2 Wells et al. (1988), El Hamdouni et al. (2008), Pérez-Pefia et al.
Regional (2010), Alipoor et al. (2011), Viveen et al. (2012), Azafién et al.
e (2012), Arian and Aram (2014), Daxberger and Riller (2015),
Ehsani and Arian (2015), Alaei et al. (2017), Gaidzik and
Ramirez-Herrera (2017)
Extensional 1-2 Bull and McFadden (1977)
>2 Ozsayin (2016)
. . . . 1-2 Rockwell et al. (1985), Watkinson and Hall (2017)
Strike-slip/Oblique-slip 59 Chang et al. (2015)

We corroborate our characterization of trends in along-strike
relative uplift rates from geomorphic indices with observations
from topographic swath profiles (Telbisz et al., 2013) and also use
these to make inferences regarding long-term evolution of faults
such as fault growth and interactions (e.g., propagation, segment
linkage, etc.). In doing this, we assume that topographic swath pro-
files approximate the cumulative displacement profiles of faults
and that initiation of uplift along faults was synchronous.

3.1. Mountain front sinuosity (Spyy)

S is the ratio of the length of the mountain-piedmont junction
trace (L) to the straight-line length of the mountain front (Ls)
(Fig. 5a), which is expressed by the equation:

L
S = Llsf

Tectonic uplift, through faulting and/or folding, tends to cre-
ate and maintain a nearly linear mountain front, while erosion and
deposition tends to make the trace of the mountain front more
irregular. Sinuosity of mountain fronts thus reflects the balance
between tectonic uplift and erosion rates. A sinuosity value of 1
corresponds to a perfectly linear mountain front trace, and there-
fore reflects very high tectonic activity, S;,r values close to or less
than 1.4 generally indicate high uplift rate (Bull and McFadden,
1977), while an increasingly higher sinuosity value reflects lower
tectonic activity (Bull and McFadden, 1977). On average, a kilome-
ter of retreat of the mountain front takes take places after more
than 1 my (Bull, 2008).

In ArcGIS, we traced mountain fronts initially by using ASTER
GDEM V2-derived maps: a hillshade map layer overlain by a
translucent slope layer classified as <10° and >10° to indicate allu-
vial fans and bedrock mountain front, respectively, and an aspect
map layer to check the consistency in the general slope direction
of the mountain front trace. We then created the detailed 1:10,000
scale traces by counterchecking our initial crude trace with Bing
maps satellite images. S,s was calculated for each major fault seg-
ment and minor bends and steps within fault segments.

3.2. Valley floor width to valley height ratio (Vy)

V¢ is the ratio of the width of the valley floor to the average
height of the valley (Fig. 5b), given by the equation:
2Vhy
(Eig — Esc) + (Erg — Esc)

Vi =

where Vy,, is the valley floor width; E,4 is the elevation of the left
valley divide; E,q is the elevation of the right valley divide; and Es. is
the average valley floor elevation. V¢ provides a way of distinguish-
ing a valley that is being shaped primarily by active downcutting
associated with base level fall from one that is being shaped by
lateral erosion of hillslopes. As uplift is associated with river down-
cutting, a narrower valley floor which corresponds to a lower V¢
value, is associated with higher level of tectonic activity (Bull and
McFadden, 1977). Because valley floors tend to become progres-
sively narrower upstream and progressively wider downstream, a
standard distance from the mountain front (ranging from 0.5 to
1 km) for measuring the V¢ is usually assigned (Bull and McFadden,
1977). V¢ values also vary depending on basin size, discharge, and
rock erodibility. Therefore, basin size, amount of average precipi-
tation, and geology was all taken into account in comparing values
in different areas. Vy values from 0.5 to 0.05, are characteristic of
narrow, deeply incised, V-shaped channels indicative of very high
uplift rates (Bull,2008), whereas values close to or greater than 1 are
characteristic of U-shaped channels indicative of low uplift rates.
In arid to semi-arid regions, V¢ is effective for describing changes
in uplift rate for the past 10-100 ky (Bull, 2008).

We measured V¢ over a narrow range of drainage basin area
(1-2 km?) for consistency since smaller streams tend to maintain
downcutting much longer compared to larger basins (Bull and
McFadden, 1977). We constructed cross-sections from ASTER DEM
watershed clip-outs at a distance of 500 m upstream by using the
‘interpolate line’ and ‘profile graph’ tool of ArcGIS.

3.3. Basin elongation ratio (Re)

Drainage basins of tectonically active mountain ranges are typ-
ically elongate while drainage basins of less active and inactive
mountain ranges tend to be more circular (Canon, 1976; Ramirez-
Herrera, 1998). The shape of a drainage basin can therefore be used
as an indicator for comparing tectonic activity among ranges. A
basin’s shape can be described by a ratio of the diameter of a circle
of same area as the basin to the drainage basin’s length (Fig. 5c),
given by the equation (Schumm, 1956):

D 2 /A
Re=7=7\=
where D¢ is the diameter of a circle of same area as the basin; L;, is
the basin length; and A is the area of the basin. Shapes defined by
the elongation ratio are as follows: circular (0.9-1.0), oval (0.8-0.9),
slightly elongated (0.7-0.8), elongated (0.5-0.7), and very elon-
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Fig. 5. Geomorphic indices. Diagrams of the different geomorphic indices, the formulas used to compute these, and notes on how these values are interpreted.

gated (< 0.5). According to Strahler (1952), basin elongation ratio
varies with climatic type and geology, but typically ranges from
0.6 to 1. Elongated basins, with Re values of 0.6-0.8, are associated
with areas of high-relief and steep slopes which are characteristic
of high relative uplift; while circular basins, with Re values close to
1, are associated with areas of low-relief and gentle slopes which
are characteristic of low uplift rate.

We measured the length of each basin from each basin’s convex
hull, which is delineated using the minimum bounding geometry
function of ArcGIS and extracted the area from the attributes table
of the drainage basin clipping polygon.

3.4. Hypsometric attributes
A hypsometric curve describes the distribution of elevations of

landscapes of different scales, including drainage basins (Strahler,
1952). It is a plot of normalized cumulative area (x-axis) against

normalized relief (y-axis) of a drainage basin. The area under the
hypsometric curve, called the hypsometric integral (HI) (Fig. 5d),
can be computed to infer the basin maturity. The hypsometric
integral (HI) is calculated from three values using the following
equation:

HI = Hmean - Hmin
Hmax - Hmin

where hpean is the mean elevation; hy;,, is the minimum elevation;
and hpax is the maximum elevation. Values range between0to 1; a
mature basin has a value of around 0.5 (Carson and Kirkby, 1972) or
0.6 (Chorley and Kennedy, 1971). A high hypsometric integral value
likely indicates that not as much material from the higher elevation
areas have been eroded and therefore suggests a relatively young
landscape produced by high uplift rates (Chen et al., 2003; Lifton
and Chase, 1992).
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The shape of the hypsometric curve can be indicative of topo-
graphic maturity of a landscape (Strahler, 1952). In fact, describing
the shape of the hypsometric curve may be more useful than a single
value, like hypsometric intergral, especially because the hypsomet-
ric integral value does not change much in time once it reaches
below 0.6 or 0.5, despite potentially corresponding to different
forms of hypsometric curves. A measure of the skewness and kur-
tosis of the hypsometric curve (which is a cumulative distribution
function), can be derived from polynomial coefficients of a polyno-
mial function fit through the hypsometric curve. The skewness (Sk)
describes the amount of headward erosion in the upper reaches of
a basin, while kurtosis (Kur) describes the amount of erosion on
both the upper and lower reaches of a basin. Skewness and kurtosis
of the first derivative of the hypsometric curve (a density func-
tion), called density skewness (Dsk) and density kurtosis (Dkur),
indicate the rate of slope change and midbasin slope, respectively
(Harlin, 1978). We computed all of these attributes on CalHypso, an
ArcGIS add-in tool by Pérez-Pefia et al. (2009). Inputs for this tool
were the drainage basin polygons and the DEM of the area.

3.5. Volume to area ratio (Ryu)

Drainage basin volume-to-area ratio, a measure of a basin’s
mean depth, increases with the rate and amount of fault offset
(Schumm and Parker, 1973; Harbor, 1997; Ouchi, 2002; Bonnet and
Crave, 2003; Lague et al., 2003). A ratio of the drainage basin vol-
ume to its planimetric area (areap,,) (Fig. 5€), is expressed by the
equation:

Volume
"~ Areayqn

VA

By normalizing the basin volume by drainage area, drainage basins
of varying sizes can be directly compared. It has also been used
to quantitatively distinguish range-front fault-related base-level
fall from a distal base level fall or base-level stability (Frankel and
Pazzaglia, 2006). Rya values greater than 100 are usually indica-
tive of high uplift rates, while values much lower than 100 may be,
but not necessarily, indicative of low uplift rate. Actively uplifting
basins in their ‘constructional phase’ can be characterized by low
Rya ratios (Frankel and Pazzaglia, 2005).

We extracted both the drainage basin volume and area from
DEMs according to the procedures in Frankel and Pazzaglia
(2006) and Gaidzik and Herrera (2017). Volume was calculated by
subtracting the DEM-based drainage basin topography from a max-
imum elevation envelope (theoretical pre-erosional surface) which
was interpolated from elevations on the drainage divide.

3.6. Normalized channel steepness indices (ksn)

The primary control of uplift rate on power-law scaling between
bedrock river slope and contributing drainage basin area has been
well established (Snyder et al., 2000; Kirby et al., 2003; Wobus et al.,
2006; Cyr et al., 2010). Channel steepness of DEM-derived longitu-
dinal stream profiles calculated from this relationship, which have
been normalized by contributing drainage basin area, have been
widely utilized to delineate tectonic boundaries and to map spatial
variations of uplift rate (Fig. 5f).

The equation for normalized steepness index, which is ulti-
mately derived from the stream power incision model, applies a
reference concavity to account for the influence of the upstream
drainage basin area on the channel slope as follows:

S = ke, A=CTef

where S is channel slope, A is upstream drainage basin area, and
0f is the reference concavity. A standard value of 0.45, which is

thought of as a good approximation for natural concavity of rivers
which ranges from 0.4 to 0.6, is used for the reference concav-
ity (Kirby et al., 2003; Kirby and Whipple, 2012; Snyder et al.,
2000). While using kg, in the context of mapping relative uplift
rate variations, one should be cautious in distinguishing variations
in normalized steepness indices due to tectonic activity from vari-
ation due to lithologic contrasts (e.g. Cyr et al., 2014; Duvall et al.,
2004), precipitation rate (e.g. Bookhagen and Strecker, 2012), and
stream capture (Robl et al., 2017).

For mapping normalized steepness indices, the autoksn
function of the Stream Profiler ArcGIS add-in by Geomor-
phtools was used (http://geomorphtools.geology.isu.edu/Tools/
StPro/StPro.htm). Flow accumulation files, a required input in
Stream Profiler, were created from a DEM that was clipped using a
polygon that combines all the drainage basins of the fault-bounded
flank of the range. The output channel steepness indices shapefiles
from Stream Profiler were then converted to rasters on which swath
profiles of maximum, mean, and minimum kg, were constructed.
We used ks, swath profiles only for characterizing along-strike
variations in relative uplift rates.

4. Results

Faults in the Precordillera are generally characterized by shorter,
segmented traces and cumulative displacement profiles with
abrupt breaks, whereas while faults in the Sierras Pampeanas are
longer and have more continuous displacement profiles. These
differences are best characterized by the Morados-Villicum-Zonda-
Pedernal Fault (Figs. 3d1-d4 and 6 a&b) in the Precordillera and the
Valle Fertil Fault in the Sierras Pampeanas, (Figs. 3g and 7a&b).

While the geomorphic indices values on both Precordillera and
Sierras Pampeanas faults display some variability along strike,
faults mostly exhibit a unimodal distribution, characterized by a
peak which coincides with measures of central tendency of the
data (average and median) (Fig. 9a-i). In a few instances, how-
ever, we are able to identify convincing along-strike trends based
on conspicuous peaks or troughs in values that we recognize in ser-
val different indices. The most common along-strike variation is a
change in values towards the tips of each fault/segment (Figs.6 & 7;
and S4-S13). Some geomorphic index values indicate an increase
of relative uplift rate towards the tips, as shown, for instance, by
lower S¢ values and spikes in kspy at the tips of the Valle Fertil Fault
(VF; Fig. 7c—e). Most faults, however, indicate relative uplift rates
that are higher towards the center and decrease towards the tips of
each fault segment and/or the entire fault, as shown, for exam-
ple, by the Morados-Villicum-Zonda-Pedernal Fault (Fig. 6). The
Morados-Villicum-Zonda-Pedernal Fault is an example of a fault
showing taper in indices towards the tips of the segments and tips
of the entire fault as well. While some geomorphic indices show
trends that tend to mimic the displacement profiles (Fig. 6B), this
is more common for faults in the Precordillera (Figs. 6 and S4-S7)
thanin the Sierras Pampeanas (Fig. 7 and S8-S13). We also observed
other trends, such as northward or southward increase/decrease in
uplift (Figs. S4, S5, S6, and S9). The Sierras de los Llanos & Sierras de
las Minas y Ulapes Fault exhibits a bimodal distribution for some
indices (labelled fault h in Fig. 9a, f, g, and h).

We excluded outliers and the values at both fault tip and
fault linkage zones (points that fall under areas shaded grey in
Figs. 6 and 7; Fig. S4-S23), so that the spread of values in the violin
plots of morphometric indices along each fault are more likely to
be associated with actual variation in relative uplift rates within
and/or among its segments. Since along-strike variation is mini-
mal, if at all present, average values of indices for each fault are
likely representative of the faults’ overall activity level and yield
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for more detailed descriptions.

meaningful results for assessing possible regional west-east trends,
which is the main objective of this study.

We classified average values of each geomorphic index as
reflecting low, moderate, or high relative uplift rate (see Fig. 8).
Of all 10 faults, only the Valle Fertil Fault (Fig. 7 and 8) yielded
a uniform relative uplift rate classification among all indices (i.e.,
consistently moderate uplift rates). For all of the other faults, dif-
ferent indices yield ranges of relative uplift rate levels, including
some apparent disagreement (instances in which different indices
suggest high and low uplift rate for the same fault; Fig. 8). The rela-
tive uplift rates inferred from Rya, which are mostly trendless, seem
to cause the inconsistency with relative uplift rates inferred from
other indices (Figs. 6g, 7 g, and S4g-S13g). These exceptions, as dis-
cussed in Section 5, can reflect differences in response times and
local conditions, or the sensitivity of different indices to landform
maturity.

The values of the different geomorphic indices measured along
each of the 10 N-S trending mountain range bounding faults are
summarized as violin plots to analyze possible W-E trends and at
the same time to display the mean value vis-a-vis the distribution
of data from a single fault. Overall, there is little W-E variation in the
average values for the different geomorphicindices. Yet, amidst this
minimal variation, we observed four subtle features (Fig. 9a-i). The
first feature is the close mean geomorphic indices values (except for
Sif) for faults west of and including the Morados-Villicum-Zonda-
Pedernal Faults in the Precordillera (faults a to d in Figs. 3,8, and 9).
The second feature is a step between the Eastern Pie de Palo Fault
and Valle Fertil Fault (between faults f and g in Figs. 3,8, and 9),
except for Ry,, indicating a decrease in relative uplift rate. The third
feature is another step between the Valle Fertil Fault and the Sierras

de los Llanos and Sierras de las Minas y Ulapes Fault (between faults
g and h in Figs. 3,8, and 9), indicating an increase in relative uplift
rates. Lastly, there is a local west-to-east decrease in relative uplift
rates from Sierras de los Llanos and Sierras de las Minas y Ulapes
Fault to Pocho Fault (faults h to j in Figs. 3,8, and 9), except for Vy,
likely due to lack of data.

5. Discussion

The observed variability of some geomorphic indices at the tips
of and between adjacent segments of faults (linkage zones) in the
Precordillera (Figs. 6 and S4-S7) is consistent with their highly
segmented morphology (Ellis and Barnes, 2015) and may indi-
cate that these fault segments are still growing and interacting
(Densmore et al., 2007). On the other hand, the uniform relative
uplift along faults in the Sierras Pampeanas (Figs. 7 and S8-513),
which are characterized by longer traces and more continuous
displacements profiles, may suggest that Pampean faults tend to
be already hard linked. This difference in segmentation patterns
can be attributed to the difference in the geology between these
two regions. While reverse/thrust faults are typically highly dis-
continuous (Aydin, 1988), the hard linkage of faults in the Sierras
Pampeanas is probably a consequence of tectonic inheritance (Mora
et al., 2009). The observed bimodal distribution for indices for the
Sierras de los Llanos & Sierras de las Minas y Ulapes Fault (labelled
fault h in Fig. 93, f, g, and h) is due to an actual significant dif-
ference in average geomorphic indices values for these two faults,
with most indices pointing to the Sierras de las Minas y Ulapes
Fault as having higher relative uplift rate and being more youth-
ful (Fig. S11 and Text S9). While a detailed investigation of the
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Fig. 9. Graphs of east-west variation in fault-averaged geomorphic indices values. Values from each fault are presented as violin plots (box plots superimposed on density
plots) except for 9e. Red dot is the mean value, the top and bottom of the box are the second and third quartiles, respectively, and the black dots are outliers. The vertical
broken line is the division between the Precordillera and Sierras Pampeanas regions. For 9e, values are presented as mean and error bars (2 sigma). a) Hypsometric Integral
(HI), b) Elongation (R.), c) Volume-to-area ratio (Rya ), d) Valley-floor-width-to-height (V) ratio, e) Mountain front Sinuosity (Sy¢), f) Skewness (Sk), g) Kurtosis (Kur), h)
Density Skewness (Dsk), i) Density Kurtosis (Dkur).

behavior and long-term evolution of each individual fault is beyond detailed descriptions of along-strike variations in relative uplift
the scope of our study, these observations demonstrate that anal- rates and initial interpretations regarding the long-term evolution
ysis of along-strike variation in relative uplift rates can be used for history of all ten faults are included in the supporting information
more detailed future investigations of fault growth/linkage. More (Fig. S4-S13 and Text S2-S11).
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We use individual relative uplift rate classes for each fault to
provide context for any ‘inconsisent’ relative uplift rates from par-
ticular indices to come up with a unified uplift rate classification
for each fault. Inconsistencies or exceptions in relative uplift rate
classification of faults is introduced mostly by Rya (Fig. 8a, ¢, d, h, i,
and j), and in some cases by Re. Low Rya values most likely reflect
the youth of the drainage basins, since the high relative uplift rates
inferred from other geomorphic indices, especially HI (along with
Sk, Kur, Dsk, and Dkur), rule out low uplift rate along any of these
faults. On the other hand, low Re values measured where most other
indices indicate low relative uplift rate (Fig. S8, Text S6) are usually
related either to development of streams on prominent fractures
that cross some ranges or to significant stream capture of channels
from the opposite flank of the mountain range (Fig. S6, Text S4).
We categorize the Eastern Sierra de la Cantera, Morados-Villicum-
Zonda-Pedernal, and the Sierras de los Llanos & Sierras de las Minas
y Ulapes Faults as having overall high relative uplift rate, the East-
ern Sierra del Tigre, Sierra de Osamentas, Eastern Pie de Palo, Valle
Fertil, Pocho, Sierra Chica Fault Zone as having overall moderate-
to-high relative uplift rate, and the Western Pie de Palo Fault as
having low-to-moderate relative uplift rate. Of the faults described
as exhibiting moderate to high relative uplift rate, the Eastern Sierra
del Tigre, Eastern Sierra de la Cantera, and Sierras de los Llanos &
Sierras de las Minas y Ulapes, Pocho faults could benefit the most
from more detailed assessment of activity as the hazards associated
with these faults are relatively unknown.

We interpret variations in average geomorphic indices values
among faults in a W-E transect in terms of uplift rates, taking into
consideration both W-E gradients in rock erosional resistance and
annual average precipitation rate (Fig. 4b and c). While numerous
studies have shown how lithological variation can complicate inter-
pretation of trends in geomorphic indices in terms of rates of uplift
(Bull, 2008; Keen-Zebert et al., 2017; van Laningham et al., 2006;
Walcott and Summerfield, 2008), the uniform relative uplift rates
from west to east renders a lithological influence unlikely. We only
define two rock strength distributions, with slightly more resis-
tant rocks in the Sierras Pampeanas compared to the Precordillera
(Bonalumi et al., 1999; Candiani et al., 2001, 2010; Cardé and Diaz,
2005; Costa et al., 2001a; Costa et al., 2001b; Fauqué et al., 2004;
Furque et al., 1998; Miré6 et al., 2005; Ragona et al., 1995; Ramos and
Vujovich, 2000; Ramos, Caminos, et al., 2000; Ramos et al., 2010;
Vujovichetal., 1998). We did not observe a change in morphometric
indicators corresponding to the change in lithology. In fact, if actual
levels of relative uplift rates on faults in the east are obscured due
to the slightly resistant lithology of the Sierras Pampeanas, this will
result in enhancement of the eastward decrease in relative short-
ening rates. Climate is fairly uniform up to the eastern front of the
Valle Fertil Fault, where there is a noticeable increase in average
precipitation rate. We assess the potential role of precipitation in
the discussion of subtle relative uplift rate trends observed in the
Sierras Pampeanas.

Overall, the average values of geomorphic indices among the
10 faults vary minimally (Fig 9a-i) and are less significant than
might be expected given the geologic and geodetic data which point
towards strongly varying distribution of shortening deformation
across the region. This apparent discrepancy can be reconciled by
considering fault dip. When the general difference between shal-
lower dipping faults in the thin-skinned Precordillera to the west
and more steeply dipping faults in the thick-skinned Sierras Pam-
peanas to the east is considered (Ramos et al., 2002; Richardson
et al., 2013; Siame et al., 2015), the observed relative uplift rates
on these 10 faults translate to generally higher relative shortening
rates for the Precordillera fold-and-thrusts (in the west) than the
Sierra Pampean thick-skinned reverse faults (in the east). Agree-
ment between this finding, GPS gradients and relative tectonic
activity from geomorphic indices could indicate that there has been

no stress significant field change since at least the Pleistocene.
However, additional quantitative slip rate studies over wider time
intervals in the late Quaternary are necessary to test this scenario.

The local trends inferred from the fault-averaged morphomet-
rics, such as the uniform uplift rates in the Precordillera, steps in
relative uplift rates between several Western Sierras Pampeanas
faults, and local west-to-east decreasing uplift rates the eastern
Sierras Pampeanas show associations with structural style and the
tectonic evolution these structures. Within the Precordillera, geo-
morphic index values are relatively uniform, with the exception of
Smf- These uniform values may be explained by an even distribu-
tion of strain throughout this fold-and-thrust belt, a trend which is
consistent both with GPS gradients (Brooks et al., 2003) and cur-
rently available geomorphic-derived slip rates (Costa et al., 2015a,
2015b; Costa et al., 2018; Rimando et al., 2019; Rockwell et al.,
2014; Salomon et al., 2013; Schmidt et al.,2011; Schoenbohm et al.,
2013; and Siame et al., 2002, 2006).

Morphometric indices change significantly between the Eastern
Pie de Palo and the Valle Fertil (faults fand g in Figs. 3 and 9), a trend
which is consistent with other data. The Eastern Pie de Palo in par-
ticular has been well studied and characterized through geologic,
geomorphic, seismic, and thermochronologic studies as a highly
active (if not the most active) structure in the region (Bellahsen
et al., 2016; Ramos et al., 2002; Siame et al., 2015). Although the
0.5+0.1 mm/yr to 0.8 +£ 0.4 mm/yr slip rates estimated on the EPF
(Siame et al., 2015) may not comprise a significant portion of the
total shortening rate of the Andean Orogenic Front on different
timescales (Ramos et al., 2002, 2004; Zapata and Allmendinger,
1996; Kendrick et al., 1999, 2001, 2003, 2006; Brooks et al., 2003), it
has been the locus of the country’s strongest earthquakes, concen-
trating most of the region’s seismic moment release. This seems to
be consistent with average values of Re, Ry,, and Vy, all suggesting
exceptionally high relative uplift rates on this fault, significantly
higher than that for the Valle Fertil and Sierras de los Llanos and
Sierras de Las Minas y Ulapes Faults to the east. A similar increase
in uplift rates is recorded by morphometric data between the Valle
Fertil Fault and the Sierras de los Llanos and Sierras de Las Minas
y Ulapes Faults (faults g and h in Figs. 3 and 9), but this cannot be
independently corroborated as quantitative Quaternary uplift rates
have not been determined.

The westward local increase in relative uplift rates in the Sierras
Pampeanas, indicated by most indices from the Sierra Chica Fault
Zone to the Sierras de los Llanos and Sierras de las Minas y Ulapes
Fault (faults h, i, and j in Figs. 9a-i), may reflect westward migra-
tion of deformation in the Sierras Pampeanas between ~6-5.5 Ma
and ~3 Ma (Jordan et al., 1983a, 1983b; Ramos et al., 2002). Activ-
ity on the eastern Sierras Pampeanas structures may have begun to
wane as the wave of deformation started migrating to the west. This
interpretation is consistent with the westward increase in decadal-
scale GPSsliprates (Brooks etal.,2003). Alternatively, the westward
decrease in precipitation could also cause this gradient in geomor-
phic indices, although the relatively high HI values on these faults
suggest that the effect of precipitation is low.

While the subduction of the nearly-horizontal Pampean flat slab
caused permanent shortening features to reach as far as ~700 km
east of the plate boundary, it appears that shortening rates on these
structures progressively decrease towards the east beginning at the
Sierras de los Llanos and Sierras de Las Minas y Ulapes Faults (fault
hin Figs. 3 and 9). This onset of lower relative uplift rates coincides
spatially in the subsurface with the resumption of a steeper angle
of the subduction. In addition, although the Eastern Pie de Palo
Fault is consistently shown as having a comparatively high relative
uplift rate, several other faults also exhibit high activity, belonging
to both thick- and thin-skinned systems within the Pampean flat
slab region.
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6. Conclusions

Geomorphic indices show the spatial distribution of relative
uplift rates for ten faults along a W-E transect in the back-arc region
of the seismically active Pampean flatslab segment of Argentina.
Variation in values of geomorphic indices along a fault are inter-
preted as along-strike variation in uplift rates and/ or segmentation.
Along individual faults, relative uplift rates are usually higher at
the center of each fault and locally at the center of each segment
of a fault and decrease towards the fault terminations. Decrease
in measured relative uplift rate towards fault tips is interpreted as
being the result of longer response times of fault-tip catchments
to fault growth-related increase in uplift rates, rather than lower
uplift rates. Swath profiles, which reflect cumulative displacement
of a fault, show a consistent spatial correspondence between areas
of higher cumulative displacement (centers of faults) and higher
inferred relative uplift rate. In calculating averages of geomorphic
indices per fault, we therefore excluded values near the fault tips.
We interpret the Eastern Sierra de la Cantera, Morados-Villicum-
Zonda-Pedernal, and Sierras de los Llanos & Sierras de las Minas y
Ulapes Faults as having overall high relative uplift rate from aver-
aged values of geomorphic indices. The Eastern Sierra del Tigre,
Sierra de Osamentas, Eastern Pie de Palo, Valle Fertil, Pocho, and
Sierra Chica Faults have overall moderate to high relative uplift
rates. Only the Western Pie de Palo Fault shows evidence for overall
low-to-moderate relative uplift rates.

While there is no major regional W-E trend in inferred rela-
tive uplift rates, our data highlight subtle trends and characteristics
that appear to be related to the structural style and the tectonic
evolution the structures:

1) The thin-skinned Precordillera faults in the west display nearly
uniform mean geomorphic index values, which is consistent
with interpretations of even distribution of strain throughout
the numerous structures of the Precordillera fold-and-thrust
belt based on GPS gradients and geomorphic-derived slip rates.
Relative shortening rates are higher in the Precordillera than the
Sierras Pampeanas, when fault dip differences between these
regions are considered. This similarity in trend with GPS gra-
dients may indicate that there has been no stress field change
since at least the Pleistocene. However, further slip rate studies
over broader time intervals in the late Quaternary are necessary
to support this.

2) The match in the westward trend of younger deformation in
the thick-skinned Sierras Pampeanas region and the local west-
ward increase in uplift rates inferred from geomorphic indices
may indicate waning of activity on older faults as deformation
migrated westward over the last few millions years. It is possible,
however, that the region may have had a more complex spa-
tiotemporal strain distribution on shorter timescales (10'-103
years).

3) Noticeably higher relative uplift rate on the Eastern Pie de Palo
Fault compared to other structures in the Sierras Pampeanas is
consistent with previous studies that appraise the Eastern Pie
de Palo Fault as a highly active (if not the most active) structure
in the region.

In summary, while flat-slab subduction has resulted in an excep-
tionally wide deformation zone that extends 700 km east of the
Peru-Chile Trench, it proceeds so with a gradual eastward decrease
of relative shortening rates (at least into Pleistocene), with only a
few sites of exceptionally high activity in between. This decrease
becomes pronounced at the Sierras de los Llanos and Sierras de Las
Minas y Ulapes Faults, which coincides with the same longitudinal
range as the slab’s resumption of a steeper angle of subduction. In
addition, deformation is not entirely localized. Although the East-

ern Pie de Palo Fault shows comparatively high relative uplift rate,
there are several other thick- and thin-skinned thrust/reverse faults
also with high activity, found throughout the Pampean flat slab
region.

When using geomorphic indices to assess relative uplift rate
variations along a fault or among several faults, we show that it
is better to interpret these indices collectively rather than indi-
vidually, as geomorphic indices may vary in sensitivity/response
times and degree to which these can be indicative of tectonics vs.
landform maturity (e.g., use of HI in conjunction with Sk, Kur, Dsk,
and Dkur). Finally, areas indicated in this study as having relatively
higher uplift rates, can be used as basis to identify priority sites
for more detailed studies for determining activity and seismogenic
capability. To date, of the faults that have been characterized as hav-
ing moderate to high relative uplift rate, the Eastern Sierra del Tigre,
Eastern Sierra de la Cantera, and Sierras de los Llanos & Sierras de
las Minas y Ulapes, Pocho faults have not yet been as well studied.
Therefore, these faults present a potential for future measurement
of quantitative slip-rates and assessment of seismic hazards.
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