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Abstract: The main aim of the present study is to model the interplay between neotectonic growth folds and

fluvial-alluvial processes in piedmont areas using an original numerical modeling pladform (ERSEDE).

ERSEDE allows the quantifying of topographic changes in the model along its evolution. The model outputs

can be used to carry out detailed analysis on growth strata geometries and geomorphic evolution. The applica-

tion of models to analyze this kind of interplays is an important tool to understand the evolution of mountain

fronts and it can be helpful to calibrate deformation and denudation rates obtained from neotectonic features.
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The numerical modeling of fluvial erosion-transport-sed-
imentation processes has been object of intense research
in the last years (see Whipple, 2004, for a synthesis). The
stream power models have demonstrated to be the most
efficient for simulating fluvial processes in mountainous
environments (Howard and Kerby, 1983; Whipple and
Tucker, 1999, Tucker and Bras, 2000; Whipple and
Tucker, 2002). Bedrock-rivers are the dominant ones in
these kinds of regions (Howard, 1980; Howard ez 4L,
1994) and are characterized by bedrock exposures along
almost all the river path, with some sectors covered by
transient sediments.

Once the rivers reach the piedmont its erosion and
transport capacity is rapidly reduced by the slope
decrease, developing alluvial fans in the mountain
front mainly controlled by discharge events repeated

through time (Harvey ez al., 2005). Neotectonic fea-
tures (fault scarps, growth folds, etc.) are frequently
found in the piedmont of the active mountain chains
as direct evidence of deformation propagation and
recent tectonic activity. The geomorphologic charac-
teristics of those features are used to establish the level
of activity of the system (Keller and Pinter, 1996;
Burbank and Anderson, 2001). The growth strata
derived from the interaction between the growing
structures and alluvial processes represent an impor-
tant tool to analyze the temporal evolution of the
structures and the deformation rates (Burbank and

Vergés, 1994; Ford ez al., 1997).

In this contribution, a hypothetical fold growing in
the piedmont of the Andean orogenic front was ana-
lyzed for a 10,000 years forward evolution. The
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results show that the presented numerical modeling
platform, named ERSEDE (Garcfa, 2010), is a useful
tool to analyze the interaction between neotectonics
and surface processes.

Study area

The study area is located near to the orogenic front of
the Andes, at the eastern flank of the Precordillera
between 68°51° and 69°09° LW and 32°30° and
32041’ LS in the Mendoza province of Argentina
(Fig. 1). The hypothetical growth anticline was dis-
posed with N-S trend in the Pampa Rodeo Grande,
which is the present bajada of the mountain range.
The Canota and del Toro creeks are the main rivers
that drain the mountainous area, cross the Pampa
Rodeo Grande and reach the Las Higueras river.

The Silurian-Devonian greenish sandstones and

mudstones of the Villavicencio Group (Cuerda ez
al., 1988) are the dominant lithology of this sector

32°371
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- Villavicencio Group (Silurian-Devonian)

Choiyoi and Uspallata Groups (Permian-Triassic)

of the Precordillera. These rocks are deformed and
can develop low-grade metamorphism. Overlying
this unit there are volcanic and pyroclastic rocks of
the Choiyoi Group (Permo-Triassic, Rolleri and
Criado Roque, 1968), and sedimentary continen-
tal deposits of the Uspallata Group (Middle to
Upper Triassic, Kokogian and Mansilla, 1989). In
the western flank of the Higueras range, toward
the NE corner of the sector, outcrops of the
Uspallata Group are recognized. The climate of
the region is arid with annual precipitations lower
than 350-400 mm. The rivers are ephemerals,
being active only during the rainy season. These
rivers can transport great amounts of materials

during floods.

The intense seismic activity (INPRES, 1995) and the
presence of neotectonic structures as the La Cal fault
scarp (Mingorance, 2006) and the Borbollén-
Capdeville growth folds (Costa ez al., 2000) are mark-
ers of Quaternary tectonic activity in the area.

SOUTH PACIFIC ocean
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Figure 1. Landsat image of the study area with basic geology superimposed. The position of the modeled growth fold is indicated using

an anticline reference.
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Methodology
Modeling of fluvial-alluvial processes

The numerical models that simulate landscape evolu-
tion are generally designed using empirical relation-
ships and simplifications derived from engineering
transport laws (Willgoose ez al., 1991; Howard ez al.,
1994; Tucker and Slingerland, 1996; Whipple and
Tucker, 1999). The erosion capacity (E) of a river at
one point of its path can be determined from the fol-
lowing algorithm:

E=(EmQ"K) - (Qg+T) (1),
where § is the local slope, Q is the water discharge, K,
is the rock erodibility, Q; is the sediment charge in
transport, and 7'is a threshold for fluvial erosion. The
exponents 72 and 7 have been obtained from previous
works (Whipple and Tucker, 1999, Clevis ez al.,
2003), having values of 0.66 and 0.33 respectively.

The water discharge (Q) is obtained from the next
formulae:

Q = A D065 ),

where A is the upstream drainage area, and P is the
precipitation. A straight corollary from the equation
(1) is that erosion will take place only when the result
is positive.

The erodibilities (K,) for different lithologies have
been calibrated using denudation rates at short tem-
poral scales in the Bolivian Andes (Aalto ez al., 2006).
The obtained results are summarized in the table 1.

When the transport capacity is exceeded by the sedi-
ment charge, the river must leave some material. The
quantity of released material is a function of the avail-
able accommodation space. The material added to the
old topography can not exceed the actualized topog-
raphy of the immediately previous point in the river
path. The limit will be controlled by the slope of the
point of interest with respect of the next point in the

river path. In addition, sedimentation can not gener-
ate depressions or increase slopes. This process con-
tinues until the river recovers its transport-erosion
capacity, or until the end of the river path.

Modeling of growth folds

The program ERSEDE includes a module to simulate
the growth of an anticline structure on a previous real
(DEMs) or artificial topography. The growth of the fold
is controlled by the fault-parallel flow kinematic model
(Sanderson, 1982). The requested input data includes
the fault geometry (dip, depth of detachment, vergence),
the shortening rate and the recurrence interval.

Model parameters

A model of 100 steps was executed with the parame-
ters detailed in table 2. An erodibility of 3000x10-7
m? a-! was assigned for all the pre deformation topog-
raphy, without taking into account the presence of
Quaternary cover. This value is the average erodibili-
ty determined for metasedimentary and weak sedi-
mentary rocks in the work of Aalto er al. (2000)
(Table 1).

The geometry of the fault is in agreement with other
examples of folds in the orogenic front (Garcia ez al.,
2005). In order to obtain a double plunging anticline
the displacement over the fault plane has been distrib-
uted from 2 mm a'! in the center of the fault up to 0
mm a! at both ends of the fault. The shortening rate
is coherent with rates obtained for similar structures
in the region (Vergés et al., 2007).

Results, discussion and limitations

The progressive growth of the anticline can be observed
in the topographic evolution of the region. Two N-S
scarps are cutting the piedmont. The western scarp rep-
resents the backlimb of the anticline and the eastern
scarp the forelimb. The area between both scarps is the
crest of the fold (Fig. 2a). Straight scarps related to fold
axial surfaces are not commonly developed in real
examples, reflecting the instantaneous limb rotations

. Area Precipitation . Denudation | Erodibility best
Basin (km?) (mma) Lithology PLI Index rate (mma™) | fit (107 m?a")
Igneous- o
VIN | 50 510 metamorphic 4.0 0.02 209 Table 1. Erodibility values
basement assigned to the lihology-types
ELV | 64 250 Metasedimentary 48 0.18 2200 studied by Aalto et al. (2006). The
PLI index represents the rupture
ACH | 38 170 Weak sedimentary 34.0 2.00 3910 resistance of fresh rocks using the
Schmidt N-type hammer.
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Physical parameters
Toooaraoh Precipitation | Bedrock erodibility erg((jei(kj)iirl};e?ﬁsoJ Dimensions Step (years)
pography (mma™) (10" m2a™ m? a¥1) (pixels) P Ly
SR'I;\S*DEM 300 3000 1000 000 294x223 100
Fault parameters
. Ramp
Detachment . Recurrence Shortening . h
depth (km) Dip (degrees) Vergence interval (years) | rate (mma’') dlmg(r;?l)ons
-10 30 East 1000 5 13.5%x3.375
Table 2. Model parameters.

intrinsic of the applied deformation model. The pre-
deformation surface is partially preserved in the crest
zone, being progressively degraded (Fig. 2d). This kind
of surfaces (or pediments) is a common feature in the
Andean piedmont at these latitudes (e.g. Garcia ez al.,
2005). The path of the rivers in the piedmont changes
along the model evolution, but without development
of abrupt bends (Fig. 2b). The path changes could be
controlled by alluvial autocyclic avulsion processes,
being the uplift rate too low to establish barriers to the
rivers. Erosion concentrates in the mountainous areas
with high slopes and in the frontal scarp of the fold.
The sedimentation in the mountain bedrock channels
is transient, without great accumulations (Fig. 2c).

Years

a) Topography

Altitude (m)
3350

10 km

10 km

b) Drainage area

Sedimentation dominates in the piedmont, showing a
distributary character along the model evolution (Fig.
2¢). This behavior can be correlated with the processes
responsible for the construction of alluvial fans (Harvey

et al., 2005).

The growth strata evolution across the fold (Fig. 3)
shows active sedimentation above both flanks covering
the fold crest. This geometry of rotational onlap (Riba,
1976) indicates that the sedimentation rate is surpass-
ing the uplift rate hiding the morphostructural
response of the landscape. The obtained growth strata
geometry is different and more complex than those
modeled for longer time spans using simple “table”

c) Denudation d) Pediments
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(m)

250

Area (km?)
300
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Figure 2. Temporal evolution of the model showing: (a) fold growth (white arrows mark the position of the scarps), (b) variability of
the drainage network, (c) denudation patterns, and (d) progressive degradation of pre-deformation surfaces (pediments). The location
of the growth strata profiles is marked with white bars in the topographic scenes.
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Figure 3. Growth strata geometry in the central sector of the fold
with a vertical exaggeration of 10x. Observe the rotational onlap
in the scarp zones. The position of the profiles is indicated in the

figure 2.

geometry for sedimentation and can be useful to ana-
lyze growth patterns in Quaternary deposits.

The limitations of the model are related with the “rec-
tangular” geometry of the growing fold and the spatial
resolution of the grid. The geometry of the fold is con-
trolled by the algorithm of fault-parallel flow applied
and can be improved using more realistic algorithms
(i.e. trishear). The spatial resolution of the grid is lim-
ited by the computational time necessary to run the
simulations. For a 300x300 pixels grid the program
spent 2 or 3 days to obtain satisfactory results.

Another more general limitation is the algorithm used
to model river erosion and sedimentation based in
geometrical and empirical parameters. More studies
are needed to obtain process-based models.

Conclusions

The interaction between a growth anticline and the flu-
vial-alluvial processes was successfully modeled.
Geomorphic markers of neotectonic activity (pedi-
ments and scarps) were obtained along the model evo-
lution. In the model, alluvial sedimentation in the
piedmont was controlled by avulsion and abandon of
individual channels. ERSEDE proved to be able to
simulate the development of alluvial fans. The shorten-
ing rate and the recurrence interval applied are not
enough to modify the general design of the drainage
network, at least for the time span analyzed in this
paper. The interaction between deformation and allu-
vial processes in the scarp zones produced rotational
onlap growth strata geometries.

The obtained results indicate that the program ERSEDE
is a valid tool to simulate the interplay between neotec-
tonic and fluvial-alluvial erosion-sedimentation processes.
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