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Scarps related to Quaternary-active thrust splays propagating in alluvial bajadas of the Southern Pre-
cordillera of Argentina (32�200) were studied through detailed topographic surveys, in order to under-
stand the reliability of these landforms as deformation markers at an outcrop scale. Geometric
parameters of causative structures were used to constrain balanced cross-sections through trishear
modelling for shortening estimation and also with the aim of comparing the predicted geometry of these
models with the scarp profile. Shortening estimation through retro-deformation of scarps contours was
also conducted as an alternative approach for calculating deformation affecting these alluvial surfaces.

Results indicate that fold geometries predicted by trishear modelling do not fit with the present scarp
shapes, suggesting modifications and slope angle decrease of the front limb. In order to match the
modelled folds with the scarp profiles, it is necessary to place constraints to fault parameters, such as
ramp angle and tip point position, not compatible with field observations.

Trishear models predict shortening values 8 to 15 times larger than those obtained through line ret-
rodeformation of scarp profiles. Therefore, scarp shapes at a mesoscopic scale in the study area, are not
considered a reliable deformation marker for shortening estimation of propagating thrusts through an
unconsolidated cover.

© 2016 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

In the southernmost section of the Pampean flat-slab of the
Andes (31�e33�S), prominent Quaternary deformation and
ongoing seismicity at the back arc is concentrated along the eastern
piedmont of the Argentine Precordillera (Jordan et al., 1983; Ramos,
1988; Costa et al., 2000, 2006; Ramos et al., 2002; among others). A
significant part of the Quaternary tectonic activity in the Southern
Precordillera is related to the range-bounding Las Pe~nas Thrust
(LPT) (Fig. 1), which overrides Neogene clastic rocks against Qua-
ternary alluvial sediments (Cort�es and Costa, 1996; Costa et al.,
2000, 2005, 2014; Schmidt et al., 2011, 2012).

Significant stream downcutting across the LPT trace, allow to
examine at outcrop scale one of the best Quaternary thrusting ex-
posures along the entire Andean front. However, reliable strati-
graphic markers are rarely present in the Quaternary alluvial layers,
precluding an appropriate correlation between the shortening
reserved.
induced by this structure in the alluvial cover, with the resulting
topographic signature.

The LPT usually exposes several blind foot-wall splays propa-
gating into the Quaternary sediments, giving rise to fold-limb
scarps in the piedmont environment (Fig. 2) (Costa et al., 2000,
2014). The deformed alluvial surfaces overlying these propagating
splays are considered to be better suited for quantifying the
thrusts-related deformation in the alluvial cover. These types of
surfaces have been used as finite strain markers in many active
contractional settings (Avouac et al., 1993; Bullard and Lettis, 1993;
Mueller and Suppe, 1997; Benedetti et al., 2000; Dolan et al., 2003;
Ishiyama et al., 2004, 2007; Davis et al., 2005; Gold et al., 2006; Lin
et al., 2007; among others).

Evolutionary paths and resulting signatures of scarps related to
propagating thrusts, either emergent or blind, are more complex
and far less known than landforms resulting from other types of
faulting. The lack of a free-face expressing the primary fault surface
and the high variability in landforms related to the causative
structure, are thought to be themain reasons (McCalpin and Carver,
2009). Thus, it is relevant to understand to what extend the present
day morphologic signature of these scarps may constitute
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Fig. 1. Satellite view (Google Earth) of the Las Pe~nas-Las Higueras range area. Pz-Mz, PaleozoiceMesozoic rocks; Mz-Cz, MesozoiceCenozoic rocks; Q, Quaternary alluvial cover.
White rectangle corresponds to the study area showed in Fig. 2. Numbers refer to the creeks where scarps were profiled (1, Las Ma~neras; 2, Infiernillo; 3, El C�ondor) or mentioned in
the manuscript (4, Las Pe~nas; 5, La Escondida; 6, Ba~nos Colorados). Folds identified in the piedmont environment are also depicted (Costa et al., 2000, 2014; Cort�es et al., 2011). Inset
shows the location of the study area in central-western Argentina.
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Fig. 2. Geological sketch of the study area with main lithologic units recognized and the main traces and structures related to the Las Pe~nas thrust shown with solid red lines
(observed) and with dashed lines (inferred). Insets show the location of the surveyed scarps and profiles displayed in Figs. 7 (BeB0); 8 (CeC0); 9 (DeD0); 10 (EeE0) and 11 (FeF0).
Profile AeA0 shows a schematic view of the LPT splays at the El Infiernillo creek, where the contact between the bedrock and Q4 unit (dashed line) has been estimated for the most
part. See the manuscript for details. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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deformation markers of the thrust-related deformation, at detailed
(decametric) scales.

A direct way to estimate shortening is to restore by line
balancing the current scarp profile, assuming the selected surface
being synchronous at both thrust walls. Under this approach, a
fold-limb scarp is ascribed to a parallel type of folding, presuming
that no significant internal shear or changes in layer thickness have
taken place and requiring the scarp profile to be representative of
the underlying fold geometry. These methods also assume that
landform has not undergone modifications by erosion or other
slope processes. This last requirement implies to decouple the
topographic expression of a propagating structure, from possible
interactions with exogenous processes.

Field observations in the study area as well as on other thrusts at
the Southern Precordillera, indicate that Quaternary layers involved
in thrust propagation do not behave as isopach-parallel folds at a
decametric scale (Costa et al., 2000, 2014; Ahumada and Costa,
2009; Schmidt et al., 2011; Salomon et al., 2013). Thus, constrain-
ing the deformation related to these propagating thrusts solely
based on the scarp topographic contour, can account for the uplift
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produced by the fault slip, but may result in discrepancies
regarding shortening and total slip estimation related to the caus-
ative structure.

Mechanical and numerical models as well as classical sand-box
experiments, predict significant discrepancies between the inner
geometry of folding related to propagating thrusts in comparison
with the shape of the uppermost deformed layers (in this case the
topographic surface) (Johnson and Johnson, 2002; Cardozo et al.,
2003; Hardy and Finch, 2007; Hardy and Allmendinger, 2011;
Takao et al., 2014; http://criepi.denken.or.jp/jp/kenkikaku/report/
detail/N10049.html, last accessed December 2015; https://
rocktraumacenter.wikispaces.com/2010þCompressionalþModels,
last accessed December 2015). This fact has also been underlined by
historic surface ruptures (Kelson et al., 2001; Lee et al., 2004; Liu-
Zeng et al., 2009) and is particularly relevant for moderate-low
angle thrusts propagating into a detached and isotropic cover
(Johnson and Johnson, 2002).

Several contributions have used the surface and shallow
expression of Quaternary-active thrusts, through topographic and
subsurface data at a macroscopic scale, as a geometric constrain
for matching geometries derived from balanced cross-sections
(Mueller and Suppe, 1997; Ishiyama et al., 2004, 2007; Gold
et al., 2006; among others). We have here followed an inverse
approach, aiming to test whether or not surveyed alluvial surfaces
constitute reliable strain markers. Based on detailed topographic
mapping and outcrop data, we investigate if morphological sig-
natures of thrusts propagating into Late Pleistocene alluvial sed-
iments can be reconciled with balanced sections for shortening
estimation. Accordingly, shortening obtained by trishear models
were contrasted against data resulting from line restoration of
scarps profiles, in order to address how much the discrepancies
between both approaches, if any, may impact in shortening esti-
mation. This contribution also seeks to explore independent
criteria for evaluating the modification degree of thrust-related
scarps in unconsolidated alluvial deposits, in this kind of tec-
tonic setting and working scale.

2. Morphotectonic setting

The study area is located at the southern part of the Pre-
cordillera, a Paleozoic orogen whose Neogene evolution has
resulted in different neotectonic deformation styles, controlled by
the inheritance of pre-Cenozoic structures. At the Southern Pre-
cordillera (Fig. 1) the Andean orogenic front is expressed by NNW-
trending east-verging thrusts, being the best exposures of
Quaternary-active structures concentrated at the Las Pe~nas-Las
Higueras range. The western part of the range is made up of
Paleozoic rocks, thrusted against Mesozoic and Cenozoic strata
through the Quaternary-active Las Higueras Thrust (LHT)
(Ahumada and Costa, 2009; Ahumada, 2010; Costa et al., 2015)
(Fig. 1).

The LPT concentrates the most recent deformation along the
range front, thrusting Neogene sediments over Quaternary con-
glomerates (Cort�es and Costa, 1996; Costa et al., 2000, 2005, 2014;
Schmidt et al., 2011). This thrust becomes blind at the southern tip
of the range, giving rise to south-plunging folds which deforms the
Neogene deposits (Costa et al., 2000, 2014; Cort�es et al., 2011)
(Fig. 1).

The thrust sheet comprised between the LHT and LPT traces
exhibits a landscape dominated by a degraded erosion surface,
partly covered by alluvial deposits. It is understood that continued
Quaternary uplift has induced bedrock erosion, with subsequent
deposition of fanglomerates, the older ones perched atop of this
planation surface and the younger nested within the main creeks
(Costa et al., 2000, 2014).
The tip zone of the LPT has evolved during the Quaternary in a
close relationship with alluvial sedimentation. Progressive un-
conformities in association with propagating faults are exposed at
the Las Ma~neras creek, as clear examples of these processes (Costa
et al., 2000, 2014). In contrast, foot-wall deposits exhibit little or no
disturbance at all (Cort�es and Costa, 1996; Costa et al., 2000, 2005,
2014; Ahumada and Costa, 2009; Ahumada, 2010). Uppermost
deformed Quaternary alluvial layers across the LPT trace commonly
showwarping andmonocline geometries consistent with fold-limb
type of scarps, reaching sometimes the forelimb layers a vertical
position (Costa et al., 2000, 2014). The lack of continuous exposures
across the thrust-related scarps, a persistent debris cover and a
poorly defined layering in the Quaternary deformed sediments,
prevents a proper comparison and correlation between the profiles
of scarps and the geometries of thrusted layers, exposed fewmeters
below the topographic surface. Thus, in some cases it is difficult to
judge if the thrust tip has broken the surface, giving rise to a
hanging-wall collapsed scarp (McCalpin and Carver, 2009) or if
fold-limb scarps still prevail instead.

At the LPT foot-wall, extensive deposits of quaternary fan-
glomeratesmake up thewide piedmont area in a typical alluvial fan
environment, being data about their thicknesses poorly known to
present (Figs. 1 and 2). No numerical ages have been so far reported
in the study area, although data obtained in the main alluvial ter-
races at Las Pe~nas, La Escondida and Ba~nos Colorados creeks (Fig. 1)
have resulted in ages ranging from ~3,3 ka to ~123 ka for the oldest
preserved alluvial surfaces (Schmidt et al., 2011, 2012; Schoenbohm
et al., 2013).

It is hypothesized that the original enveloping alluvial surface
might have been modified across these thrust-related scarps,
mainly considering a non-steady piedmont morphodynamics dur-
ing Late Pleistocene climate changes (Hedrick et al., 2013). Gravity-
related slopemodifications due to scarp diffusion andmass transfer
could have also attenuated scarp morphology, eventually linked to
successive fault slip events, even without significant erosion of the
thrust-related front limb. To the east of the thrust front, stream
incision has given rise to terrace formationwithin the fanglomerate
deposits. Stream downcutting and widening has resulted in char-
acteristic wing-like shapes. Entrenchedmeanders in the alluvial fan
environment, either active or abandoned, testify for runoff anom-
alies in the foot-wall, probably induced by blind foot-wall shortcuts
(Vazquez et al., 2015).

The NW-trending LPT thrust (140�e170�) dips at surface with
moderate to low angles (15�We55�W) and it is cored by Cenozoic
clastic rocks. Although there are no subsurface data available to
suitably constrain its cumulated slip, Neogene bedrock exhibits
~25 m of dip slip over Quaternary alluvial fan deposits at the Las
Pe~nas river (Fig. 1) (Cort�es and Costa, 1996; Costa et al., 2000, 2005,
2014). The LPT behaves either as a blind or emergent structure as
regards to the Quaternary alluvial cover, the latter situation
observed nearby the main creeks. The migration pattern of the LPT
deformation zone follows a forwardebreaking sequence, being the
westerly splays incorporated successively into the thrust hanging-
wall (Cort�es and Costa, 1996; Costa et al., 2000, 2014; Cort�es et al.,
2011). It is difficult to precise the location of Quaternary-active
thrust traces where the alluvial cover has been partly or totally
eroded, because no fault-relatedmorphologies are preserved. Based
on aerial images, low sun-angle oblique aerial views and field work,
the Quaternary-active LPT traces recognized are sketched in Fig. 2.

Deformation propagated into the Quaternary alluvial cover,
suggests a lobate pattern of the LPT in the study area, composed
by two major splays, spatially related through a relay ramp
array (Fig. 2). Table 1 shows morphometric information of
surveyed scarps, as well as geometric parameters of the caus-
ative thrusts.
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Table 1
Morphometric data of the surveyed scarps and thrust attitudes measured below them. The preferred ramp angle used for trishear modelling resulted from the most
representative dip angles of outcropping thrust surfaces or from averaging dip angles of curviplanar surfaces.

Las Ma~neras El Infiernillo west El Infiernillo east El C�ondor west El C�ondor east

Scarp slope 17� 14,5� 13,5� 10� 18�

Scarp height (m) 4,70 6,17 12,90 7,80 28,50
Measured thrust attitude
(right hand rule)

295�/29�

300�/35�

315�/49�

326�/39� 305�/40�

320�/47�

330�/56�

313�/48�

323�/39�

329�/58�
354�/41�

354�/21�

354�/33�

Preferred ramp angle 37� 39� 43� 49� 18�
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3. Geology of the study area

Two main geologic and geomorphologic settings separated by
the LPT deformation zone stand out in the study area (Figs. 1 and 2).
The thrust hanging-wall is characterized by an erosive environ-
ment, where folded Neogene rocks (Mari~no Fm.) crop out.
Remaining patches of the alluvial cover show a discontinuous strip
array along the LPT thrust trace. The high erodibility of the Neogene
rocks has determined the preservation of small remains of the
regional erosion surface which underlies the Quaternary deposits
(Costa et al., 2000, 2014).

The Mari~no Formation is composed by fine-medium grained
sandstones, claystones and siltstones of light brown and reddish
colors, showing evidences of intense deformation during the
Neogene, particularly at the LPT deformation zone.

The LPT foot-wall corresponds to a bajada environment where
alluvial Quaternary deposits crop out (Figs. 1 and 2). Three main
wing-like coalescent alluvial fans stand out, wheremostly unpaired
cut-in-fill and strath terraces could be identified. Cartographic
discrimination of morphostratigraphic unit is relatively simple at
the proximal part of the alluvial fans due to a scissors-like array of
the alluvial terraces, becoming more complex at the distal part.
Relative heights, dissection degree and local attributes of alluvial
surfaces were taken into account for unit correlation (Table 2).
Table 2
Description of the surface characteristics of the morphostratigraphic units distinguished. See the manuscript and Fig. 2 for other details.

Unit Distribution Surface characteristics

Q0 Both thrust walls Corresponds to active channels. It exhibits high reflectance and light pinkish tones due to predominance
of blocks and matrix of Neogene rocks.

Q1 Thrust foot-wall Low dissection degree and light pinkish tones. Smooth to slightly rough texture. It is nested within the
older units in the proximal/apical zone of the alluvial environment, whereas it appears widely
distributed in the eastern parts of the area (Figs. 1 and 2). This surface become functional during heavy
floods and could be partly covered by overbanking deposits. No desert varnish present. Subrounded to
rounded non-coated clasts, with average size of 2 cm (35% of the exposed surface).

Q2 Preserved at the thrust foot-wall. Its aerial
significance decreases from North to South

Grey tones and a less incised than older units. Clasts are subangular to subrounded with average size of
4 cm and desert varnish poorly developed.

Q3 Few remains nested within main creeks at the
hanging-wall, but largely prevail in the foot-wall.

Medium-high dissection degree, dark tones and rough texture. Good development of desert pavement,
coating angular clasts of 4 cm-average (long axis maximum size is up to 1.5 m), which represent up to
30% of the coarse clastic fraction.

Q4 Small patches at the LPT hanging wall and rarely
present at the foot-wall.

Dark tones and the highest dissection degree. These strath terraces deposits exhibit the thickest layers
exposed. Angular clasts (3 cm-average and 1.5 m-maximum) are dominant with a good development of
desert pavement. Boulders represent ca. 20% of the alluvial Surface. Scarce limestone boulders show
differential dissolution micromorphologies (limestone/chert) � 7 mm.
Lithologic composition and aspect of the five Quaternary mor-
phostratigraphic units distinguished is very similar, except when
comparing oldest against youngest deposits. These sediments are
constituted mostly by sheet-flood and debris flow deposits,
uncomformably overlying the Mari~no Formation (Figs. 3e5). They
are predominantly made of dark grey to light brown (in the web
version) colors, both clast or matrix supported, and a sandy matrix
with variable proportion of fine gravels and silt. Where flood sheet
fan prevail, a discrete layering is present, sometimes with cross-
bedding structures. But in general, planar fabrics are roughly
defined and non-persistent at a decametric scale.

Graywackes clasts and boulders prevail in older units (50%e
70%), accompanied with clastic (10%e30%), volcanic rocks (10%e
20%) and less commonly limestones (<5%). It is noteworthy that the
proportional presence of blocks (>1 m) of reddish and brownish
sedimentites (Mari~no Fm. and similar) as well as grain size, in-
creases towards younger units (Q1, Q0). This change is noticeable in
the appearance of the alluvial surfaces, which stand out with light
tones in aerial images (Figs. 1 and 2).

Quaternary deposits are usually unconsolidated, except in fault
zoneswhere couldbe cementedbyepigenetic carbonates or gypsum.

Unit Q2 and younger units do not expose noticeable morpho-
logic evidences of thrust propagation. However the drainage
pattern exhibits incisedmeanders carved in older units (Q3 and Q4),
suggesting evidences of ongoing blind tectonic activity in the thrust
foot-wall (Vazquez et al., 2015).

A brief description of surface characteristics of these carto-
graphic units is provided in Table 2.

4. Methods

The LPT section here analyzed was selected due to the occur-
rence of scarps related to thrust propagation in the piedmont al-
luvial units, along with exposures of the shallow portion of the
deforming structures in the main creeks (Figs. 3e5). Several sec-
tions for shortening estimationwere targeted with alluvial surfaces
outcropping at both thrust walls and interpreted as synchronous
(Fig. 2).

Field mapping was assisted by aerial images and oblique photos
of low-altitude flights. Detailed topographic surveys through ki-
nematic GPS, were conducted in order to carefully identify mor-
phostratigraphic units and to quantify scarp morphology. Selected



Fig. 3. Northwest-looking oblique aerial view of the El C�ondor creek (Fig. 3a). Scarps related with two splays of the LPT are indicated with white vertical arrows. EeE0 and FeF0

indicate the location of scarp profiles shown in Figs. 10 and 11. References for outcropping lithologic units are the same as in previous figures. White quadrangle corresponds to the
location of Fig. 3b. White arrows here highlight propagating splays of the LPT (profile FeF0, Fig. 11). Note the dip variation of Q4 layers at both sides of the deformation zone.
Geologist within circle for scale.
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cross sections were surveyed where rill incision was not observed
or considered minimal as to the working scale (Figs. 2 and 3).

Non-parallel types of folding characterize the geometries of
Quaternary deformation related to the LPT and surrounding struc-
tures (Ahumada and Costa, 2009; Ahumada, 2010; Schmidt et al.,
2011, 2012; Salomon et al., 2013; Costa et al., 2015), as also exposed
at the LasMa~neras creek (Fig. 8 inCosta et al., 2014). This fact prevents
to construct balanced sections following the techniques proposed by
Woodward et al. (1989) and Suppe and Medwedeff (1990). For that
reason, trishear fault-propagation models were considered more
appropriate for modelling the structures here described.

The trishear theory of fault-related folding was first described
by Erslev (1991) and has subsequently beenwidely accepted (Hardy
and Ford, 1997; Allmendinger, 1998; Zehnder and Allmendinger,
2000; Hardy and Allmendinger, 2011; among others). It relates
fold geometry with faulting parameters assuming isotropic and
homogeneous materials, allowing a good correlation with numeric
Fig. 4. Southeast-looking view of the western trace of the LPT at the El Infiernillo creek.
Neogene (Ng) and Quaternary (Q3, Q4) units, although no diagnostic morphologies of Quate
Scarp profile (CeC0) is shown in Fig. 8.
mechanical models (Johnson and Johnson, 2002; Cardozo et al.,
2003; Hardy and Finch, 2007). The coarse and barely unconsoli-
dated gravels with poorly defined fabric and layering here
described, could qualify for such mechanical conditions. We used a
forward modelling procedure to test if the scarp profiles could be
used as a reliable marker for shortening estimation, by comparing
the surface deformation predicted by trishear with the internal and
cumulated deformation in the Quaternary units with the scarp
topography. Modelling was undertaken through the FaultFoldFor-
ward v.6.2.0 software (www.geo.cornell.edu/geology/faculty/RWA/
programs/faultfoldforward.html; last accessed December 2015), in
order to link scarp geometries and fault parameters with kine-
matically balanced sections.

The selected scarps profiles were displayed in the background of
the computer screen. Then, a range of maximum and minimum
values of parameters controlling the geometry of trishear folding
(angle of trishear zone, ramp angle, tip point position, P/S ratio),
Thrust location pinpointed with white arrows is suggested by the distribution of the
rnary thrusting activity are preserved, except where Q3 unit overlies both thrust walls.
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Fig. 5. a. Southeast-looking view of the scarp related to the LPT eastern splay at the El Infiernillo creek, indicating the location of profile DeD0 (Fig. 9). Outcrops of Neogene rocks
(Ng) are visible at the hanging-wall. The gentle relief of a piedmont anticline can be seen in the background (see Fig. 1 for location). b and c displays details of propagating splays
visible in Q3 unit, but not affecting Q2 unit sediments. Contacts between lithologic units are shown with white dotted lines, whereas poorly defined layering in Q3 sediments is
underlined with dashed lines. Arrows indicate the thrust surface.
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either surveyed or estimated, were tested through a trial and error
procedure, until finding the best fits between output models and
scarp profile by visual inspection (Table 3). Markers provided by
trishear models were matched to the regional slope of the topo-
graphic enveloping surface at the scarp far field, in order to avoid
inconsistencies eventually introduced by scarp modification
(Fig. 6).
Table 3
Parameters involved in fold geometries compatible with the scarps heights, obtained through forward trishear modelling. Tip point location for each model is referred above
(þ) or below (�) the foot-wall datum. Last two columns to the right show resulting shortening estimated through trishear and line restoration methods respectively.

Location Ramp
(fault angle)

Apical angle
(trishear zone)

Propagation/
Slip ratio (P/S)

Slip (m) Tip point
location (m)

Initial horizontal
length (m)

Final horizontal
length (m)

Shortening
-trishear (m)

Shortening
-line restoration (m)

Las Ma~neras Fig. 8a 37� 60� 2.5 07.69 þ4,70 426 419.85 6.15 0.77
Fig. 8b 37� 60� 2.5 07.69 �2,04 426 419.85 6.15
Fig 6c 37� 100� 3 08.55 �3,22 426 421.34 4.66

El Infiernillo west Fig. 8a 39� 60� 2.5 11.96 þ6,17 308 298.69 9.31 0.99
Fig. 8b 39� 60� 2.5 11.96 At surface 308 298.69 9.31
Fig. 8c 39� 100� 3 12.82 �12,50 308 301.08 6.92

El Infiernillo east Fig. 8a 43� 60� 2.5 17.28 þ12,60 616 603.41 12.59 1.53
Fig. 8b 43� 60� 2.5 17.28 At surface 616 603.41 12.59
Fig. 8c 43� 100� 3 18.52 �33,00 616 606.49 9.51

El C�ondor west Fig. 9a 49� 60� 2.5 15.12 þ7,24 418 408.08 9.92 1.04
Fig. 9b 49� 60� 2.5 15.12 At surface 418 408.08 9.92

El C�ondor east Fig. 10a 18� 60� 2.5 80.67 þ19,26 1679 1618.75 60.25 3.89
Fig. 10b 18� 60� 2.5 72.27 At surface 1679 1625.05 53.95
Fig. 10c 18� 100� 3 72.27 �6,85 1679 1626.3 52.7
Preferred ramp angle (fault dip) for each section was chosen
considering the most representative value of measured thrust dips
at a meso-macro scale, whereas the position of the tip point was
constrained through field observations. The apical angle (trishear
zone) was adjusted according to the best fits obtained with the
topography, which encompasses in most cases the length of the
entire cross section.

There is not too much empirical data regarding relations be-
tween the propagation/slip (P/S) ratio and the rheology of different
materials. We have used P/S values ranging between 2,5 and 3 not
only due to better fits obtained, but also because we assumed that
the low consolidated gravels might be less efficient to propagate
faults in comparison to brittle rocks (Hardy and Finch, 2007; Hardy
and Allmendinger, 2011). Thrust-related shortening was also esti-
mated for selected cross-sections by retrodeformation of the scarp
profiles, in order to contrast results provided by both methods.
Shortening here resulted from comparing the scarp contour along a



Fig. 6. Scarps profiles of deformed Q3 and Q4 surfaces (CeC0 and DeD0 respectively) and sketched geology at the El Infiernillo creek area. These cross-sections illustrate that even if
trishear models only display the scarp zone for fitting details, they fit the far field slope of these alluvial surfaces. Inset with profiles location corresponds to the same image shown
in Fig. 2.
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specific length of each selected profile, against a straight-line with
the same length. Results are also displayed in Table 3.
5. Shortening estimation through trishear modelling

5.1. Las Ma~neras creek (profile BeB0, Fig. 2)

Only one section at an inset terrace (Unit Q3) was selected at the
Las Ma~neras creek, because Q4 unit was not properly preserved at
the hanging-wall. In order to best capture the far field slope of this
surface, a section slightly oblique (27�) to the thrust trace was
chosen. However, the topography displayed in Fig. 7 corresponds to
local sections profiled perpendicular to the structure trend at the
scarp. Best fits in the regional slope were achieved through the
parameters indicated in Table 3.

Fig. 7a predicts a lessening of the original scarp slope angle and
a tip point above the topographic surface. On the south wall of Las
Ma~neras creek, thrusts splays concave downwards can be observed
barely propagating up to the current datum of the preserved al-
luvial surface of Unit Q4 (Fig. 7 in Costa et al., 2014). Therefore, the
preferred solution corresponds to a fault tip of the propagating
fault near or above surface of Unit Q3 (Fig. 7b). This implies to as-
sume that the current scarp shape has undergone modifications,
which results in discrepancies with the fold shape and related
shortening.

Fig. 7c can reproduce the present scarp shape but requires a tip
point to be placed 3.22 m below the present scarp base. Therefore,
the fold shape fitting the topography does not represent the
propagation stage of the causative structure and underestimates
the cumulated shortening.
5.2. El Infiernillo creek west (profile CeC0, Fig. 2)

Field data indicate that fault tip should be near the surface of
Unit Q3 or even that the thrust might be already emergent (Fig. 4
and Table 3). Then, three different scenarios were here selected.
Location of the fault tip nearby or above topographic surface, gives
rise to significant discrepancies with the scarp profile (Fig. 8a and
b). Trishear folding induced by the propagation of a fault dipping
39�W can perfectly fit the present scarp shape under different
modelling parameters (Table 3 and Fig. 8c), but it requires the fault
tip to be located 12.5 m below the outcropping Quaternary layers.
This scenario does not satisfy the evidences of thrusting observed
in the Quaternary deposits (Fig. 4). Accordinglymodels displayed in
Fig. 8a and b are considered more consistent with field data.
Regardless the option chosen, shortening predicted by trishear is
the same in both cases, although larger than the one predicted by
model showed in Fig. 8c (Table 3).

5.3. El Infiernillo creek east (profile DeD0, Fig. 2)

An eastern splayof the LPTaffectingQ4 surfacewas here selected
alonga stripwhere thisunit is still suitablypreserved (Fig. 5a). Fig. 9a
shows the fold geometry with a fault tip 12.6 m above the topo-
graphic surface, fitting the foot-wall slope and the hanging wall
contour at the far field. This model implies to assume significant
discrepancies between the present day scarp morphology, in com-
parison with the geometry predicted by the model.

Fig. 9b represents the situation with a fault tip at surface, which
is well constrained with field data, but also implies significant scarp
slope modification. Both options result in same shortening values
(Table 3).



Fig. 7. Topographic profile BeB0 (dotted black line) of the scarp related to the LPT propagation in unit Q3 at the Las Ma~neras creek, sketching different thrust propagation scenarios.
Blue lines correspond to selected geometries predicted by trishear models, under different modelling conditions. Black dashed line shows the river profile. Solid grey lines constrain
the trishear angle; red and black dots are tip points and starting points respectively. See text and Table 3 for explanation. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

F.R. V�azquez et al. / Quaternary International 438 (2017) 65e79 73
Fig. 9c represents the best fit to the topographic surface.
However, it requires to places the fault tip 33m below the footwall
datum of Q4 Unit, meaning below the outcropping layers (see
stream profile location in Fig. 9c). This model predicts folding
instead of propagating faults at the surveyed outcrops. Hence, this
option was not considered feasible according to field data.

The model represented by Fig. 9b is the preferred solution. It
suggests a different shape of the fold forelimb in comparison with
the present scarp shape, as well as a much larger shortening than
predicted by retrodeforming the topographic surface (Table 3).
5.4. El C�ondor creek west (profile EeE0, Fig. 2)

Two traces of the LPT with surface expression were profiled
nearby El Condor creek across alluvial surface represented by Unit
Q4 (Fig. 3a).

The western trace shows an emergent thrust with a thin over-
lying alluvial cover nearby (Fig. 8 in Costa et al., 2014). This implies
that the thrust surface might have either ruptured at surface or
subsequently eroded (probably both situations apply). Accordingly,
two models with the fault tip located above (Fig. 10a) and right on



Fig. 8. Topographic profile CeC0 (dotted black line) of the scarp related to the western splay of the LPT (dotted black lines) in unit Q3 at the El Infiernillo creek, sketching different
thrust propagation scenarios. Blue lines correspond to selected geometries predicted by trishear models under different modelling conditions. Black dashed line shows the river
profile. Solid grey lines constrain the trishear angle; red and black dots are tip points and starting points respectively. See text and Table 3 for explanation. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Topographic profile DeD0 (black dotted line) of the scarp related to the eastern splay of the LPT in unit Q4 at the El Infiernillo creek, sketching different thrust propagation
scenarios. Blue lines correspond to selected geometries predicted by trishear models under different modelling conditions. Black dashed line shows the river profile. Solid grey lines
constrain the trishear angle; red and black dots are tip points and starting points respectively. See text and Table 3 for explanation. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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the surface are proposed as minimum thrust propagation scenarios
(Fig. 10b). In agreement with field observations, the resulting
models predict that the scarp has been modified and allow to
constraint a probable scarp shape related to the cumulated thrust
slip.

Because it is clear that the scarp has been already eroded, ret-
rodeformation is not a valid option to estimate shortening. Differ-
ence of results between both methods is substantial (Table 3).

5.5. El C�ondor creek east (profile FeF0, Fig. 2)

The eastern trace of the LPT at El C�ondor creek also affects Q4
Unit with low angle splays (Fig. 3b). The model depicted in Fig. 11a
assumes that the thrust has already ruptured and propagated
several meters above the alluvial surface in order to match the
regional slope. Fig. 11b represents a scarp configuration considering
the tip point at surface and Fig. 11c shows a perfect fit with the
topography, being the fault tip located ~5 m above the longitudinal
profile of the present stream channel.

Although it is not possible to accurately constrain the exact
position of the fault tip, we favor the scenario depicted by Fig. 11b.
Field observations suggest that fault tip is located very close to
topographic surface because Neogene rocks barely crop-out at the
hanging-wall (Fig. 3a). Debris talus deposits widely distributed
preclude to refine this information. The thrust surface does not
concentrate very evident shear phenomena along it (Fig. 3b), so we
estimated a cumulated slip in the order of 1e10 m. This estimation
is empirically-based, by comparing cumulated slip along with



Fig. 10. Topographic profile EeE0 (black dotted line) of the scarp related to the western splay of the LPT in unit Q4 at the El C�ondor creek, sketching different thrust propagation
scenarios. Blue lines correspond to selected geometries predicted by trishear models under different modelling conditions. Black dashed line shows the river profile. Solid grey lines
depict trishear angle. Red and black dots are tip points and starting points respectively. See text and Table 3 for explanation. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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concentrated shear phenomena in other thrust splays outcropping
nearby.

Several propagating splays concave downwards can be observed
below the thrust scarp, subtly imposed on the alluvial fabric (Fig
3b), although their contribution to the overall scarp morphology
and related shortening was not evaluated.

Model indicated in Fig. 11c cannot account for the evidences of
fault traces observed at the creek walls (Fig. 3b), because folding



Fig. 11. Topographic profile FeF0 (black dotted lines) of the scarp related to the eastern splay of the LPT in unit Q4 at the El C�ondor creek, sketching different thrust propagation
scenarios. Blue lines correspond to selected geometries predicted by trishear models, under different modelling conditions. Black dashed line shows the river profile. Solid grey lines
depict trishear angle. Red and black dots are tip points and starting points respectively. See text and Table 3 for explanation for explanation. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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should be present instead. This result suggests that adjusting the
fold geometry to the present surface is not a good approach to
estimate shortening in this case. It also implies that scarp
morphology has been modified in comparison to the fold shape
predicted by the cumulated slip.

6. Discussion

Modelling fold propagation coupled with resulting morphol-
ogies requires to combines different kind of data and to consider
different types of processes. We discuss below some issues arising
from this case study.

Folds modelled through the trishear theory represent kine-
matically balanced geometries which match the vertical
component of the cumulated thrust slip, constrained by the
scarp topography. They can display discrepancies between the
scarp contours and fold geometries of the total thrust slip
accrued under different modelling conditions. The selected fold
geometries may represent the pristine scarp shapes, if in-
teractions between the fault propagation and the surface pro-
cesses would have not taken place. For instance, the software
utilized cannot model colluvial wedges and related slope de-
posits that might have been deposited at the scarp base.
Accordingly, the models here presented are conceived as in-
struments for analyzing reliability of geomorphic surfaces as
deformation markers, rather than an attempt to quantify scarp
degradation or evolution.

The Fault/Fold v.6.2.0 software does not consider heterogeneous
trishear and thus not all possibilities are here encompassed. The
modelled thrusts takes into account a ‘basement’ (the pre-
Quaternary lithified rocks) and a detached cover (the overlying
alluvial sediments). This cover is poorly or non-consolidated, where
layering is barely developed and no suitable mechanical disconti-
nuities for developing layer-parallel slip are present.
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At the El Infiernillo creek, balanced cross sections were devel-
oped in the oldest Quaternary unit preserved (Q4) as well as in a
younger inset terrace (Unit Q3), being the shortening accrued larger
in the former unit through bothmethods. These results suggest that
thrust propagation has been contemporaneous with alluvial
deposition, at least during the time elapsed between both units
deposition. Thrust splays with submetric cumulated slip are pre-
sent in the deposits of Q3 unit (Fig. 5), although no noticeable
morphologies derived has been detected in younger deposits. Thus,
main thrusting activity seems to have taken place during the time
period comprised between the deposition of these units.

It is worth to note that shortening estimated through trishear
modelling have resulted in values eight to fifteen times larger than
values obtained by line restoration of scarp profiles (Table 3).
Maximum differences correspond to the El C�ondor East scarp
(profile FeF0, Fig.11). It is understood that the lowangle of thrusting
(18�) and scarp height are the main controlling parameters of the
outstanding discrepancy at this site.

Costa et al. (2015) estimated the shortening related to a
Holocene-active trace of the LHT, also through trishear and line
retrodeformation techniques, but using deformed layers as markers
for balancing, instead of the scarp profile. Results derived from both
methods were similar, probably because of the layer-parallel
stretching undergone by strata and avoidance of the thrusting
bulldozing effect on topography. Therefore, significant discrepancies
in shortening estimation should be expected when comparing the
results obtained by retrodeforming the scarp profile as a strain
marker, with the deformation accrued by underlying layers of the
Quaternary cover, as also underlined by mechanical and experi-
mental models (Johnson and Johnson, 2002; Takao et al., 2014).
These discrepancies become even larger when the thrust surface
tends to flatten upwards and scarp bulldozing becomes important in
the resulting morphology (Kelson et al., 2001).

At the study area, trishear models have followed simple thrust
geometries, which do not consider the complexities observed in the
field, particularly referred to the upward decrease in dip angles and
the thrust propagating in several splays (Fig. 3 in Costa et al., 2014).
Variables introduced by these situations have not yet been explored.
Nonetheless, it is understood that this approach allows to tests how
representative a scarp shape could be from underlying causative
structures, whose main parameters near surface are known.

7. Conclusions

In the study area, thrust-related landforms coined in Late
Pleistocene alluvial surfaces are not considered reliable markers of
the deformation accrued by propagating thrusts underneath.
Restoration of topographic contours of scarps result in a consider-
able underestimation of the thrust-related shortening, when
compared with results provided by balanced cross-sections.
Shortening estimated through trishear modelling has resulted
eight to fifteen times larger than values obtained by retrodeforming
the scarp contour (Table 3).

Accordingly, finding the best fit between tectonic landforms and
the causative thrusts using either numerical models or line retro-
deformation is not an advisable procedure for estimating short-
ening at a decametric scale in the study area (See Figs. 7e11 and
Table 1 for details).

Results obtained cannot account for all possible scenarios
derived from fault-propagation folding, taking into account a com-
bination of external factors, such as progressive slope modification,
so as to intrinsic deformation processes of the unconsolidated layers.

Deformation propagating up to the uppermost layers of the
terrace sediments, usually results in non-parallel type of folding, as
documented in the area and outcrops nearby (Costa et al., 2000;
Ahumada and Costa, 2009; Schmidt et al., 2011; Salomon et al.,
2013; Costa et al., 2015). Scarp bulldozing due to flat-lying
thrusting at surface, also enhances geometric discrepancies be-
tween scarp contours and folded layers of the alluvial cover un-
derneath, which has a direct impact in shortening estimation
through line restoration.

The line-restoration method does not consider stretching of
folded layers. This fact may also help to explain significant differ-
ences in shortening results when comparing this approach with
trishear models. Other structure parameters enhancing discrep-
ancies between these methods are considered to be the surficial tip
point location; low ramp angles (<30�) and unconsolidated and
poorly layered materials of the thrust cover.

It is understood that balanced cross-sections of scarp mor-
phologies through trishear models constitute an independent and
sound approach for testing the reliability of scarps as strainmarkers
of propagating thrusts at detailed (decametric scales). It contributes
for a better understanding of relations between the cumulated
thrust slip (constrained by its vertical component) and associated
landforms.
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