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a b s t r a c t

The Pampa Norte region is a great plain characterized by low slopes and accumulation of hundreds of
meters of thick loose sediments. A high morphostructure denominated San Guillermo block stands out
in the central plain, the Tostado–Selva scarp forming its western boundary. It is located in an intraplate
setting characterized by low tectonic activity. However recent uplift can be inferred by means of terrain
analysis and the sedimentology of the Palo Negro Fm. Pond deposits (Palo Negro Fm.) observed in the
scarp suggest topographic inversion during the Late Quaternary in the Palo Negro area. The morphology
indicates that the deformation was widely distributed, forming a gentle (ca. 5 m amplitude and 13 km
wavelength) asymmetric fold. Low sinuosity lineaments located in the base of the scarp, coincident with
knick points in the topographic profile, can be interpreted as the projection of tip-lines by high-angle
fault-propagation. This geometry is compatible with reverse kinematics on blind faults.

A deformation style with reactivation of pre-existing faults is consistent with structural observations.
Seismic reflectors suggest the presence of Cretaceous high-angle normal faults, and the orientation of lin-
eaments is similar to the orientation of the graben systems and transverse accommodation zones origi-
nated during the opening of the South Atlantic Ocean.

One OSL dating of 67.4 ± 5.1 kyr B.P (from Palo Negro Fm. supposed as deposited on a flat plain floor)
and a height difference of 9.5 m measured in the Tostado–Selva scarp account for an averaged uplift rate
of 0.14 mm/year.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

A good attention has been paid to establish the mechanisms of
deformation within intraplate settings in the last years (Crone
et al., 1997; Cloetingh et al., 2005; Clark and McCue, 2003). Geolog-
ical, geomorphological, and geophysical information has been ap-
plied in order to verify neotectonic activity in relatively stable
regions in South America. Mainly Brazilian researchers, have ad-
vanced by establishing constrains to neotectonic character of the
deformation and the stress fields, from seismological data such
as focal mechanisms obtained from instrumental record (Assumpç-
ao, 1992, 1998), breakouts in boreholes (Lima et al., 1997; Lima,
2000) and geological information (Riccomini et al., 1989; Bezerra
and Vita-Finzi, 2000; Bezerra et al., 2001, 2006; Saadi et al.,
2002; Modenesi Gautieri et al., 2002; Salmuni et al., 2003). Fur-
thermore, a number of groups have recently exploited the numer-
ous available data regarding remote sensors products, both optical
and radar satellite data (Assine and Soares, 2004; Grohmann, 2004;
Grohmann et al., 2007). These studies indicate the existence of
Quaternary, particularly Holocene faulting in almost all geological
provinces of Brazil (Riccomini and Assumpção, 1999).

In Argentine, most of the neotectonic and paleoseismological
studies in intraplate setting are restricted to adjacent region of
the Sierras Pampeanas (Costa, 1996; Costa and Vita-Finzi, 1996;
Costa et al., 2001; Sagripanti et al., 2003). This morphostructure
was defined as a broken foreland system, produced from the flat-
slab subdution of the Nazca Plate underneath the Sudamerican
plate, between 27� SL and 33� SL (Jordan and Allmendinger, 1986).

In the Chaco–Pampean Plain, structural problems have been fre-
quently tackled based exclusively upon evidence coming from re-
mote sensors (Pasotti, 1974; Iriondo, 1989; Rossello et al., 2005;
Mon and Gutiérrez, 2009). Neogene deformation in the region
was inferred preliminary from stratigraphic data (Stappenbeck,
1926; Kröhling and Iriondo, 2003). No examples of surficial rup-
tures by faulting were reported in the Pampa Plain (Costa et al.,
2006; Brunetto and Iriondo, 2007). Hence, only indirect strati-
graphic indicators of neotectonic deformation are expected in a re-
gion dominated by sedimentary aggradation. In this sort of setting,
the correlation of lineaments, topography and stratigraphy has the
aim to stress the presence of the blocks that conform the architec-
ture of the region (Giambastiani, 1991). The combination of inde-
pendent geomorphological and stratigraphic approaches is often
used to fulfill the usual working sequence in neotectonic studies
(Costa, 1996). We consider neotectonic to the deformation oc-
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curred during the Quaternary, represented in the Pampa Norte by a
column of sediments, 60 m thick (Kröhling and Iriondo, 2003).

N–S Tostado–Selva fault, bounding the Mar Chiquita lake
depression, is the main lineament in the Pampa plain, easily
noticeable in satellite images. The expression in the field is an
anomalous slope observed throughout hundreds of kilometers. In

several articles this lineament is referred as a fault. However, activ-
ity during Quaternary has not been verified yet.

This contribution was concern on the stratigraphic evidences of
recent deformation in the Tostado–Selva fault, in the Palo Negro
area. Our hypothesis is the Palo Negro Fm. was deposited in
swamps and ponds in a lower paleoaltitude, and it was uplifted

Fig. 2. Palo Negro area. The locations of outcrops and samplings are indicated in the map.

Fig. 1. Regional location. The main morphostructures of central Argentina are: Sierras of Córdoba and Sierra Norte in the west (easternmost part of a broken foreland; Jordan
and Allmendinger, 1986); Mar Chiquita lake depression and San Guillermo high block, in Chaco-pampean Plain; (a) elevation map derived from a DEM (SRTM-NASA, 90 m);
(b) map derived from Landsat ETM images.
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to its present position due to Quaternary deformation. For instance,
in trenches situated across escarpments, the deposits accumulated
on flat topography such as swamp or pond facies, have been con-
sidered as first order evidences of localized uplifting (Salmuni
et al., 2003; Sagripanti et al., 2008). These insights can be used in
neotectonic studies carried out elsewhere over lowland plains.
Considering this sort of information it is presented here an advanc-

ing in the knowledge of the long-term deformation during the Late
Quaternary of the area of Pampa Norte (Fig. 2).

2. Geological setting

The study area is located in a region of the Pampean plains (in
central Argentina). This area was defined by Iriondo (1997) as Pam-

Fig. 3. (a) Contour lines map in Palo Negro region. A major scarp results evidenced in the margin of the high eastern zone named San Guillermo block. The western area is the
plain floor, which corresponds to a wetland landscape. (b) Topographic cross-section. A steeper slope evidences the Tostado–Selva scarp; the cross-section shows a maximum
height difference of almost 10 m in the scarp; this measure was fitted by means a Total Station levelling (9.5 m). A knick point appears at the base of the scarp. (c) Regional
topographic cross-section.
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pa Norte, based on its stratigraphic and geomorphologic identity
throughout Quaternary (Fig. 1).

The Chaco-Paraná basin was originated in an intracratonic do-
main, developed within Sudamerican platform since the Paleozoic
(Pezzi and Mozetic, 1989; Chebli et al., 1999). Different subsidence
mechanisms and tectonic regimes have subsequently operated,
generating accommodation space for a potent sedimentary column
(5000 m). During Mesozoic the region underwent a rifting regime,
which originated the opening of South Atlantic Ocean (Uliana et al.,
1989; Lagorio, 2003; Webster et al., 2004). Subsidence in foreland
basins was generated by tectonic load, during late Cenozoic An-
dean activity (Jordan, 1995; De Celles and Giles, 1996; Horton
and DeCelles, 1997).

As mentioned above, Neogene deformation was distributed
widely over the subducted flat-slab, producing the Sierras Pampe-
anas building (Jordan and Allmendinger, 1986; Costa et al., 2001;
Ramos et al., 2002). An alternative model of foreland basin system
was proposed for the region of the Río Dulce/Mar Chiquita basin
and the San Guillermo high block (Fig. 1) (Dávila, 2008), consider-
ing the opposite vergence with respect to the general model (De
Celles and Giles, 1996).

Alluvial megafans advancing eastwards from Pampean and Sub
Andean Ranges characterized the sedimentation during Pliocene–
Pleistocene (Iriondo, 1993; Horton and De Celles, 2001). The Río Dul-
ce megafan is a particular case; this river flows into the Mar Chiquita
shallow lake, an endorreic basin located in the interior of the plain

Fig. 4. (a) Slopes map of Palo Negro area, derived form a Digital Elevation Model (SRTM-NASA; 90 m). The image was processed by means of a low-pass kernel, 7 � 7 pixels in
size. Clear shades indicate steeper gradients of slopes. It is possible to observe a marked regularity in the morphostructural lineaments (see also Figs. 2 and 6) and (b) slopes
cross-section shows highest gradients (up to 0.6�) in the Tostado–Selva scarp.
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(Fig. 1). Furthermore, extensive eolian blankets were generated pref-
erentially by southern winds. Such deposits constitute the Pampean
Eolian System (PES), formed by sand dunes and loess (Iriondo and
Kröhling, 1995). A conspicuous feature of Pampa Norte is the pres-
ence of the Loess Peripherical Belt, a part of the PES, conformed by

loess-paleosoils sequences developed during Late Pleistocene. Tran-
sient marshes, ponds, swamps and little dells had extensive develop-
ment during humid periods of the Quaternary (Iriondo, 2004). As a
result, the sedimentary column shows a wide rank of environmental
conditions such as swamps, ponds and fluvial alternating with loess

Fig. 5. (a) Map of slope orientation (aspect) of Palo Negro area derived from a DEM processed by using a 21 � 21 low-pass kernel. This allow getting averaged data
(enveloping surfaces); b) the frequency slope orientations histogram indicates WNW (283.8–302.12�) and NW (317.7�) modal directions that characterize the Tostado–Selva
scarp. NNE (18.4�) and E (88.9�) orientations correspond to gentle slopes of San Guillermo blocks.

Table 1
Geochronological OSL datum from Palo Negro Fm. (Palo Negro profile).

Field
number

Laboratory
number

Equivalent
dose (Grays)

U (ppm)4 Th (ppm)4 k20 (%)4 H2O (%) Alpha efficiency Cosmic dose rate
(mGrays/year)5

Dose rate
(Gy/ka)

OSL age
(year before 2000AD)

PN1 UIC2109BL 324.52 ± 3.30 2.9 ± 0.1 11.2 ± 0.1 2.90 ± 0.02 15 ± 5 0.07 ± 0.01 0.15 ± 0.015 4.83 ± 0.23 67.44 ± 5070
PN1 UIC2109IR 313.10 ± 4.42 2.9 ± 0.1 11.2 ± 0.1 2.90 ± 0.02 15 ± 5 0.07 ± 0.01 0.15 ± 0.015 4.87 ± 0.23 64.28 ± 4860
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deposits, which indicates climatic oscillations during the Late Qua-
ternary (Iriondo and García, 1993).

Two outstanding morphostructures appear in this flat and vast
plain: (a) the depression occupied by the Mar Chiquita Lake with
distinct and rectilinear edges and (b) to the east, the San Guiller-
mo high block appears limited by lineal structural elements
(Kröhling and Iriondo, 2003). The boundary between both expres-
sions is a lineament named Tostado–Selva fault (Pasotti and Cas-
tellanos, 1963). It is a 400 km in long and roughly N–S oriented
regional structure (Fig. 1).

3. Methodology

Where indirect evidences of recent deformation are expected,
a multi-proxy methodology should be applied (Giambastiani,
1991; Costa, 1996). The main target was to understand the Palo
Negro Fm. sedimentation and deformation, which is located
now at higher elevations respect to the plain floor.

Terrain Analyses were addressed to distinguish lineaments,
deduced from their controls on drainage nets, principally limiting
shallow water bodies and waterlogged areas (Dumont, 1996;
Sagripanti et al., 2008). Statistical analyses of the relief were per-
formed by means of processing information derived from Digital
Elevation Model (DEM). Available 90 m resolution DEM (SRTM/
NASA) eased exhaustive information for detailed morphometric
analyses (Felicísimo, 1994; Wood, 1996), which stressed the pres-
ence of regular blocks, inside a very flat and large plain. Elevation
data were processed on a GIS base, by using software of Geo-
graphic Resources Analysis Support System (GRASS Development
Team, 2005). Morphometric parameters such as contour lines
(Fig. 3), slopes (Fig. 4) and slopes orientation (Fig. 5) were calcu-
lated and their corresponding maps were obtained (Grohmann,
2004; Grohmann et al., 2007). The slope orientation map was cal-
culated over smoothed surfaces by means of matrix kernels, so
that enveloping surfaces were represented (Fig. 5). The Tos-
tado–Selva scarp was the main morphological expression ana-
lysed. Topographic and slope gradient profiles (Figs. 3 and 4)
helped to interpret the geometry of the deformation in this sector,
at Palo Negro (Yeats et al., 1997; Twiss and Moores, 2007). De-
tailed topographic information was gathered by using a Total
Station.

Stratigraphic study was focused on establishing the active
control of the structures on the landscape, during Late Quaternary
(Costa, 1996). Descriptions were made in a quarry located near
Palo Negro town, inside the Tostado–Selva scarp (Fig. 2). Facies
analysis was addressed from field observations and sedimento-
logical analysis carried out on samples extracted from the Palo
Negro Fm. Macroscopic descriptions were performed following
usual techniques in samples of silt–clay grain-sized sediments
(Catt, 1990). Particle-size analyses were carried out by the stan-
dard procedure of pipette sampling (Stoke’s law) (Galehouse,
1971), pre-treating the samples with 1 N sodium-hexametaphos-
phate and 10% H2O2. Statistic grain-size classifications were taken
from GRADISTAT (Version 4.0-2000) (Blott and Pye, 2001).

A trench was cleared in order to observe lateral continuity of
the Palo Negro Fm., 1200 m southeastward from the quarry
(Fig. 2). 7 km northeastward, a water well situated in San José
(Fig. 2), was logged with the same propose. Similarly, a manual
borehole was carried out in the Mojón Colorado pond (Fig. 2).

One age datum of a sample taken from the top of Palo Negro
Fm. in the Palo Negro quarry was obtained in the Luminescence
Dating Research Laboratory (LDRL) of the University of Illinois
(Table 1). We also accounted with previous dating, which were
used for correlations of the main units of the region (Ceres, Tez-
anos Pinto and San Guillermo Fms.; Table 2). Ta
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N�42079 NW–SE oriented seismic line, perpendicular respect to
the Tostado–Selva ramp in the Palo Negro area (Fig. 6), was ana-
lysed. The subsurface information was correlated with geomorpho-
logic observations, in order to understand the structures and the
neotectonic deformation style. It was followed roughly the strati-
graphic criteria adopted by Webster et al. (2004) for the seismic
reflectors interpretation. The stratigraphic control of the reflectors
depth was obtained by using information of the SC001 borehole,
(YPF, 1945). A seismic velocity of 1860 m/s was estimated, taken
as reference the well-recognisable level of basalts (top: 1205 m;
base: 1302 m).

After the geometry of structures was defined, we attempted to
deduce the kinematics of the faults, and estimate an approximated
uplift rate starting from the geochronology of the Palo Negro Fm.

4. Analysis of Tostado–Selva scarp in Palo Negro

The Palo Negro district shows a regular scarp (Tostado–Selva),
whose trace is NE–SW oriented in this sector. It presents an asym-
metrical profile and constitutes the margin of San Guillermo high
area (Fig. 3). The scarp limits a depressed area covered by extensive
ponds and transient marshes belonging to the Río Dulce/Mar Chiq-
uita shallow lake basin. Markedly straight lineaments appear at the
base of this scarp (Figs. 2 and 6). They coincide with the knick
points observed in the topographic cross-section (Fig. 3b). Trans-
versal paleostreams, whose eastward paleoflow directions were
interrupted by the Tostado–Selva ramp (Fig. 6), display diffuse
traces on the elevated block indicating a continuity of the flow in
the past.

Maximum elevation difference in the scarp is almost 20 m at
South, decreasing and disappearing in NE direction (Fig. 3). In Palo
Negro, the scarp height is 9.50 m.

One of the main characteristics is the low sinuosity of contour
lines in the border of the block (Fig. 3). The scarp is evidenced by
anomalous elevation gradients up to 0.6� (Fig. 4), concentrated in
a band of about 2 km wide (Fig. 4b). Generally, plains show gradi-
ents lesser than 0.2� (Fig. 4b).

Frequency histogram of slope orientation highlights ONO
(283.8�), NO (302.12–317.7�) and N (358.6�) populations, which
stress the different segments of the scarp in the block edge
(Fig. 5). Other trends correspond to gentler slopes on the rest of
the plain. Anomalous features appear as NW–SE strike lineal zones
(dark grey in colour) and slopes approximately SW oriented
(Fig. 5), oblique to the main scarp.

5. Palo Negro Fm.

The Palo Negro Fm. (nov. nom.) was described along of a quarry
situated in the middle of the Tostado–Selva scarp (29�3003300S;
62�150600W) (Figs. 2 and 6). The outcrop is located 2 km northwest-
wards, from Palo Negro town. Located at the base of the profile,
this unit has a thickness of 1.30 m (Fig. 7). In discontinuity, a
brownish loess deposit (Tezanos Pinto Fm.; Iriondo, 1980) over-
lays. The San Guillermo Fm., a greyish-brown loess (Iriondo and
Kröhling, 1995), completes the sequence (Fig. 7).

5.1. Horizontal-bedded silty facies

The most conspicuous feature of the basal deposit is the exis-
tence of bedded sediments (Fig. 8a–e). Silicoclastic materials alter-
nate with beds dominated by high concentrations of Fe oxides and
superimposed carbonates. Silts and clays dominate the silicoclastic
levels; meanwhile surfaces of weakness generated by this primary
structuring have been filled with secondary horizontal deposits of

Fig. 6. Location of the 42079c seismic line across the Tostado–Selva scarp. In the image, main geomorphologic features can be distinguished: rectilinear lineament controlling
pond margins in the low lands, at the base of scarp and a well-drained ground in the elevated area. Traces of paleostreams interrupted by the scarp can also be observed.

E. Brunetto et al. / Journal of South American Earth Sciences 29 (2010) 627–641 633
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carbonates (Fig. 8e). Slightly wavy-shaped mud beds with internal
laminations and clear colour (7.5YR 6/4) are dominant. Carbonates
beds are discontinuous forming sub-rounded or polygonal-shaped
plates, several cm in diameter (Fig. 8f). Fe mottles give a darker col-
our (7.5YR 3/2) to the sediment. The whole deposit is a hard unit,
with moderate strength and fragile behaviour, so that it is easily
broken with fingers in sub-angular blocky aggregates. These blocks
have plane faces parallel to lamination (Fig. 8g). Millimetric cast of
gastropod shells are included in the sediment (Fig. 8h). Moreover,
the sediment presents an important grade of bioturbation owing to
oblique roots cracks and burrow traces, which have subsequently
been filled by carbonate (Fig. 8e). This set of structures results in
a coarsely stratified deposit.

5.2. Architecture and geometry of the deposits

Palo Negro Fm. is a tabular layer whose lateral exposition
reaches 110 m in longitude, throughout the northern quarry wall

(Fig. 9). The outcropping sedimentary body dips (Fig. 8i) in SE
(139�) direction, approximately perpendicular to the scarp strike
(Fig. 10). There is a notable contrast in grain-size between litho-
stratigraphic units, indicating an unconformity between Palo Ne-
gro Fm. and the overlying Tezanos Pinto (Fig. 11). The
discontinuity appears as an erosive wavy contact (Fig. 9).

The same consolidated unit appears again in San José (Fig. 10).
In this place, the unit is 2 m thick. The top of Palo Negro Fm. ap-
pears in both outcrops at around 81 m.a.s.l., in the middle of the
scarp. In the lowlands located to the west, the upper contact of
the Palo Negro Fm. is observed 2 m deep in the subsurface, from
a core of a manual borehole (Fig. 10), at approximately 71 m.a.s.l.

5.3. Geochronology

In the type profile one OSL dating obtained at the top of Palo Ne-
gro Fm., gave an age of 67.440 ± 5.070 year B.P (PN1 – Table 1).
According to OSL ages coming from the previous data, lying in

Fig. 7. Stratigraphic column in Palo Negro. The OSL age obtained at the top of Palo Negro Fm. (minimum age of 67.4 ± 5.1 kyr B.P), and previous data from the base of Tezanos
Pinto Fm. (maximum ages around 36 kyr B.P), allow inferring an unconformity of at least 30 kyr.

634 E. Brunetto et al. / Journal of South American Earth Sciences 29 (2010) 627–641
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unconformity over Palo Negro Fm., the Tezanos Pinto Fm. has a
maximum age of 36,000 year B.P (Table 2). Hence, sedimentologic
and geochronologic evidences indicate a hiatus. This discontinuity
represents at least, a time-span of 30,000 years.

5.4. Non-permanent pond facies (Palo Negro Fm.)

Horizontal-bedded structures allow inferring pond conditions
(Talbot and Allen, 1996). The content of very fine sand (Fig. 11)
could indicate an important grade of diagenesis, by consolidation
from originally finer sediments. This increase of particle size can
be interpreted as a product of aggregation of clayey silts owing
to secondary depositional processes. This dynamic occurs typically
in sub-aqueous/sub-aerial interphase, influenced by changes in
hydrological regime (page 110 in Talbot and Allen, 1996). Numer-
ous bioturbation evidences, like burrows, can indicate, in turn, the
formation of micro-agglomerates by digger animals, contributing
to increase the particle-size of sediments (Imbelloni and Cumba,
2003; Kröhling and Iriondo, 2003). Development of well-differ-
enced Fe3+ reddish-brown mottles is trace of an oxidizing environ-
ment, specifically by alternation between seasonally humid and
dry periods (Mitsch and Gosselink, 2000). They indicate presence
of non-permanently saturated soils. In addition, the presence of
carbonates points out alkaline conditions, which also favours Fe
precipitation (Mitsch and Gosselink, 2000). Such hydromorphic

conditions observed on the scarp indicate a depressed or flat palae-
o-topography.

6. Interpretation of seismic data

Graben and hemi-graben structures can be interpreted from the
NW–SE oriented seismic line N�42079, perpendicular to the Tos-
tado–Selva scarp (see location in Fig. 6). Lateral discontinuities in
Middle Cretaceous sediments of Serra Geral and Tacuarembó
Fms. point out the presence of normal faults (Chebli et al., 1999).
The level of basalt located 1200 m deep, which produces stronger
reflectors, is a reference for inferring the position of the Cretaceous
units. Roll-over folds are visible in the lower portion of the graben,
whereas in the upper part of the rift structure off-lap contacts can
roughly be observed. Further accumulation could be assigned to
sag sediments, Upper Cretaceous in age (Chebli et al., 1989; Web-
ster et al., 2004).

High-angle faults are compatible with the presence of markedly
straight lineaments observed in surface. Such structures are in
accordance with some morphological features of the landscape:
elongated ponds located westward from the Tostado–Selva scarp.
Thus, seismic section interpretation means that a main graben
structure is placed under the Tostado–Selva scarp, but in inverse
topographic relationship. This location and the dip of pre-existing

Fig. 8. Sedimentary structures in the Palo Negro Fm. at different scales; (a–e) broad horizontal stratification dominated by silicoclastic materials interbedded with Fe oxide
mottles and superimposed carbonates; (f) carbonates present sub-horizontal thin platy shapes; (g) the deposit is consolidated, showing horizontal and vertical structures; (h)
cast of gastropod covered with a coat of Fe oxides; and (i) the outcrop presents SE dipped planes in the Palo Negro Fm.
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faults suggest that deformation is concentrated in the western side
of the San Guillermo block and main displacements occurred on
those E-dipping faults, due to reverse movements (Fig. 12).

7. Geometric and kinematics’ interpretation

We could use four different explanations for the geometry of
the strata and kinematics of the Tostado–Selva fault (Fig. 13): (a)
Generation of a monocline fault-propagation fold due to neotec-
tonic inversion of Cretaceous E-dipping normal faults. The pres-
ence of marked straight lineaments at base of the escarpment
(Fig. 6) and the knick points in the lower portion of topographic
cross-section (Fig. 4b), suggest they are the projections of tip-lines
formed by displacement on blind faults (page 99 in Yeats et al.,
1997; page 386 in Twiss and Moores, 2007). (b) A monocline fold
induced by normal displacements of E-dipping pre-existing faults,
under a present extensional stress field. This stress field might be
generated locally by bulging (Supak et al., 2006) in the distal fore-
land basin (Ussami et al., 1999). (c) Pre-existing normal faults were
reactivated by differential subsidence in the interior of grabens
(Cristallini et al., 2006). (d) If Palo Negro Fm. were interpreted as
a calcrete deposit influenced by the water table oscillations near
a pre-existing slope (Gutiérrez Elorza, 2001), there would not be
necessarily a relief inversion.

Normal faulting (b option) predict for this region based on a
flexural modelling (Dávila, 2008), implicate a localized response
to the upwarping. However, the pattern of lineaments observed ex-
ceeds spatially the forebulge area (Brunetto, 2005). Otherwise, for
occurring differential subsidence (c case), the superficial morphol-
ogy does not correspond to the spatial location of subsurface struc-
tures (Fig. 12). Whereas, in the d case, the upper contact should be
horizontal or NW-dipped following the topographic slope trend
(page 118 in Talbot and Allen, 1996). Instead, an opposite dip-
direction was measured in the field (Fig. 10). In addition, the Palo
Negro Fm. presents a clear unconformity between this stratum
and the upper eolian sediments (about 30.000 yrs.), indicating this
contact separates two different units instead of being only a limit
generated by secondary process.

Therefore, the superficial morphology and its correlation with
the deep structures support better the first option (a). The scarp
can be interpreted as the forelimb of a gentle asymmetrical fold,
with wavelength close 13 km and amplitude approximated of
5 m (Fig. 3). The main ramp presents a slope of 0.6� and a width
about 1.5 km, in the sector analysed (Fig. 4b). The back limb shows
a slope ca. 0.2�.

8. Vertical component of displacement and estimated uplift rate

It is possible to estimate the uplift in the Tostado–Selva scarp by
assuming that a flat topography characterized the Palo Negro area,
during the Late Pleistocene, from the paleoenviromental interpre-
tation of Palo Negro Fm. This unit presently located in the middle
of the forelimb was a pond. Due to we have interpreted subsurface
structures as high-angle faults, the difference in height measured
on the Tostado–Selva scarp can be considered as an indirect mea-
sure of the vertical component of displacement on the fault, includ-
ing added elastic and permanent deformation. It is expectable this
vertical component be dominant, moving away toward the east
from Andean region (Kendrick et al., 2006).

If we assume a maximum height difference of 9.5 m as such a
vertical component and consider a minimum age of
67.44 ± 5.1 kyr B.P for the Palo Negro Fm., an estimated uplift rate
of 0.14 mm/year results.

By comparison, a similar lithostratigraphic unit, denominated
Ceres Fm., was identified in a quarry, in the Tortugas village,

Fig. 9. Cross-section of Palo Negro Fm. outcrop. This unit is a tabular layer dipping
gently to the SE with an erosive upper contact. The outcrop was surveyed by means
of a topographic Total Station.
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400 km southward from Palo Negro. These sediments underwent
pedogenesis under hydromorphic conditions (Kröhling, 1999;
Kemp et al., 2004). They are also located at the Tostado–Selva
scarp, exhibiting the same relative stratigraphic position. As in Palo
Negro, eolian deposits of Tezanos Pinto Fm. overlays the Ceres Fm.,
in unconformity. The overlying Tezanos Pintos Fm. was dated in TL
31.7 ± 1.6 kyr B.P and TL 35.9 ± 1.0 kyr B.P ages (Kröhling, 1999).
Ceres Fm. gave minimum TL ages of 91.9 ± 4.31 kyr B.P (Kröhling,
1999) and OSL ages of 145.6 ± 9.4 kyr B.P (Kemp et al., 2004)
(Table 2). At this location, the Tostado–Selva scarp is 30 m in high.
Despite the evident methodological differences in the resulting ages,
we can estimate for this sector, a minimum uplift rate of 0.21 mm/
year (30 m/145.6 kyr B.P) and a maximum uplift rate of 0.33 mm/
year (30 m/91.9 kyr B.P), according to the dating considered.

9. Discussion about neotectonics in Pampa Norte plain

9.1. Structural style

Applying regional lineament analysis in Pampa Norte, derived
from satellite image processing, clear NNW–SSE and NNE–SSW
trends appear characterizing regional faults (like Tostado–Selva
fault) and fractures systems (Brunetto, 2005, 2008; Brunetto and
Iriondo, 2007). These orientations mark boundaries of roughly N–
S elongated morphostructures. Secondary, NW–SE and NE–SW
trends limit smaller blocks. The orientation of lineaments is similar
to the orientation of the graben systems and intraplate transverse
accommodation zones, generated under the Mesozoic rifting tec-
tonics (Uliana et al., 1989; Jacques, 2003). The good spatial correla-
tion between ancient and modern structures suggests that the
recent displacements occurred where the crust has been weakened
by previous tectonic activity (Sykes, 1978; Johnston and Kanter,
1990). Reactivation of ancient faults was also proposed for the
Pantanal case (Ussami et al., 1999) and was suggested by Iriondo
(1989) and Chebli et al. (1989) for the Chaco-pampeana and Mes-
opotamia plains.

As outlined by Marshak et al. (2000), reactivation of pre-existing
fault systems and significant uplifts can be developed in the interior
of a continent even when subjected to low differential stress. The rift
inversion model of Marshak et al. (2000) explains how fault move-
ments can occur in regions where stresses may have been too low to
generate new faults, but far-field intraplate differential stresses in
the interior of the continent were high enough to reactivate existing
crustal structures. This model is used for explaining geometric pat-
tern of intracratonic deformation in the Ancestral Rockies orogenie
(Palaeozoic), Laramide (Mesozoic–Cenozoic) and mid-continent
province to a major scale (Marshak et al., 2000). These authors
propose that compressive pattern of structures reveal the ancient
normal fault trend and that regional variations in vergence of
forced-folds mark the control by antecedent fault dipping. This
model can explain the vergence pattern of interior blocks in Pampa
Norte, particularly in the margin of the San Guillermo morphostruc-
ture. As stated above, the geometry of deformation in the study area
suggests that the asymmetric folds are the result of west-verging
blind propagating reverse faults (Stewart and Hancock, 1994).

Fig. 10. Geological map of Palo Negro area. The Palo Negro Fm. outcrops in both Palo Negro and San José, in the Tostado–Selva scarp. It also appears in Mojón Colorado
shallow lake. Deposits of wetlands in Río Dulce megafan in the western area represent a present analogous of the Palo Negro Fm. facies.

Fig. 11. (a) Grain-size compositional triangle shows significant differences between
cemented pond silts (Palo Negro Fm.) and eolian silts (Tezanos Pinto and San
Guillermo Fms.).
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Although recurrence interval is unknown, paleoseismological
observations can be done by assuming that coseismic ruptures
(vertical slip) in the seismic source underneath might have been
probably minor than 1 m. Then these folds should have been built
through many discrete events.

9.2. Compressive vs. flexural stresses

Despite of the existence of extensive theoretical models, the
stress field in South America intraplate is little known, conse-
quently, it has not been well-established yet what are motor forces
of South American plate (Assumpçao, 1998). However, based on
compilations of stress data, stress field numerical model (Meijer
and Wortel, 1992; Coblentz and Richardson, 1996) and spatial geo-
desic information, it is proposed that the South American plate is
presently under compressive horizontal regimen and shortening
(Lima, 2000).

Apart from regional components, other local sources of stress
like cortical flexural strains due to sediment load over the platform
or tectonic load by cortical thickening in shortening zones are very
important and sometimes they can be larger than regional stress
(Assumpçao, 1998). The study area has no classical kinematics
indicators, making difficult the interpretation about prevailing
stress directions. Although our interpretation about the geometry
of deformation agrees with a numeric model, which predicts that
in western cratonic regions of South America predominate low
E–W compressive stresses (Coblentz and Richardson, 1996). In this

modelling, compressive stresses increase when collisional forces in
Andean boundary increase (see model 3 in Coblentz and Richard-
son, 1996). Therefore, it is reasonable to think that this stress field
intensifies in the Pampean flat-slab segment where this study area
belongs. Although numerical models only consider no lithostatic
loads, geological information presented here indicates that litho-
static loads (like flexural) do not exceed the tangential ones. 2D
flexural models in W–E transverse cross-section, which estimate
the uplift in forebulge position induced by topographic load of
the adjacent Pampean ranges, predict vertical displacements lower
than 10 m (Dávila, 2008; Brunetto, 2008). However, Tostado–Selva
scarp shows elevation differences higher than 30 m in this sector.
Although, the observed disagreement could be attributed to non-
isostatic loads related to the mantle dynamics, which could be gen-
erating relief (Dávila, 2008), they do not explain the highly anom-
alous topographic gradient observed in the Tostado–Selva scarp.
Both dynamic component and supracrustal topographic load act
on long wavelength subsidence, and a gentler topographic profile
should be expected.

As a consequence it is reasonable to think that the resulting
stress field in Pampa Norte is product of a superposition of tangen-
tial stress transmitted to continental scale in a compressive con-
text, added to others generated by flexure induced during the
Sierras Pampeanas Orientales uplift. Loads related to mantle
dynamics probably also contribute to the stress field (Dávila,
2008). The geometry of deformation in the Tostado–Selva scarp
seems to indicate that tangential forces predominate at present.

Fig. 12. Interpretation of 42079c seismic section crossing the Tostado–Selva scarp (see location in Fig. 6). Discontinuities in seismic reflectors suggest they were generated by
normal faults. Therefore the main structure can be interpreted as a graben. Knick points in the topographic cross-section (top of the figure) allow inferring tip point
projections of a blind reverse fault. Integration of both geomorphologic and geophysical data suggests that reverse slips might occur on Cretaceous normal faults.
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10. Conclusions

Geological evidences allow verifying Quaternary deformation in
a large plain located in an intraplate setting. Probably, the defor-
mation occurred by faulting reactivation of pre-existing structures,
mainly normal faults and transverse accommodation zones
(strike–slip faults) generated during the Cretaceous rifting.

No surficial ruptures by faulting have been observed. The geom-
etry of deformation inferred from the integration of morphological
analyses, the stratigraphy and interpretations of seismic reflectors
suggests a reverse faulting kinematics with development of fault-
propagation folds. In the Palo Negro area, a gentle asymmetrical
fold shows a wavelength of approximately 13 km and amplitude
of 5 m. From the interpreted model and considering that just one

Fig. 13. Structural diagram of the Tostado–Selva fault in Palo Negro derived from sedimentological features and the geometry interpretation. The topographic profile was
extracted from a DEM (SRTM-NASA: 90 m). In the Figure, different interpretation about the mechanism of deformation are presented, considering the geomorphology and the
attitude of the stratum (Palo Negro Fm.): (a) a fault-propagation fold generated by blind reverse faults; (b) monocline fold induced by normal fault reactivation, suggesting a
extensional stress field; (c) monocline fold produced by differential subsidence (Cristallini et al., 2006); and (d) alternative sedimentologic interpretation of Palo Negro Fm. as
a calcrete horizon generated by water table drop (Gutiérrez Elorza, 2001), near the scarp. The structural interpretation appears to support the alternative a.
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geochronological datum has been obtained, the deformation re-
corded in these structures since the last 70 kyr account for an aver-
aged uplift rate of 0.14 mm/year. This is an estimative accounting
for the vertical component including seismic and aseismic dis-
placements. Part of the resulting morphology might have been
built through many discrete events.
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