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ABSTRACT

Tectonic subsidence in the 209 Ma Bermejo basin resulted from spatially variable crustal

loading on a lithosphere of spatially variable strength (e.g. elastic thickness). Reconstruction of

the crustal loads added between 20 and 9 Ma, and assessment of the effects of these loads on

an elastic, isotropic lithosphere confirm this hypothesis. Elastic models effectively explain

tectonic subsidence east of the Iglesia—Calingasta basin, but west of it crustal loads were locally

compensated. Elastic models also prove that the 20-9 Ma Frontal Cordillera loading is of no

importance in the mechanical system of the Bermejo basin. 2D and 3D elastic models of a

uniformly strong lithosphere under 20-9 Ma crustal loads corrected for post-9 Ma erosion

successfully replicate the 9 Ma Bermejo basin’s proximal palaeotopography. However, they fail

to replicate the 9 Ma basin’s medial and distal palacotopography. A 3D finite element model of

a lithosphere with bimodal strength (weak below the Bermejo basin and west of the

Precordillera, and strong below the Precordillera and east of the Valle Fértil lineament)

successfully replicates the 9 Ma basin’s palacotopography. That variable strength model

introduces a southward decrease in the wavelength of flexural deformation, which results in
a basin that narrows southward, consistent with the 9 Ma Bermejo basin. The preferred 9 Ma
lithospheric strength distribution is similar to the present lithospheric strength field derived
from gravity data, suggesting that the bimodal strength signature was retained throughout the

entire basin’s evolution. Late Miocene flattening of the subducting slab, tectonic change to

a broken foreland, or deposition of a thick (~8-10 km) sedimentary cover did not affect the
strength of the lithosphere underlying the Bermejo basin. The long-term bimodal strength field
does not correlate with the documented thickness of the seismogenic crust.

INTRODUCTION

In an ideal foreland basin, crustal loads, tectonic
subsidence and the basin’s cross-sectional geometry
are constant along strike (Flemings & Jordan, 1989).
But in nature, spatially and temporally variable tec-
tonic shortening (Whiting & Thomas, 1994; DeCelles &
Mitra, 1995), exhumation (Flemings & Nelson, 1991,
Schlunegger, 1999), climate and/or sediment supply
(Horton, 1999) create crustal loads that are variable both
in space and time. These loads are imposed on a basin’s
underlying lithosphere that may also have spatially and
even temporally variable strength (Beaumont, 1981,
Watts, 1992; Clark & Royden, 2000), resulting in tectonic
subsidence and stratal geometries that are variable in
space and time.

The Miocene Bermejo basin in the Argentine Andean
foreland is no exception. Based on isopach maps of the
basin, Jordan et al. (2001) hypothesized that spatial and
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temporal variability of both crustal loads and mechanical
behaviour of the lithosphere resulted in a basin geometry
that varied along strike. However, the details of the
mechanisms that caused tectonic subsidence in the basin
and the effects of spatially variable loads and lithospheric
strength were not entirely understood. Spatial variability
of lithospheric strength in the present Andean foreland
has been extensively investigated with gravity data (Yafiez
et al., 1995; Giménez, 1997; Stewart & Watts, 1997), but
the strength of the lithosphere in ancient situations and
the evolution of its mechanical state have been largely
ignored.

In this paper, we evaluate the effects of spatially
variable crustal loads and lithospheric strength on the tec-
tonic subsidence of the Bermejo basin during its Miocene
‘simple foreland’ stage (Jordan et al., 2001). Based on an
accurate but imprecise chronology of thrust motion
(~1-10 Myr uncertainties) and a more precise chronol-
ogy of basin filling (~0.1-1 Myr uncertainties), we
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reconstruct the crustal loads added during the evolution
of the Miocene basin. Explicitly in this process, we assume
that erosion lowered the upper envelope of the tectonic
loads to a regional, critical slope. We then evaluate
the lithospheric deformation caused by these crustal
loads using 2D and 3D elastic models. Our results suggest
that the geometry of the Miocene Bermejo strata and
palacogeography of the late Miocene basin are explained
by spatially variable crustal loads and lithospheric
strength, and also by a lithospheric strength distribution
that is temporally steady and retained over long times.

GEOLOGICAL SETTING
The Bermejo basin

The Bermejo Valley of north-western Argentina
(29-32°S, 67-69°W) is bounded on the west by the
Precordillera fold—thrust belt, and on the east by the
reverse fault-bounded crystalline basement uplifts of
the Sierras Pampeanas (Fig. 1A,B). The Bermejo basin
initiated 20 million years ago (Ma), and evolved during
the early and middle Miocene beside a tectonically thick-
ened mountain belt (the Precordillera thin-skinned
thrust belt and the Frontal Cordillera hinterland) over-
lying a normally (30°) subducting slab (Kay ez al., 1988,
Jordan et al., 2001). This ‘simple foreland’ stage was
modified in the late Miocene, when flattening of the slab
(Kay er al., 1988) and reverse thick-skinned faulting in
the Sierras Pampeanas (Jordan & Allmendinger, 1986),
created multiple, separate, fault-bounded subbasins
(Jordan er al., 2001). Today, the Bermejo basin is actively
accumulating sediments adjacent to the zones of crustal
thickening.

The 20-9 Ma Bermejo basin evolved during the most
active stages of crustal shortening and thickening of the
adjacent Frontal Cordillera and Precordillera, and before
the onset of deformation of the Sierras Pampeanas (Jordan
et al., 2001). The 20-9 Ma Bermejo basin strata thicken
monotonically toward the west (except in the westernmost
sites, where preserved sections are erosional remnants of
sections whose thickness at 9 Ma is unknown, Fig. 2A B).
This wedge-like across-strike geometry suggests that
tectonic subsidence in the basin is directly linked to
crustal shortening and thickening in the adjacent moun-
tain belt. Along strike, the sediments are thickest adjacent
to the northern Precordillera and thin southward in the
medial and distal parts of the basin (Fig. 2A,B). The
basin narrows southward (Milana, 1991; Bercowski et al.,
1994), from roughly 200 km near 30°S to perhaps only
100 km near 31°S (Fig. 2B). This north to south varia-
bility in stratal thicknesses implies along-strike variability
in tectonically driven thickening in the Precordillera
and/or Cordillera Frontal, and/or lithospheric strength,
and/or sediment supply (Jordan ez al., 2001).

The 20-9 Ma depositional environment configurations
of the Bermejo basin are characterized by two facies
motifs (Fig. 3, Jordan er al., 2001). In the first motif
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(Fig. 3A,C) proximal bajadas yielded eastward to aeolian
dune fields (Cevallos & Milana, 1992; Jordan ez al., 1993b;
Milana er al., 1993; Milana, 1993). In distal positions
further east, muddy very low-relief flats were transitional
to dry lakes, which precipitated gypsum (Fig. 3C, Malizia
et al., 1995). In the second motif (Fig. 3B,D,E) laterally
extensive bajadas and local alluvial fans along the western
flank of the basin graded eastward to lower surface
gradients and finer grained sandy and muddy fluvial
sediments. A broad lowland aligned parallel to the thrust
belt collected muddy deposits (Fig. 3D,E). The muddy
axis was a true regional topographic low, to the east of
which surface elevations increased slightly toward an
eastern source area (Malizia et al., 1995).

The facies motifs suggest that a topographic low
persisted in the basin during its 20-9 Ma simple foreland
stage. At early stages the topographic low is indicated by
closed saline flats (Fig. 3B,C), and later by mudflats at the
junction of west-derived strata with east-derived strata
at Rio Maiiero (RM, Fig. 3D,E, Malizia et al., 1995). The
depositional environment configurations imply that the
20-9 Ma Bermejo basin did not overfill its accommoda-
tion space to a large degree. If it had done so, rivers would
have passed eastward across an entirely buried forebulge
(Jordan, 1995; Jordan ez al., 2001). The distance between
the thrust front and the topographic low decreased
through time, from about 250 km between 20 and 14 Ma
(Fig. 3B,C), to about 150 km by 9 Ma (Fig. 3E).

The Precordillera thrust belt and
the Frontal Cordillera

Accumulation of the 20-9 Ma Bermejo basin strata was
contemporaneous with crustal shortening and thickening
in the adjacent Western and Central Precordillera and
nearby Frontal Cordillera (Jordan ez al., 1993a). There-
fore, flexure of the lithosphere beside a structurally
thickened mountain belt (Jordan, 1981, 1995) was
probably a primary cause of tectonic subsidence in the
Bermejo basin. This relation applies from 29°S to 33°S;
north and south of these latitudes the Precordillera
morphostructural unit disappears.

The across-strike geometry of the Western and Central
Precordillera (Allmendinger ez al., 1990; von Gosen, 1992,
1995, 1997; Caminos et al., 1993; Ramos & Cristallini,
1995; Ramos er al., 1997) approximates a westward-
thickening structural wedge, formed by eastward tectonic
transport of Palaecozoic and locally Mesozoic strata
(Fig. 4). Spatial variability in the distribution of the
Palaeozoic and Mesozoic basins (Astini, 1991; Salfity &
Gorustovich, 1983; Fernandez-Seveso et al., 1993)
imparts moderate along-strike variability in the thrust
geometry (von Gosen, 1992, 1995, 1997). Nevertheless,
the total shortening in the thrust belt is estimated to have
been 70% on all cross-sections between 29°30" and
31°30'S (Fig. 4). A significant along-strike difference,
however, is that the depth to the decollement varies from
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Fig. 1. (A) Shaded Digital Elevation Model of the Bermejo basin system, which encompasses both the modern depositional
basins (Bermejo ‘BB’, Talampaya “T”, and Iglesia ‘I’ valleys) and the modern mountain ranges (entire zone west of Iglesia Valley
is the Frontal Cordillera ‘FC’] Precordillera ‘PCR’, and Sierras Pampeanas blocks: Pie de Palo ‘PP’ Sierra de Valle Fértil ‘SVE’|
Sierra de Famatina ‘SF’). White bars with dashed borders show locations of cross-sections below. White bars with solid rims
show locations of Fig. 4 cross-sections. Bold black lines are seismic lines (chosen from a much larger grid of seismic data) from

which thickness data (Fig. 2) were extracted. (B) Cross-sections through (upper) the Precordillera, Iglesia Valley and
Frontal Cordillera (from Allmendinger ez al., 1990) and (lower) the modern Bermejo Valley and adjacent ranges

(from Zapata & Allmendinger, 1996b).
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a well-constrained maximum of about 15 km at 30°15'S thickening estimates of about 10 km at 30°15’S, and
(Fig. 4B), to less constrained minima of about 6 km at ~ 5-6 km at 29°30" and 31°30'S.

31°30'S (Fig. 4A) and 29°30'S (Fig. 4C). The integrated The 20-9 Ma shortening in the east-vergent
shortening and decollement depth results in crustal Precordillera thrust belt is considered to have been
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uniform and contemporaneous along strike (Fig. 5).
Estimates of the age and amount of shortening at 30°S
(Jordan et al., 1993a; Zapata & Allmendinger, 1996a,b;
Jordan et al., 2001) and age constraints for synorogenic
sediments at 29°S (Reynolds et a/., 1990) and 31°S
(Bercowski & Figueroa, 1989; Milana, 1991; Milana ¢r al.,
1993; Bercowski er al., 1994) justify this hypothesis.
Thrusting began at approximately 20 Ma in the Western
Precordillera, followed by a several million year interval
of quiescence (Fig. 5). The deformation resumed roughly
at 15 Ma, with an interval of most rapid shortening of the
Central Precordillera spanning about 12—-10 Ma, followed
by declining rates (Fig. 5). At about 7 Ma, shortening in
the Central Precordillera may have stopped or been very
slow (Fig. 5). Note, however, that the constraints on
thrust history could be fit by a constant rate of shortening
throughout the interval 20 Ma to the present, although
we do not favour that interpretation (Fig. 5).

The Calingasta—Iglesia basin separates the Precordil-
lera from the Frontal Cordillera (Fig. 1A,B). Shortening
in the Frontal Cordillera between 30° and 31°S is about
8% (Rodriguez Fernandez et al., 1996), and at 32°S is
about 10% (Cristallini & Ramos, 2000). That Frontal
Cordillera shortening is much less than Precordilleran
shortening suggests that most of the overall Andean
crustal shortening is transferred to the Precordillera
(Rodriguez Fernandez et al., 1996). Allmendinger ez al.
(1990) postulated that the Frontal Cordillera between 29°
and 31°S is uplifted as a ramp-anticline over a mid-crustal
decollement (Fig. 1B). From the mid-crustal detachment
geometry (Fig. 1B) and the magnitude of crustal short-
ening in the Precordillera, Allmendinger er al. (1990)
estimated 5 km of structural thickening of the crust in the
Frontal Cordillera. In the absence of additional data, we
generalize this estimate to apply to the Frontal Cordillera
to the north and south as well.

The timing of uplift in the Frontal Cordillera between
29° and 31°S is identical to the timing of thrusting in
the east-vergent Precordillera thrust belt, if the same
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decollement controls both ranges (Fig. 1A, Allmendinger
et al., 1990). For the segment to the north, the time of
shortening could differ and is not constrained. South of
31°S nearly all of the upper crustal shortening and
thickening (along emergent faults) of the Principal
and Frontal Cordillera were completed before 9 Ma
(Cristallini & Ramos, 2000).

CRUSTAL LOADS ADDED BETWEEN
20 AND 9 Ma

Load profiles

Spatially and temporally variable crustal shortening
created the loads that generated flexural subsidence in
the Bermejo foreland basin, but equally variable surface
processes eroding and redistributing sediments, distorted
the geometry of the tectonically originated loads. The
20-9 Ma loading involved crustal thickening due to
tectonic shortening, crustal thinning due to erosion of
highlands, and crustal thickening due to accumulation
of sediments (Jordan ez al., 2001). The 9 Ma product of
these transient processes in two dimensions was the
mountain belt-Bermejo basin cross-sectional configura-
tion shown in Fig. 6(A). The cumulative 20-9 Ma crustal
loads (Fig. 6B) are equivalent to the difference in cross-
sectional area between the configuration restored to its
9 Ma state (Fig. 6A), and the cross-section restored to
its pre-20 Ma state.

A minimum estimate of crustal thickening due to
sediment accumulation was obtained by measuring the
decompacted cross-sectional area of the 20-9 Ma pre-
served strata (light grey areas, Fig. 6B). Decompaction
is necessary to assess the thickness and density of the
sediments at 9 Ma. The effects of 9 Ma decompaction
on our sediment accumulation estimates are not the same
throughout the Bermejo basin. Near 29°S at Las Juntas
(L], Figs 2 and 6B), the entire sedimentary section that is
preserved today was already deposited at 9 Ma (Fig. 7A).

Fig. 2. Isopach maps of the Bermejo foreland basin for the 20-9 Ma time interval, based on (A) current, and (B) palinspastically
restored geographical positions. Data compiled from well-dated surface sections (locations marked by letters) and from industry
seismic data tied to the dated outcrops of the Eastern Precordillera (Fernandez, 1996; Zapata, 1996). Time line is locally 9.1 Ma
on magnetic polarity time sections, but correlation at the basin scale does not justify retaining the decimal point. Preserved
compacted thickness given in metres. Restored offsets on faults at 9 Ma are based on the Precordillera shortening history of
Fig. 5, and the history of deformation of Zapata & Allmendinger (1996a) and Jordan et a/. (2001) for the Sierras Pampeanas. On
(B) the lengths of the vectors connecting the current geographical positions (triangles) to the restored positions (circles) indicate
the cumulative offset of individual points between 9 Ma and today. The latitude/longitude grid and the ‘fixed line’ separating
areas of east- and west-vergent deformation are a fixed framework, against which restored position can be compared. Names of
surface sections and sources of data for each are: An= Angualasto, Tu="Tudcum (Jordan ez al., 1997); T =Quebrada de las
Trancas, C=Quebrada Caracol, Rb=Rio Blanco, B=1Ios Blanquitos (Jordan ez a/., 1993a,b), EF =FEl Fiscal (Jordan ez al.,
1993b; Milana, 1993); RG =Rio Gualcamayo (Parker, 1974), L.J=Las Juntas (Reynolds ez a/., 1990), H=Huaco (Johnsson

et al., 1984, 1986, Beer & Jordan, 1989; Fernandez & Jordan, 1996); A =Rio Azul (Jordan et al., 1990; Milana, 1993),

Ma =Matagusanos anticline (Zapata, 1996; Brooks, 1999), M = Sierra de Mogna near Rio Colorado (Milana, 1991);

QM =Quebrada del Médano (Malizzia & Limeres, 1984; Malizia et a/., 1995); RM =Rio Mafiero (Malizia ez al., 1995),

V =Vinchina (Ramos, 1970; V. Ramos, personal communication 1984; Re & Vilas, 1990; Re, 1998), RB=Rio Blanco, SF = Santa
Florentina (Tabbutt ez al., 1989); P=Pachaco (Milana et al., 1993); Ab = Albaracin (Bercowski & Figueroa, 1989); U = Ullum
(Bercowski et al., 1986, 1987). An and T are located in the Iglesia basin.
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Fig. 3. Depositional environments and palacogeography at five times in the ‘simple foreland’ evolution of the Bermejo basin,
on palinspastically restored bases. Data for environments and deformation come from Beer & Jordan (1989), Bercowski ez al.
(1986, 1987), Bercowski & Figueroa (1989), Coughlin ez 4/. (1998), Damanti (1989), Fernandez (1996), Fernandez & Jordan
(1996), Jordan ez al. (1990, 1993a,b, 1997), Johnson et al. (1986, 1984), Malizia et al. (1995), Milana (1991, 1993), Milana ez al.
(1993), Ramos (1970), Re (1995), Reynolds ez al. (1990), Tabbutt ez al. (1989), Zapata & Allmendinger (1996a,b), Zapata (1996,

1998). Localities and labelling scheme as in Fig. 2.
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Assuming that a significant thickness of younger strata
were not erosionally lost, there would have been no
incremental compaction since 9 Ma. In contrast, burial of
the 20-9 Ma strata at Huaco (H, Figs 2, 6B) by ~3500 m
of younger strata would have provoked compaction by
~400 m (Fig. 7A, Damanti & Jordan, 1989). Correcting
the stratal thickness to the 9 Ma state adds 15% to the
total thickness of 20-9 Ma preserved strata at Huaco
but nothing at Las Juntas (Fig. 7A). We performed one-
dimensional decompaction (Sclater & Christie, 1980) of
the 20-9 Ma strata at model localities more than 20 km
away from Las Juntas. In the absence of additional
data, we assumed that the compaction behaviour of
the Bermejo and Iglesia—Calingasta strata was similar
throughout the basin, and was characterized by porosity—
depth relations empirically derived at Huaco (Damanti
& Jordan, 1989, their Appendix 1). The errors in the
20-9 Ma sedimentary thickness estimation introduced
by this assumption do not exceed 10% of the estimated
total columnar thickness at any location.

Estimates of 20-9 Ma crustal thinning due to erosion
of highlands are the least constrained. A long-term west to
east sediment transport vector derived from palaeocurrent
data (Beer & Jordan, 1989; Milana, 1990a,b) and clast

compositions of the Bermejo strata (Damanti, 1989;
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Jordan ez al., 1990; Reynolds ez al., 1990; Jordan et al.,
1993a,b) confirm that the Frontal Cordillera and
Precordillera were the source areas of virtually all exposed
clastic detritus in the Bermejo basin (Jordan ez al., 2001).
In theory, the proportion of Frontal Cordillera vs.
Precordillera transferred mass can be quantified by
measuring in the Bermejo basin sediments the ratio of
Precordillera sedimentary lithic grains (I.s) to Frontal
Cordillera volcanic lithic grains (Lv) (Damanti, 1989;
Jordan ez al., 1990; Reynolds et al., 1990; Jordan et al.,
1993a). But mechanical weathering preferentially
enhances Lv and makes the Lv/Ls ratio unreliable to
quantify provenance (Jordan ez al., 2001). Even though
a proportion of the sediments derived from each source
area cannot be established, the available data suggest
that the relative importance of the Frontal Cordillera
and Precordillera as source areas varied through time and
space (Jordan ez al., 2001).

In our model, 20-9 Ma crustal thinning due to erosion
of the Precordillera highlands was estimated by assuming
that erosion lowered the upper envelope of the structural
cross-section (Fig. 6A) to a long-wavelength, critical
slope. For the Rio San Juan and Rio Guandacol, we
imposed a 2° upper slope to the 9 Ma structural profile
(Fig. 6A), similar to the regional slope exhibited today
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Fig. 5. Crustal shortening history of the Precordillera at Rio San Juan, Rio Jachal and Rio Guandacol. Although error bars are
not shown on shortening, the estimated shortening is based on the assumption of minimum erosional gaps between restored

thrust plates and therefore it represents a minimum estimate of horizontal deformation for the choice of decollement depth.
Timing of deformation is based on Jordan ez a/. (1993a) and Zapata & Allmendinger (1996a,b) for the Rio Jachal, Milana

et al. (1993) and Bercowski ez al. (1994) for the Rio San Juan and Reynolds ez /. (1990) for the Rio Guandacol. The graph is
constructed on the assumption that the shortening on each thrust accumulated steadily over the time span in which it was active.
Time error bars in the Rio Jachal crustal shortening history illustrate uncertainty between our preferred interpretation and the
maximum deformation span supported by data. Time error bars for the Rio San Juan and Rio Guandacol curves are likely larger,

due to less complete documentation.

across the Andean thrust belt at 32°S (Cristallini &
Ramos, 2000). In the Rio Jachal 9 Ma cross-section, a
surface slope was linearly interpolated from the Western
Precordillera (with a minimum crustal thickening of
10 km, Allmendinger er al., 1990) to the proximal
El Fiscal columnar section (EF, Figs 2 and 6A). The
resultant Precordilleran eroded sediments (areas between
dashed lines and surface slopes in Fig. 6A) are 45% of the
20-9 Ma Bermejo sedimentary areas in the Rio San Juan
and Rio Jachal profiles, and 30% in the Rio Guandacol
profile. Implicitly, the remaining sedimentary volume
must have come from the Frontal Cordillera. Our results
are quite insensitive to the accuracy of the above erosional
unloading estimates. 20-9 Ma erosional unloading in
the Frontal Cordillera does not produce any flexural
response in the Bermejo basin (as we show later), and in
the Precordillera at the Rio Jachal latitude it is just
10% of the crustal thickening (Fig. 6A).

The integrated product of 20-9 Ma Frontal Cordillera
and Precordillera deformation, erosion of highlands,
and redistribution of the sediments is illustrated in two
dimensions by the discretized load profiles of Fig. 6(B)
(x 2 vertical exaggeration). Additionally, interpolation of
the load profiles along strike allowed the construction of
three-dimensional load surfaces (Fig. 11A). The load
profiles (or surfaces) represent the crustal thickness
added during 20-9 Ma. The Frontal Cordillera and
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Iglesia—Calingasta basin load configurations are similar
along strike (Fig. 6B). The Precordillera exhibits crustal
thickening maxima that vary along strike, from about 9 km
at the Rio Jachal to about 5 km at the Rio San Juan and Rio
Guandacol (Fig. 6B). The Bermejo basin displays a crustal
thickening that increases to the north (Figs 2 and 6B).

In order to quantify the stress imposed on the litho-
sphere by the 20-9 Ma accumulated loads, one needs
to know the average density of the rock column at every
location. For the thrust belt material (dark grey areas,
Fig. 6B) we assumed an average density (p,) of 2700
kg m 3, a reasonable estimate for well-compacted, silici-
clastic, thrust sheet rocks (Turcotte & Schubert, 1982,
Stockmal & Beaumont, 1987). For the Bermejo and
Iglesia—Calingasta sediments (light grey areas, Fig. 6B),
we estimated the average columnar density based on the
burial history of the sediments at Las Juntas and Huaco
(Fig. 7A), and empirically derived porosity—depth rela-
tions at these localities (Reynolds ez a/., 1990; Damanti
& Jordan, 1989). Assuming an average grain density of
2650 kg m* and full water saturation of the sediments,
we computed the change of average columnar density
with total columnar thickness (Fig. 7B). By extrapolating
the average density—total thickness relation at Las Juntas
to localities closer than 20 km from it, and the Huaco
relation to all other localities, we constructed a 9-Ma
sedimentary density field (ps). The computed density

© 2001 Blackwell Science Ltd, Basin Research, 13, 335-357
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Fig. 6. (A) Palinspastic 9 Ma mountain belt-Bermejo basin cross-sectional configurations at three latitudes. These differ from
Fig. 4 by restoration of folds and faults that are younger than 9 Ma. The area between the dashed line and the 9 Ma surface
represents the sediments eroded from the Precordillera highlands during the 20-9 Ma interval. (B) 20-9 Ma crustal thickening
areas (x 2 vertical exaggeration). These are crustal loads when multiplied by density and gravity. The small areas above the

20-9 Ma load profiles labelled ES (enhanced proximal sedimentation) and EFC (enhanced Frontal Cordillera loading) show
additional loads which, summed with the rest of the load, provide alternative load configurations tested in our mechanical
models. Initials below the 20-9 Ma load profiles are along-strike projections of selected Bermejo basin columnar sections (Fig. 2).
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field (p) increases northward in the proximal Bermejo
basin, from values of 2050-2100 kg m~* near 30°S
(EF, H, Figs 2 and 7B), to a maximum value of
2380 kg m* near 29°S (L], Figs 2 and 7B).

These loads are the input to the mechanical models.
The validity of the mechanical model is judged by the
similarity of the model’s generated topography to the
facies patterns. Therefore, we avoid circular reasoning by
using only data that constrain crustal thickening and
thinning as input, but not facies data as input.

MECHANICAL MODELS

The 20-9 Ma mountain belt to Bermejo basin system
developed on a lithosphere that overlay a normally
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with total thickness are computed
assuming a granular density of

2650 kg m > and full water saturation
of the sediments.

subducting (30°) slab (Kay ez a/., 1988). The mechanical
processes that shaped the loads in the system were
transient, but probably the mechanical link between the
mountain belt and the foreland basin at any instant was
static (time independent, Jordan, 1981, 1995). As an
initial simple model, we hypothesize that flexural
deformation of an elastic lithosphere beside a thickened
mountain belt explains the 20-9 Ma tectonic subsidence
pattern observed in the Bermejo basin. Failure of this
static (time independent) mechanical model to fit
observations would nullify our hypothesis.

Three mechanical models were explored in our
analysis: 2D flexure of an infinite, constant thickness
elastic lithosphere; 3D flexure of an infinite, constant
thickness elastic lithosphere; and 3D flexure of an infinite,
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Fig. 8. Conceptual description of our mechanical models. (A) 2D and (B) 3D loading of an elastic lithosphere overlying a semifluid asthenosphere. (A) is solved analytically using the analogy
of an infinite beam on an elastic foundation (Hetényi, 1946). (B) is solved analytically using the analogy of an infinite plate on an elastic foundation (Timoshenko & Woinowsky-Krieger,
1959), and numerically using the finite element method (Zienkiewicz, 1977). The model output is a relative topography profile or surface (r¢) that results from the sum of a known imposed
load profile or surface (/) and a displacement profile or surface (). In load profile and surface, dark and light grey denote thrust and sedimentary material, respectively. Constants and
variables explained in the text.
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variable thickness elastic lithosphere. Our strategy is to
test whether the mechanical assumptions successfully
explain the geometry of the 9 Ma Bermejo basin. The 2D
elastic model serves as an initial template for this purpose.
If the results do not fit the observed geometry of the basin,
the mechanical assumptions are invalidated.
Two-dimensional flexure of an elastic lithosphere over-
lying a semifluid asthenosphere, ignoring horizontally
applied forces, is described by the differential equation
(Hetényi, 1946; Turcotte & Schubert, 1982)
d*u
D5 =p(x)gh(x) = pygu(x) (1)

where D is the flexural rigidity (ET2/12[1—V?]), v is a
coordinate axis, u#(x) is the vertical displacement, p(x)
is the density of the load material, g is the Earth’s
gravitational acceleration, /(x) is the height of the load,
P, 1s the density of the mantle, £ is Young’s modulus,
Vv is Poisson’s ratio, and 7 is the elastic thickness. Note
that the restoring force (second term in right side of
eqn 1) is proportional to p,,, since we are interested
in the deformation produced by a ‘known’ 9 Ma load
configuration (Turcotte & Schubert, 1982). Table 1 shows
the values adopted for these mechanical parameters.
For an infinite, constant elastic thickness lithosphere
under constant distributed loading, the analytical solution
of eqn 1 provides a small set of equations (Hetényi, 1946,
his equations 7, 8, and 9). Our 2D modelling strategy
involved the discretization of the area below the load
profile (of variable height 4(x) and width =350 km)
into (n=175) small rectangles of equal width (w =2 km),
but different height (#;) and density (p;) (Table I,
Fig. 8A). The deflection profile (u,(x)) produced by the
load of each one of these elements (p; * g * /;) was then
computed based on Hetényi (1946) equations. The total
displacement profile (u(x), Fig. 8A) is equal to the sum
of all the deflection profiles of the rectangular elements.

Table 1. Model Input Parameters.

The sum of the load profile (p(x)) and the displacement
profile (u(x)) is the relative topography profile (r#(x),
Fig. 8A).

Three-dimensional flexure of an elastic lithosphere
was estimated analytically using the analogy of a thin
lithospheric plate overlying a semifluid asthenosphere
(Timoshenko & Woinowsky-Krieger, 1959). The funda-
mental assumptions of this model are a small deflection of
the mid-surface of the lithospheric plate in comparison
with its elastic thickness, negligible vertical shear strains,
and no mid-surface straining (Ugural & Fenster, 1995).
The vertical displacement of the lithosphere is governed
by the equation (Timoshenko & Woinowsky-Krieger,
1959)

dulv,y) L ulx,y)  u(x,y)
oxt Ox? Oy? oyt
_ Plx,y)gh(x,y) — pugulx,y) 2)
D D

where y is an additional coordinate axis. The analytical
solution of eqn 2 for an infinite, constant elastic thickness
lithosphere carrying a point load is an equation involving
Bessel functions (Timoshenko & Woinowsky-Krieger,
1959, their Eq. 179). Based on this equation, we imple-
mented our 3D analytical modelling. The volume under
the load surface (/i(x, y)* W W=h(x, y)* 800 km
800 km) was discretized into (n#n=_8100) prisms with
base areas of (A=w.#w.=5km=#5 km) in a central
region of (A=W % W.=400 %400 km), or (4=mw,*w,=
40 km %40 km) and (A =mw. % w,=5 km % 40 km) in outer
surrounding regions (Table 1, Fig. §B). The central
region encompassed our area of interest, which was far
away from the edge of the model domain in order to
avoid side-effects. The force contributions of the prisms
(pi, j*g=h; j*A) were computed and appropriately

Mechanical Parameters
E=70.0 GPa
v=0.25
T.=10.0-50.0 km
P, =2700.0 kg m *
Pe=1950-2400 kg m —*
Pc=3300 kg m—*
¢=98ms?
Geometrical Parameters

3D Analytical 3D Numerical

Units 2D
w km 350.0
|78 km -
n 175
w km 2
We, Mg km -
2d
N km 175

800.0 800.0
400.0 400.0
90 90

5, 40 5,40
1 5
8100 40500
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summed at every node location (z, 7). The deflection
surface produced by each nodal force (u; ;j(x, y)) was
computed based on the Timoshenko & Woinowsky-
Krieger (1959) equation, and from the sum of all the nodal
deflection surfaces the total displacement surface was
calculated (u(x, y), Fig. 8B). The relative topography
surface (rt(x, y), Fig. 8B), the output of our 3D model, is
equal to the sum of the load surface (%(x, y)) and the
displacement surface (u(x, y)).

Three-dimensional flexure of a continuous, homo-
genous, isotropic, linear, elastic body was also estimated
using the finite element method (Zienkiewicz, 1977,
Huebner et al., 1995). The purpose of this strategy was
two-fold: to have an independent test of the correctness
of our 3D analytical implementation, and to be able to
explore the effects of lateral changes in elastic thickness
of the lithosphere. For elasticity, the governing differ-
ential equations are the equilibrium equations (Ugural
& Fenster, 1995)

00y | 00y | Ot

X:
Ox Jy * 0z *
0Ty 00, 01y
Ox Jy 0z * )
0Ty, 01y, 00,
- - 7Z=0
Ox Jy + 0z *

where v, y and z are coordinate axes, ¢ are normal stresses,
7 are shear stresses, and X, Y, Z are body forces, per unit
volume. The finite element formulation of eqn 3 for a
discretized system with m nodes is (Huebner ez al., 1995)

[3m]>;_3m}{3m6><1}:{3mﬁ<1} (4)

where [K] is the system stiffness matrix, {0} is a column
vector of nodal displacement components for the entire
system, and {F} is the column vector of resultant nodal
forces.

Equation 4 was solved using ABAQUS/Standard
5.8™ 4 general-purpose finite element program. The
finite element discretization followed the geometry
introduced in the 3D analytical implementations, with
the difference that the spatially variable vertical dimen-
sion was discretized in 5 (z4) rows (Table 1). Thus, the
3D domain was discretized in 40500 (N) eight-node
tetrahedral elements (Table 1).

MODEL RESULTS
Two-dimensional modelling

The simplest experiment to evaluate the effects of
20-9 Ma crustal loads on the tectonic subsidence in the
Bermejo basin is to compute in two dimensions the
flexural deformation produced by the documented 9 Ma
load profiles (Fig. 6B) on an infinite, elastic lithosphere of
constant thickness. The modelled 9 Ma topography is
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equal to the sum of a pre-20 Ma depositional profile, the
thickness of the load added, and the profile of lithospheric
flexural deformation. Given our lack of constraints
on the palaeo-elevation of the pre-20 Ma depositional
profile (unconformity), we have assumed an initially
flat pre-20 Ma profile in all our simulations. Thus, the
resultant topography profiles (black lines in Fig. 9)
display the elevation across strike of the 9 Ma mountain
belt—foreland basin system relative to a flat pre-20 Ma
unconformity. The assumption about palaeo-topography
and neglect of along-strike flexure undoubtedly introduce
errors. Nevertheless the 9 Ma modelled topography
profiles are invaluable to identify trends in palaco-surface
elevations, assess the sensitivity to elastic thickness
changes, identify major discrepancies between model
results and geological observations, and formulate
remedial measures or alternative load configurations.

Three models of 9 Ma topography, for three different
elastic thicknesses, produce similar geometries (black
lines, Fig. 9), in spite of dissimilar flexural deflection
profiles (grey lines, Fig. 9). The configuration of the load
(i.e. amplitude and wavelength) dominates over the
flexural response. The 9 Ma topography profiles that
result from deformation of a 10-; 30- or 50-km elastic
lithosphere show a large (3—4 km) depression in the
Iglesia—Calingasta basin, a 2—6 km high Precordillera, a
Bermejo basin above sea level, and a well-developed
forebulge (200-1000 m) in the medial Bermejo basin
along the Rio Jachal and Rio Guandacol sections (Fig. 9).
The field of vertical deformation produced by the
20-9 Ma crustal loads is hardly varied by uniformly
weakening or stiffening the underlying elastic lithosphere.

The large Iglesia—Calingasta basin depression is unreal-
istic. There are no data that suggest that the pre-20 Ma
unconformity in the Iglesia—Calingasta Valley was at an
altitude more than a few hundred metres above the
altitude of the same surface to the east. It is well known
that the 20-9 Ma strata of the Iglesia basin accumulated
above sea level (Beer ¢z al., 1990; Jordan er al., 1997), yet
these models (Fig. 9) imply surface topography at least
2 km below the original datum, and likely below sea level.
The obvious discrepancy between the model and the
geological observations suggests that the linking mech-
anism between loading in the Frontal Cordillera and
Precordillera and tectonic subsidence in the Iglesia—
Calingasta basin was not flexural deformation of an
infinite elastic lithosphere. Perhaps local isostatic com-
pensation prevailed in the Frontal Cordillera, and the axis
of the Iglesia—Calingasta basin coincided with the broken
end of a finite elastic lithosphere (Stewart & Watts, 1997).
We did not implement this situation in our mechanical
models for two reasons: for the sake of simplicity in our
simulations, and to evaluate the maximum possible effects
of Frontal Cordillera loading on tectonic subsidence in the
Bermejo Basin.

The 2D topography profiles are also inconsistent with
the palaeotopography of the 9 Ma Bermejo basin. The
9 Ma depositional environment configuration (Fig. 3E)
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Fig. 9. 9 Ma relative topography profiles (black lines) and
flexural deflection profiles (grey lines) at Rio San Juan,
Rio Jachal and Rio Guandacol for a constant elastic
(E=70 GPa, v=0.25) thickness lithosphere of (A) 10,
(B) 30, and (C) 50 km. The profiles display topography
relative to an assumed sea level pre-20 Ma unconformity.
The arrows (one for each latitude) indicate the approximate
palinspastic location of the Bermejo basin axis or topographic
low at 9 Ma from Fig. 3(E). Note the similarity of the
relative topography profiles for the three elastic thickness
cases.
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shows drainage systems flowing eastward from the
Precordillera towards a muddy basin axis or topographic
low; and westward from source areas east of the
topographic low (RM, Fig. 3E). The documented 9 Ma
topographic low (vertical arrows, Fig. 9) fits reasonably
well in the modelled topography at the Rio San Juan
section, but in the Rio Jachal and Rio Guandacol it is
actually east of or on the modelled forebulge. The
drainage that would form on the modelled topography
would flow opposite to the documented drainage, from
a source in the medial Bermejo basin (e.g. forebulge)
westward towards a localized depression, and eastward
towards a distal relatively flat basin (Fig. 9).

Effect of enhanced proximal sedimentation
and frontal cordillera loading

The discrepancy between the modelled topography and
documented palaco-drainage has the spatial attributes of
a situation of a high rate of accommodation compared to
sediment supply: a localized proximal depression and a
well-developed medial forebulge. The modelled tectonic
subsidence exceeds unrealistically the sediment supply in
the proximal Bermejo basin, and the modelled basin’s
width is smaller than the width of the 9 Ma basin (Fig. 9).

Two remedial measures may improve the ratio of
subsidence to sediment supply in the proximal foreland
basin: enhanced proximal sedimentation, and enhanced
Frontal Cordillera loading. The first correction acknowl-
edges post-9 Ma erosion of the 20-9 Ma strata. Near
30°S at Huaco (H, Figs 2 and 6B) the 20-9 Ma
sedimentary section is complete (Beer, 1990), but in the
western flank of the basin at El Fiscal (EF, Figs 2 and 6B)
the section is incomplete (i.e. its top has been erosionally
removed). The loads used in the first experiment (Fig. 9)
are correct for the 20—9 Ma strata at Huaco, but ignore
the thickness of the 20-9 Ma strata eroded from El Fiscal.
To compensate, a revised load profile across the proximal
basin that might have existed at 9 Ma was generated by
interpolating a gentle slope (2°) from the medial Bermejo
basin to the Central Precordillera; the height between the
2° slope and the preserved strata is the eroded strata
(labelled ES in Fig. 6B). Note that this 2° slope into
the medial foreland basin is not the topography; the topo-
graphy would be derived by subsidence of that slope. The
maximum thickness of eroded strata is estimated to be
1250 m. The 9 Ma ‘enhanced proximal sedimentation’
load profiles are the sum of the initially prescribed
9 Ma load configurations (Fig. 6B) and the estimated
cross-sectional areas of eroded strata (ES, Fig. 6B). The
second correction might reduce the tectonic subsidence in
the proximal Bermejo basin, by enhancing a forebulge
induced by the Frontal Cordillera. The correction for
enhanced Frontal Cordillera loading acknowledges our
lack of constraints on the internal geometry and
chronology of deformation of the Frontal Cordillera.
The modified 9 Ma load profiles were constructed by
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adding 3 km of crustal thickening in the Frontal
Cordillera (areas labelled EFC in Fig. 6B) to the initially
prescribed 9 Ma load profiles (Fig. 6B).

Figure 10 shows the Rio Jachal topography profiles
produced by these 9 Ma modified load configurations, on
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Fig. 10. Effects of enhanced proximal sedimentation and
Frontal Cordillera loading on 9 Ma relative topography
profiles at Rio Jachal for a constant elastic (£=70 GPa,
v=0.25) thickness lithosphere of (A) 10, (B) 30 and

(C) 50 km. Enhanced Bermejo basin or Frontal Cordillera
load profiles are constructed by adding to the load profiles
of Fig. 6(B) the EPS and EFCL areas above them.
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elastic lithospheres of 10, 30 and 50 km. The effect of
enhanced proximal sedimentation is two-fold: it provides
enough sediment to fill the proximal depression, and it
increases the wavelength of the deformation, moving
the forebulge to the east (Fig. 10, e.g. Jordan, 1981;
Schlunegger et al., 1997). The addition of some non-
preserved 20-9 Ma sediments in the proximal Bermejo
basin is mandatory if any flexural model is to replicate
successfully the 9 Ma basin’s palaeotopography (Fig. 3E).
Enhanced Frontal Cordillera loading has minimum effect
on the tectonic subsidence in the Bermejo basin. In a weak
lithosphere (7,=10 km), the location of the forebulge
induced by an additional 3 km of Frontal Cordillera
thickening is at the most proximal Bermejo section, but
the additional uplift barely exceeds 50 m (Fig. 10A). In a
stronger lithosphere (7:=50 km) the forebulge induced
by the Frontal Cordillera is east of the most proximal
Bermejo Dbasin section, in which there is tectonic
subsidence that exacerbates the misfit of model to geology
(Fig. 10C). This demonstrates that, even if the litho-
sphere were uniformly strong from the Frontal Cordillera
to the Bermejo basin, the Frontal Cordillera load is a
weak control at the distance of the proximal Bermejo
basin. Given that the Calingasta—Iglesia basin topography
surface is completely inconsistent with the hypothesis that
there is a strong plate across the western part of our model
domain, the Frontal Cordillera is here shown to be of no
importance in the mechanical system of the Bermejo
basin, except as a source of sedimentary load.

Three-dimensional modelling

The 3D effects of 20-9 Ma crustal loads on tectonic
subsidence in the Bermejo basin are next computed for a
lithosphere of constant elastic thickness. Two 9 Ma load
configurations were tested: a load surface resulting from
interpolation of the preserved load profiles of Fig. 6(B)
(left side, Fig. 11A), and an enhanced proximal sedi-
mentation load surface (left side, Fig. 11B). The differ-
ence between the 9 Ma initially prescribed load surface
and the enhanced proximal sedimentation load surface
is revealed by comparing the 2 and 3 km load contours
of Fig. 11(A) to those in Fig. 11(B) (black heavy lines
on left side). Near 30°S (~400 km north of the origin
in our modelling domain), the initially prescribed load
configuration has a very gentle slope (~1°) from medial
to proximal Bermejo basin areas, and a very steep slope
(~25°) from the proximal basin to the Central
Precordillera (left side, Fig. 11A). At the same latitude,
the enhanced proximal sedimentation load surface has a
uniform slope (~4-5°) from the medial Bermejo basin to
the Central Precordillera (left side, Fig. 11B). Both load
surfaces involve the same crustal thickening due to
sediment accumulation in the medial Bermejo basin near
30°S (H, left side Fig. 11AB), but an additional sedi-
mentary volume equivalent to the eroded 20-9 Ma strata
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In topography surfaces (right side) asterisks and capital letters denote the 9 Ma restored location of key columnar sections
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is considered in the enhanced proximal sediment-
ation load surface. These load configurations were tested
on an elastic lithosphere of 20, 30, 40 or 50 km. The
overall configuration of the resultant topography surfaces
hardly varied in the four elastic thickness cases. As
predicted in the 2D modelling, the flexural deformation
field produced by the 20-9 Ma crustal loads is barely
modified by uniformly weakening or stiffening the
underlying lithosphere. Although we only show results
for a constant elastic thickness lithosphere of 30 km
(Fig. 11, right side), our observations apply equally well
to elastic thicknesses ranging from 20 to 50 km.

The 9 Ma modelled topography surfaces (relative to
an initially horizontal datum, right side, Fig. 11) clearly
map the features predicted in our 2D simulations.
An unrealistically large Iglesia—Calingasta depression
(~2 km) west of 69°W marks the western limit of
validity of our mechanical simulations (dash and dotted
line in Fig. 11); west of it flexural deformation does not
explain the inferred 9 Ma palacotopography. The 9 Ma
initially prescribed load surface produces a topography
(Fig. 11A) with a steep, unrealistic slope (~10° at 30°S)
at the most proximal Bermejo basin, a long proximal
depression in the Bermejo basin (western trough,
Fig. 11A), and a well-developed north-east trending
forebulge in the medial basin (divide, Fig. 11A). The
modelled topography resembles the 9 Ma palaeo-
topography near 31°S (south-eastern trough, Fig. 11A),
but to the north the drainage that would form on the
modelled topography would not only flow opposite to the
geologically constrained drainage, but also unrealistically
along strike towards a localized depression near the Rio
Jachal (western trough, Fig. 11A). The 9 Ma enhanced
proximal sedimentation load surface generates a relative
topography (Fig. 11B) with a realistic, eastward-sloping
depositional surface in the proximal Bermejo basin
(~2° at 29°S, ~0.5° at 30°S, and ~3° at 31°S), and
near the Rio San Juan a topographic low that fits the
9 Ma palaeotopography (south-eastern trough, Fig. 11B).
However, a forebulge in the medial Bermejo basin is still
present, albeit less pronounced (divide, Fig. 11B).

An important result of our 2D and 3D analytical
implementations is that flexural deformation of an elastic
lithosphere due to a realistic, geologically constrained
load configuration adjusted only for post 9 Ma erosion
of proximal strata, explains the 9 Ma palaeotopography
and along-strike variability of the strata in the proximal
Bermejo basin. We cannot extend this conclusion to the
medial Bermejo basin, where a prominent forebulge, a
flexural response of the particular Precordillera crustal
thickening configuration, prevails in all the simulations.

Variable elastic thickness lithosphere

The mountain belt-Bermejo basin system developed
on a complex basement with inherited heterogeneities
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(Ramos et al., 1986). The 20-9 Ma Bermejo basin overlay
a basement that consisted of two discrete terranes, the
Famatina and Cuyania terranes (Ramos ez al., 1986),
delimited by the Valle Fértil lineament, which is today
an east-dipping reverse fault (Figs 1A,B and 2B). To
what extent these heterogeneities affected the strength
(i.e. elastic thickness) of the lithosphere underlying the
Bermejo basin is an interesting question. Our strategy
is to evaluate the consequences of spatial variability of
lithospheric strength (possibly related to the terranes) on
tectonic subsidence in the Bermejo basin, using a 3D
finite element model under the preferred 9 Ma load
condition, with enhanced proximal sedimentation (left
side, Fig. 11B).

Our simplest approximation of variable lithospheric
strength geometry is a lithosphere with an elastic
thickness that increases linearly to the east, from 5 km
in the Frontal Cordillera and Iglesia—Calingasta basin to
50 km in the distal Bermejo basin (Fig. 12A). This elastic
thickness geometry resembles the estimated present
elastic thickness of the Andes—Bermejo basin lithosphere
from 2D flexural modelling of regional gravity data
(Stewart & Watts, 1997, their fig. 9, profiles 56 and 58).
The resulting 9 Ma topography (Fig. 12A) exhibits a
more pronounced east—west orientated divide in the
medial Bermejo basin (compare Figs 11B—12A and 3E)
and no other notable differences from the model with
constant strength. Clearly, flexural deformation of a
lithosphere with an elastic thickness linearly increasing to
the east does not explain the 9 Ma palaeotopography of
the Bermejo basin.

Along-strike changes in the thickness of the 20-9 Ma
Bermejo basin strata (Fig. 2) suggest that the underlying
lithosphere might change in rigidity along strike of the
Precordillera and the proximal Bermejo basin (Jordan
et al., 2001; Fig. 12B). Flexural deformation of a litho-
sphere with elastic thickness increasing to the east but
low strength in the northern Precordillera (Fig. 12B)
results in a slightly improved 9 Ma relative topography.
The result contains an interrupted, less pronounced
divide in the medial basin near 30°S, and more
continuous topographic lows near 31°S and 29°S
(Fig. 12B) compared to the constant elastic thickness
case (I'ig. 11B). The northern topographic low does not
fit the inferred 9 Ma location of the Bermejo basin’s
axis (Figs 3E and 12B; see locality V), but at this latitude
there are few geological constraints.

The next two test cases focus on the possible role of the
Valle Fértil lineament and terrane boundary as a control
on lithospheric strength. In the first case, we postulate
that the strength of the lithosphere decreases linearly
from the Central Precordillera to the Valle Fértil linea-
ment, and remains constant east of there (Fig. 12C).
The resultant 9 Ma relative topography (Fig. 12C)
displays an interrupted divide in the medial Bermejo
basin, and a south-eastern divide almost coincident
with the 9 Ma restored position of the Pie de Palo base-
ment uplift (Figs 12C,; 1A and 2). The last feature is
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Fig. 12. Results of finite element models exploring lateral variability in thickness of the elastic lithosphere (£=70 GPa,
v=0.25). The input loads are the same as in Fig. 11(B). (A) to (D) show the resultant relative topography at 9 Ma for (A) an
eastward linear increase in rigidity, (B) a northern Precordillera low rigidity superimposed on an eastward linear increase in
rigidity, (C) an eastward decrease in rigidity aligned with the Valle Fértil lineament (VF), and (D) a rigidity low along the
Bermejo basin, parallel to VF. Light and dark grey denote weak and strong lithosphere, respectively. Contours in metres indicate
topography, with a contour interval of 1000 m in the Precordillera and Cordillera Frontal, and 200 m in the Bermejo basin.
Additional symbols and grids as in Fig. 11.
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W 69° W 68°

Fig. 13. The mechanical state of the S 29°
Bermejo basin at 9 Ma. Grey tones
indicate the strength of the lithosphere
(7%) underlying the Bermejo basin,
dark for strong and light for weak
lithosphere. Superimposed are:
contours in metres of 20-9 Ma
preserved strata (Fig. 2B), the restored
9 Ma basin axis or topographic low
from facies patterns (Fig. 3E), the
modelled troughs and divides in

the 9 Ma relative topography of our
preferred mechanical model

(Fig. 12D), and the restored 9 Ma
location of the east borders of the
Frontal Cordillera and Central
Precordillera, the Valle Fértil
lineament, and Pie de Palo. The
asterisks and capital letters indicate the
9 Ma restored location of key
columnar sections (see Fig. 2). The
latitude/longitude grid is a framework
for comparison with Figs 2 and 3.

S30°}

S 31°

mandatory in any successful mechanical implementation,
since the 20-9 Ma Bermejo basin isopach map shows
a consistent decrease in accommodation space towards
the Pie de Palo area (Fig. 2A,B).

The second alternative involving the Valle Feértil
lineament is that the lithosphere weakens from the
Central Precordillera to the axis of the Bermejo basin,
where the strength is the minimum, and stiffens from the
axis of the Bermejo basin to the Valle Fértil lineament,
east of which the strength is constant. Such a strength
field would resemble today’s elastic thickness field derived
from three-dimensional gravity data (Martinez &
Introcaso, 1999; Ruiz & Introcaso, 1999). Figure 12(D)
shows our preferred lithospheric rigidity geometry: an
elastic lithosphere with the minimum strength in the
Bermejo basin and Frontal Cordillera, and the maximum
strength in the Central Precordillera and areas east of the
Valle Fértil lineament. The modelled topography surface
(Fig. 12D) resembles remarkably well the 9 Ma palaeo-
topography (Fig. 3E): a slightly interrupted topographic
low runs along the basin (see northern and southern
troughs, Fig. 12D). The east-trending divide in the
medial Bermejo basin is not present, and instead there are
two higher areas in the Eastern to Central Precordillera
(EF, Figs 12D and 13) and near Rio Maiiero (RM,
Figs 12D and 13). From near 31°S southward, a NNW-
trending divide with a relative relief of 300 m coincides
with the Pie de Palo restored location (east of U,
Figs 12D and 13). In a fashion similar to the real 9 Ma
Bermejo basin, the distance from the deforming orogen
to the modelled forebulge narrows southward, from about

200 km near 29°S to less than 100 km near 31°S
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(Figs 12D and 13). We interpret that the triangular
area of weak lithosphere below the Bermejo basin results
from either an unusual composition of the crust and
mantle lithosphere compared to neighbouring terranes, or
modification of the crust and mantle lithosphere by the
terrane assembly processes. The result is a southward
decrease in wavelength of the flexural deformation
induced by the Precordillera thrust system.

DISCUSSION

Tectonic subsidence in the 20-9 Ma Bermejo basin is well
approximated by flexural deformation of an homo-
geneous, isotropic, linear, and elastic lithosphere. Because
the 20-9 Ma crustal loads and lithospheric strength were
variable in space, the basin’s cross-sectional geometry
departed from an ‘ideal’ sedimentary wedge (Flemings &
Jordan, 1990). However, flexural compensation of crustal
loads did not operate west of the Precordillera thrust
belt. Rather, the failure of our 2D and 3D models to
replicate the 9 Ma topography in the Iglesia—Calingasta
basin suggests that local isostatic compensation prevailed
there and in the high Andes to its west. Today also, the
crustal loads remain locally compensated west of the
Precordillera thrust belt, as supported by regional
gravity data (Stewart & Watts, 1997).

Our constant elastic thickness (e.g. strength) models
illustrated that the magnitudes and wavelengths of the
modelled topographic highs and lows in the Precordillera
and Bermejo basin were plausible, and therefore we
concluded that an elastic rheology was probably a good
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mechanical approximation. But those models also show
a lack of importance of the Frontal Cordillera in the
mechanical system of the Bermejo basin, except as a
source of sedimentary loads, and the need for minor
adjustments to the geologically preserved record of crustal
loads. The 9 Ma basin axis, or topographic low, and the
southward narrowing of the basin cannot be replicated
with a constant elastic thickness lithosphere. A finite
element model of a lithosphere with spatially variable
elastic thickness proved much more effective in explain-
ing tectonic subsidence in the basin (Figs 12D and 13).
Flexural deformation of an elastic lithosphere with low
strength below the Bermejo basin and west of the
Precordillera, and higher strength below the Precordillera
and areas east of the Valle Fértil lineament, resulted in a
predicted topography configuration that was remarkably
similar to the 9 Ma basin palaeotopography, including a
basin that narrowed southward as does the 9 Ma Bermejo
basin (Fig. 13).

Spatially variable crustal loading and lithospheric
strength equally influence the stratigraphy of the
20-9 Ma Bermejo basin. An interesting observation is
that the preferred 9 Ma lithospheric strength distribution
is similar to the present lithospheric strength geometry,
estimated from flexural modelling of gravity data
(Gimenez, 1997, Martinez & Introcaso, 1999; Ruiz &
Introcaso, 1999). A lithosphere with a bimodal strength
distribution seems to prevail during the entire Bermejo
basin evolution. This implies that the inherited strength
of the lithosphere underlying the Bermejo basin is
preserved for at least 20 Myr (e.g. Watts, 1992). Contrary
to the predictions of Lavier & Steckler (1997), the
~8-10 km sedimentary cover of the Bermejo basin
(which existed by the end of the Pliocene but not at
20 Ma) had no apparent effect on the strength of the
underlying lithosphere.

The recognition that the lithosphere underlying the
Bermejo basin was weak during an early part of the
basin’s evolution diminishes the need to think that
the flattening of the subducting slab and the tectonic
change to a broken foreland (Jordan & Allmendinger,
1986; Kay er al., 1988) weakened the plate to the state
now revealed in the gravity data. The long-term
lithospheric weakness and the high-amplitude, short-
wavelength flexural response of the lithosphere under-
lying the Bermejo basin help to explain why the
thickness and accumulation rates in the basin exceed
those of most other retroarc foreland basins (e.g. Jordan,
1995). Considering how weak the lithosphere underlying
the Bermejo basin is, how thick the Precordillera load
is, and how arid (slow denudation) the area is, one might
expect the basin to have subsided below sea level.
The fact that the preserved Bermejo strata are all
continental implies that the pre-20 Ma basin elevation
was considerably above sea level, perhaps because the
Bermejo crustal thickness was initially greater than
previously thought (e.g. estimated to have been ~ 33 km
in the Eastern Precordillera; Zapata, 1998).
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Maggi et al. (2000) proposed that there exists a
correlation in Eurasia between the strength distribution
measured by elastic thickness of the lithosphere (defined
by gravity anomalies and topography) and the thickness
of the seismogenic crust. Our result appears inconsistent
with Maggi er al’s (2000) hypothesis. The sector of the
Bermejo basin for which hypocentral locations of earth-
quakes are well known (south of 31°S) features middle
and upper crustal earthquakes in an unusually thick
seismogenic zone of relatively uniform thickness (30 km
beneath Pie de Palo and 35 km beneath the Central
and FEastern Precordillera) (Smalley & Isacks, 1990;
Regnier et al., 1992; Smalley et al., 1993). But our
modelling results imply that the elastic thickness
increases markedly from east to west (5-10 km beneath
Pie de Palo to 25 km beneath what is now the Central
Precordillera) (Fig. 13). The inconsistency is focused on
the conflicting indications for Pie de Palo and the
flanking Bermejo basin, where merely 5-10 km of the
lithosphere was sufficiently strong to behave as an elastic
plate, but as much as 32 km of the crust is strong
enough to generate earthquakes. If the evidence of a
weak elastic plate proves to be confined to a time some
10 million years ago (our model), one may be able to
explain the discrepancy as the result of transient
conditions (e.g. delamination prior to flattening of the
Nazca plate that could have made the region weak, or
unusually high stress applied to the crust today; Smalley
& Isacks, 1990). Whether or not the same pattern of
lithospheric strength exists today is uncertain, because
only north of 31°S has a dense grid of gravity data
been modelled (Giménez, 1997; Martinez & Introcaso,
1999; Ruiz & Introcaso, 1999). Those gravity studies
demonstrate that the Bermejo valley lithosphere is
weak today, whereas the region east of the Valle
Fértil lineament is strong. Although several studies of
regional gravity data reached the conclusion that the
Precordillera itself is also weak (Introcaso er al., 1992,
Tassara & Yafiez, 1996), the gravity data have not
been studied at a sufficient spatial resolution to test a
short-wavelength variation in strength between the
Bermejo valley, Pie de Palo, and the Precordillera.
Pending more studies, the seeming discrepancy between
a thick strong zone implied by seismic activity and thin
(or absent) strong zone implied by the stratigraphic
modelling remains an enigma.
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