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a b s t r a c t

An Eocene foreland basin linked to the Andean uplift in northwestern Argentina has recently been pro-
posed. The basin is divided and partially eroded due to subsequent Neogene orogenic phases, so that a
simple reconstruction is insufficient to describe complex field relationships. This presents a new chal-
lenge in understanding the initial phases of Central Andean evolution. We propose a multidisciplinary
approach in key locations and/or at key geological features as a way to reconstruct the Paleogene basin.
In this contribution, we report on sedimentological and geochemical evidence of a conspicuous weather-
ing surface in the continental Eocene Lumbrera Formation and provide an age estimate based on verte-
brate mammalian biostratigraphy and an absolute U/Pb zircon age of 39.9 Ma. Weathering surfaces
become evident when diagnostic features like paleosols, karsts, and trace fossils are distinctive but, in
our case, these characteristics only emerge through detailed sedimentological and geochemical surveys.
The Lumbrera paleosurface is represented by a hardened level (20–30 cm thick) characterized by moder-
ately developed reddish paleosols. Moreover, major and trace element profiles show inflections at the top
and/or base of the weathered horizon delineating it. A modified form of the chemical index of alteration
shows that chemical leaching was moderate and not extensive. In addition, mammalian fossil records
substantially differ below and above the weathered paleosol-bearing surface. We conclude that this hori-
zon represents a Middle Eocene omission surface and represents a key level marking a major basin
change in northwest Argentina, adding a new constraints for Eocene foreland reconstruction.

� 2009 Elsevier Ltd. All rights reserved.
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r e s u m e n

Recientemente se ha propuesto la existencia de una cuenca de antepaís eocena en el noroeste argentino.
Esta cuenca está actualmente dividida y parcialmente erosionada como consecuencia de las subsecuentes
etapas de deformación neógenas; esta deformación produjo complejas relaciones de campo que dificul-
tan su reconstrucción, lo que constituye un nuevo desafío para el conocimiento de las etapas iniciales de
formación de los Andes Centrales. Se propone un enfoque multidisciplinario en localidades clave y/o en
estructuras geológicas clave como método para reconstruir esta cuenca paleógena. En esta contribución
damos a conocer una conspicua paleosuperficie de meteorización en la Formación Lumbrera (Eoceno) a
través de evidencias sedimentológicas y geoquímicas. Asimismo se aportan datos bioestratigráficos de
vertebrados y una edad absoluta (U/Pb circón) de 39,9 Ma para esta secuencia. Las superficies de mete-
orización resultan evidentes cuando presentan rasgos diagnósticos como paleosuelos, karsts y asociaci-
ones de trazas fósiles, pero en nuestro caso las evidencias surgieron sólo a través del estudio
sedimentológico y geoquímico de detalle. La paleosuperficie de la Formación Lumbrera está formada
por un nivel endurecido de 20-30 cm de espesor caracterizado por el desarrollo moderado de paleosuelos
rojizos. Asimismo la distribución de elementos mayoritarios y trazas muestran inflexiones tanto al tope
como a la base del nivel endurecido, demarcándolo. El índice de alteración química (CIA) empleando una
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fórmula modificada, indica que la meteorización fue de orden moderado. Por otra parte, el registro de
fósiles de vertebrados difiere sustancialmente por abajo y por arriba del nivel meteorizado. Concluimos
que este horizonte constituye una superficie de omisión de edad Eoceno medio y representa una super-
ficie clave que divide las cuencas eocenas, brindando nuevas evidencias para la reconstrucción de la
cuenca de antepaís en el noroeste de Argentina.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Foreland basin systems originate as a consequence of flexural
depression of the lithosphere in response, among other factors, to
the tectonic loading of an orogenic wedge (Jordan, 1981; Allen
and Allen, 1990; Catuneanu, 2004).

In simple retroarc foreland models while the deformation pro-
gresses the basin becomes dissected provoking the cannibalization
and recycling of it own deposits and the depozones migrate in the
cratonward direction (Fleming and Jordan, 1989; Allen and Allen,
1990; Sinclair et al., 1991; Horton and DeCelles, 1997). In ancient
complex foreland systems this scenario turns more complicated
and difficult to identify due to, among other reasons, the incom-

plete stratigraphic record (e.g. Horton, 1998) and the presence of
pre-existing heterogeneities which could have conditioned basin
evolution favoring structural fragmentation where local depozones
could develop (Jordan and Allmendinger, 1986; DeCelles and Giles,
1996; Jordan et al., 2001). This is the case of the Eocene-present
day Andean foreland of the Eastern Cordillera of northwest Argen-
tina which developed, in part, superimposed to the Cretaceous rift
basin (Fig. 1A) conditioning the style and the propagation of the
deformation because of the reactivation of normal faults (Grier
et al., 1991; Coutand et al., 2001; Carrera et al., 2006; Mortimer
et al., 2007; Hongn et al., 2007). Additionally, Riller and Hongn
(2003) and Hongn et al. (2007, 2008) pointed that, in addition to
normal faulting the presence of Proterozoic and lower Paleozoic

Fig. 1. (A) Central Andes of northwestern Argentina, studied area shown. (B) Stratigraphic chart of the Salta basin. (C) Geological map of the Lerma valley and Pampa Grande
region (based on Mon, 2001).
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basement heterogeneities (e.g. dykes, foliation, shear zones) plays
a role in foreland system development.

The Andean foreland history is better known from the Miocene
to present day than before this time interval (Jordan and Alonso,
1987; Kley, 1998; Galli and Hernández, 1999; Reynolds et al.,
2000; Echavarría et al., 2003; Coutand et al., 2006; Carrera and
Muñoz, 2008) than the previous history. A complex Eocene fore-
land basin has recently been proposed (Hongn et al., 2007; Carrapa
and DeCelles, 2008) as alternative to a rather simple Paleogene
foreland basin previously postulated (Boll and Hernández, 1986;
Jordan and Alonso, 1987; Vergani and Starck, 1989; Starck and Ver-
gani, 1996).

The Eocene time of northwestern Argentina records complex
basin and structural evolution, including continental sedimenta-
tion of the post-rift Salta Basin (Fig. 1B) (see Salfity and Marquillas,
1994 and Marquillas et al., 2005 for a regional account) and the
beginning of the Andean uplift and foreland system evolution
(Fig. 1B) (Coutand et al., 2001; Haschke et al., 2005; Hongn et al.,
2007; DeCelles et al., 2007).

Starck and Vergani (1996), Hernández et al. (1999), and Carrapa
and DeCelles (2008), among others, based on structural and sedi-
mentological data, have proposed that part of the eastern Puna
and the Puna – Eastern Cordillera transition – Valle Calchaquí –
(Fig. 1A) would represent the wedge-top depozone. Although this
proposal represents a first step to clarify the Eocene scenario, the
overall geometry of the basin and the original spatial relation be-
tween the thrust faults and the basin (e.g., where were the fore-
deep and forebulge located, and also what was the structural
style of this early stage of deformation?), are all currently unre-
solved questions.

In this contribution we focus in the Lerma valley, located
approximately 70 km from the interpreted wedge top depozone
(Fig. 1A) where no evidence of Eocene deformation is recorded.
We investigate the stratigraphy to determine the sedimentological
expression of the basin shift from the Eocene rift to Eocene fore-
land through sedimentological, geochemical and vertebrate pale-
ontological studies of the Lumbrera Formation. Also a new U/Pb
date allows better constraints on the beginning of Andean evolu-
tion. Our studies allow the identification of a paleoweathering sur-
face interpreted as a continental omission surface and we discuss
its meaning in the context of Eocene basin evolution. We conclude
that this regional paleosurface represents a key level and marks a
major basin change in northwest of Argentina, adding a new con-
straints for Eocene foreland reconstruction.

2. Stratigraphy and geological setting

The studied area is located in the southern Eastern Cordillera of
northwest Argentina coincident with the transition area where the
subduction angle of the subducting Nazca plate progressively
changes (Cahill and Isacks, 1992), characterized by thick-skinned
and thin-skinned structural styles (Jordan and Allmendinger,
1986). Moreover the area between 24�LS and 26�LS represents
the southern and western ends of the mechanical Salta rift basin
(Salfity and Marquillas, 1994; Sabino, 2004), where the superim-
posed foreland is placed (Fig. 1A and B). This scenario evidences
that the transformation of one basin into another and the history
of deformation and basin subsidence were complex (Coutand
et al., 2001; Mortimer et al., 2007; Hongn et al., 2007).

To analyze this basin passage and its characteristics in the Ler-
ma valley (Fig. 1C) we describe the sedimentary settings of the Eo-
cene Lumbrera Formation and, in particular, we analyze in detail
the indurated paleosurface identified in this unit.

Lumbrera is the upper Formation of the Salta Group (Fig. 1B),
with infill deposits of an extensive rift basin – Salta Group – devel-
oped in northern Argentina (Fig. 1A) during the Neocomian to Eo-

cene (Salfity, 1982; Salfity and Marquillas, 1994). The Salta Group
consist of synrift coarse-grained alluvial deposits (Pirgua Sub-
group) and postrift fine-grained to chemical deposits (Balbuena
and Sánta Bárbara Subgroups; Fig. 1B) (Marquillas et al., 2005).

Based on seismic section interpretation (Monaldi et al., 1993)
and on paleoenvironments and facies distribution of the Lumbrera
Formation (del Papa, 2006) a paleogeographic change modifying
the locations of the main depocenters has been interpreted. This
change was attributed to the beginning of foreland basin. Besides,
based on distinctive and contrasting sedimentary environments,
Gómez Omil et al. (1989) and lately del Papa (2006) divided this
unit into two subunits: lower Lumbrera and upper Lumbrera
(Fig. 2A).

In the Lerma valley and Pampa Grande region (Fig. 1C), the
Lumbrera Formation consists of 300–500 m of intercalated red
fine-grained sediments and sandstones (Fig. 2A).

In this area, lower Lumbrera consists of moderately sinuous flu-
vial facies associated with perennial freshwater lake deposits
known as ‘‘Faja Verde” (Schlagintweit, 1936), and including the
Faja Verde I and the Faja Verde II levels described in Pampa Grande
region by Carbajal et al. (1977).

The fluvial system is integrated by the association of bar com-
plex channel-fill facies, levee and floodplain fines. The channel-fill
facies consists of cross-stratified and laminated coarse- to fine-
grained sandstone with well-defined lateral-accretion bars struc-
tures. Ribbon-like laminated siltstones and fine sandstones associ-
ated to channels facies represent levee deposits. Floodplain facies
consist of laterally continuous sheets of reddish siltstones and
sandstones with paleosols levels. Laterally, deltaic facies of Gilbert
type developed and interfingered with lacustrine facies. The lacus-
trine deposits range in thickness between 82 m in Alemania and
114 m in Simbolar and are characterized by greenish to dark gray
colors of fine-grained sediments (Fig. 2B). In the littoral zones are
represented by medium to fine-grained sandstones and siltstones
with lenticular to wavy bedding structures and wave-rippled lam-
ination. Besides, fine laminated mudstones and siltstones with
high organic content characterized inner lake deposits.

On the other hand, the upper Lumbrera consists of sandy fluvial
deposits associated with an ephemeral clastic lake (del Papa,
2006). The fluvial system is integrated by sandstone beds filling
shallow channels. Normal grading, both tabular and trough cross-
bedding and dish structures characterize the fluvial channels.
Thick, reddish siltstones and fine-grained sandstones (Fig. 2C) with
some levels of calcrete paleosols represent floodplain deposits
interstratified with channel deposits. Lacustrine deposits are char-
acterized by laminated siltstones, sheet-like sandstones with
wave-rippled lamination and red massive siltstones with gyp-
sum/anhydrite nodules, indicating extensive saline mud-flat to
shallow lakes (del Papa, 2006).

The contact between the lower and upper sub-units of the
Lumbrera Formation is abrupt and represented by an indurated
and crusted level (Fig. 2D) traceable through 500 km2, extending
through part of the Lerma valley and the nearby Pampa Grande re-
gion (Fig. 1C). The indurated level was affected by weathering over
an extensive desiccation surface on the Faja Verde lake, and was, as
inferred from geological attributes, a nearly flat surface.

3. Materials and methods

We studied three detailed stratigraphic sections: Alemania,
Simbolar and La Perra (Fig. 1C), describing the lithology, color,
and sedimentary and pedologic structures through the indurated
surface. Decimeter-spaced sampling took into consideration out-
crop-scale physical changes, for example of color and structures.

Each sample was petrographically studied in thin section to
evaluate soil micromorphological features. X-ray diffraction from
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both whole-rock and clay sub-samples (<2 lm; 27 samples) were
performed with a Rigaku Denki, D/Max II-C diffractometer (Lanais,
Salta University) with Cu Ka radiation operated at 40 mA and
30 kV. Clay minerals were identified according to the position of

the (0 0 l) series of basal reflections on XRD patterns of air-dried,
ethylene-glycolated, and heated (at 550 �C for 2 h) specimens.

In addition, major and trace-element XRF analyses were car-
ried out at the Lanais (Salta University) in order to recognize

Fig. 2. (A). Lower and upper Lumbrera log showing the main sedimentary environments and the stratigraphic position of the vertebrate fossils, as well as the volcanic tuff in
Simbolar. (B) Lacustrine facies of the Faja Verde lake of lower Lumbrera. (C) Thick siltstones packages with sheet-like sandstones interbedded of upper Lumbrera (outcrop is
70 m thick). (D) Indurated level marking the contact between the lower and upper Lumbrera (hammer for scale).
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and evaluate chemical changes of the parent material. The analy-
ses were performed using a WDS Rigaku 2000 spectrometer
equipped with a Rh tube, SC detector, and PC gas flow. The ana-
lyzing monochrome crystals were LIF, PET, TAP, and GE. Each
sample was first ground in a Hersog-type tungsten carbide mill
and dried at 105 �C for 24 h. Loss on ignition was determined at
950 �C until the sample reached a constant weight. Major ele-
ments were analyzed on Lithium Tetraborate anhydrous fusion
discs prepared with a sample/flux ratio of 1/6. Trace elements
were analyzed on pressed pellets prepared with elvacite/acetone,
(20/80) at 1.400 kg/cm2. The quantification curves were compared
with standard rock calibrations: major elements, JG-2, JG-3, JA-3,
JA-2, JB-3, JP-1, JR-2, JF-2 (Geological Survey of Japan); SDC-1,
SCO-1, BIR-1 and W-2., DNC-1 STM-1 (United States Geological
Survey) and minor elements, JGB-1, JR-2, JB-3, JF-2, JG-3, JA-2,
JG-2, JP-1 (Geological Survey of Japan). SCO-1, DNC-1, SGR-1,
W-2, BIR-1, SDO-1, G-1, AGV-1, W-1, G-2, PCC-1, GSN, BE-N (Uni-
ted States Geological Survey); AN-G (Grupe International deTra-
vail / International Working Group); GA, GH, BR (Centre de
Recherches Petrographique et Geochimiques); DRN, DTN, UBN,
FKN (Association National de la Recherche Technique); SY2 (Cana-
dian Certified Reference Material Project).

U/Pb dating was performed in zircon grains; zircon concen-
trates were extracted from ca. 10 kg rock samples, using conven-
tional gravimetric (DENSITEST) and magnetic (Frantz isodynamic
separator) techniques at the Geochronology Laboratory of the Uni-
versity of Brasilia. Final purification was achieved by hand picking
using a binocular microscope. Zircon fractions were dissolved in
concentrated HF and HNO3 (HF:HNO3 = 4:1) using microcapsules
in Parr-type bombs. A mixed 205Pb–235U spike was used. Chemical
extraction followed standard anion exchange techniques, using
Teflon microcolumns, following procedures modified from Krogh
(1973). Pb and U were loaded together on single Re filaments with
H3PO4 and Si gel, and isotopic analyses were carried out on a Finn-
igan MAT-262 multi-collector mass spectrometer equipped with
secondary electron multiplier ion counting at the Geochronology
Laboratory of the University of Brasilia. Procedure blanks for Pb,
at the time of analyses, were better than 15 pg. PBDAT (Ludwig,
1993) and ISOPLOT-Ex (Ludwig, 2001) were used for data reduc-
tion and age calculation.

The paleontological material mentioned and considered in this
article is deposited at the collections of the Museum of La Plata
(La Plata, Buenos Aires) and the Instituto Miguel Lillo (Tucumán
University).

4. Indurated paleosurface and paleosol

4.1. Alemania locality (site 1 of Fig. 1C)

At this locality a conspicuous, 25 cm-thick indurated section
was identified (Fig. 3A). Desiccation cracks occur all along the
crusted surface. The polygons are 10–15 cm and the wedges pene-
trate into the sediments few millimeters (Fig. 3B). The wedges are
filled with red silty and sandy material from the overlying
sediments.

Distinctive changes in color from the top of the paleosol down-
ward characterize it. From pale red (10R 6/2) color grades to brown-
ish gray (5YR 4/1, 10R 4/2) and further down the profile to grayish
green (10GY 5/2) and grayish green (10G 4/2), the latter colors typ-
ical of the unaltered lacustrine parent material (Fig. 3A). These
changes in color are coincident with paleosols horizons. The upper-
most horizon is characterized by a pinkish-white, well-laminated
2 cm thick sand-rich bed with ripple laminations (Fig. 3C and D –
IVd level). The middle horizon is reddish-gray, wacke to arkose,
5–6 cm thick, in which slight and discontinuous primary lamina-
tion is preserved, millimeter-scale granular aggregations inter-

preted as granular ped structures (Fig. 3E) were identified. This
horizon is densely rooted (Fig. 3C – IVc level); the roots are recog-
nized by their taper and downward branching features (Retallack,
1988). They are typically isolated filamentous-like, ranging from 1
to 4 cm long and 1–2 mm in diameter. The roots consist of an indi-
vidual vertical stem with minor lateral offshoots. The central tubu-
lar feature is filled with fine-grained material (clay and silt) darker
than the surrounding groundmass; and in others, calcite crystals fill
the voids. The lowest horizon is red to greenish-gray, sandy silt-
stone, 4–5 cm thick, where no primary lamination is recognized
(Fig. 3C – IVb and IVa levels). The passage from the sandy rooted
to siltstone levels is clear and wavy (Retallack, 1988) (Fig. 3F). Also
in this horizon some root casts and granular peds are preserved
with the same characteristics of the upper one; moreover, platy
claystone intraclasts parallel to stratification were also identified.

Based on the lighter color, coarser textures of the underlying
beds, the IVc level is interpreted as an eluvial (E) horizon, while
the IVa and IVb levels are interpreted as illuvial (Bt) horizon
(Fig. 3F). The uppermost bed (IVd level) is very weakly modified
by pedogenesis, indicating a sporadic increment in the sedimenta-
tion rate (Fig. 3C and D). This level is considered here as a cumula-
tive horizon (Birkeland, 1984).

Animal burrows were recognized in the three horizons, com-
prising simple tubular features with constant diameter. They are
circular in cross-section and filled with the matrix material (red
siltstone and disseminate sandy grains) and calcite (crystal tubes);
backfill structures are common. Two types are distinguished: (a)
minor horizontal to vertical burrows 1–2 mm wide and a few cen-
timeters long; in some cases the sediments are only disturbed, gen-
erating biodeformation features and (b) greater vertical burrows,
8–10 mm wide (Fig. 3B) and many centimeters long. In some cases,
it was possible to observe the presence of a thin wall coating the
burrow tube.

Based on petrographic and polished hand-sample observations,
minor burrows (a) crosscut and are cut by roots, suggesting that
burrowing was contemporaneous with soil-forming processes.
On the other hand, bigger burrows (b) cut both minor burrows
and root traces; no observations in the opposite sense were made.
The latter burrows (b) resemble crayfish traces, both in size and
wall presence (Hasiotis and Mitchell, 1993), and postdate soil
development.

Eight samples of representative decimeter-long sections were
collected below, across, and above the weathered surface
(Fig. 3A). Fig. 3G shows the main minerals identified in the whole
rock. Illite is the only abundant clay, although traces of smectite
were also detected.

Petrographic studies indicate that the uppermost cumulative
horizon is an arkose with granular fabric and Fe-oxides coating
the skeleton grains and sparitic cement (Fig. 4A). Downward the
profile E horizon became an arkosic wacke to sandy siltstone with
intertextic microfabrics (Fig. 4B). Plasma infilling the intergranu-
lar spaces are clinobimasepic and skelsepic types (Fig. 4C).
Weakly laminated to well-laminated clay-Fe line coating voids
and along trace roots (Fig. 4D) are common features. Anisotropic
clay coating is characterized by yellowish brown to dark reddish
brown laminated material along a root trace (Fig. 4E). Clay coat-
ing suggests formation by illuviation (Brewer, 1976), in our case,
microlaminated clay coating lining and filling voids clearly sug-
gest illuvial processes (Brimhall et al., 1991; McCarthy et al.,
1999).

In the silty Bt horizon there are local concentrations of a specific
mineral or chemical composition that constitute accretionary
bodies or glaebules (Teruggi and Andreis, 1971). Two main types
of glaebules, ferruginous and calcareous, are recognized in this
study, but clay concentrations also occur. Some glaebules without
any visible internal lamination are nodules mainly ferruginous; but
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carbonate nodules are also observed. Moreover, ferruginous con-
cretions (concentric internal laminations) also occur (Fig. 4F) indi-
cating seasonal growth (Ettensohn et al., 1988).

4.2. Simbolar locality (site 2 of Fig. 1C)

A 1 m-thick weathered section of siltstones and mudstones was
observed here (Fig. 5A). The uppermost 12 cm are completely indu-
rated and capped by a continuous firm crust (3 cm thick). The main
features are mudcracks, burrows and root traces. These features
decrease in abundance from top to the base of the indurated sec-
tion. The desiccation cracks form polygons of 10–15 cm in plan
view and the wedges penetrate up to 6 cm filled with red silty
and sandy material from the overlying sediments.

The upper crust level is characterized by strong dark reddish
brown (10R 3/4) to grayish red (5R 4/2) colors changing downward
to the grayish green (10 GY 5/2) unaltered material. Neither soil
structures nor horizonation were identified in outcrops; but clear
bioturbation, brecciation, and mottling were observed. Some bio-
turbations consists of simple vertical to inclined and horizontal
tubes many cm long and 1 cm to 5 mm wide filled with darker

fine-grained material; interpreted as animal burrows. Other bio-
turbation structures have clear wedge-shapes and downward
bifurcation and are interpreted as originated by root action. Fe-de-
pleted haloed zones consisting of concentric lamination of grada-
tional contacts of grayish red (5R 4/2) color in the inner zone to
moderate yellow (5Y 7/6) to moderate reddish brown (10R 4/6)
in the outer zone are also common.

We collected 12 samples from the underlying unaltered mate-
rial through the weathered horizon to the overlying unaltered
upper Lumbrera unit (Fig. 5A). The mineralogy determined for this
section is as follows (Fig. 5B): calcite, analcime and hematite are
present in all samples, whereas ankerite occurs only in the indu-
rated horizon. Calcite and minor amounts of dolomite crystal
rhombs are disseminated in the groundmass and filling cavities.
Quartz, although always present, is more frequent in the upper
Lumbrera Formation (see Fig. 5B), but coarser clastic feldspars
and zircon grains are also noted. Illite is the only clay mineral
identified.

The micromorphology suggests alteration and burrowing by or-
ganic activity, whereby the plasma is of the asepic type (argillase-
pic). From the uppermost level (including the upper crust)

Fig. 3. (A) Alemania detail log, showing the main sedimentological and pedologic characteristics of indurated level. (B) Desiccation cracks over the paleosurface. Arrow shows
crayfish-like trace fossils, Alemania (scale bar, 5 cm). (C) Polished section showing changes in color and filamentous root traces, Alemania (scale bar is 12 cm), gray pictures
show the positions of D and F figures. (D) Aspect of the sandy eluvial horizon rich in root traces and the overlying cumulative ‘‘C” horizon with rippled lamination preserved;
note crayfish-like trace cutting the structures (scale bar is 2.5 cm). (E) Granular pedogenic structure (scale bar, 2 cm). F. Wavy contact between sandy eluvial (E) and clayey
illuvial (I) horizons (scale bar is 2.5 cm). (G) Stratigraphic variation in mineralogical composition and relative abundance from XR diffractometry.
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downwards (samples 8, 7, and 6) display clotted micritic texture
(Fig. 6A); this texture has been interpreted as a product of dense
packing of micritic peloids (Esteban and Klappa, 1983).

Massive Fe-oxides coating voids are very common, draping cir-
cular tubes and plane and irregular voids; the contact are both dif-
fuse and sharp with the groundmass. Also glaebules of massive Fe-
oxides and peloids characterize this profile. Glaebules of calcite
crystals are very common in the upper levels infilling cavities
and as diffuse masses in the groundmass. Incipient blocky peds
occurring as patches delineated by Fe-oxides films have been iden-
tified in this locality (Fig. 6B).

Another distinctive feature at Simbolar is the presence of hor-
izontal to sub horizontal fractures filled with displacive sparry
calcite, and extending laterally for decimeters to meters. These
comprise many parallel to nearly parallel horizontal fractures,
connected by subordinate vertical fractures, delineating an anas-
tomosing pattern. Apertures range between 1 and 3 mm (open
type) and the lateral extent is one centimeter to 1 m (Reichenber-
ger, 2004), infilled with mosaic of sparry calcite (Fig. 6C). Retal-
lack (1991) described a pervasively displacive microstructure for
the Miocene paleosols of Kenya. He interpreted this structure as
result of processes that produce volume changes during initial
subaerial leaching and cementation in pyroclastic parent mate-
rial; being this process more effective under humid climate. The
microstructure described here is very similar to that of Retallack

(1991), thus we interpret it originated at an early stage in soil
formation.

4.3. La Perra locality (site 3 of Fig. 1C)

The section of altered sediments is 90 cm thick; including the
upper 2–3 cm thick of crusted surface. The sediments are com-
pletely disturbed and no primary stratification is recognized in
the first 25 cm. After that and down the profile some slight relict
stratification becomes evident. This site presents similar features
to Simbolar; the distinctive ones are: bioturbation, mottling, root
traces and dolomite precipitation gradational (Fig. 6D and E). No
horizonation is visible. The section presents grading color changes
from the uppermost level characterized by moderate red color 5R
5/4, to pale reddish brown (10R 5/4) and grayish red (10R 4/2)
down profile to pale purple (5P 6/2) and pale green (10G 6/2) in
the unaltered sediments.

The crusted surface is characterized by desiccation cracks and
bioturbation. Bioturbation consists of simple vertical tubes many
centimeters long and 5–4 mm wide, and are interpreted as product
of animal activity.

Downward the profile in the dark reddish brown zone, circular
greenish-gray drab halos 5–6 mm in diameter are distinctive. Hor-
izontal fractures filled with calcite also occur. This latter feature
presents identical characteristics as in Simbolar.

Fig. 4. Photomicrographs of paleosol micro-structures. (A) Granular (up) to intertextic (bellow) microfabric in eluvial horizon, Alemania (plane light). (B) Intertextic fabric of
illuvial (Bt) horizon, Alemania (plane light). (C) Clinobimasepic plasmic fabric in illuvial horizon, Alemania, (crossed polarized light). (D) Root traces filling with sparry calcite
and Fe-clay coating the root wall emplaced in granular fabric of eluvial horizon, Alemania (plane light). (E) Detail of the offshoot (square area in D) showing the
microlaminated anistrotropic Fe-clay coating, Alemania, (crossed polarized light). (F) Ferruginous spherical concretion indicating seasonal growth, Simbolar (plane light).
Scale bar is 1 mm except for E and C in which it is 0.5 mm.
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We sampled seven levels encompassing unaltered through al-
tered indurated levels of lower Lumbrera to unaltered sediments
of the overlying upper Lumbrera units (Fig. 6D).

Petrography reveals an asepic (argillasepic) microfabric and the
presence of numerous channels, both vertical and horizontal.
Channels are coated with Fe-oxides and clays and infilled with
peloidal mudstones and disseminated calcite crystals.

As shown in Fig. 6E the main minerals are analcime, calcite
and hematite. Calcite is present as patches of microsparite and

mosaic of sparite and crystal rhombs disseminated in the fine-
grained groundmass or/and filling voids. Illite is the dominant
clay, but significant amounts of smectite occur in two of the sam-
pled levels.

5. Geochemical characteristics

Many authors have investigated chemical changes produced by
weathering (e.g. Nesbitt, 1979; Nesbitt and Young, 1982; Nesbitt

Fig. 5. (A) Simbolar detail log showing the main sedimentological and pedologic characteristics of the paleosurface. (B) Stratigraphic variation in mineralogical composition
and relative abundance from XR diffractometry.
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and Young, 1989; Nesbitt and Markovics, 1997). The Chemical In-
dex of Alteration (CIA), proposed by Nesbitt and Young (1982), is a
widely used method for establishing the intensity of weathering in
sediment source areas and in soils. The index is calculated as (using
molar proportions):

CIA ¼ ½A2O3=ðAl2O3 þ CaO� þ Na2Oþ K2OÞ�100

where CaO* represents the CaO contained in silicates only. In our
case, the protolith for the altered horizon is already the result of a
previous weathering process, i.e. pelitic sediment. Furthermore, the
studied profiles contain variable amounts of diagenetic carbonate
and phosphate-bearing fossil materials, which would all have an im-
pact on the CIA formula and may be difficult to correct for properly.

The correction for the calcium contained in apatite is relatively
straightforward if apatite is the only phosphate present. In this
work, we assume this to be true, and correct for phosphate-related
CaO by stoichiometry using P2O5 data from chemical analysis.
However, the presence of samples with high LOI and CaO content,
together with petrographic and mineralogical information, indi-
cates that carbonate (mostly calcite) is a major calcium host in
the studied profiles. Since CO2 was not independently determined
in this study, we could not correct for carbonate-hosted CaO di-
rectly. McLennan (1993) suggests a method for CaO correction in
the absence of direct CO2 determination, by evaluating the relative
molar proportions of CaO (after correction for apatite) and Na2O. In
that case, when the number of CaO moles is less than that of Na2O,
the CaO molar proportion is adopted as the CaO* value. Otherwise,

the molar proportion of CaO* is considered to be equivalent to that
of Na2O.

Our attempts at applying CIA to compare altered and unaltered
rocks in the profiles, even considering the corrections proposed by
McLennan (1993), failed to yield results that were consistent with
petrographic and mineralogical observations. Fig. 7 compares the
CaO, LOI, and corrected CIA values; it is clear that the CIA values
are still affected by the presence of carbonate. As predicted by
McLennan (1993), calculations where the CaO* correction is based
on molar Na2O yield only minimum CIA values. In our case, be-
cause the starting materials are already the product of weathering,
the CIA in the altered zone decreases rather than increases. As sug-
gested by Bloch et al. (2006), this could be due to reverse weather-
ing (i.e. diagenesis and/or contact metamorphism), but, apart from
the formation of diagenetic carbonate, there is no direct chemical
or mineralogical evidence to support this hypothesis. For instance,
although CaO increases in the weathered profile due to carbonate
precipitation, all other CIA oxides (Al2O3, Na2O, K2O) actually de-
crease in that horizon (see Fig. 7).

The right-hand side diagram in Fig. 7 shows a modified form of
the chemical index of alteration, disregarding CaO entirely, as sug-
gested by Gravina et al. (2002). The values for feldspar and illite are
plotted for comparison. The little variation observed in the molar
Al2O3/(Al2O3 + Na2O + K2O) ratio indicates that chemical leaching
was not extensive in any of the three studied weathering profiles,
suggesting that paleosol formation occurred under a relatively dry
climate. Therefore, for the cases reported here, this simpler form of

Fig. 6. (A) Micritic clotted textures and disseminated irregular calcite glaebulas, La Perra, (plane light). (B) Iron oxides filling voids between incipient granular peds, Simbolar
(crossed polarized light) (C) Horizontal fractures filled with displacive sparry calcite and disseminated rhombohedric calcite, Simbolar, (crossed polarized light). Scale bar for
the three photographs is 1 mm. (D) La Perra detail log showing the main sedimentological and pedologic characteristics. (E) Stratigraphic variation in mineralogical
composition and relative abundance from XR diffractometry.
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the alteration index produces the most consistent results, while
still providing a reasonable estimate of the degree of weathering

both in the source areas and sedimentary rocks, and in soil and
paleosol profiles.

Fig. 7. Behavior of CaO, LOI, CIA and CIA modified Al2O3/(Al2O3 + Na2O + K2O) in the three profiles. Values for feldspars and illite are plotted for comparison. Note that CIA
values are still affected by the carbonate-rich passages.
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Detailed chemical variations may be best observed when the
original geochemical data and molar ratios are plotted as profiles
(Fig. 8). Inflection points in the curves of many major and trace ele-
ments highlight the top and/or base of hardened weathering hori-
zons. Overall, the profiles at La Perra and Simbolar are similar,
whereas the Alemania profile shows distinctive characteristics.

At the base of the weathering level in the Alemania profile,
there is an increase in the SiO2 content, corresponding to the high
concentration of quartz grains recognized in petrography (Fig. 8).
This suggests that the SiO2 increase may be partly due to a more
sandy character of the original sediment towards the top of the
Alemania sequence (Fig. 2E – IVd). On the other hand, this locality
contains the best-developed paleosols among all the studied pro-
files, which is consistent with silica enrichment. Al2O3, Fe2O3,
Na2O, K2O (Fig. 8), and CaO (Fig. 7) all decrease in the altered level
at Alemania. P2O5 (not shown) behaves in the same way as Al2O3.
While alkalis and calcium behave as expected during weathering,
reflecting hydrolyzation and leaching of the more soluble cations,
the decrease in Fe2O3 and Al2O3 cannot be easily explained. It
may be a side (closed-sum) effect of the strong SiO2 enrichment,
or the result of local physical–chemical conditions (see below). Zr
and Y increase sympathetically in the altered horizon, indicating
residual zircon concentration. Nb (not shown) behaves in the same
way as Zr and Y. Rb follows the behavior of K, and Sr accompanies
Ca, since these are common substituting cations in minerals. Ba
shows a very strong increase in the weathered horizon, ranging
from ca. 250 ppm in the original sediment to up to 1800 ppm in
the upper-middle part of the weathered horizon. Cr and (not
shown) Ni and V are depleted in the weathered horizon.

Molar ratios are often used to assess alteration processes during
weathering (e.g. Retallack, 1997). At Alemania, the Al2O3 to SiO2

molar ratio signals an increase in quartz proportions relative to
clay minerals, observed in thin section. The Ti/Zr ratio is also lower
in the weathered horizon, probably due to higher zircon concentra-
tion. More importantly, Ti/Zr suggests a different provenance for
the sediments below and above the weathered profile. Ba/Sr is gen-
erally interpreted as a measure of chemical leaching (Retallack,
1997, 2004), but at Alemania this is not supported by the Al to
alkalis molar ratio (Fig. 7). Moreover, since the magnitude of Ba
enrichment in the weathered horizon is expressive, we suggest
that the high Ba/Sr values observed in this profile result from sul-
phate precipitation, since barite was observed in thin sections and
confirmed in SEM analysis.

We interpret barite precipitation as having happened during
paleosol formation under a relatively dry climate, which agrees
well with the sympathetic increase in the salinization Na2O/K2O
ratio (Fig. 8).

At the La Perra and Simbolar localities, the starting (parent)
materials are more clayey than at Alemania, with implications
for the chemistry of the weathering horizon. Also, in both sections,
there is marked precipitation of calcite in the upper portions of this
level that is not so pronounced at Alemania.

At La Perra (Fig. 8), SiO2, Al2O3, K2O, Na2O, and Fe2O3 behave
sympathetically in the weathered profile, showing a sharp de-
crease at the bottom, followed by a slight increase, and then a pro-
gressive decrease towards the top. CaO (see Fig. 7) behaves in an
opposite way, in response to the precipitation of calcite veinlets,
visible in outcrop and thin section. The joint depletion in silica,

Fig. 8. Chemical variations in selected major and minor elements and molar ratios in the three profiles. Inflection points in the curves highlight the top and/or the base of the
hardened weathering horizon. Grayish area represents weathered level. Italic capital letters indicates the textural composition of each sample (see Fig. 2 for key).
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iron, aluminum and alkalis could perhaps be assigned to a closed-
sum effect related to calcite enrichment, similar to that involving
quartz enrichment at Alemania. Here, however, progressive in-
creases in molar Al2O3/SiO2 and Ti/Zr from top to bottom of the
weathered profile indicate an increasing abundance of clay miner-
als, probably resulting from clay infiltration during paleosol forma-
tion. Furthermore, Ti/Zr values below and above the weathered
horizon suggest a change in provenance. Zr contents are lower in
the weathering profile than in the starting materials and remain
approximately constant in this horizon, increasing sharply again
in the overlying pelites. Contrary to Alemania, Zr and Y variations
show some discrepancy within the weathered horizon, suggesting
that the Y distribution is not entirely controlled by zircon. Sympa-
thetic behavior between Y and (not shown) P2O5 and Th suggests
that the Y distribution at La Perra is at least partially controlled
by phosphate. Rb varies sympathetically with K2O. Sr, on the other
hand, does not follow the CaO distribution, suggesting that Sr is not
strongly controlled by carbonate precipitation. Although the Ba
composition range is much narrower than at Alemania, Ba shows
a similar pattern of enrichment in the middle part of the La Perra
weathered profile. Cr (Ni and V, not shown) is marginally lower
in the weathering horizon than in the parent materials, showing
more intense depletion at both its top and bottom. A relatively
constant Na2O/K2O molar ratio suggests that salinization was not
significant at La Perra.

At Simbolar (Fig. 8), SiO2, Al2O3, and Fe2O3 show general deple-
tion in the weathered horizon, relative to the starting materials. As
in La Perra, a general downward increase in molar Al2O3/SiO2 sug-
gests an accumulation of migrating clay minerals at the bottom
half of the weathering profile. The upward CaO increase in the pro-
file is consistent with the presence of calcite veinlets at the top.
Similar to La Perra, there is no correlation between CaO and Sr.
In the bottom half of the altered zone, Zr, Y, and (not shown) Nb
contents are similar to those observed in the unaltered material
below, but all three elements are depleted in the upper half. Cr
and (not shown) Ni behave sympathetically, decreasing gradually

from bottom to top of the altered zone. Molar Ba/Sr indicates mod-
erate leaching in the upper half section of the paleosol, and molar
Na2O/K2O indicates that salinization was not a significant process
at Simbolar.

Iron is depleted at the top and concentrated at the bottom of the
weathered horizon in all three localities. The presence of abundant
root marks at the upper level of the paleosol suggests that the sys-
tem was enriched in organic matter and could have developed ade-
quate redox conditions for the downward migration of reduced
Fe2+. Below this hypothesized reduced level, iron would have pre-
cipitated as Fe3+ and concentrated in lower levels (Fig. 4F). Alumi-
num behavior is consistent with soil-forming processes, and may
be explained through clay-mineral migration and accumulation
at the bottom half of the profile, particularly in the cases of La Perra
and Simbolar.

Molecular ratios of relatively inert geochemical indicators have
been used in many studies to help locate discontinuities in soils
and paleosols (Al-Gailani, 1980; McCarthy and Plint, 2003). Ti
and Zr are found in minerals that are resistant to alteration and
therefore tend to accumulate as weathering progresses. In uniform
parent materials, Ti/Zr should change gradually and uniformly
with depth, without sharp inflections or reversals in trends
(McCarthy and Plint, 2003). At the Alemania profile (Fig. 8), a
strong inflection in this ratio marks the passage, below the surface,
of unaltered materials to altered ones (hardened level), which may
be a feature partly inherited from an original Zr-enriched sandy
material, further enhanced by pedogenic processes. It is notewor-
thy that this feature is absent or incipient at La Perra and Simbolar
(Fig. 8).

The strong enrichment in SiO2 (Alemania) and CaO (La Perra and
Simbolar) raises the question of how many of the described fea-
tures are actually produced by paleosol-forming processes, and
how many are the result of closed-sum effects, particularly regard-
ing the major elements.

Mass fluxes between different portions of chemical weathering
and soil forming systems are particularly useful monitors of near

Fig. 9. Strain eZr,w plotted against depth for each profile. Positive values show dilation and negative values show collapse (see text for explanation). Grayish area represents
weathered level.
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surface transport processes. Because mass fluxes in soils are com-
puted from mass conservation volume–density (q)-compositions
relation, it is imperative to evaluate the effects of volume change.
Recent improvement in the physiochemical strain gauge based
on mass balance has allowed to determine the amount and sense
of deformation in soils and therefore to use the accumulated strain
to calculate chemical gains and losses (Brimhall et al., 1991). These
authors define strain as:

ei;w ¼ qpCi;p=qwCi;w � 1 ð1Þ

Positive strains are dilations and negative strains represent collapse.
Collapse is indicated when the concentration of an immobile ele-
ment (Ci,w) caused by loss of mobile constituents is not exactly com-
pensated by an inversely proportional decrease in bulk density (qw)
due to increasing porosity such that the product of Ci,w and qw re-
mains constant.

Once the bulk strain is computed with Eq. (1), absolute chemi-
cal mass gains and losses per unit of volume of parent material, dj,w,
are calculated with Eq. (2) (Brimhall et al., 1991):

dj;w ¼ mj;flux=Vp ¼ ½qwCj;wðei;w þ 1Þ � qpCj;p�=100 ð2Þ

In Alemania, the negative strain observed at all sampled depths
shows that this section of the weathered horizon is dominated by
collapse (Fig. 9), which is typical of more developed or aged soils
(Brimhall et al., 1991). This particularity is indicated also in Fig. 8,
where the concentrations of immobile Zr are increased in the
weathered level.

At Simbolar and La Perra, positive strain values indicate expan-
sion, which is consistent with physical brecciation observed in out-
crops and hand specimen, and the infilling of open fractures with
carbonate. In these cases, the observed decrease in the absolute
concentration of immobile Zr (Fig. 8) may be explained by dilution.
Furthermore, the La Perra profile is dominated by expansion, with
a very slightly developed collapse zone at its bottom. On the other
hand, the Simbolar profile shows a well defined division, whereby
the lower half is dominated by collapse and the upper half is dom-
inated by expansion.

Brimhall et al. (1991) state that soils evolve from dilation to col-
lapse as they mature. In that sense the strain profiles in Fig. 9 sug-
gest that the sequence La Perra – Simbolar – Alemania represents a
continuum of progressively more evolved soil profiles.

6. Paleosurface: interpretation and meaning

The presence of a paleosol is demonstrated by the recognition
of root traces, soil horizons and, features like sepic plasmic
microfabrics (Retallack, 1988). The identification of a paleosol
in the Alemania, La Perra and Simbolar sites, distant from one
another (Fig. 1C), allows us to interpret this paleosol as a regio-
nal feature.

Vegetation grew over the desiccated lake surface, altering and
oxidizing the silty parent material. The predominant reddish color
and the identification of ferrans suggest well-oxygenated soils.
Moreover the presence of granular structures, ferruginous glae-
bules, and sepic plasmic fabric are indicative of weathering and
leaching of the soluble and suspended material of the upper levels
and their accumulation in lower positions, determining eluvial and
illuvial pedogenic horizons, respectively (Fig. 3F).

Furthermore, the geochemical evidence pinpoints the weath-
ered level in all three profiles. Inflection points in the curves of
many major and trace elements highlight the top and/or the base
of the hardened weathering horizon (Fig. 8). Overall, the profiles
at La Perra and Simbolar are chemically similar, whereas the dis-
tinctive characteristics of Alemania result from a more sandy char-
acter of the protolith combined with a higher degree of soil

evolution. The consistent behavior of Al, Mg, Fe, K and Ti suggests
destabilization and hydrolysis of biotite at the weathering surface.
Iron is depleted at the top and concentrated at the bottom of the
weathered horizon in all three localities, which is interpreted as
a result of remobilization and secondary precipitation. Al behavior
is consistent with soil-forming processes, and may be explained
through clay-mineral migration and accumulation at lower levels,
particularly in the cases of La Perra and Simbolar. The geochemical
evidence indicates similar evolution patterns for the La Perra and
Simbolar profiles. The differences observed at Alemania are due
to the combined effects of (a) a more sandy character of the origi-
nal sediment towards the top of the sequences, and (b) a higher de-
gree of soil profile evolution, with predominance of collapse
processes.

We applied a modified form of the chemical index of alteration
(Fig. 7). The little variation observed in molar Al2O3/(Al2O3 +
Na2O + K2O) indicates that chemical leaching was not extensive
in any of the three weathering profiles. This index gives a reason-
able estimate of the degree of weathering (interpreted as interme-
diate) in both the source areas and the sedimentary rocks.

Differentiation of the horizons allows an assessment of the rel-
ative degree of maturity of the paleosols (Retallack, 1988). We rec-
ognized moderately developed paleosols in Alemania to weakly
developed paleosols at Simbolar and an even less mature profile
at La Perra. The differences in soil maturity reflect differences in
the rate of pedogenic factors, such as local paleo-relief variations
or differences in residence times over which the processes oper-
ated (Curtis, 1990; Wright, 1989).

It is significant to note that the sedimentological features, the
Na2O/K2O ratio and the overall weathering imprints converge to
suggest that paleosol formation occurred under a temperate and
relatively dry climate and a probable local increase in salinization.

The features described here and the interpreted geological pro-
cesses that affected this horizon lead us to interpret it as a sedi-
mentary discontinuity. Furthermore, the variation in the Ti/Zr
ratios below and above the weathered horizon, which suggests a
change in provenance for the sedimentary protolith, constitutes
additional evidence that the studied horizons represent disconti-
nuities in the sedimentary record in the region.

The time involved in this discontinuity is uncertain, but if we
consider the geochemical imprints and sedimentological features,
there is no evidence of prolonged exposure. Thus, we interpret this
paleosurface as an omission surface (Bromley, 1975) that repre-
sents a minor break in the sedimentary column marking a tempo-
rary halt in deposition involving little or no erosion (Bromley,
1975). Such minor breaks in sedimentation are typically intrafor-
mational, but interformational surfaces without large-scale erosion
also exist.

7. Dating the discontinuity

Although dating the paleosurface is currently beyond our capa-
bility, paleontological evidence and the first radiometric ages ob-
tained for the upper Lumbrera Formation provide some insight
into the age of the omission surface.

7.1. Radiometric age

In the Pampa Grande area (Fig. 1C), the upper Lumbrera Forma-
tion is 274 m thick. Toward the top, a continuous white 25 cm-
thick layer of crystal-tuff (Fig. 2A), composed of plagioclase, biotite,
quartz, and zircon was identified. We used zircon crystals for
radiometric age dating.

The calculated age is 39.9 ± 0.4 Ma (Fig. 10); errors for isotopic
ratios shown in Tables 1 are 2r.
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7.2. Paleontology

Most of the vertebrate fossils found in the Lumbrera Formation
come from the Pampa Grande region (Fig. 1C) (e.g. Carbajal et al.,
1977; Vucetich and Bond, 1982; Bond and López, 1993; Babot
et al., 2002; Pascual, 1980a,b; Deraco et al., 2008), which is one
of the most important paleontological locations for this unit.

The discontinuity identified is also evident in the mammalian
fossil associations; none of the known genera of fossil mammals
recorded for the lower Lumbrera Formation persists into upper
Lumbrera strata. In the upper Lumbrera deposits, mammals are rel-
atively abundant and well preserved mainly big herbivores. Basal
leontiniids and the campanorcid Campamanorco inauguralis (Bond
et al., 1984) were found in these levels. However the mammal
association, although different in composition does not reflect a
strong climatic or environmental change.

Leontiniids include Coquenia bondi (Deraco et al., 2008) and at
least another taxon represented by incomplete specimens, some of
them articulated. Leontiniids have been previously reported from
two other localities in northwestern Argentina: close to the conflu-
ence of the Casa Grande and Laguna rivers (Jujuy Province), Casa
Grande Formation (Bond and López, 1995), and Cerro Bayo, close
to La Poma (Salta Province), Quebrada de los Colorados Formation
(Hongn et al., 2007). The peculiar notoungulate Campamanorco
inauguralis is interpreted as a basal typothere (Reguero et al.,
1996). It is characterized by an advanced dental pattern that antic-
ipates the model established in the advanced Typotheria. Another
undescribed taxon found in the same strata shows similar dental
specializations.

Finally, a conspicuous Dasypodidae was found in the upper
Lumbrera at Río Juramento, 54 km N-NE of Simbolar. The pat-
tern of the dermal scutes of this armadillo clearly differs from
all known dasypodids due to the presence of three high longi-
tudinal ridges of the anterior articular surface of the mobile

scutes (Herrera and Powell, 2007). These peculiar dasypodid
dermal plates were also found in the Casa Grande Formation,
close to the confluence of the Casa Grande and Laguna rivers
(Jujuy Province).

In order to highlight the contrasting paleontological record be-
low and above the omission surface, we listed the main tetrapods
registered in both lower and upper Lumbrera Formation.

7.2.1. List of fossil tetrapods of the lower Lumbrera
The fossils included in this list were found at Pampa Grande

area (Fig. 1C).

Order Crocodylia
Family Sebecidae

cf. Sebecus
Order Squamata

Family Teiidae
Lumbrerasaurus scagliai (Donadío, 1985)

Infraorder Sparssodonta
SuperFamily Borhyaenoidea
Family Proborhyaenoidae

Callistoe vincei (Babot et al., 2002)
Borhyaenoidea indet. (Babot, 2005)

Order Polydolopimorphia
Family Bonapartheriidae

Bonapartherium hinakusijum (Pascual, 1980b)
Family Prepidolopide

Prepidolops didelphoides (Pascual, 1980a)
Prepidolops molinae (Pascual, 1980a)

Order Astrapotheria
Family Astrapotheriidae

Albertogaudrya? carahuensis (Carbajal et al., 1977)
Orden Litopterna

Family Adianthidae
Indalecia grandensis (Bond and Vucetich, 1983)

Order Notoungulata
Family Notoylopidae

Boreastylosps lumbrerense (Vucetich, 1980)
Family Isotemnidae

Pampatemnus infernalis (Vucetich and Bond, 1982)
Pampatemnus deuteros (Vucetich and Bond, 1982)

Family Oldfieldtomasiidae
Colbertia lumbrerense (Bond, 1981)

Family Notohippidae
Pampahippus arenalesi (Bond and López, 1993)

7.2.2. List of fossil tetrapods of the upper Lumbrera
All the mammals found in these levels were located within the

first 50 m above the weathering surface at Simbolar, except the
dasypodid material found at Río Juramento. They are usually well
preserved, many articulated but incomplete because of present-
day removal and erosion, but without significant evidence of
transport.
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Fig. 10. 206Pb/238U vs. 207Pb/235U correlation diagram for zircon concentrate from
upper Lumbrera tuff, Simbolar.

Table 1
Summary of U–Pb data for upper Lumbrera ash layer. (*) Commmon Pb corrected using measured 204Pb. (**) Million year error for individual fraction.

Sample
fraction

Pb 206 Pb207* Pb206* Correl. Pb207* Pb206* Pb207* Pb207*

Size U Pb Th Th/U Pb204 U235 U238 Coeff. Pb206* U238 U235 Pb206*

(mg) (ppm) (ppm) (ppm) (ppm) (obs.) (pct) (pct) (rho) (pct) Age Age Age Ma.**

Lum. F 0.222 328.84 3.052 720.8 2.19194745 434.9212 0.0550611 1.86 0.00803549 1.69 0.913876 0.0496971 0.753 51.593 54.423 180.85 18
Lum. H 0.318 219.32 2.02 503.2 2.2943644 441.9793 0.0582401 1.88 0.0084647 1.800 0.956629 0.0524947 0.549 51.663 57.478 307.03 13
Lum. J 0.205 355.53 3.61 780.6 2.19559531 544.2857 0.0639053 1.73 0.009128 1.660 0.963057 0.0507760 0.465 58.576 62.899 230.67 11
Lum. G 0.345 287.65 3.765 450.5 1.56613941 655.2340 0.0402 1.34 0.00622 1.45 0.976 0.0468500 0.233 39.973 40.019 41.59 1
Lum. I 0.356 345.21 4.023 654.4 1.896 435.3440 0.04115 1.56 0.00634 1.34 0.99 0.0472100 0.256 40.741 40.946 59.863 1
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Order Xenarthra
Family Dasypodidae

Dasypodidae new genus and sp. (Herrera and Powell, 2007)
Order Notoungulata

Family Leontiniidae
Coquenia bondi Deraco et al., 2008
Leontinidae indet. (new genus?)

Family Olfieldtomsiidae
Dolichostylodon saltensis (García López and Powell, 2009)

Family Campanorciidae
Campanorco cf. inauguralis Bond and Vucetich, 1983

Family Isotemnidae
Isotemnidae indet.

Although the fossil association of the upper Lumbrera is still
poorly known in terms of diversity, the first appearance of basal
members of the family Leontiniidae marks an important milestone
in the evolution of South American notoungulates. These basal
leontiniids are found in stratigraphic units overlying the weather-
ing surface in the Lerma valley. The presence of the relatively ad-
vanced notoungulate Campanorco, absent in the lower Lumbrera
deposits, is consistent with the evidence suggested by the leonti-
niid fossils.

7.3. Age discussion

The occurrence in the same profile of Simbolar of a rich verte-
brate fauna, the dating of the tuff and the omission surface offer
an opportunity to analyze the age of the Lumbrera Formation
and, not being our main goal, to discuss it in the context of the
mammal biostratigraphy for first time in northwestern Argentina,
which is a matter of constant debate.

Traditionally, the Lumbrera Formation has been assigned to the
‘‘Casamayoran” South American Land Mammal Age (SALMA), i.e.
Early Eocene (Carbajal et al., 1977; Pascual, 1980a Pascual,
1980b; Pascual et al., 1981; Bond and Vucetich, 1983). This age
estimate was based mainly on the ‘‘volutionary grade”of the mam-
mal association registered in the lower Lumbrera deposits, which
is similar to that of the ‘‘Casamayoran” SALMA in Patagonia. How-
ever there are no common species or even genera between these
distant regions.

Absolute age dates for the Casamayoran are extremely scarce
and controversial. Conventionally, this SALMA was referred to
the early Eocene (Pascual et al., 1965; Marshall et al., 1983). Ciffeli
(1985) proposed two divisions for the ‘‘Casamayoran” Vacan and
Barrancan (Fig. 11).

If this Patagonia framework is extrapolated to the Lumbrera
Formation in northwestern Argentina, the lower Lumbrera could
be more or less coeval to the Vacan (Fig. 11), while the upper
Lumbrera, as confirmed by our absolute age, chronologically equiv-
alent to the Barrancan SALMA.

On the other hand, Sempere et al. (1997) based on magneto-
stratigraphic studies of the Lumbrera Formation, have interpreted
the top of the section, i.e. ‘‘lower Lumbrera” in the Pampa Grande
region, as � 54.5 Ma (almost the Paleocene-Eocene boundary). This
interpretation is clearly not supported by our paleontological and
stratigraphic evidence.

Recent research (Vucetich et al. 2007; López, personal commu-
nication) has updated the chronological interpretation of South
American mammal ages and indicate a Middle Eocene age for the
Vacan and Barrancan (Fig. 11). In this framework, upper Lumbrera
can be chronologically correlated to the Barrancan, while lower
Lumbrera corresponds likely to the Vacan SALMA, although there
is not absolute dating for lower Lumbrera.

In summary, the paleontological record suggests a Middle Eo-
cene age for the lower Lumbrera (Lutetian) and Late Lutetian-Early

Bartonian for the upper Lumbrera, the latter being in accordance
with our 39.9 Ma U/Pb zircon determination. This evidence points
to a Middle Eocene (Lutetian) age for the discontinuity described
here.

8. Eocene basin evolution: discussion and conclusions

The multidisciplinary approach applied to the Lumbrera indu-
rated surface resulted in a useful tool for recording discontinuity
surfaces, in particular for recognizing paleosurfaces for which field
expressions are obscure. Our centimeter by centimeter logs al-
lowed us to recognize slight sedimentological and geochemical
variations, showing the weathering processes that affected the
sedimentary level. The sedimentological and geochemical charac-
teristics of the indurated surface and the distinction of different

Fig. 11. Adapted South American Land Mammal ages for the Lumbrera Formation
(see text for explanation).
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paleoenvironments and vertebrate fossil associations below and
above it document the presence of an omission surface.

If we consider the regional geological context of the Eocene in
northwestern Argentina, some interesting insights emerge from
the recognition of this omission surface and its importance in
reconstructing basin evolution.

The Paleogene records the beginning of Central Andean uplift,
documented by variable deformation, magmatic activity and sedi-
mentation, mainly in continental basins (Sébrier et al., 1988; Tawa-
ckoli et al., 1996; Baby et al., 1997; Benavídez Cáceres, 1999;
Kraemer et al., 1999; Hartley et al., 2000; Mpodozis et al., 2005;
Carrapa et al., 2005). The recognition of an intra-Lumbrera Forma-
tion omission surface and the new radiometric dating allow for a
better definition of the age and basin evolution of this unit. The
Middle Eocene is a crucial time in the Central Andes, recording
the age of initial crustal thickening, uplift of Paleozoic granites in
Bolivia (Benjamin et al., 1987), magmatic and tectonic activity in
the Cordillera de Domeyko in Chile (Coira et al., 1993; Richards
et al., 2001; Mpodozis et al., 2005) and exhumation and mountain
formation in the Puna-Altiplano (Haschke et al., 2005; DeCelles
et al., 2007).

In the Puna-Eastern Cordillera transition (NW – Argentina), del
Papa et al. (2004) and Hongn et al. (2006) documented a compres-
sive tectonic event and syntectonic sedimentation in the Middle
Eocene Quebrada de los Colorados Formation, located in the Cal-
chaquí Valley, to the west of the studied Lumbrera Formation
(Fig. 1B). In that area, the Quebrada de los Colorados Formation
is overlying by local angular unconformity the Salta post-rift
deposits and preserves growth-strata structures recording the
beginning of Andean sedimentation (Hongn et al., 2007). The ver-
tebrate fossils of the Quebrada de los Colorados Formation are
comparable to the fossil associations of the upper Lumbrera For-
mation, particularly the common presence of Notoungulata and
Leontiniidae (Hongn et al., 2007). In addition, the characteristics
of the facies association – thick red siltstone beds intercalated with
minor sandy channels facies – particularly in the lower part of both
units, are common. Therefore, the radiometric age, the paleonto-
logical record and the sedimentological attributes allow us to
interpret Quebrada de los Colorados and upper Lumbrera as prox-
imal and distal sedimentological expressions of the same sedimen-
tary basin, so their are correlatives and, consequently, the

unconformity of their basal contact. Our data and interpretation
confirm the previous proposal of Starck and Vergani (1996).

Hence, we can synthesize the Middle Eocene basin scenario
considering the following geological statements: (1) the presence
of Middle Eocene basal angular unconformity and syntectonic sed-
imentation in the Valle Calchaquí and eastern Puna (Hongn et al.,
2007 and Carrapa and DeCelles, 2008; Payrola Bosio et al., 2006);
(2) presence of Middle Eocene omission surface in the Lerma valley
approximately 70 km eastward of the fault-fold zone (restoration
considering a shortening of nearly 15%, Coutand et al., 2001); (3)
both Quebrada de los Colorados and upper Lumbrera formations
present basal thick red fine-grained alluvial plain deposits and
shallow lakes; (4) these units contain the same vertebrate fossil
association, which substantially differs from the Salta rift verte-
brate record.

There are more questions than facts regarding the distribution
of Eocene deformation and sedimentation in this part of the Cen-
tral Andes. However, the omission surface described in this paper
represents undoubtedly a zone of Eocene ‘‘tectonic quiescence”.
Based on the conceptual models of Andean evolution in which
deformation and sedimentation propagate in the foreland direction
(i.e. Jordan and Alonso, 1987; Carrapa and DeCelles, 2008), the
Puna-Eastern Cordillera transition (Fig. 1B) may be interpreted as
the easternmost Eocene deformation front, considering the lack
of well-defined Eocene deformation features to the east. In this
context, the omission surface recognized in the La Perra, Simbolar
and Alemania sections represents areas in which deformation van-
ished from the western deformation front (Fig. 12A). Available data
make this interpretation the more sustainable one.

However, there are other features that allow alternative inter-
pretations, as they suggest that the Eocene deformation front
was eastward of the Eastern Cordillera-Puna transition. One of
these is the west-vergence of faults related to Middle Eocene
deformation-sedimentation (Puna, see DeCelles et al., 2007;
Calchaquí Valley, see Hongn et al., 2007). If the first episodes of
rift-related fault inversion took place during the Middle Eocene
as proposed by Hongn et al. (2007), and inverted normal faults
splay from a deeper east-vergent thrust (Grier et al., 1991), a
Middle Eocene first-order east-vergent fault should exist eastward
of the Calchaquí Valley, probably in the Metán area (Fig. 12B), as
Allmendinger et al. (1982) and Mon (2001), among others,

Fig. 12. West–east cross-section schemes showing two probable alternative models for explaining the Lerma valley omission surface. (A) The Puna-Eastern Cordillera
transition defines the easternmost expression of Eocene deformation, so the omission surface represents the distal foreland basin. (B) The Eocene deformation front is
eastward of the Lerma valley. The omission surface represents a zone of tectonic quiescence between the deformation zone and the back-thrust formed by tectonic inversion
of the normal Cretaceous faults. Not to scale.
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interpreted for Neogene deformation. In this way, the alternative
interpretation of the La Perra-Simbolar-Alemania omission surface
as a tectonic quiescence zone between two regions of Eocene
deformation should be considered a feasible hypothesis that needs
further revisions in key areas that can preserve evidence of Eocene
deformation-sedimentation (Fig. 12B).

Available data are still scarce and do not allow a definitive inter-
pretative model. However the omission surface described here is a
new evidence of the discontinuities molded in basin shifts, repre-
senting the beginning of the foreland basin sedimentation and offers
a new puzzle piece for reconstructing the distribution of Eocene
deformation and related sedimentation in northwest Argentina.
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