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Abstract: The San Rafael Block is included as a part of the pre-Andean region, in the southern
sector of the Argentine Precordillera–Cuyania terrane, within the western Gondwana margin. The
Rı́o Seco de los Castaños Formation (Upper Silurian–Lower Devonian) is one of the major
marine-siliciclastic pre-Carboniferous units, and is interpreted as a distal to proximal silty
platform-deltaic system. The dominant sedimentary processes were wave and storm action and the
source areas were located to the east, close to the study area. The rocks are mainly of immature
arkosic sandstones showing both recycled orogen and continental block provenances. Sedimentolo-
gical characteristics of conglomerate-filled channels and an organic-matter-rich bed are described.
X-ray diffraction analyses of the clay minerals from the sequences show that very low-grade meta-
morphic conditions acted during the Early Carboniferous. Geochemical analyses indicate moderate
to strong weathering, and potassium metasomatism. Zr/Sc ratios lower than 22, no important
enrichments of Zr, Th/Sc ratios, high Sc and Cr concentration and the Eu-anomalies indicate a
provenance from a less evolved upper continental crust. TDM ages and 1Nd are within the range of
the Mesoproterozoic basement and Palaeozoic supracrustal rocks from the Precordillera–Cuyania
terrane. Probable sources, tectonic setting and land–sea interactions are discussed.

The southern Pacific South America Gondwana
margin (Fig. 1a) is characterized during the Palaeo-
zoic by the presence of orogenic belts orientated
approximately north–south (Ramos et al. 1986).
They were accreted to the cratonic areas during
the Cambrian (Pampean), Mid-Ordovician (Famati-
nian) and Late Devonian (Gondwanian) tectonic
cycles (Fig. 1b). The Argentine Precordillera or
Cuyania composite terrane in the sense of Ramos
et al. (1986) is related to the Famatinian cycle and
lies eastward of the present-day Andes. Four
sectors constitute this composite terrane: (a) the Pre-
cordillera thin-skinned fold and thrust belt that was
generated by shallow east-dipping flat-slab subduc-
tion of the Nazca plate; (b) the Pie de Palo area, (c)
San Rafael and (d) Las Matras blocks. This terrane
had been considered stratigraphically and faunally
unique to South America mainly for the Lower
Palaeozoic carbonate and siliciclastic deposits over-
lying an igneous-metamorphic crust of ‘Grenville
age’ (Ramos et al. 1998; Sato et al. 2004, and refer-
ences therein). The Precordillera–Cuyania terrane
has been the object of several lines of research
during recent years, attempting to constrain its
allochthonous or para-autochthonous origin with

respect to Gondwana. One of the tectonic interpret-
ations suggests that the Precordillera–Cuyania was
detached from Laurentia in Cambrian times, was
transferred to western Gondwana during the Early
to Middle Ordovician, and was amalgamated to
the early proto-Andean margin of Gondwana by
the Mid-Late Ordovician (Thomas & Astini 2003
and references therein). Other studies have
claimed a para-autochthonous-to-Gondwana origin
based on strike-slip displacements from the South
Africa–Antarctica regions (Aceñolaza et al. 2002;
Finney et al. 2003). A late Middle to Late
Ordovician time of docking for the Precordillera–
Cuyania is constrained by a variety of geological
and palaeontological evidence (Ramos 2004 and
references therein). The terrane deformation linked
to the collision started in the Ordovician, and contin-
ued until the time of approach of the Chilenia
terrane during the Late Devonian, against the
Pacific side (Fig. 1b).

In this tectonic scenario, Silurian–Devonian
siliciclastic depocentres of foreland basins were
developed in the Precordillera–Cuyania terrane.
One of them is preserved in the San Rafael Block,
within the southern sector of this terrane (Fig. 2).
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Fig. 1. (a) Location of the San Rafael Block in the Upper Silurian–Lower Devonian palaeogeographic reconstruction
(after Torsvik & Cocks 2004). In Gondwana continent land masses are dark grey, marine transgressions are grey.
(b) Regional location map showing the pre-Andean San Rafael Block in the Argentine Precordillera–Cuyania
composite terrane and arrangement of the adjacent tectonic terranes.
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Fig. 2. Geological sketch map of the NW–SE trending San Rafael Block (simplified from Dessanti 1956;
González Dı́az 1972; Nuñez 1976). Main outcrops of the Rı́o Seco de los Castaños Formation mentioned in text:
1, Road 144–Rodeo Bordalesa; 2, Atuel creek (type section); 3, Lomitas Negras; and 4, Agua del Blanco sections.
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The San Rafael Block is a NW–SE trending
morpho-structural entity located in the south-central
part of the Mendoza Province, Argentina. It is
mainly composed of isolated outcrops of ‘pre-
Carboniferous units’ (Mesoproterozoic to Devonian
in age), Upper Palaeozoic sedimentary and volcani-
clastic rocks, Permian–Triassic volcaniclastic
and magmatic complexes and an extended Cenozoic
volcanism. In an integrated lithostratigraphic

column (Fig. 3) the stratigraphic sequence, relation-
ships, rock types and ages of the different units that
composed the San Rafael Block are summarized.
The Rı́o Seco de los Castaños Formation (González
Dı́az 1972, 1981) is one of the above-mentioned
‘pre-Carboniferous units’. Based on the stratigra-
phical and palaeontological evidence, the age of
the unit is constrained to between the Late Silurian
and Early Devonian.

Fig. 3. Integrated lithostratigraphic column-chart from the San Rafael Block. Note that the Rı́o Seco de los Castaños
Formation is the youngest of the ‘pre-Carboniferous units’.
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The focus of this paper is to describe and inte-
grate the sedimentology, mineral composition,
geochemistry and isotope data of the Rı́o Seco de
los Castaños unit. The combination of these differ-
ent approaches can reveal the provenance and
nature of the source areas and the tectonic setting
of the sedimentary basin. At the same time, this
study has yielded valuable insights into the crustal
processes evolving land–sea interactions during
Silurian–Devonian times at the San Rafael Block.

Geological setting

The Rı́o Seco de los Castaños Formation was
included in La Horqueta, a low grade metamorphic
unit (Dessanti 1956), from which it was later differ-
entiated based on its sedimentary characteristics
by González Dı́az (1981). The Rı́o Seco de los
Castaños Formation was assigned to the Devonian
by Di Persia (1972), due to the presence of corals
similar to Pleurodyctium. Contributions by Nuñez
(1976) and Criado Roque & Ibañez (1979)
described other sedimentary features of this fore-
land marine sequence. Poiré et al. (2002) recognized
some trace fossil associations that helped to
interpret different subenvironments of deposition
within a wide siliciclastic marine platform. Neither
the base nor the top of the Rı́o Seco de los Castaños
Formation are exposed. It is separated from the
Carboniferous–Lower Permian El Imperial For-
mation (a fossiliferous marine/continental sedi-
mentary unit) by an angular unconformity. During
the Permian and Triassic, magmatic rocks and
thick volcaniclastic complexes of the Cochicó-
Choiyoy Groups were developed in the San Rafael
Block (Fig. 3).

The main outcrops of the unit (which were dis-
membered by Mesozoic and Cenozoic tectonism)
are rather isolated within the San Rafael Block
and, as suggested by Cuerda & Cingolani (1998)
and Cingolani et al. (2003b), they are located at
the following sections (Fig. 2).

(a) Road 144–Rodeo de la Bordalesa. Outcrops
where Rubinstein (1997) found acritarchs and
other microfossils assigned to the Upper Silur-
ian. Trace fossils such as the Nereites–Mermia
facies were mentioned by some authors
(Criado Roque & Ibañez 1979; Poiré et al.
2002). The tonalite body intruded into the Rı́o
Seco de los Castaños Formation, shows
U–Pb (in zircons) and K–Ar (in biotite)
crystallization ages of 401+3 Ma (Lower
Devonian; Cingolani et al. 2003a), which also
constrain the sedimentation age of the Rı́o
Seco de los Castaños Formation.

(b) Atuel Creek (Figs 4 and 5). The type-section of
the sequence (González Dı́az 1981) is located

in this creek. The two main outcrops are
present about 12 km NE of El Nihuil town
and near the Valle Grande dam. The Rı́o
Seco de los Castaños Formation comprises
here about 600 m of tabular, green sandstones
and mudstones with sharp contacts. This unit
has regional folding and dips 50–728 to the
SE or NE. Upper Palaeozoic horizontally
bedded sedimentary rocks are found above
the Rı́o Seco de los Castaños Formation,
displaying a notable angular unconformity
with the Rı́o Seco de los Castaños Formation
(Fig. 4a). In the Atuel Creek area fragments

Fig. 4. (a) Panoramic view at the Atuel creek type
section. The angular unconformity between the Rı́o Seco
de los Castaños Formation (RSC) and the Upper
Palaeozoic sedimentary units (UPz) is shown. (b) Current
and wave ripples at the top of sandstone beds (middle
section). (c) Substratal sedimentary structures at the base
of massive sandstones.
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of fossil plants such as Lycophytes (Fig. 5d) are
described and assigned to the Lower Devonian
(Morel et al. 2006). Marine microfossils such
as prasinophytes, spores and acritarchs were
found by Pöthe de Baldis unpubl. data indi-
cating shallow water conditions near the coast-
line and suggesting an Upper Silurian age
(Fig. 5e, f and g).

(c) Nihuil area. The sequence assigned to the Rı́o
Seco de los Castaños Formation is overlying
the Ordovician MORB-type dolerite rocks
called ‘El Nihuil mafic body’ at the Loma
Alta region (Cingolani et al. 2003b).

(d) Lomitas Negras (Fig. 6) and Agua del Blanco
(Fig. 7) areas. The studied unit includes here
the southernmost outcrops, where Di Persia
(1972) mentioned a coral of Devonian age
and conglomerates with limestone clasts
bearing Ordovician fossils.

Methods

Sedimentology

During fieldwork, measurements and descriptions
were made of several sedimentological sections

and detailed sampling of all the lithological types
was undertaken (Manassero et al. 2005). Thin
sections were examined using optical microscopy
to determine the textural and optical properties
of minerals as well as paragenetic associations.
Selected samples were tinted with alizarine red to
determine feldspars under the optical microscope.
Scanning electron microscopy (SEM) was used to
examine textural features, mineral morphology
and the diagenetic sequence of formation. The
samples were collected along Road 144-Rodeo de
la Bordalesa, Atuel creek and Lomitas Negras-Agua
del Blanco sections (Fig. 2), and they will be
referred to in separate sections. A total of 25 thin
sections of medium-grained sandstones were
studied under the microscope and quantitatively
analysed with a Swift-type point counter. Four-
hundred points were counted using the traditional
method of Zuffa (1984), in which grains of plutonic
rock fragments are counted as such rather than as
mineral components. The results were plotted in
Q–F–L ternary diagrams (Dickinson & Suczek
1979; Dickinson et al. 1983). The populations
represented in each triangle include detrital
grains, with the exception of micas, opaque minerals,
chlorite, heavy minerals and carbonate grains. Chert
was counted as a sedimentary rock fragment.

Fig. 5. (a) Sedimentary log of the Atuel creek section, with details of lithology and structures. (b) Charcoal bed field
photograph and (c) photomicrograph detail showing the silty-quartz material (light colour) and the relicts of organic matter
in black. (d) Detail of the fossil plants Lycophytes sp. (after Morel et al. 2006) black bar ¼ 1 cm. (e) Microphotograph of
spores and acritarchs (after Pöthe de Baldis, unpubl. data); (f) Ammonidium sp.; (g) Lophosphaeridium sp.
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Fig. 7. Sedimentary log at Agua del Blanco after Poiré et al. (2002) showing lithology, grain size, structures, trace
fossils and palaeocurrents. (a) General view of outcrops at the base of the section with dominant heterogeneous
lithofacies. (b) Detail of substratal structure in beds bearing trace fossils. (c) Wave ripples at the top of sandy beds.

Fig. 6. Outcrop at Lomitas Negras. (a) Block diagram of the conglomerate channels. (b) Detail of rounded clasts of the
conglomerates. (c) Detail of subangular clasts in the conglomerates. (d) Syndepositional sedimentary structures
showing rapid deposition in slope areas due to high water saturation.
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Diagenesis–metamorphism studies

Diagenesis consists of a dynamic suite of processes
linked to the burial history of the sedimentary basin,
and the conditions which favoured different diage-
netic to very low-grade metamorphic reactions are
recorded in both the diagenetic fabric and mineral-
ogy of the resulting rocks. However, the use of
diagenetic features to decipher the burial history
of ancient basins implies the capacity to distinguish
the products of the diagenetic reactions, which
characterized the different regimes at various
points in the basin’s history. The objective of this
study was to determine the degree of diagenesis or
very low-grade metamorphism overprinted in the
Rı́o Seco de los Castaños Formation. The less than
2 mm fraction of 12 samples was analysed using
standardized X-ray diffraction (XRD) methods.
Sieving and settling velocity techniques were per-
formed for grain size analysis following cement
removal (Moore & Reynolds 1989). Sample prep-
aration was done according to Kisch (1980, 1991).
Organic matter was eliminated with H2O2; carbon-
ates were removed with acetic acid. The XRD
analyses were sequentially conducted on air-dried
samples that were exposed to ethylene-glycol
vapours for 24 hours, and heated to 550 8C. Semi-
quantitative estimates of relative concentrations of
clay minerals were based on the peak area method.
Percentage evaluation was based on peak height
and area, corrected by factors depending on the
crystallinity of the mineral. Analyses were carried
out at the Centro de Investigaciones Geológicas (La
Plata, Argentina), using a Philips PW 2233/20
diffractometer, set at 36 kV and 18 mA, CuKa
radiation, Ni-filter, wavelength 1.54 Å (vertical goni-
ometer). Samples were studied in the range from 28 to
328 2u at a 28 2u/min scanning velocity and with a
time constant of 1 second. At the same time, inter-
national standards were analysed under the same
procedures already explained in order to determine
the illite crystallinity index. The thickness of
sample material on each glass slide was controlled
by weighting 0.058 grams of sample prior to its depo-
sition on the glass slide. The illite crystallinity values
were determined by measuring the full-width at the
high-medium of the peak (001) on the air-dried and
ethylene-glycol treated diffractograms, using Winfit
software (Krumm 1994; Warr & Rice 1994). These
illite crystallinity values were standardized according
to the regression curve obtained with the standards
(y ¼ 1.3877x 2 0.1959, R2 ¼ 0.9316, where R2 is
the correlation coefficient).

Geochemistry

Whole-rock geochemistry of sedimentary rocks
reflects the average composition of the crust that

shed detritus into a certain basin (Taylor &
McLennan 1985). Therefore, the characteristics
and location of the source area(s) can be recognized
in the ultimate composition of the sedimentary
succession (McLennan & Taylor 1991). However,
weathering, hydraulic sorting and diagenesis
acting from initial erosion of a source rock(s) to
the final burial of its detritus may modify the signa-
tures of the source rock(s), and therefore these
factors need to be evaluated in order to constrain
the provenance of a sedimentary sequence (Nesbitt &
Young 1982; Nesbitt et al. 1996). Fourteen pulp
samples were prepared and analysed at ACME
Labs, Canada. Major elements were obtained by
inductively coupled plasma element spectroscopy
(ICP-ES) on fusion beads (using LiBO2/Li2B4O7).
The loss on ignition (LOI) was calculated by
weight after ignition at 1000 8C. Mo, Cu, Pb, Zn,
Ni, As, Cd, Sb, Bi, Ag, Au, Hg, Tl and Se were
analysed by inductively coupled plasma mass spec-
troscopy (ICP-MS) after leaching each sample with
3 ml 2:2:2 HCl–HNO3–H2O at 95 8C for one hour
and later diluted to 10 ml. Rare earth elements
(REE) and certain trace elements (Ba, Be, Co, Cs,
Ga, Hf, Nb, Rb, Sn, Sr, Ta, Th, U, V, W, Zr, Y,
La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb, Lu) were analysed by ICP-MS following
lithium metaborate/tetraborate fusion and nitric
acid digestion.

Nd isotopes

Nd isotopes have been widely used as provenance
indicators (e.g. McLennan et al. 1990; McLennan
1993). Nd isotopic signatures of terrigenous sedi-
mentary rocks provide an average of the various
sources from which the sediments were derived
(McLennan 1989). Since the Sm/Nd ratio is modi-
fied during processes of mantle–crust differen-
tiation it is possible to estimate the time at which
the initial magma was separated from the upper
mantle, also called the depleted mantle model age
or TDM (DePaolo 1981). When studying sedimen-
tary rocks, the model age should be interpreted as
the model ages of those rocks that have contributed
in a higher degree to the Sm–Nd relationship of that
sediment. The 1Nd (t) indicates the deviation of the
143Nd/144Nd value of the sample from that of the
standard CHUR (chondritic uniform reservoir;
DePaolo 1981). To perform Sm–Nd analyses whole-
rock samples were digested in acids (HF/HNO3)
after the addition of a combined spike of
149Sm/150Nd. The Sm and Nd were separated in
two stages of cation exchange columns; the first
step used an AG-50x-X8 resin whereas the second
step used teflon columns with a HDEHPLN-B50
anion resin. Samples were dried, dissolved in
H3PO4 0.25 N and placed on simple (for samarium)
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or triple (for neodymium) Ta-Re filaments in order
to quantify the elements using a thermal ionization
mass spectrometer (TIMS). Sm–Nd analyses were
performed using static mode on a VG sector 54
multicollector TIMS at the Laboratorio de Geologı́a
Isotópica da Universidade Federal do Rio Grande do
Sul (LGI-CPGq/UFRGS), Porto Alegre, Brazil. Nd
ratios were normalized to 146Nd/144Nd ¼ 0.72190
and calculated assuming 143Nd/144Nd(0) ¼ 0.512638.
Measurements for the La Jolla standard gave
143Nd/144Nd ¼ 0.511859 + 0.000010.

Results

Lithofacies analysis

The main components of shallow marine fine-
grained siliciclastics are sandstones and mudstones.
The conglomerates, in this case, are restricted to
channel fills in certain areas of the basin. Five
main lithotypes have been recognized in this plat-
form (Table 1). In the following paragraphs, they
will be described and compared with other facies
schemes in order to attribute them to one or more
processes of deposition (Aguirrezabala & Garcı́a
Mondéjar 1994; Martino & Curran 1990; Miller &
Heller 1994; Melvin 1986).

Mudstones. These rocks constitute 50% to 90% of
thin beds, and show greenish colours (HUE 5GY
3/2) usually with lamination to slight bioturbation
commonly in repetitive sequences. Dark to light
tonality changes are frequent but they are not
related to textural grading. Some mudstones of
this lithofacies are massive. The fine-grained sedi-
ments are the product of suspension and fallout
from low-density turbidity currents (Stow & Piper
1984) deposited in low-energy conditions. The
lack of tractive structures implies transport of bed
load in distal areas of the platform. The dark tonality
and the scarcity of organic activity suggest anoxic
conditions in low-energy environments.

Heterolithics. This is a very common facies which is
characterized by alternating beds of fine to very fine
grey sandstones and laminated mudstones (Figs. 5
and 7). This sedimentary association comprises
thin-bedded sandstones and intercalated green
(HUE 5GY 5/2) mudstones, with good lateral con-
tinuity and tabular-planar beds a few centimetres
thick. The sandstone/mudstone ratio is in the
range of 1:2 to 1:4. The sandstones are massive
but show wavy bedding structures in some cases.
They exhibit sharp contacts and in many cases
wave and current ripple structures (sharp rippled
tops), as well as climbing ripples (Collinson &
Thompson 1989). The current wave index is in the
range of 13–16 (the wave ripples have an index of

3–4 and also the symmetry index is smaller than
2.2). The dominant internal structures are normal
grading, and bioturbation. As shown in Figure 7,
Poiré et al. (2002) have recognized Arenicolites,
Bergaueria, Cochlichnus, Cruziana, Gordia,
Mammlichnis, Palaeophycus, Phycodes, Rusophy-
cus and Teichichnus. This facies represents a well-
oxygenated environment and it is interpreted as a
proximal or shallow marine platform, with domi-
nance of a subtidal environment. The trace fossils
are developed in soft substrates of moderate
energy environment. The coarse sediments were
carried into below-wave-base areas by storms. The
finer sediments were deposited periodically due to
diminished wave and storm actions.

Laminated siltstones. These rocks comprise bedded
siltstones that range in thickness from several tens of
centimetres to 1 m (Figs 5 and 7). They are interca-
lated with fine-grained sandstones with sharp con-
tacts. Some coarser-grained beds show small-scale
ripple cross-lamination. This facies represents
fine-grained sediments deposited out of suspension
in low-energy environments. They may also be
associated to low-density gravity flows.

Sandstones. These rocks are medium-bedded grey
and green sandstones (HUE 5GY 5/2). Grain sizes
range from fine to medium sand. Sandstone beds
are 10 to 150 cm thick, and sometimes separated
by very thin (1–2 cm) dark grey mudstones. Trace
fossils, such as Cruziana, are also found here. The
sandstones are massive and have sharp contacts.
Tops of beds show current and wave ripple marks
(wave index 12–20) suggesting seawater depths of
c. 20 m (Komar 1974; González Bonorino 1986).
Deformational structures such as contorted beds,
dish structures and scarce flute marks are present.
Sedimentary structures such as hummocks and
swales can be found in this facies (Walker et al.
1983; Cheel & Lecki 1993) suggesting rapid depo-
sition and storm action on the platform. The pre-
sence of plant debris indicates that the continental
source area was not far away (Fig. 5a, d). The
massive beds are interpreted as deposited under
wave and storm actions in a proximal platform,
although they may also be a product of high-density
gravity flows (Moulder & Alexander 2001). The
erosive bases of some beds imply a high sedimen-
tation rate. Cross-stratification, indicative of tractive
currents, is very scarce within this facies. On the
other hand the dominance of thin beds with fine
sediments suggests the action of low-density
gravity flows in the platform.

Within the last described facies a charcoal bed
that might be a marker horizon was also found
(Fig. 5a, b and c). It is composed of a mixture of
silty-quartz, illite-kaolinite clays and amorphous
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Table 1. Schematic lithofacies description of the Rı́o Seco de los Castaños Formation

Facies Contacts Structures Fossils/trace fossils Stratomorphology Interpretation

Mudstones Sharp Lamination-Massive Acritarchs Tabular planar
lamination

Proximal to distal platform
with wave and storm
action–high density
turbidite currents

Heterolithics Sharp Lamination Wave ripples
Normal gradation

Arenicolites Cruziana
Palaeoplycus Rusophcus
Rusophycus Telchichnus
Gordia Phycodes

Tabular planar Shallow deposits in subtidal
environments of low energy

Sandstones Sharp Massive Wave ripples Flute
marks Convolute
lamination Hummocks
and swaleys

Palaeophycus plant debris
charcoal bed acritarchs

Tabular planar Suspension and fall out from
low density turbidity
currents in distal platform

Conglomerates Erosive Base Poor imbrication Two
modal grain sizes

Limestone clasts with
Ordovician fossils

Channels Channels perpendicular to the
coast with continuity along
low angle platform

Laminated Siltstones Sharp Bedding – Tabular planar Low energy environments
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organic matter with total organic carbon of 1%. This
bed is restricted to the Atuel creek section, where it is
associated with beds bearing small plant debris
(Morel et al. 2006). Transgressive sequences have
been documented widely in the sedimentary record
(Collinson 1968, 1978; Reading 1996). Wave-
dominated deltas have facies sequences that coarsen
upwards from shelf mud through silty-sand to wave-
and storm-influenced sands, capped with lagoon or
strand-plains where these peat beds could developed.
This seems to be the case for the Atuel section (Fig. 4)
where several prograding sequences with evidence for
intense wave action have been described (Fig. 4b).

Conglomerates. This facies is usually restricted to
channels (2 to 3 m wide and 1 m deep), which are
filled with both clast- and matrix-supported con-
glomerates with erosive bases (Fig. 6a). They are
present only in the Lomitas Negras section. The
beds are usually lenticular and laterally discontinu-
ous (Fig. 6b and c). They are poorly sorted and
contain medium- to coarse-grained sandy matrix.
Clasts can be rounded (Fig. 6b) or subangular
(Fig. 6c) and they range from 2 to 10 cm long and
show chaotic disposition without stratification. The
clasts are mainly composed of mudstones, marls,
limestones, siltstones, phyllites, quartz and feldspars.
Some limestone clasts bear Ordovician fossils (Nuñez
1976; Criado Roque & Ibañez 1979). In some cases,
the channels show normal grading, resulting from
rapid settling of gravel in high-density gravity flows
(Camacho et al. 2002) as shown in Figure 6d. At
the base of each sequence, the channels tend to be
more restricted and the conglomerates are better
sorted. Channels are up to several metres wide at
their tops and 2 or 3 m deep. The conglomerates
tend to have a subvertical position due to the regional
folding of the sequence. As they are harder than
the associated fine- to medium-grained sedimentary
rocks, they form small hills, which is probably the
main reason for the name ‘Lomitas’ (small hills).
This facies is interpreted as channels developed per-
pendicular to the coast. They not only transported a
coarse bed load composed of allochthonous materials
(removed from the coast by wave and storm action),
but by-passed them to the west into deeper sectors
of the platform. The thickness of sandstones and
mudstones associated with this facies suggests a high-
energy environment, combined with relative instabil-
ity of the coastline and close continental source areas.

Sandstone petrography.

Petrographical analyses of sedimentary rocks
have proved useful for determining provenance
(Dickinson et al. 1983), but the resolution can be
enhanced by the addition of geochemistry of
minor and trace elements, considering that only

the more stable minerals are preserved through
weathering and diagenesis. Critical analysis of the
results helps to reach new conclusions about the
provenance variations. The minerals recorded by
point counting are quartz (monocrystalline, poly-
crystalline and metamorphic), K-feldspar (micro-
cline), plagioclase, opaque minerals, hematite and
sedimentary or metamorphic rock fragments. The
presence of detrital biotite and scarce muscovite
suggests short transport and minimal reworking of
sediments. Most of the medium-grained sandstones
(2 to 1.5F) are wackes (more than 15% matrix) and
are composed of subangular quartz, with normal and
wavy extinction, feldspars and fragments of poly-
crystalline quartz (Fig. 8). Studies using scanning
electronic microscopy reveal the presence of abun-
dant mica flakes within the framework of these
sandstones (Fig. 9).

The samples from the Lomitas Negras section
show higher proportions of polycrystalline quartz.
The rocks are classified as feldsphathic-wackes
and quartz-wackes following Dott (1964). In the
Q–F–L diagrams (Figs 10 and 11), the sandstones
of the Rı́o Seco de los Castaños Formation cluster
in both the recycled orogen and continental block
fields. It is important to underline that the feldspars
and biotite are widely altered to chlorite, giving the
typical greenish colours to the rocks. In the Lomitas
Negras section the abundance of polycrystalline
quartz places the samples in the recycled field.
Although the data show some dispersion, we could
assume an uplifted igneous–metamorphic basement
or recycled orogen as source areas. The facies distri-
bution and the palaeocurrent data suggest the first
option, especially when considering that outcrops
of basement rocks of Mesoproterozoic age (the
Cerro La Ventana Formation; Cingolani & Varela

Fig. 8. Photomicrograph of medium-grained sand and
angular quartz feldspathic-wackes (crossed nicols). Note
the high matrix content and subangular character of
framework minerals (low textural maturity). The sample
was taken from the section at Atuel creek.
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1999; Cingolani et al. 2005) are present to the east
of the study area.

Clay composition and diagenesis

XRD analyses show that the clay mineral fraction
(Fig. 12) is dominated by illite (range from 40% to
60%), followed by kaolinite (ranging from 25% to
40%), and chlorite which generally ranges from
10% to 20%, although it can rise to 35% when inter-
layered with smectite. Muscovite and interstratified
chlorite/smectite are very scarce. Apart from the

clay minerals, the fine fraction (less than 2 mm)
contains very small amounts of quartz and plagio-
clases (see also petrographical description; chlorite
may result as an alteration product of biotite). The
illite crystallinity index (Fig. 13) obtained for the
Rı́o Seco de los Castaños Formation indicates that
all samples belong to the low anchizone, thus con-
firming that the unit suffered only a very low-grade
metamorphism (Criado Roque & Ibañez 1979;

Fig. 9. Detail of Figure 8 using scanning electronic
microscope, showing mica (Mi) with deformed cleavage
between two quartz (Qz) crystals.

Fig. 11. Provenance ternary diagrams after Dickinson &
Suczek (1979) and Dickinson et al. (1983) from
sandstones at the Lomitas Negras section. Abbreviations:
F, feldspars; K, K-feldspars, L, lithoclasts; Ls,
sedimentary lithoclasts; Lt, total lithoclasts (including
polycrystalline quartz); Lv, volcanic lithoclasts; P,
plagioclases; Q, quartz (including polycrystalline
quartz); Qm, monocrystalline quartz; Qp,
polycrystalline quartz.

Fig. 12. Ternary diagram showing main clay
composition of intercalation of claystones in the study
sections. Illite and chlorite are dominant.

Fig. 10. Provenance ternary diagrams after Dickinson &
Suczek (1979) and Dickinson et al. (1983) from
sandstones from the Atuel creek section. Abbreviations:
F, feldspars; FK, K-feldspars, L, lithoclasts; P,
plagioclases; Q, quartz (including polycrystalline
quartz); Qm, monocrystalline quartz; Qp,
polycrystalline quartz; SRF, Sedimentary rock
fragments; TL, total lithics; VRF, volcanic rock
fragments.
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González Dı́az 1972). Recently, Cingolani & Varela
(2008) presented the Rb–Sr isochronic whole-rock
data on fine-grained samples (from the Rı́o Seco
de los Castaños Formation). The obtained age was
336 + 23 Ma with an initial 87Sr/86Sr ratio of
0.7342 and MSWD (Mean Square Weighted Devia-
tion) of 7.4.

Lithogeochemistry

Major elements. All the samples analysed from the
Rı́o Seco de los Castaños Formation are claystones,
except for one siltstone (99S4) and one sandstone
(HOR28). The differences in grain sizes explain
the major element distribution (Table 2), which
shows SiO2 ranging from 52.9% to 59.9%, Al2O3

ranging from 18.57% to 21.4%, Fe2O3 concen-
trations between 7.68% and 9.65% and K2O from
3.63% to 4.57% for the claystones. On the other
hand, coarser fractions show SiO2 concentrations
between 70.44% and 76.82%, Al2O3 concentrations
from 10.28% to 11.5%, Fe2O3 from 4.74% to
6.81%, while K2O is between 1.41% and 1.72%.
MgO and MnO concentrations as well as the LOI
are lower for coarser grain-size samples. The
effects of weathering on sedimentary rocks can be
quantitatively assessed using the chemical index of
alteration (CIA; Nesbitt & Young 1982). This index
uses molecular proportions as follows: CIA ¼
{Al2O3/(Al2O3þ CaO*þNa2OþK2O)} � 100.
CaO* refers to the calcium associated with silicate
minerals. Therefore, corrections for the measured
CaO concentration regarding the presence of Ca in
carbonates (calcite and dolomite) and phosphates
(apatite) are needed. For this study, CaO was
corrected for phosphate assuming that the P2O5 is
entirely present in apatite. CIA values for the Rı́o
Seco de los Castaños Formation are between 61.1
and 78.7 (Table 2). In the A–CN–K diagram

Fig. 13. Relationship between the illite crystallinity
index (ICI) values of the standards as obtained at the
laboratory (ICI measured) and the recommended ICI
values of the standards (ICI-ICS). The regression curve
obtained was used to recalculate the ICI values of all the
samples in order to standardize the results and make
them comparable to the worldwide established values
used to separate diagenesis from very
low-grade metamorphism.

Table 2. Major elements (expressed in %) of the Rı́o Seco de los Castaños Formation

Sample SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI SUM CIA

Lomitas Negras and Agua del Blanco sections
05AB1 58.47 1.03 18.62 7.68 0.08 2.92 0.48 1.49 4.00 0.18 4.80 99.75 72.05
05AB3 57.98 0.99 18.74 7.80 0.08 3.00 0.63 1.41 4.24 0.18 4.70 99.75 71.08
05AB5 55.72 1.01 19.66 8.17 0.09 3.07 1.61 1.65 4.17 0.19 4.40 99.74 66.96
05AB7 56.83 0.96 19.03 7.88 0.09 3.24 0.99 1.58 4.37 0.18 4.70 99.85 68.63
05LN2 56.65 1.01 19.88 7.97 0.08 3.17 0.46 1.57 4.34 0.19 4.40 99.72 72.18
05LN12 54.91 1.00 19.00 8.62 0.11 3.47 1.72 2.15 3.98 0.23 4.70 99.89 64.58
05LN17 56.34 0.95 19.10 8.30 0.08 3.16 0.88 1.43 4.41 0.23 5.00 99.88 70.03
05LN18 54.47 1.01 18.59 8.49 0.11 3.63 2.48 2.22 3.86 0.21 4.80 99.87 61.10
05LN22 55.45 0.96 18.57 8.88 0.10 3.83 1.21 2.16 3.72 0.23 4.80 99.89 66.79

Atuel Creek section
05CA1 54.29 1.11 20.71 9.65 0.07 3.05 0.30 0.55 4.49 0.21 5.30 99.73 78.10
VG-2 52.94 1.14 21.41 9.17 0.07 3.14 0.25 0.88 4.57 0.14 5.00 98.71 76.67

Road 144-Rodeo de la Bordalesa section
HOR22 59.93 1.14 19.17 8.59 0.07 1.92 0.28 0.71 3.63 0.18 3.96 99.58 78.74
HOR28 76.82 0.64 10.28 4.75 0.04 1.28 0.57 1.60 1.72 0.18 2.61 100.49 66.84
99S4 70.44 1.35 11.55 6.81 0.06 2.65 1.09 1.93 1.41 0.22 2.03 99.53 65.23
average 58.66 1.02 18.17 8.05 0.08 2.97 0.92 1.52 3.78 0.20 4.37 99.74 69.93
SD 6.47 0.15 3.07 1.14 0.02 0.64 0.63 0.50 0.95 0.02 0.90 0.36 5.07

LOI, loss on ignition (detection limit 0.1%). CIA, chemical index of alteration. SD, standard deviation. Detection limits are 0.01% for all
elements, except for Fe2O3 which is 0.04%. Samples are claystones except for 99S4 which is a siltstone and HOR28 which is sandstone.
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Fig. 14. Lithogeochemistry diagrams. (a) CIA: A–CN–K diagram constructed using molecular proportions of the
oxides and with the CIA scale shown on the left. The average upper continental crust is plotted as an empty circle
(Taylor & McLennan 1985), and idealized mineral compositions as empty squares. Solid pentagon, average granite;
empty triangle, average adamellite; empty inverted triangle, average granodiorite; empty diamond, average tonalite;
solid diamond, average gabbro (Nesbitt & Young 1989). Squares, claystones; empty pentagon, siltstone (99S4); circle,
sandstone (HOR28). (b) Plot of Th/U versus Th (McLennan 1993). Squares, claystones; pentagon, siltstone (99S4);
circle, sandstone (HOR28). PAAS, Post-Archaean Australian Shales pattern; UCC, upper continental crust. (c) Th/Sc
versus Zr/Sc diagram after McLennan et al. (1993, 2006). Empty triangle, granodiorite (average upper crust); empty
diamond, andesite; solid diamond, MORB. Squares, claystones; pentagon, siltstone (99S4); circle, sandstone (HOR28).
(d) a, Th–Sc-Zr/10; b, La–Th–Sc; c, Ti/Zr versus La/Sc discriminatory plots after Bhatia & Crook (1986).
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(A ¼ Al2O3; CN ¼ CaO*þNa2O; K ¼ K2O;
Fig. 14a) the samples follow a general weathering
trend which is parallel to subparallel to the A–CN
join, regarding the average upper continental crust
(UCC) composition (Fedo et al. 1995). However,
deviations towards the A–K boundary are observed
which could be a result of post-depositional metaso-
matic potassium enrichment (Nesbitt & Young
1989), as most of the samples are enriched in their
K2O concentration compared with the upper conti-
nental crust average value of 3.4% (McLennan
et al. 2006). This metasomatism is responsible for
the change of kaolinite to illite, and results in a
CIA value lower than the pre-metasomatized one.
It is therefore deduced that the Rı́o Seco de los
Castaños Formation is moderately to highly
weathered.

Trace elements. Due to their immobile behaviour,
trace elements (and in particular high field strength
elements) are useful for provenance analysis
because they preserve characteristics of the source
rocks and therefore they reflect provenance com-
positions. Ratios such as Th/Sc, Th/U, Zr/Sc and
Cr/V, along with the REE distribution provide
some of the most useful data for provenance
determination (Taylor & McLennan 1985). During
weathering and/or recycling, there is a tendency
for an elevation of the Th/U ratio above upper
crustal igneous values of 3.8 to 4.0, because under
oxidizing conditions U4þ oxidizes to the more
soluble U6þ and is therefore more easily removed
from the sediments than Th (McLennan 1993).
Compared with Post-Archaean Australian Shale
(PAAS) averages of Th (14.6 ppm) and U
(3.1 ppm), most of the samples are depleted in Th
and U (Table 3), although some samples are
enriched in both. The Th/U ratios range from
below to above the PAAS value of 4.7 but above
the upper continental crust average, indicating
weathering and/or recycling processes (Fig. 14b).
As the CIA analysis indicates moderately to
strongly weathered samples, it is deduced that
weathering rather than recycling affected the

samples. Another proxy to evaluate the presence
or absence of recycling is the Zr/Sc ratio because
Zr is strongly enriched in zircon which can
be easily recycled, whereas Sc is present in labile
phases (McLennan 1993). The Zr/Sc ratio for the
Rı́o Seco de los Castaños Formation (Table 3) is
lower than the 13.13 value of the PAAS because
Zr concentrations are lower than the PAAS
average of 210 ppm and the Sc concentrations are
higher than the PAAS average of 16 ppm. The
exceptions are three samples which show Zr/Sc
ratios between 12.75 and 21.26 due to their
enrichment in Zr (HOR22 and 99S4) or depletion
in Sc (HOR28) compared with the PAAS. The
Th/Sc ratio indicates the degree of igneous
differentiation of the source rocks since Th is an
incompatible element whereas Sc is compatible
in igneous systems (McLennan et al. 1990;
McLennan 1993). The Th/Sc ratio for the Rı́o
Seco de los Castaños Formation (Table 3), except
for the coarsest sample (HOR28), varies between
0.52 and 0.71, well below the PAAS value of
0.91 and the upper continental crust value of
0.79. The sandstone (HOR28) has a Th/Sc ratio
of 1.4. The Zr/Sc and Th/Sc ratios indicate
conclusively that for the Rı́o Seco de los Castaños
Formation recycling was not important and
input was from a source geochemically less
evolved than the average upper continental crust
(Fig. 14c).

Cr, V, Ni and Sc are concentrated in mafic rocks,
and therefore they are useful to evaluate the
influence of a mafic source. The Cr/V ratio
(Table 4) indicates the enrichment of Cr over
other ferromagnesian trace elements. The main min-
erals which concentrate Cr over other ferromagne-
sians are chromites. The Y/Ni ratio indicates the
concentration of ferromagnesian trace elements
(such as Ni) compared with Y which represents a
proxy for heavy REE. The Cr/V ratio is 0.79 +
0.33 on average whereas the Y/Ni ratio is 0.86 +
0.3 on average, plotting between the upper continen-
tal crust and the PAAS averages (diagram not
shown) and indicating that although the source

Fig. 14. (Continued) A, Oceanic island arc; B, continental island arc; C, active continental margin; D, passive margin;
PM, recent deep-sea turbidites derived from and deposited at a passive margin; CA, recent deep-sea turbidites derived
from and deposited at a continental arc margin. The great dispersal of data showed by the PM and CA fields exemplify
the difficulty of determining tectonic setting based only on geochemistry (data form McLennan et al. 1990). Squares,
claystones; pentagon, siltstone (99S4); circle, sandstone (HOR28). (e) Chondrite-normalized REE patterns for the Rı́o
Seco de los Castaños Formation. PAAS pattern (Nance & Taylor, 1976) is drawn for comparison. Chondrite
normalization factors are those listed by Taylor & McLennan (1985). Eu/Eu*¼ EuN/{(SmN)(GdN)}1/2. (f) 1Nd (t)
versus Th/Sc ratio of samples from the Rı́o Seco de los Castaños Formation, except sample 05LN13 for which
geochemical analysis is not available. (g) Plots of f Sm/Nd versus 1Nd (t). f Sm/Nd values for the Rı́o Seco de los Castaños
Formation are in the range of variation of the basement (see text for discussion). (h) Plot of 1Nd against age. Squares, Rı́o
Seco de los Castaños Formation; dark grey area, data from Lower Palaeozoic platform deposits from the San Rafael
Block; light grey area, range of variation of 1Nd for the basement rocks known as Cerro La Ventana Formation. The Rı́o
Seco de los Castaños Formation Nd system can be explained mainly by the basement rocks.
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Table 3. Trace elements (expressed in ppm) of the Rı́o Seco de los Castaños Formation

Lomitas Negras and Agua del Blanco sections Atuel Creek
section

Road 144-Rodeo de la
Bordalesa section

05AB1 05AB3 05AB5 05AB7 05LN2 05LN12 05LN17 05LN18 05LN22 05CA1 VG-2 HOR22 HOR28 99S4 Aver. SD

Mo* 0.30 0.20 0.10 0.20 0.80 0.20 0.20 0.20 0.20 0.10 bd bd bd 2.35 0.44 0.63
Cu* 41.50 45.40 47.50 53.50 38.20 69.10 40.80 59.50 58.85 54.7 72.19 67.03 bd 13.54 50.91 15.17
Pb* 16.30 14.60 17.70 18.40 15.30 10.90 14.90 18.10 16.90 21.5 bd 18.50 bd bd 16.65 2.62
Zn† 86.0 87.0 94.0 97.0 97.0 88.0 97.0 97.0 101.5 106.0 33.4 120.5 bd bd 92.0 19.82
Ni} 46.2 41.5 41.4 44.9 45.8 42.9 44.5 45.3 47.9 50.3 63.8 41.2 bd 22.7 44.49 8.47
As‡ 9.40 8.00 6.50 4.90 26.50 3.60 19.70 7.90 8.30 17.6 47.3 17.54 bd bd 14.77 11.87
Cd* bd bd 0.10 0.10 0.10 0.10 bd 0.10 0.10 bd na na na na 0.10 0.00
Sb* 0.20 bd 0.10 0.10 0.20 0.10 0.10 0.20 0.10 0.10 1.69 1.82 0.33 bd 0.37 0.60
Bi* 0.40 0.40 0.50 0.50 0.40 0.30 0.40 0.60 0.60 0.50 bd 0.99 bd bd 0.38 0.29
Ag* bd bd bd bd bd bd bd bd bd bd bd bd bd bd
Au‡ bd bd bd bd 0.90 1.00 bd 3.00 0.80 bd na na na na 1.43 0.91
Hg§ bd bd 0.01 0.02 0.01 0.01 0.01 0.02 0.04 bd na na na na 0.02 0.01
Tl* 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 bd bd bd bd 0.10 0.00
Se‡ bd bd bd bd bd bd bd bd bd bd na na na na
Ba† 623.8 597.3 642.8 690.7 728.6 475.6 678.9 523.7 622.5 692.3 884.8 294.8 576.3 377.4 600.6 143.4
Be† 3.00 2.00 2.00 3.00 3.00 2.00 2.00 3.00 3.00 3.0 na na na na 2.60 0.49
Co^ 25.20 17.60 19.10 22.10 14.80 21.60 16.40 24.60 20.65 19.4 33.55 28.04 16.77 18.85 21.33 4.91
Cr� 102.6 102.6 109.5 109.5 123.2 88.9 109.5 116.3 112.9 116.3 149.5 100.3 103.7 247.5 150.2 59.4
Cs* 10.60 11.50 9.70 10.00 9.20 8.60 10.20 8.30 9.45 13.2 9.19 5.25 6.85 3.48 8.97 2.38
Ga‡ 23.20 23.60 24.70 26.60 25.20 23.20 25.30 25.00 24.55 27.3 30.16 17.16 17.16 11.03 23.16 4.73
Hf* 6.00 5.50 5.10 5.20 4.70 4.80 4.50 4.20 4.15 5.6 5.05 7.37 5.83 9.78 5.56 1.42
Nb* 18.20 17.40 17.60 17.30 16.70 16.70 16.70 16.70 16.20 19.6 23.65 15.18 13.61 14.66 17.16 2.30
Rb* 176.4 174.7 179.1 186.8 186.9 183.4 197.0 182.0 170.6 189.8 219.0 105.1 174.7 57.5 170.2 39.1
Sn† 3.00 3.00 4.00 3.00 8.00 3.00 5.00 4.00 3.00 3.0 5.34 2.24 1.83 1.07 3.53 1.65
Sr‡ 77.30 56.0 120.90 72.60 102.40 114.20 61.70 153.50 75.45 47.5 77.45 50.42 93.60 97.66 85.76 28.92
Ta* 1.40 1.40 1.40 1.40 1.50 1.40 1.40 1.50 1.35 1.5 1.84 2.28 1.80 2.76 1.64 0.40
Th^ 14.00 14.00 14.70 13.80 13.20 12.10 12.80 14.00 12.20 16.4 16.13 11.63 14.10 9.29 13.45 1.76
U* 3.20 2.70 2.90 2.80 3.20 2.70 2.70 3.10 3.05 3.3 3.71 2.66 2.34 2.21 2.90 0.38
V# 154.0 148.0 151.0 156.0 171.0 160.0 168.0 161.0 160.5 182.0 227.7 108.3 133.7 127.6 157.8 26.5
W‡ 33.20 29.00 27.60 31.40 23.40 37.90 18.00 23.10 20.20 15.9 8.87 267.67 28.05 104.18 47.75 64.72
Sc† 22.00 22.00 23.00 22.00 23.00 23.00 22.00 23.00 22.00 23.0 26.00 22.00 10.00 18.00 21.50 3.56
Zr* 201.9 180.0 163.5 161.5 157.7 151.9 140.5 138.0 131.4 183.2 179.1 280.5 202.9 382.6 189.6 64.6
Y* 36.90 36.20 38.50 37.40 28.60 32.80 32.10 36.20 33.45 39.0 40.62 34.77 39.47 41.84 36.28 3.5

na, Not analysed; bd, below detection limit. Detection limits: *0.1 ppm; †1 ppm; ‡0.5 ppm; §0.01 ppm; ^0.2 ppm; #8 ppm; }20 ppm;�0.002 ppm. Aver., average; SD, standard deviation. Samples are claystones
except for 99S4 which is a siltstone and HOR28 which is sandstone.
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Table 4. Element ratios of the Rı́o Seco de los Castaños Formation

Sample Lomitas Negras and Agua del Blanco sections Atuel Creek
section

Road 144-Rodeo de la
Bordalesa section

05AB1 05AB3 05AB5 05AB7 05LN2 05LN12 05LN17 05LN18 05LN22 05CA1 VG2 HOR22 HOR28 99S4 Aver. SD

Eu/Eu* 0.68 0.65 0.66 0.58 0.71 0.67 0.71 0.61 0.66 0.63 0.81 0.69 0.69 0.69 0.68 0.05
Ce/Ce* 0.07 0.08 0.08 0.08 0.09 0.09 0.08 0.08 0.09 0.07 0.07 0.08 0.07 0.07 0.08 0.01
Th/Sc 0.64 0.64 0.64 0.63 0.57 0.53 0.58 0.61 0.55 0.71 0.52 0.53 0.62 1.41 0.66 0.22
Zr/Sc 9.18 8.18 7.11 7.34 6.86 6.60 6.39 6.00 5.98 7.97 21.26 12.75 6.89 20.29 9.48 4.90
Th/U 4.38 5.19 5.07 4.93 4.13 4.48 4.74 4.52 4.00 4.97 4.21 4.37 4.35 6.02 4.67 0.51
Nb/Y 0.49 0.48 0.46 0.46 0.58 0.51 0.52 0.46 0.48 0.50 0.35 0.44 0.58 0.34 0.48 0.07
Ti/Zr 30.58 32.97 37.03 35.64 38.40 39.47 40.54 43.88 43.55 36.32 21.09 24.43 38.00 18.88 34.34 7.62
La/Sc 1.75 1.65 1.67 1.72 1.50 1.39 1.59 1.59 1.50 1.97 2.04 1.55 1.53 4.37 1.85 0.72
La/Th 2.76 2.60 2.62 2.75 2.61 2.64 2.73 2.61 2.70 2.77 3.96 2.94 2.47 3.10 2.80 0.35
Cr/V 0.67 0.69 0.72 0.70 0.72 0.56 0.65 0.72 0.70 0.64 1.94 0.93 0.66 0.78 0.79 0.33
LaN/YbN 6.59 6.56 7.07 6.65 6.84 6.04 7.19 6.56 6.63 6.99 6.22 7.10 6.16 7.46 6.72 0.40
LaN/SmN 3.11 3.01 3.03 3.02 3.14 3.15 3.24 3.03 2.90 3.48 2.98 3.35 3.52 3.53 3.18 0.20
TbN/YbN 1.18 1.25 1.36 1.31 1.21 1.07 1.29 1.20 1.33 1.13 1.38 1.38 1.12 1.30 1.25 0.10
Cr/Th 7.33 7.33 7.45 7.93 9.33 7.35 8.55 8.31 9.25 7.09 26.64 8.62 9.27 7.36 9.41 4.84
Zr/Th 14.42 12.86 11.12 11.70 11.95 12.55 10.98 9.86 10.77 11.17 41.17 24.11 11.10 14.40 14.87 8.04
Zr/Nb 11.09 10.34 9.29 9.34 9.44 9.10 8.41 8.26 8.11 9.35 26.09 18.48 7.57 14.92 11.41 4.97
Zr/Y 5.47 4.97 4.25 4.32 5.51 4.63 4.38 3.81 3.93 4.70 9.14 8.07 4.41 5.14 5.19 1.49
Y/Ni 0.80 0.87 0.93 0.83 0.62 0.76 0.72 0.80 0.70 0.78 1.84 0.84 0.64 0.86 0.30
Sc/Th 1.57 1.57 1.56 1.59 1.74 1.90 1.72 1.64 1.80 1.40 1.94 1.89 1.61 0.71 1.62 0.29
GdN/YbN 1.30 1.32 1.48 1.37 1.24 1.29 1.39 1.39 1.36 1.25 1.58 1.62 1.26 1.48 1.38 0.11

See text for more details. Aver., average; SD, standard deviation. Subscript N denotes chondrite normalized values. Eu/Eu* ¼ EuN/{(SmN)(GdN)}1/2. Ce/Ce* ¼ CeN/{(0.66LaN)(0.33NdN)}. Samples are
claystones except for 99S4 which is a siltstone and HOR28 which is sandstone.
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rock(s) was more mafic than the average upper con-
tinental crust composition, a major ophiolitic source
can be ruled out. Nevertheless, the Cr/V ratio might
be affected by V concentrations higher than the
PAAS value (150 ppm) since V could have been
fractionated from Cr during sedimentary processes
such as diagenesis (Feng & Kerrich 1990). The
high Cr concentration of sample 99S4 (247 ppm),
which is well above the 110 ppm average value of
the PAAS, suggests the presence of chromites,
which could have been derived from a mafic
source, or could have been reworked (chromites
are resistant heavy minerals). Nevertheless, a
Zr/Sc ratio of about 20 for sample 99S4 does not
suggest significant reworking.

REE pattern. The shape of the REE pattern
(including the presence or absence of an
Eu anomaly) can provide information about both
bulk compositions of the provenance and the
nature of the dominant igneous process affecting
the provenance (McLennan et al. 1990; McLennan
& Taylor 1991). The chondrite-normalized REE
diagram for the Rı́o Seco de los Castaños Formation
shows a moderately enriched light rare earth
element (LREE) pattern, a negative Eu anomaly
and a rather flat heavy rare earth elements (HREE)
distribution (Fig. 14e and Table 5), being therefore
essentially similar to the PAAS pattern. However,
samples from the Rı́o Seco de los Castaños For-
mation are enriched in the sum of REE compared

with the PAAS, with concentrations of the elements
between La and Nd varying from enriched to
slightly depleted, but strongly enriched in elements
between Sm and Lu. The Eu anomalies vary
between 0.58 and 0.81 with an average value of
0.68, being in general higher than the average Eu
anomaly for the PAAS (0.66) and for the upper con-
tinental crust (0.63). It is noteworthy that the sample
with the highest Cr concentration (sample 99S4)
displays a less negative Eu anomaly and the
highest Eu concentration (Eu is almost double com-
pared with the average value of the PAAS), support-
ing the influence of a depleted source. Sm/Nd ratios
are in the range between 0.19 and 0.22, slightly
higher than the average value for the PAAS (0.175).

Relationships between Th, Sc and Zr and La, Th
and Sc can be useful to discriminate the tectonic
setting of the depositional basin (Bhatia & Crook
1986). However, some dispersal of data is expected
and caution on the interpretation is needed since det-
ritus could have been transported across different
tectonic settings (McLennan 1989). As shown in
Figure 14d the samples plot within field B (conti-
nental arc settings); even those outside of any field
show a trend towards the field of oceanic island
arc setting (A).

Sm–Nd isotopic data

The Rı́o Seco de los Castaños Formation samples
(Table 6) shows 1Nd (t) values (where t ¼ 420 Ma,

Table 5. Rare earth elements data (expressed in ppm) of the Rı́o Seco de los Castaños Formation

Sample La* Ce* Pr† Nd‡ Sm§ Eu† Gd§ Tb} Dy§ Ho† Er^ Tm} Yb§ Lu} SREE

Lomitas Negras and Agua del Blanco sections
05AB1 38.60 89.70 10.06 38.90 7.80 1.56 6.36 1.09 6.61 1.29 3.89 0.62 3.96 0.57 211.01
05AB3 36.40 85.10 9.62 34.60 7.60 1.46 6.13 1.10 6.28 1.24 3.50 0.53 3.75 0.56 197.87
05AB5 38.50 86.80 9.76 36.30 8.00 1.59 6.72 1.17 6.81 1.38 3.78 0.59 3.68 0.63 205.71
05AB7 37.90 86.50 9.82 35.80 7.90 1.37 6.50 1.18 6.74 1.38 3.86 0.59 3.85 0.58 203.97
05LN2 34.40 78.70 8.89 33.50 6.90 1.40 5.21 0.96 5.28 1.03 3.04 0.47 3.40 0.48 183.66
05LN12 32.00 71.60 8.37 32.00 6.40 1.32 5.70 0.90 5.47 1.12 3.26 0.53 3.58 0.51 172.76
05LN17 35.00 74.40 8.85 32.10 6.80 1.43 5.65 0.99 5.44 1.10 3.32 0.50 3.29 0.48 179.35
05LN18 36.60 81.50 9.37 34.40 7.60 1.40 6.47 1.06 6.33 1.19 3.65 0.58 3.77 0.53 194.45
05LN22 32.95 74.65 8.54 33.30 7.15 1.38 5.65 1.05 5.98 1.13 3.16 0.52 3.36 0.49 179.30

Atuel Creek Section
05CA1 45.40 102.50 11.23 40.70 8.20 1.53 6.78 1.16 6.99 1.37 4.01 0.67 4.39 0.62 235.55
VG-2 39.87 83.02 9.18 36.61 7.13 1.58 6.83 1.15 6.84 1.43 4.56 0.69 4.38 0.67 203.94

Road 144-Rodeo de la Bordalesa section
HOR22 34.21 69.86 7.72 31.26 6.43 1.47 6.50 1.05 5.84 1.15 3.57 0.53 3.26 0.48 173.33
HOR28 43.70 93.35 10.13 40.05 7.80 1.70 7.22 1.21 6.71 1.35 4.34 0.64 3.96 0.60 222.77
99S4 36.80 77.70 8.90 37.44 7.77 2.06 7.78 1.29 7.24 1.41 4.39 0.63 4.00 0.58 198.00
average 37.31 82.53 9.32 35.50 7.39 1.52 6.39 1.10 6.33 1.26 3.74 0.58 3.76 0.56 197.26
SD 3.67 8.68 0.85 2.90 0.57 0.18 0.66 0.10 0.61 0.13 0.45 0.06 0.35 0.06 17.88

SD, standard deviation. Detection limits: *0.1 ppm; †0.02 ppm; ‡0.3 ppm; §0.05 ppm; }0.01 ppm; ^0.03 ppm. Samples are claystones
except for 99S4 which is a siltstone and HOR28 which is sandstone.
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Table 6. Sm–Nd data of the Rı́o Seco de los Castaños Formation

Sample Age (Ma) Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd Error (ppm) 1Nd (0) 1Nd (t) 143Nd/144Nd (t) TDM
1 (Ma) TDM

2 (Ma) f Sm/Nd

Lomitas Negras and Agua del Blanco sections
05LN13 420 6.34 30.63 0.12511 0.512240 9 27.7 23.8 0.511900 1366 1466 20.36
05AB7 420 7.09 34.59 0.12393 0.512220 9 28.1 24.2 0.511883 1381 1490 20.37

Atuel Creek section
05CA1 420 3.96 21.97 0.10901 0.512000 9 212.4 27.7 0.511705 1494 1742 20.45
VG-2 420 5.33 27.16 0.11860 0.512130 15 29.9 25.7 0.511804 1448 1604 20.40

Road 144-Rodeo de la Bordalesa section
HOR22 420 6.14 31.70 0.11710 0.512291 110 26.8 22.5 0.511969 1195 1363 20.40
HOR28 420 4.31 39.02 0.06670 0.512144 70 29.6 22.7 0.511960 952 1376 20.66
99S4 420 5.40 26.12 0.12500 0.512187 57 28.8 25.0 0.511843 1454 1549 20.36

f Sm/Nd ¼ (147Sm/144Nd)sample /(147Sm/144Nd)CHUR 2 1. 1Nd (0) ¼ {[(143Nd/144Nd)sample (t¼0) /0.512638] – 1} � 10000. 1Nd (t) ¼ {[(143Nd/144Nd)sample (t) /(143Nd/144Nd)CHUR (t)] – 1} � 10000.
(147Sm/144Nd)CHUR ¼ 0.1967. (143Nd/144Nd)CHUR ¼ 0.512638. t¼ 420 Ma. TDM

1 (model ages) were calculated based on the depleted mantle model (DePaolo 1981) whereas TDM
2 were calculated based on

the three-stage model (DePaolo et al. 1991). Samples are claystones except for 99S4 which is a siltstone and HOR28 which is sandstone.
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the proxy age of sedimentation) ranging from 22.5
to 27.7 (average 24.5 + 1.7), f Sm/Nd (the frac-
tional deviation of the sample 147Sm/144Nd from a
chondritic reference) ranges from 20.36 to 20.66
(average 20.43 + 0.10) whereas the TDM

1 ages
(calculated using the model of DePaolo 1981)
range from 952 to 1494 Ma (average 1327 + 178
Ma) and TDM

2 ages (calculated using the model of
DePaolo et al. 1991) range from 1363 to 1742 Ma
(average 1513 + 123 Ma). The 1Nd values for the
Rı́o Seco de los Castaños Formation are between
those typical for the upper continental crust or
older crust and those typical for a juvenile com-
ponent (Fig. 14 g). Regarding the relationship
between 1Nd (t) and Th/Sc ratio (Fig. 14f), the
samples display a trend where those with the less
negative 1Nd values show the lowest Th/Sc ratios,
indicating that the more juvenile the source the
more depleted its geochemical signature. The
exception is sample HOR28 which shows a low
negative 1Nd (t) but a high Th/Sc ratio (1.4). The
plot of f Sm/Nd against 1Nd (t) shows a data cluster
between fields of arc-rocks and old crust. The
f Sm/Nd values out of the range of variation of the
upper crust (20.4 to 20.5) could be indicating
Sm–Nd fractionations due to secondary processes,
and are therefore suspect (McDaniel et al. 1994).

Discussion and interpretation

Sedimentological studies and depositional

environments

The relatively low diversity of subenvironments,
dominance of fine to medium sedimentary grain
sizes, lack of tractive sedimentary structures, and
the significant thickness of the beds associated with
gravity flow processes are typical of a distal (below
wave base) to proximal marine platform-deltaic
system (Fig. 15). In this case, the sedimentary input
was continuous, as indicated by the absence of
internal discontinuities. The basin was extended and
the palaeoslope was very small (less than 1%). The
dominant processes acting on this palaeoenvironment
were wave and storm action, permitting the settling of
fine material over the tractive processes during fair-
weather times. The presence of plant debris such as
Lycophytes in the Atuel and Lomitas Negras sections
suggests proximity to vegetated areas. The hydraulic
regimes were moderate and the sea-level changes in
this sequence generated very few sedimentary uncon-
formities, but widespread lateral bed continuity. The
ichnofacies (Poiré et al. 2002) such as Cruziana
increase towards the east and the Nereites–Mermia
towards the west of the basin which consistent with
the lithofacies interpretation of deeper sectors of the
basin located to the west.

Similar siliciclastic environments (probably
equivalent stratigraphically), interpreted as over-
filled sedimentary foreland systems with great
thickness (high sedimentary rates) and low tex-
tural maturity, are found in the Villavicencio
and Punta Negra formations both from the Precor-
dillera terrane. They have been described by other
authors (González Bonorino & Middleton
1976; Bustos 1996; Poiré & Morel 1996; Astini
et al. 2005; Edwards et al. 2001; Peralta et al.
1995; Peralta 2003, 2005; Poiré et al. 2005).
However, the channelled conglomerate and
organic-matter-rich beds present in the Rı́o Seco
de los Castaños Formation, allow this unit to be
distinguished from other similar environments
found within the same terrane.

Diagenesis–metamorphism

The isotopic Rb–Sr ratios have been interpreted to
provide the age of the low-grade metamorphism of
the Rı́o Seco de los Castaños Formation which
occurred during the Late Devonian–Early Carbon-
iferous. This metamorphic event could be linked to
the final ‘Chanic’ tectonic phase that affected the Pre-
cordillera–Cuyania terrane (Ramos et al. 1986). The
high Sr initial ratio suggests isotopic homogenization
of the detritus which was derived from upper conti-
nental crust rocks. These Rb–Sr data also help to con-
strain the depositional age of the Rı́o Seco de los
Castaños Formation and the source areas.

Fig. 15. Integrated block diagram showing general
lithofacies distribution for the four study outcrops within
the platform (adapted from Reading 1996).
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Geochemical analyses

These data indicate moderate to strong weathering
(CIA between 61 and 78 and Th/U ratios above
3.8–4), and potassium metasomatism. Zr/Sc ratios
lower than 22 and no important enrichment of Zr
(with some exceptions) indicate no recycling.
Th/Sc ratios well below the averages for PAAS
and upper continental crust, along with high Sc
concentration, certain Cr enrichments and Eu
anomalies less negative than PAAS and UCC,
suggest a provenance from an unrecycled crust
with an average composition similar to or slightly
depleted compared with average upper continental
crust composition. The unit seems to be related to
an active margin.

Nd isotopes

TDM ages are within the range of the Mesoprotero-
zoic basement and Palaeozoic supracrustal rocks
of the Precordillera terrane (Kay et al. 1996;
Rapela et al. 1998; Cingolani et al. 2003b, 2005;
Gleason et al. 2007) and the Western Pampeanas
Ranges (Vujovich et al. 2005; Naipauer et al.
2005). The 1Nd values of the Rı́o Seco de los Castaños
Formation are similar to those from sedimentary
rocks from the Lower Palaeozoic carbonate–
siliciclastic platform of the San Rafael Block,
which show 1Nd (t) between 20.4 and 24.9
(Cingolani et al. 2003b); they are also in the range
of variation of 1Nd values of the Mesoproterozoic
basement of the San Rafael Block (the Cerro La
Ventana Formation; Cingolani et al. 2005) recalcu-
lated at 420 Ma (Fig. 14 h). Although some f Sm/Nd

values are below or above average values for the
upper crust, all samples but one have f Sm/Nd

values in the range of variation of the Cerro La
Ventana Formation (Cingolani et al. 2005).
Sample HOR28 shows a low 147Sm/144Nd ratio
and a slightly negative f Sm/Nd value (20.66)
compared with the basement rocks, indicating that
secondary processes might have fractionated Sm
and Nd. Various studies have addressed processes
that might alter the Sm–Nd isotopic signatures in
detrital sediments. These include the alteration of
Sm/Nd ratios and Nd isotopic signatures during
weathering, diagenesis or sorting (McDaniel et al.
1994; Bock et al. 1994). Taking into account that
sample HOR28 is a sandstone, has high Th/Sc
ratios, low CIA values, and is one of the more
recycled samples from this unit, it is deduced
that most probably processes of sorting of
LREE-enriched mineral phases might have altered
its Sm–Nd isotopic signature.

In summary, the Cerro La Ventana Formation
and the Ordovician carbonate–siliciclastic platform
of the San Rafael Block provide a good fit to the

Sm–Nd signature of the Rı́o Seco de los Castaños
Formation. Such a provenance for the Upper
Silurian–Lower Devonian unit is in agreement with
east to west palaeocurrents, because both sources
are located to the east of the depositional basin of
the Rı́o Seco de los Castaños Formation (Fig. 16).
This fact is also supported by the rather short transport
deduced from the petrographical analyses (textural
and compositional immaturity), as well as by the geo-
chemical signature evidencing a non-recycled crust
with an average composition similar to or depleted
compared with average upper continental crust.

Provenance

A close spatial relationship between the deposi-
tional basin of the Rı́o Seco de los Castaños
Formation and the source rocks is supported by
textural (e.g. subangular grains and high matrix
content) and compositional (e.g. detrital mica
flakes) immaturity of sandstones, the presence of
plants debris and charcoal beds, and low Th/Sc
ratios indicating no recycling. Petrographical
analyses suggest source rocks from an igneous–
metamorphic complex as well as a sedimentary
source input, which included limestones bearing
Ordovician fossils. Geochemical analyses and par-
ticularly the Th/Sc ratios, REE patterns and Eu
anomalies further indicate that the source rocks
have an average composition slightly less evolved
than the average upper continental crust. The
location and geochemical composition of the Meso-
proterozoic basement rocks of the Cerro La Ventana
Formation (igneous–metamorphic complex com-
posed mainly of mafic to intermediate gneisses,
micaschists, foliated quartz-diorites and tonalites,
partially grading to amphibolites and migmatites,
as well as pegmatitic and aplitic veins) and sedi-
mentary rocks from the Ordovician carbonate–
siliciclastic platform (Pavón and Ponón Trehué
formations) fit the above-mentioned provenance
constraints. Such a provenance location is further
supported by palaeocurrents (Fig. 16). The Sm–Nd
signature of the Rı́o Seco de los Castaños
Formation agrees well with the signature of both
the Mesoproterozoic basement and the carbonate–
siliciclastic platform (same range of variation of the
1Nd (t) and TDM ages), supporting such provenances
(Fig. 14h).

Land–sea interactions

It is well known that the Devonian was a time of
great changes not only of ecosystems but of climates
as well, caused probably by complex interactions
between the fast developing terrestrial biosphere,
marine ecosystems and the atmosphere. The Rı́o
Seco de los Castaños Formation was deposited
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Fig. 16. Palaeogeographic interpretation. Suggested positive source areas towards the eastern side of the San Rafael
Block during Upper Silurian–Lower Devonian times. key: 1, inferred location of the Mesoproterozoic crustal rocks;
2, Ordovician carbonate–siliciclastic platform (now exposed only at Ponón Trehué, see Figs 2 and 3). Interpretation of
land–sea interactions: open sea towards the west of the coastal line; deltaic system and conglomerate channels on the
eastern sector. For general references see Figure 2.
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within a basin influenced by both terrestrial and
marine environments. The continental source areas
(Cerro La Ventana Formation and the Ordovician
sedimentary units) were located not far away
towards the east (Fig. 16). The detrital material
was funnelled westwards (conglomerate channels)
from these positive areas into the outer platform
areas also laterally associated with a prograding
deltaic system along coastal sectors. The basin
deepened towards the west (open sea).

Conclusions

Considering the sedimentological and petrographi-
cal data, we conclude that the dominance of fine
to medium grain sizes of the sedimentary rocks,
lack of tractive sedimentary structures, and the
important bed-thickness as well as associated
gravity-flow deposition, are typical of a distal
(below wave base) to proximal silty-siliciclastic
marine platform-deltaic system.

The sedimentary input was continuous, as evi-
denced by the lateral bed continuity and absence
of internal discontinuities; at the same time, the
platform was extended with moderate hydraulic
regimes and the palaeoslope seemed to be
reduced. The dominant processes acting on the
environment were wave and storm action.

The source areas were located to the east, close
to the study area. The sandstone petrography
shows both recycled orogen and continental block
provenances. On the other hand the clay mineralogy
shows that the fraction is dominated by illite
(40–60%), kaolinite (25–40%) and chlorite
(10–20%). The illite crystallinity index indicates
very low-grade metamorphism for the sequence
that occurred during the Early Carboniferous.

The presence of plant debris in the Atuel and
Lomitas Negras sections suggests vegetated areas
close to this Upper Silurian–Lower Devonian depo-
centre. Trace fossil distribution with Cruziana
ichnofacies (indicative of a shallow environment
in Agua del Blanco) to the east, and Nereites to
the west (Road 144 outcrops) is consistent with a
basin deepening towards the west.

Major element geochemistry suggests moderate
to strong weathering and potassium metasomatism,
in agreement with the clay mineral composition
indicating an abundance of illite and kaolinite.
Trace element (including REE) concentrations and
ratios suggest a provenance from an unrecycled
source with a composition similar to or depleted
with respect to average upper continental crust.

Short transport of sediments is deduced from
petrographical and sedimentological features, such
as the presence of biotite and muscovite detrital
flakes within sandstones, the high matrix content

and subangular character of framework minerals
(low textural maturity) as well as by the presence
of plant debris. Facies distribution and Q–F–L dia-
grams indicating an uplifted igneous–metamorphic
basement as source area are also in accordance with
the geochemical signature. Furthermore, palaeocur-
rents towards the west and Sm–Nd signatures
similar to those described for the Mesoproterozoic
basement of the San Rafael Block (Cingolani et al.
2005) and the Ordovician platform, imply that the
most probable sources are the Cerro La Ventana
Formation and the carbonate–siliciclastic platform.
The limestone conglomerate clasts also support a
provenance from rocks that belong to a Lower
Palaeozoic carbonate–siliciclastic platform, which
is also located to the east.

A similar siliciclastic environment has been
described for the Upper Silurian or Lower Devonian
Villavicencio unit of the Precordillera (or Cuyania)
terrane. However, the Rı́o Seco de los Castaños
Formation has two distinctive sedimentological
characteristics: conglomerate channels and
organic-matter-rich beds.

Continental source areas located to the east
played an important role in the land–sea interactions
during Upper Silurian–Lower Devonian times. The
immature and poorly sorted detrital material was fun-
nelled westwards (conglomerate channels) from
these positive areas into the platform and deltaic
systems. The ocean basin was open towards the west.
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