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Abstract

A compositional study of sandstones belonging to the lower section of the Paganzo Group (Middle Carboniferous–Early Permian) in
the Paganzo Basin (northwestern Argentina) helps unravel the stratigraphic and paleogeographic evolution of the basin. Three morpho-
tectonic units constitute the complex basement of the basin: (1) to the east, the igneous–metamorphic basement of the Sierras Pampeanas
and Famatina systems; (2) to the west, the Precordillera, made up of Early and Middle Paleozoic sedimentary rocks; and (3) the Upper
Paleozoic volcanic arc along the western boundary with the Rı́o Blanco Basin. On the basis of sandstone detrital modes of the Lagares,
Malanzán, Loma Larga, Guandacol, Tupe, Punta del Agua, and Rı́o del Peñón formations, seven petrofacies are distinguished: quar-
tzofeldespathic (QF), quartzofeldespathic-metamorphic enriched (QF-Lm), quartzofeldespathic-sedimentary enriched (QF-Ls), mixed
quartzolithic (QL), quartzolithic-volcanic (QLv), volcanolithic-quartzose (LvQ), and volcanolithic (Lv). The spatial and temporal distri-
bution of these petrofacies suggest an evolutive model for the Upper Paleozoic sedimentary filling of the basin that includes three ‘‘petro-
somes’’: (1) the basement petrosome, a clastic wedge of arkosic composition that diachronically prograded and thinned from east to west;
(2) the recycled orogen petrosome, revealing the Protoprecordillera as a positive element in the western Paganzo Basin during the Namu-
rian; and (3) the volcanic arc petrosome, recording volcanic activity along the western margin of Gondwana during the Westphalian.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Sandstone composition can be a powerful tool to ana-
lyze the evolution of sedimentary basins by revealing tem-
poral and/or spatial variations in the participation of
different source areas (e.g., Dickinson and Rich, 1972;
Ingersoll, 1983; Ingersoll and Cavazza, 1991; Critelli and
Ingersoll, 1995). Thus, detrital modes become an important
source of information about regional changes in the nature
of supply areas and paleogeographic modifications fre-
quently linked to tectonic or magmatic activity. Although
detrital modes of sandstones depend on not only the nature
0895-9811/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.jsames.2006.09.010

* Corresponding author. Present address: Apache Energı́a Argentina,
S.R.L., Della Paolera 265 piso 24, C1001ADA Buenos Aires, Argentina.
Tel.: +54 11 4320 9263; fax: +54 11 4314 2310.

E-mail addresses: laura.net@apachecorp.com (L.I. Net), limar@gl.
fcen.uba.ar (C.O. Limarino).
of the source area but also factors such as depositional
environment, transport mechanism, climate, and diagenesis
(e.g., Basu, 1986; Grantham and Velbel, 1988; Johnsson,
1993; Scasso and Limarino, 1997), useful information can
be obtained if the impact of these factors is either limited
(i.e., diagenesis still allows recognition of precursor grains)
or can be constrained with additional geologic information
(e.g., available paleoclimatic or paleogeographic
reconstructions).

The Upper Paleozoic Paganzo Basin (Azcuy and Morel-
li, 1970a), located in northwest Argentina (Fig. 1), consti-
tutes an excellent example to study the evolution of a
complex basin by means of the analysis of the temporal
and spatial variations of sandstone detrital modes. First,
this basin exhibits a rich tectonic, magmatic, and climatic
history that has been synthesized in several stratigraphic
models (Limarino et al., 1988; LópezGamundı́ et al.,
1989; González Bonorino, 1991; Fernández Seveso and
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Fig. 1. Location map of Paganzo Basin in northwestern Argentina. Main
morphostructural elements that constitute its basement and sampling
localities are also shown.
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Tankard, 1995). Second, previous diagenetic studies (e.g.,
Di Paola, 1972; Net, 1999) constrain the effect of postdepo-
sitional modifications for reconstructing the original sand-
stone composition.

Thus, a detailed compositional study of the sandstones
of the lower section of the Paganzo Group (Bodenbender,
1896; Azcuy and Morelli, 1970b) was carried out to help
unravel the paleogeographic evolution of the Paganzo
Basin during Middle Carboniferous–Earliest Permian
times. This work is intended to contribute to a more com-
plete understanding of the evolution of the basin by adding
detailed information about temporal and spatial changes in
the relative participation of the source areas. Taking into
account the complex record of marine and nonmarine
deposits that integrate the studied interval (Limarino
et al., 2002), the impact of sampling different sedimentary
environments for a provenance study also is assessed.
Finally, an evolutive model to explain the compositional
complexities observed in the field is presented.

2. Geologic setting

2.1. Paganzo Basin

The Paganzo Basin (Fig. 1) is one of the largest (about
140,000 km2) Upper Paleozoic depositional areas recog-
nized along the western margin of Gondwana (Salfity
and Gorustovich, 1983; López Gamundı́ et al., 1994). It
can be described as a multihistory basin that shows three
main evolutionary stages (Limarino et al., 2003): (1) the
foreland stage, developed in an embryonic ‘‘proto-Paganzo
Basin’’ during the Protoprecordilleran orogeny; (2) the
postorogenic stage, characterized by the widening of the
basin, probably as a consequence of the collapse of the Pro-
toprecordillera during the Late Carboniferous–Early Perm-
ian (Limarino et al., 2006); and (3) the overfilled stage,
characterized by continental deposition during the first
stage of the Gondwana breakup (latest Early Permian–
Upper Permian).

The complex basement of the Paganzo Basin resulted
from the accretion of different terranes during Precam-
brian–Early to Middle Paleozoic times (Ramos et al.,
1986; Ramos, 1988; López Gamundı́ et al., 1994). Thus,
three main morphotectonic elements constitute potential
source areas for the sediments of the Paganzo Basin:

1. To the east, the igneous–metamorphic basement of the
Sierras Pampeanas and Famatina system (Fig. 1). This
‘‘Pampean–Famatinean’’ basement is formed by pluton-
ic and metamorphic rocks of Ordovician age belonging
to the roots of the Famatinean magmatic arc (i.e., Che-
pes Granite and equivalents). Some sedimentary and
low-grade metamorphic rocks of Vendian?–Cambrian
age (e.g., Olta Formation) also were partially intruded
by these granitoids.

2. The Protoprecordillera in the west-central area (Fig. 1),
consisting of Early–Middle Paleozoic clastic and carbo-
natic sedimentary rocks. It constitutes the mobile belt
and is here referred to as the ‘‘Protoprecordilleranic’’
basement.

3. The volcanic and volcaniclastic rocks assigned to the
paleo-Pacific magmatic arc of Middle–Late Carbonifer-
ous age. These rocks can be found on the northwestern-
most edge of the basin, along the border with the Rı́o
Blanco Basin (Fig. 1).

The sedimentary filling of the Paganzo Basin is charac-
terized by continental sedimentation to the east and
increasing participation of marine deposits to the west
(Limarino, 1987; LópezGamundı́ et al., 1989; Fernández
Seveso and Tankard, 1995; Net, 1999; Limarino et al.,
2002; Net et al., 2002; Pazos, 2002). Upper Paleozoic strata
were included within the Paganzo Group (Bodenbender,
1896; Azcuy and Morelli, 1970b), which was divided into
two stratigraphic intervals named the lower (Middle–Late
Carboniferous) and upper (Permian) sections (Azcuy and
Morelli, 1970b).

Although the lower section of the Paganzo Group tradi-
tionally has been considered Middle–Late Carboniferous in
age, new stratigraphic and paleontological evidence sug-
gests that its top reached the Earliest Permian (Cisterna
and Sabattini, 1998; Cisterna and Simanauskas, 2000; Gut-
iérrez and Limarino, 2003). Therefore, the time span stud-
ied herein goes from Namurian to Early Sakmarian,
including the foreland and postorogenic stages of the basin
described by Limarino et al. (2003).
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2.2. Lower section of the Paganzo group

The lower section of the Paganzo Group includes 200–
1200 m of nonmarine and marine clastic sedimentary rocks
(sandstones, shales, and some conglomerates) interpreted
as alluvial fans, glacial diamictites, and fluvial, deltaic,
and shallow marine deposits (e.g., Andreis et al., 1975,
1986; Limarino, 1987; Fauqué and Limarino, 1990; Fern-
ández Seveso et al., 1993; Sterren and Martı́nez, 1996;
Net, 1999; Pazos, 2002; Limarino et al., 2002). In addition,
sedimentary rocks are interbedded with volcanic and volca-
niclastic rocks at the western boundary of the basin (Ace-
ñolaza, 1971; Fauqué and Limarino, 1990). Thus, the
lower section of the Paganzo Group not only covers a large
areal extent but also shows lithofacial and compositional
changes that resulted in a complex stratigraphic scheme
(for a review, see Azcuy and Morelli, 1970b; Limarino
et al., 2006) (Fig. 2).

Well-exposed Upper Paleozoic rocks occur at the east-
ern portion of the basin in the Sierra de Los Llanos area
(Andreis et al., 1986; Fig. 1). There, Carboniferous strata
filled narrow paleovalleys incised within Lower Paleozoic
gneisses, Ordovician granitoids, and low-grade metasedi-
mentary rocks of Vendian? – Cambrian age (i.e., Pampe-
an–Famatinean basement). The lower section of the
Paganzo Group was divided in Sierra de Los Llanos into
the Malanzán and Loma Larga formations (Andreis
et al., 1986). The first unit includes three main intervals:
(1) basal conglomerates and diamictites deposited in alluvi-
al fans and periglacial environments; (2) sandstones, shales,
and mudstones corresponding to the postglacial transgres-
sion of Namurian age (Limarino et al., 2002); and (3)
coarse-grained sandstones and conglomerates forming con-
spicuous Gilbert-type deltaic sequences (Sterren and
Martı́nez, 1996; Net and Limarino, 1999). The Loma
Larga Formation consists of conglomerates, sandstones,
mudstones, and some coal beds deposited as different styles
of fluvial systems (Andreis et al., 1986).

To the northwest, good exposures of the Paganzo
Group occur in Sierra de Famatina (Azcuy and Morelli,
1970b; Morelli et al., 1984; Limarino, 1987; Net, 1999)
(Fig. 1). In this region, the lower section of the Paganzo
Fig. 2. Lateral correlation of lithostratigraphic units of the lower section of the
the map of Fig. 1.
Group corresponds to the Lagares Formation (Azcuy
and Morelli, 1970b), which rests on granites and high-
grade metamorphic rocks of the Famatinean–Pampean
basement. The Lagares Formation is mostly composed of
fluvial sandstones and conglomerates with conspicuous
intercalations of organic-rich mudstones and kaolinitic
beds (Di Paola, 1972; Morelli et al., 1984; Limarino,
1987; Net and Limarino, 2000).

Within the Eastern Precordillera and Sierra de Maz
areas (Fig. 1), the lower section of the Paganzo Group
is divided into the Guandacol and Tupe formations
(Andreis et al., 1975). The Guandacol Formation shows
a basal interval of glacial-related diamictites that overlies
either Ordovician limestones plus fine-grained clastics (in
the Precordillera) or Precambrian metamorphic rocks (in
Sierra de Maz). Glacial diamictites are followed by
shales, fine-grained sandstones, and mudstones deposited
during the postglacial transgression in a fjord environ-
ment (Limarino et al., 2002). These rocks are conform-
ably covered by the Tupe Formation, made up of
conglomerates, cross-bedded sandstones, and thin coal
beds that record several types of fluvial systems sporad-
ically interrupted by short marine transgressions (Andreis
et al., 1975; Limarino et al., 1986).

Finally, the analyzed interval crops out on the western-
most tip of the Precordillera, at the boundary between the
Paganzo and Rı́o Blanco basins. Whereas at Rincón Blan-
co (Fig. 1), the Punta del Agua and Rı́o del Peñón forma-
tions (Aceñolaza, 1971; González and Bossi, 1987) rest on a
regional fault above Lower Carboniferous rocks (Net,
1999), a few kilometers to the southeast, in Agua de Carlos
(Fig. 1), the Paganzo Group unconformably covers Late
Devonian–Early Carboniferous shales of the Jagüel For-
mation (Fauqué and Limarino, 1990). The Punta del Agua
Formation is a volcaniclastic sequence (up to 1000 m thick)
that includes andesites, traquites, and dacites, together with
lenses of volcanic conglomerates and lithic sandstones
(Aceñolaza, 1971; Net, 1999; Remesal et al., 2004); this unit
is covered by marine shales of Stephanian age, fluvial sand-
stones, and sandstone-shale deltaic cycles grouped into the
Rı́o del Peñón Formation (Scalabrini Ortiz, 1973; Gut-
iérrez and Limarino, 2003).
Paganzo Group between 30� and 31�S latitude (bold). Localities shown in
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2.3. Stratigraphic framework: Depositional intervals

For sampling purposes and provenance interpreta-
tions, lithostragraphic units of the lower section of
the Paganzo Group were divided into five depositional
intervals (DI-1 to DI-5). Depositional intervals are
characterized by specific facies arrangements and
bounded by regionally correlatable chronostratigraphic
surfaces (Figs. 3, 4).

Depositional interval 1 (DI-1) constitutes the basal infill
of the Paganzo Basin (Fig. 3). It ranges in thickness from a
few to 90 m, occurring throughout the basin but usually as
Fig. 3. Integrated profiles of localities included this work showing regionally co
(DI-1 to DI-5).
laterally discontinuous units that fill isolated paleovalleys
(Andreis et al., 1986). DI-1 consists of coarse-grained con-
glomerates, sandstones, and diamictites deposited in alluvi-
al fans, proximal braided rivers, and glacial environments
(Andreis et al., 1986; Limarino, 1987; Marenssi et al.,
2002). Glaciolacustrine deposits intercalated into glacial
diamictites have yielded palynological assemblages of
Namurian age (Limarino and Gutiérrez, 1990; Césari and
Gutiérrez, 2000).

A regional marine flooding surface divides the coarse-
grained deposits included in DI-1 from dropstone-bearing
shales, fine-grained sandstones, resedimented diamictites,
rrelatable chronostratigraphic surfaces that delineate depositional intervals



Fig. 4. Schematic logs (not to scale) showing petrofacies distribution and unpublished paleocurrent data (Net, 1999). Chronostratigraphic surfaces as in
Fig. 3.
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and thin beds of marls grouped as depositional interval 2
(DI-2) (Fig. 3). DI-2 rocks are interpreted as the transgres-
sive system track (TST) of the postglacial Namurian trans-
gression, recognized not only in the Paganzo but also in the
neighboring Rı́o Blanco and Calingasta–Uspallata basins
(Limarino et al., 2002).

The maximum flooding surface (MFS) of the Namurian
transgression marks the beginning of depositional interval
3 (DI-3) (Fig. 3). DI-3 comprises a basal shale-rich section
(deposited during the maximum flooding stage), followed
by sandstones and conglomerates deposited later as pro-
grading fluviodeltaic deposits during the highstand stage.
The nature of DI-3 deposits is controlled by the paleogeog-
raphy of the basin; whereas in the eastern Paganzo Basin,
Gilbert-type deltas and fluviodeltaic sequences prevailed
(Sterren and Martı́nez, 1996; Net and Limarino, 1999),
large deltas with thickening- and coarsening-upward pat-
terns formed in western Paganzo Basin (Limarino et al.,
2002). Palynological associations including achritarcs in
the Malanzán Formation suggest a Namurian age for this
interval (Gutiérrez and Limarino, 2001).

Depositional interval 4 (DI-4) comprises an extensive
blanket (up to 180 m thick) of conglomerates, coarse-
grained sandstones, and shales of fluvial origin that transi-
tionally covers the marine and deltaic deposits throughout
the basin (Limarino et al., 1986; Fernández Seveso et al.,
1993) (Fig. 3). Although this depositional interval could
represent the late (aggradational) stage of the highstand sys-
tem track (HST), it more probably is associated with the
inland expression of the forced regression described in the
neighboring Calingasta–Uspallata Basin by Buatois and
Limarino (2003). The age of the DI-4 can be constrained
by the presence of plant remains belonging to Middle—
Upper Carboniferous NBG flora (Archangelsky et al.,
1996) and palynological assemblages of sub-biozone A of
the Raistrickia densa-Convolutispora muriornata biozone
of Upper Carboniferous age (Césari and Gutiérrez, 2000).

A second flooding surface restricted to the western por-
tion of the Paganzo Basin marks the base of depositional
interval 5 (DI-5). This stratigraphic level (up to 100 m)
comprises shales, fine-grained sandstones, and some marls
deposited in coastal and shelf environments, though some
intercalations of conglomerates and coarse-grained sand-
stones reflecting punctuated episodes of fluvial sedimenta-
tion are also included. These marine sediments pinch out
to the east into fluvial sandstones and conglomerates
deposited in both low- and high-sinuosity rivers (Limarino,
1987). Sea-level changes taking place in the western marine
domain are reflected in the eastern inland area by changes
in flood-basin preservation and channel geometry of fluvial
deposits (Limarino, 1987; Net, 1999). Both marine inverte-
brates (Sabattini et al., 1991; Archangelsky et al., 1996) and
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radimetric ages (Fauqué et al., 1999) indicate that DI-5 has
a Latest Carboniferous–Earliest Permian age.

This model appears partially masked by the volcanic
activity that characterizes the Punta del Agua Formation
(Aceñolaza, 1971; Remesal et al., 2004) in the western-
most Rincón Blanco section (Fig. 1). Thus, DI-1, DI-2,
and DI-3 deposits often occur as discontinuous clastic
wedges laterally replaced by volcanic and volcaniclastic
rocks (Fig. 3).

3. Petrographic methods

Sampling localities were selected to represent the main
morphotectonic elements that constitute the basement of
the Paganzo Basin. A total of 187 sandstone samples of
the Lagares, Malanzán, Loma Larga, Guandacol, Tupe,
Punta del Agua, and Rı́o del Peñón formations from five
localities are included in this work (Table 1). During
sampling, sandstones were assigned to their depositional
interval (DI-1 to DI-5).
Table 1
Summary of point-count data of sandstones from the Lower Section of the P

Grain composition (recalculated to 100% of the fram

Qm Qp Ch FK Plg Lm

Eastern domain

Olta-Malanzán
DI-1 (n = 3) 33 ± 2 0 ± 0 0 ± 0 14 ± 6 13 ± 8 21
DI-2 (n = 14) 42 ± 6 0 ± 1 0 ± 0 15 ± 6 8 ± 4 5
DI-3 (n = 5) 37 ± 5 0 ± 0 0 ± 0 11 ± 4 12 ± 3 5
DI-4 (n = 3) 30 ± 3 0 ± 1 0 ± 0 20 ± 5 12 ± 3 9
DI-5 (n = 3) 40 ± 6 1 ± 0 0 ± 0 12 ± 3 2 ± 1 3

Las Mellizas mine
DI-1 (n = 5) 53 ± 5 1 ± 0 0 ± 0 16 ± 3 0 ± 1 0
DI-2 (n = 1) 55 1 0 10 0 1
DI-3 (n = 3) 56 ± 6 1 ± 1 0 ± 0 11 ± 5 0 ± 0 0
DI-4 (n = 4) 57 ± 6 1 ± 0 0 ± 0 11 ± 5 0 ± 0 0
DI-5 (n = 6) 54 ± 8 3 ± 2 0 ± 0 13 ± 5 0 ± 0 1

Western domain

Cuesta de Huaco
DI-1 (n = 8) 31 ± 5 1 ± 1 0 ± 0 7 ± 2 6 ± 2 1
DI-2 (n = 8) 23 ± 3 1 ± 1 0 ± 0 8 ± 3 1 ± 1 2
DI-3 (n = 19) 39 ± 8 1 ± 1 0 ± 0 17 ± 6 3 ± 1 1
DI-4 (ark) (n = 4) 44 ± 5 1 ± 1 0 ± 0 18 ± 10 10 ± 7 3
DI-4 (volc) (n = 7) 41 ± 7 2 ± 1 13 ± 8 9 ± 2 3 ± 2 1
DI-5 (n = 12) 51 ± 10 2 ± 1 0 ± 0 15 ± 7 3 ± 3 1

Cerro Guandacol
DI-1 (n = 2) 48 ± 2 1 ± 0 0 ± 0 21 ± 2 7 ± 2 3
DI-2 (n = 6) 30 ± 15 2 ± 1 1 ± 1 8 ± 4 3 ± 1 25
DI-3 (n = 16) 45 ± 7 1 ± 1 0 ± 0 17 ± 6 12 ± 7 3
DI-4 (n = 9) 57 ± 6 1 ± 0 0 ± 0 10 ± 3 15 ± 3 3
DI-5 (ark) (n = 9) 54 ± 9 1 ± 1 0 ± 0 11 ± 4 13 ± 8 1
DI-5 (volc) (n = 6) 34 ± 13 2 ± 2 1 ± 0 6 ± 2 4 ± 2 7

Rincón Blanco
DI-1 to DI-3 (n = 12) 15 ± 3 1 ± 1 0 ± 1 9 ± 9 10 ± 3 4
DI-4 (n = 4) 37 ± 8 1 ± 1 1 ± 1 8 ± 1 10 ± 2 5
DI-5 (n = 10) 59 ± 7 2 ± 1 1 ± 0 6 ± 3 11 ± 6 2

a Key to grain types: Qm=monocrystalline quartz; Qp=polycrystalline quar
fragment; Lvi/m/f/v=volcanic rock fragment lathwork/micrlitic/felsitic/vitric
Otr=others (accessory minerals, altered grains).
In a parallel way, the paleodrainage system of the stud-
ied deposits was examined using data published by previ-
ous authors (Spalletti, 1968; Andreis et al., 1975; Andreis
et al., 1986; LópezGamundı́ et al., 1989; Sterren and
Martı́nez, 1996), together with unpublished paleocurrent
measurements obtained from medium- and large-scale
cross-bedded sandstones in fluvial and fluviodeltaic inter-
vals (Net, 1999; Fig. 4).

Sandstone samples were thin sectioned and point count-
ed (300–500 points per sample), following the Gazzi–Dick-
inson methodology (Zuffa, 1985), to minimize
compositional variabilities due to grain size. Pervasively
altered sandstones and those with significant amounts of
altered grains (>10%) were excluded from the data set.
Detrital modes were obtained after reassigning framework
grains to the QFL and QmFLt categories (Table 2). Prov-
enance discriminations are based on schemes by Dickinson
et al. (1983) and consider the hierarchy of different deposi-
tional environments for provenance interpretations defined
by Ingersoll et al. (1993).
aganzo Group

ework fraction)a

Lvi Lvm Lvf Lvv Ls C Otr

± 4 0 ± 0 0 ± 0 1 ± 1 0 ± 0 0 ± 0 0 ± 0 4 ± 1
± 6 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 4 ± 2
± 3 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 10 ± 3
± 5 0 ± 0 0 ± 0 0 ± 0 0 ± 0 2 ± 3 0 ± 0 10 ± 5
± 1 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 11 ± 2

± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 4 ± 1
0 0 0 0 0 0 5

± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 3 ± 1
± 1 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 11 ± 8
± 1 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 7 ± 4

± 1 0 ± 0 0 ± 0 0 ± 0 0 ± 0 5 ± 6 2 ± 2 5 ± 2
± 2 0 ± 0 0 ± 0 0 ± 0 0 ± 0 1 ± 1 0 ± 0 6 ± 2
± 1 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 8 ± 4
± 2 0 ± 0 0 ± 1 0 ± 0 0 ± 0 0 ± 0 0 ± 0 3 ± 1
± 1 0 ± 0 8 ± 4 1 ± 2 1 ± 1 2 ± 1 0 ± 0 2 ± 2
± 2 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 4 ± 2

± 2 0 ± 0 1 ± 0 1 ± 1 0 ± 0 1 ± 1 0 ± 0 1 ± 1
± 19 0 ± 0 7 ± 11 1 ± 1 0 ± 0 1 ± 3 0 ± 0 4 ± 3
± 2 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 5 ± 3
± 1 0 ± 0 2 ± 3 0 ± 0 0 ± 0 0 ± 0 0 ± 0 1 ± 1
± 1 0 ± 0 0 ± 0 0 ± 1 0 ± 0 0 ± 1 0 ± 0 2 ± 2
± 4 0 ± 0 22 ± 11 1 ± 1 0 ± 0 0 ± 0 0 ± 0 4 ± 2

± 2 3 ± 8 6 ± 6 21 ± 14 13 ± 7 0 ± 1 0 ± 0 2 ± 2
± 2 0 ± 0 2 ± 1 1 ± 0 0 ± 0 0 ± 0 0 ± 0 1 ± 1
± 1 0 ± 0 0 ± 0 0 ± 1 0 ± 0 0 ± 1 0 ± 0 3 ± 2

tz; Ch=chert; FK=K-feldspar; Plg=plagioclase; Lm=methamorphic rock
; Ls=sedimentary rock; fragment (clastic); C=carbonate rock fragment;



Table 2
Detrital modes and grain-type ratios for sandstones of the lower section of the Paganzo Group

Dickinson et al. (1983)a Grain parametersb PTFc

Q F L Qm F Lt Qp/Qm Plg/FK Lm/Lt Lv+Ls/Lt Lv/Lt Ls/Lm

Eastern domain

Olta-Malanzán
DI-1 (n = 3) 41 ± 3 33 ± 2 26 ± 4 40 ± 2 33 ± 2 27 ± 4 0.01 ± 0.01 1.21 ± 0.87 0.97 ± 0.05 0.03 ± 0.05 0.03 ± 0.05 0.00 ± 0.00 QF-Lm
DI-2 (n = 14) 61 ± 9 32 ± 7 7 ± 8 60 ± 9 32 ± 7 8 ± 8 0.01 ± 0.01 0.70 ± 0.45 0.99 ± 0.01 0.01 ± 0.01 0.00 ± 0.00 0.01 ± 0.01 QF
DI-3 (n = 5) 57 ± 6 35 ± 6 8 ± 4 56 ± 6 35 ± 6 9 ± 4 0.02 ± 0.01 1.28 ± 0.46 1.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 QF
DI-4 (n = 3) 42 ± 7 44 ± 6 14 ± 8 41 ± 8 44 ± 6 15 ± 8 0.02 ± 0.02 0.61 ± 0.20 0.87 ± 0.22 0.13 ± 0.22 0.00 ± 0.00 0.21 ± 0.36 QF
DI-5 (n = 3) 71 ± 2 24 ± 0 5 ± 2 69 ± 2 24 ± 0 7 ± 2 0.03 ± 0.00 0.24 ± 0.15 0.92 ± 0.13 0.08 ± 0.13 0.05 ± 0.09 0.03 ± 0.06 QF

Las Mellizas mine
DI-1 (n = 5) 76 ± 5 24 ± 5 0 ± 0 75 ± 5 24 ± 5 1 ± 1 0.02 ± 0.01 0.03 ± 0.05 – – – – QF
DI-2 (n = 1) 84 15 1 82 15 3 0.02 0.00 1.00 0.00 0.00 0.00 QF
DI-3 (n = 3) 83 ± 7 17 ± 7 0 ± 0 82 ± 7 17 ± 7 1 ± 0 0.01 ± 0.01 0.04 ± 0.07 1.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 QF
DI-4 (n = 4) 84 ± 7 16 ± 7 1 ± 1 83 ± 7 16 ± 7 2 ± 1 0.01 ± 0.01 0.00 ± 0.00 1.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0. 00 ± 0.00 QF
DI-5 (n = 6) 80 ± 8 18 ± 7 1 ± 1 75 ± 11 18 ± 7 6 ± 4 0.07 ± 0.05 0.02 ± 0.04 1.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 QF

Western domain

Cuesta de Huaco
DI-1 (n = 8) 62 ± 9 24 ± 3 14 ± 8 60 ± 9 24 ± 3 16 ± 8 0.03 ± 0.02 0.88 ± 0.38 0.11 ± 0.13 0.89 ± 0.13 0.00 ± 0.00 13.28 ± 8.69 QF-Ls
DI-2 (n = 8) 67 ± 7 24 ± 7 9 ± 5 64 ± 6 24 ± 7 12 ± 5 0.04 ± 0.03 0.18 ± 0.06 0.61 ± 0.29 0.39 ± 0.29 0.00 ± 0.00 2.49 ± 5.48 QL
DI-3 (n = 19) 65 ± 10 33 ± 10 1 ± 1 64 ± 9 33 ± 10 3 ± 2 0.02 ± 0.02 0.18 ± 0.06 0.93 ± 0.26 0.07 ± 0.26 0.00 ± 0.00 – QF
DI-4 (ark) (n = 4) 60 ± 6 36 ± 10 4 ± 5 57 ± 6 36 ± 10 6 ± 5 0.04 ± 0.02 0.92 ± 0.90 0.93 ± 0.14 0.07 ± 0.14 0.05 ± 0.09 0.03 ± 0.06 QF
DI-4 (volc) (n = 7) 69 ± 6 14 ± 3 17 ± 6 50 ± 8 14 ± 3 35 ± 11 0.39 ± 0.21 0.34 ± 0.23 0.11 ± 0.05 0.89 ± 0.05 0.76 ± 0.05 1.62 ± 1.20 QLv
DI-5 (n = 12) 74 ± 12 24 ± 12 2 ± 2 71 ± 13 24 ± 12 5 ± 3 0.04 ± 0.02 0.22 ± 0.24 0.77 ± 0.36 0.23 ± 0.36 0.11 ± 0.30 0.43 ± 0.92 QF

Cerro Guandacol
DI-1 (n = 2) 60 ± 1 34 ± 5 6 ± 4 59 ± 1 34 ± 5 7 ± 4 0.02 ± 0.00 0.33 ± 0.06 0.66 ± 0.15 0.34 ± 0.15 0.27 ± 0.06 0.12 ± 0.17 QF
DI-2 (n = 6) 43 ± 22 15 ± 8 42 ± 29 40 ± 21 15 ± 8 45 ± 29 0.09 ± 0.05 0.41 ± 0.20 0.74 ± 0.16 0.26 ± 0.16 0.22 ± 0.16 0.06 ± 0.10 QL
DI-3 (n = 16) 59 ± 6 37 ± 8 4 ± 4 58 ± 4 37 ± 8 5 ± 5 0.02 ± 0.03 0.90 ± 0.73 0.93 ± 0.07 0.07 ± 0.07 0.07 ± 0.07 0.00 ± 0.02 QF
DI-4 (n = 9) 66 ± 5 28 ± 3 6 ± 6 65 ± 5 28 ± 3 7 ± 6 0.02 ± 0.01 1.94 ± 1.45 0.63 ± 0.18 0.37 ± 0.18 0.29 ± 0.22 0.13 ± 0.10 QF
DI-5 (ark) (n = 9) 67 ± 9 30 ± 8 3 ± 2 66 ± 8 30 ± 8 4 ± 3 0.02 ± 0.01 1.53 ± 1.34 0.63 ± 0.43 0.37 ± 0.43 0.19 ± 0.25 0.29 ± 0.58 QF
DI-5 (volc) (n = 6) 47 ± 17 13 ± 5 39 ± 19 43 ± 16 13 ± 5 43 ± 19 0.09 ± 0.06 0.72 ± 0.35 0.23 ± 0.05 0.77 ± 0.05 0.76 ± 0.05 0.04 ± 0.06 LvQ

Rincón Blanco
DI-1 to DI-3 (n = 12) 20 ± 4 23 ± 12 58 ± 13 18 ± 3 23 ± 12 59 ± 13 0.09 ± 0.08 5.28 ± 10.67 0.08 ± 0.04 0.92 ± 0.04 0.91 ± 0.05 0.12 ± 0.24 Lv
DI-4 (n = 4) 60 ± 5 28 ± 2 12 ± 4 57 ± 5 28 ± 2 15 ± 4 0.05 ± 0.01 1.23 ± 0.24 0.68 ± 0.21 0.32 ± 0.21 0.32 ± 0.21 0.00 ± 0.00 QL
DI-5 (n = 10) 76 ± 9 21 ± 10 3 ± 2 73 ± 9 21 ± 10 6 ± 3 0.04 ± 0.02 1.90 ± 1.33 0.80 ± 0.17 0.20 ± 0.17 0.12 ± 0.12 0.13 ± 0.25 QF

a Q, total quartz; Qm, monocrystalline quartz; F, total feldspar; L, rock fragments; and Lt, total rock fragments (including polycrystalline quartz).
b Qm/p, monocrystalline/polycrystalline quartz; FK, K–feldspar; Plg, plagioclase; and Lm/v/s/t, metamorphic/volcanic/sedimentary/total rock fragments.
c PTF, petrofacies (see text for code explanation).
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4. Sandstone petrography

Sandstones from the lower section of the Paganzo
Group exhibit significant variability in both texture and
composition (Net, 1999). Samples included in the data set
(Table 1) range from very coarse to fine grained. Although
matrix content is generally low (0–15%), some sandstones,
particularly within glacigenic levels, have significant
amounts of interstitial material (15–50%). Matrix-rich
sandstones are included in the data set because the matrix
has been interpreted as recrystallized detrital (i.e., ortoma-
trix; Dickinson, 1970), whereas epimatrix and pseudoma-
trix (sensu Dickinson, 1970) seem rare.

Compositional varieties of sandstones are dominated by
arkose and subarkose, whereas litharenites, lithic arkose,
feldspathic litharenite, and sublitharenite occur at specific
stratigraphic levels (Net, 1999). Framework grains can be
divided into quartzose (Q), feldspar (F), and lithic frag-
ments (L) (Dickinson, 1970). Monocrystalline quartz of
plutonic/metamorphic origin (Qm) constitutes the most
abundant grain type. Polycrystalline quartz is scarce,
though it can be locally abundant in some sandstones of
the Guandacol and Punta del Agua formations. Two types
of polycrystalline quartz have been distinguished: (1) meta-
morphic/mylonitic (Qp), with relatively large subgrains (4–
62 lm) and common sutured contacts among them, and (2)
chert (Ch), composed of microquartz with minute sub-
grains (<4 lm), megaquartz, opal, and chalcedony. Feld-
spar grains include both K–feldspar (KF, microcline, and
orthoclase) and plagioclase (Plg). Rock fragments group
metamorphic (Lm), volcanic (Lv), and sedimentary (Ls)
varieties. Metamorphic rock fragments include schist,
gneiss, amphibolites, and metavolcanics. Volcanic rock
fragments include lathwork grains (Lvl) with intergranu-
lar/intersertal texture; microlithic grains (Lvm) with pilo-
taxitic, felted, trachitic, and hyalopilitic textures; felsitic
grains (Lvf) composed of quartz and feldspar intergrowths;
and vitric grains (Lvv) that include vitrophyric textures and
tuff fragments. Finally, sedimentary rock fragments include
both clastic (Ls) and carbonate (C) varieties. Clastic sedi-
Table 3
Summary of compositional characteristics of the petrofacies defined in this wo

Petrofacies name Code Detrital modes

Quartzofeldespathic QF Q 67 ± 12 F 29 ± 1
Qm 66 ± 11 F 29 ±

Quartzolithic-metamorphic enriched QF-Lm Q 41 ± 3 F 33 ± 2 L
Qm 40 ± 2 F 33 ± 2

quartzolithic-sedimentary enriched QF-Ls Q 62 ± 9 F 24 ± 3 L
Qm 60 ± 9 F 24 ± 3

Mixed quartzolithic QL Q 58 ± 17 F 22 ± 8
Qm 54 ± 16 F 22 ±

Quartzolithic-volcanic QLv Q 69 ± 6 F 14 ± 3 L
Qm 50 ± 8 F 14 ± 3

Volcanolithic-quartzose LvQ Q 47 ± 17 F 13 ± 5
Qm 43 ± 16 F 13 ±

Volcanolithic Lv Q 20 ± 4 F 23 ± 12
Qm 18 ± 3 F 23 ± 1

a Key to source areas: PFb, Pampean–Famatinean basement; PPC, Protopr
mentary rock fragments comprise shale, siltstone, and very
fine-grained sandstones. Carbonate grains are mudstone
and wackestone fragments showing bioclasts and recrystal-
lization veins that identify them as ‘‘extrabasinal carbon-
ate’’ (CE) (Zuffa, 1980, 1985; Mack, 1984); as will be
discussed subsequently, CE grains provide critical informa-
tion regarding the Precordillera as a source area.

Main diagenetic alterations in these sandstones include:
(1) feldspar dissolution, kaolinitization/illitization, and alb-
itization (Net, 1999; Net and Limarino, 2000); (2) selective
chloritization of rock fragments; and (3) grain replacement
and concomitant secondary porosity generation (Di Paola,
1972; Andreis et al., 1986; Net, 1999). In all cases, replaced
and/or dissolved grains were restored and point counted as
the precursor grain for provenance interpretation.

5. Petrofacies

The term petrofacies was coined to refer to sandstones
of similar composition, usually defined by parameters such
as QFL percentages and/or the ratio of different grain types
(Mansfield, 1971; Dickinson and Rich, 1972). Petrofacies
delineate stratigraphic entities that can be referred to as
petrologic intervals (Dickinson and Rich, 1972). Analysis
of the vertical variation in sandstone detrital modes within
the Lower Paganzo Group distinguishes seven petrofacies:
quartzofeldespathic (QF), quartzolithic-metamorphic
(QLm), quartzolithic-sedimentary (QLs), mixed quartzo-
lithic (QL), quartzolithic-volcanic (QLv), volcanolithic-
quartzose (LvQ), and volcanolithic (Lv) (Tables 2 and 3).

5.1. Quartzofeldespathic (QF) petrofacies

The quartzofeldespathic (QF) petrofacies (Q 67 ± 12 F
29 ± 10 L 4 ± 5, Qm 66 ± 11 F 29 ± 10 Lt 5 ± 5) includes
typical arkose (Fig. 5a). These sandstones have moderate
to high monocrystalline quartz content, very low polycrys-
talline quartz (Qp/Qm < 0.1), and abundant feldspar
grains, with K–feldspar (particularly microcline) clearly
dominant over plagioclase (FK > Plg), whereas lithic
rk

Interpreted source (s) area(s)a Petrosome

0 L 4 ± 5 PFb Basement
10 Lt 5 ± 5

26 ± 4 PFb Basement
Lt 27 ± 4
14 ± 8 PPC Recycled orogen
Lt 16 ± 8

L 21 ± 23 PFb ± PPC ± CVA Recycled orogen
8 Lt 24 ± 22

17 ± 6 CVA + PC Volcanic arc
Lt 35 ± 11

L 39 ± 19 CVA + PFb Volcanic arc
5 Lt 43 ± 19
L 58 ± 13 CVA Volcanic arc
2 Lt 59 ± 13

ecordillera; and CVA, Carboniferous Volcanic Arc.



Fig. 5. Compositional variation of studied sandstones as reflected by different petrofacies: (a) QF petrofacies, note abundant quartz (Q), k–feldspar (KF,
stained yellow), and plagioclase grains (P, stained pink), sample T31, Tupe Formation, Cuesta de Huaco. (b) QF-Lm petrofacies, characterized by less
quartz and abundant metamorphic (Lm) and common plutonic (Lp) grains, pore space in blue (p), sample MA24, Malanzán Formation, Olta paleovalley.
(c) QF-Ls petrofacies, with common extraformational carbonate grains (C), sample 64, Guandacol Formation, Cuesta de Huaco. (d) QL petrofacies, with
variety of lithic (e.g., metamorphic, Lm) grains and polycrystalline quartz (Qp), sample CG24, Guandacol Formation, Cerro Guandacol. (e) QLv
petrofacies with common quartz (Q) and volcanic rock fragments (Lv), minor k–feldspar (KF), some plagioclase (P), and chert (Ch), sample T8, Tupe
Formation, Cuesta de Huaco. (f) Lv petrofacies with abundant volcanic rock fragments (Lv) and plagioclase grains (P) but minor quartz (Q), sample PA5,
Punta del Agua Formation, Rincón Blanco. All photomicrographs X40; (a, b, e, and f) plain light; (c and d) crossed polars.
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content is very low (L < 10%). The relative enrichment in
quartz content in sandstones of the QF petrofacies from
the Lagares Formation at Las Mellizas mine (Table 2) is
due to feldspar kaolinitization (Di Paola, 1972; Net, 2002).

QF petrofacies is volumetrically the most common pet-
rofacies in Carboniferous deposits of the Paganzo Basin. It
is particularly dominant in the eastern domain of the basin
(i.e., Olta-Malanzán and Las Mellizas mine localities;
Fig. 1), where it has been identified in all depositional inter-
vals (DI-1 to DI-5; Fig. 4). To the west, QF petrofacies
thins upward as a progradational wedge of arkosic compo-
sition and interfingers with other petrofacies (Fig. 4).

QF sandstones reflect a continental block provenance
signature (Fig. 6), indicating they are sourced from the gra-
nitic/high-metamorphic basement that constitutes the Sier-
ras Pampeanas and/or Sierra de Famatina (Fig. 1).
Paleocurrents measured within QF intervals agree with this
input from easterly located crystalline rocks (Andreis et al.,
1975, 1986; Sterren and Martı́nez, 1996; Net, 1999; Fig. 4).

5.2. Quartzofeldespathic-metamorphic enriched (QF-Lm)

petrofacies

The quartzofeldespathic-metamorphic enriched QF(Lm)
petrofacies (Q 41 ± 3 F 33 ± 2 L 26 ± 4, Qm 40 ± 2 F
33 ± 2 Lt 27 ± 4) is characterized by intermediate to low
quartz content, low polycrystalline quartz (Qp/Qm < 0.1),
plagioclase grains that dominate over K–feldspars



Fig. 6. QmFLt detrital modes of sandstones for each depositional interval (DI-1 to DI-5) from (a) Olta and Malanzán paleovalleys; (b) Las Mellizas mine;
(c) Cuesta de Huaco; (d) Cerro Guandacol; and (e) Rincón Blanco. (f) LvLmLs triangle for all other-than-continental-block-provenance petrofacies
showing relative participation of each source area. Provenance diagrams after Dickinson et al. (1983).
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(Plg/FK > 1), and abundant metamorphic rock fragments
(Lm/Lt near 1; Fig. 5b, Table 2).

QLm petrofacies is only present in the eastern domain of
the Paganzo Basin, where schist and phyllites locally con-
stitute the Pampean–Famatinean basement (i.e., Olta and
Malanzán paleovalleys, Fig. 4). QLm sandstones are the
matrix of conglomerates in lateral alluvial fans that result
in the basal fill of the Malanzán paleovalley (DI-1). These
alluvial fans exhibit the characteristic radial pattern of
paleocurrents usually described for that depositional envi-
ronment (Sterren and Martı́nez, 1996). QLm petrofacies
thus reflects regions in which the plutonic-metamorphic
Pampean–Famatinean basement is locally dominated by
tonalites and low-grade metamorphic rocks.

Although geologic evidence clearly points to a continen-
tal block as the provenance area for these QLm sandstones,
their detrital modes plot in the dissected arc provenance
field of Dickinson et al. (1983) (DI-1 in Fig. 6a). This
apparent mismatch results from the high content of fine-
grained, low-grade metamorphic rock fragments that shift
the composition toward the Lt (total lithic fragments) pole
of the triangle. It also should be noted that alluvial fan
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sandstones belong to the first-order sampling scale of
Ingersoll et al. (1993), which is appropriate only to assess
the nature of local source rocks and not to interpret region-
al tectonic settings (e.g., sandstones from higher sampling
orders are from big rivers and deltas or shorezone; Inger-
soll et al., 1993).

5.3. Quartzofeldespathic-sedimentary enriched (QF-Ls)

petrofacies

The quartzofeldespathic-sedimentary enriched (QF(Ls))
petrofacies (Q 62 ± 9 F 24 ± 3 L 14 ± 8, Qm 60 ± 9 F
24 ± 3 Lt 16 ± 8) can be defined by its moderate quartz
content, low polycrystalline quartz (Qp/Qm < 0.1), low to
moderate plagioclase content (Plg/FK = 0.5–1), and par-
ticularly the dominance of sedimentary rock fragments
(clastic or extraformational carbonatic) over metamorphic
rock fragments (Ls/Lm� 1; Fig. 5c, Table 2).

QLs petrofacies is restricted to DI-1 in localities where
sandstones directly overlie Early Paleozoic sediments of
the Precordillera (e.g., Cuesta de Huaco; Figs. 3, 4). Abun-
dance of limestones and fine-grained clastic sedimentary
rock fragments in these sandstones points out to a mixed
provenance signal that reflects the input from the Precord-
illeranic basement (DI-1 in Fig. 6c).

5.4. Mixed quartzolithic (QL) petrofacies

The mixed quartzolithic (QL) petrofacies (Q 58 ± 17 F
22 ± 8 L 21 ± 23, Qm 54 ± 16 F 22 ± 8 Lt 24 ± 22) is char-
acterized by its moderate to high total quartz content, with
variable amounts of polycrystalline quartz (Qp/Qm near
0.05). Relative amounts of K–feldspar and plagioclase
are variable (Plg/FK = 0.20 to 1.5, Table 2). QL contains
the most varied lithic assemblage; metamorphic rock frag-
ments usually dominate the lithic fraction (Lm/Lt > 0.50;
Fig. 5d; Table 2), with subordinate volcanic and/or sedi-
mentary rock fragments (Lv + Ls/Lt > 0.25, Table 2). Vol-
canic rock fragments commonly show propilitic alteration
(i.e., to carbonates, epidote, and opaque minerals).

QL petrofacies occurs in two different stratigraphic lev-
els in the lower section of the Paganzo Group: in Namuri-
an-aged glacial diamictites of DI-2 (Cuesta de Huaco and
Cerro Guandacol localities; Fig. 6c and d) and in Stepha-
nian-aged coarse-grained sandstones of DI-4 overlying
the volcanic rocks in the westernmost portion of the Pre-
cordillera (Rincón Blanco locality) (Fig. 6e).

The mixed or recycled orogenic provenance signal that
characterizes QL can be interpreted differently for each
stratigraphic level (Fig. 6f). In the case of the glacial-related
sandstones included in DI-2, mixing of lithologies could
have resulted from fluvioglacial activity and resedimenta-
tion of plutonic-metamorphic-sourced diamictites with
concomitant sedimentary-rich debris incorporation from
the Protoprecordillera basement substratum. DI-4
sandstones could be interpreted as the distal expression
of the arkosic wedge (QF petrofacies) prograding from
the east; the participation of volcanic rock fragments
(Fig. 6f) could be explained by volcanism cessation and
Protoprecordillera collapse in the westernmost deposition-
al area.

5.5. Quartzolithic-volcanic (QLv) petrofacies

The quartzolithic-volcanic (QLv) petrofacies (Q 69 ± 6
F 14 ± 3 L 17 ± 6, Qm 50 ± 8 F 14 ± 3 Lt 35 ± 11) has a
characteristic moderate to high total quartz content,
though chert fragments can be locally abundant (Qp/
Qm = 0.2 to 0.6, Table 2). Mesosilicic and acid volcanic
rock fragments clearly dominate the lithic fraction (Lv/
Lt = 0.75; Fig. 5e), and subordinated sedimentary clasts
are more common than metamorphic fragments (Ls/
Lm > 1). In addition, K–feldspar grains occur in a greater
proportion than plagioclase (Plg/FK < 1) (Table 2).

QLv petrofacies has been identified in DI-4 coarse-
grained sandstones at Cuesta de Huaco (Fig. 4). The high
amount of quartz and volcanic rock fragments associated
with common chert and sedimentary rock fragments sug-
gests that QLv petrofacies resulted from the combined sup-
ply of a distal volcanic arc plus some subordinated
Protoprecordilleranic basement input (Fig. 6f).

5.6. Volcanolithic-quartzose (LvQ) petrofacies

The volcanolithic-quartzose (LvQ) petrofacies (Q
47 ± 17 F 13 ± 5 L 39 ± 19, Qm 43 ± 16 F 13 ± 5 Lt
43 ± 19) has intermediate to low total quartz content and
low polycrystalline quartz (Qp/Qm = 0.05 to 0.15). Highly
altered basic to mesosilicic volcanic rock fragments clearly
dominate the lithic fraction (Lv/Lt = 0.75) with subordi-
nate metamorphic rock fragments (Lm/Lt = 0.18 to 0.28).
Despite the dominant volcanic input, K–feldspar grains
(including microcline) remain more common than plagio-
clase (Plg/FK < 1) (Table 2).

The volcanolithic-quartzose (LvQ) petrofacies is present
at Cerro Guandacol as coarse-grained sandstones and
sandy matrix of conglomerates that form punctuated inter-
calations within DI-4 and DI-5 (Fig. 4).

Moderately to highly abundant altered volcanic rock
fragments, intermediate to low amounts of quartz, and
the presence of microcline indicate LvQ petrofacies is the
result of the combined supply of the Carboniferous volca-
nic arc and distal arkosic input from the Pampean–Fama-
tinean basement (Fig. 6f).

5.7. Volcanolithic (Lv) petrofacies

The volcanolithic (Lv) petrofacies (Q 20 ± 4 F 23 ± 12
L 58 ± 13, Qm 18 ± 3 F 23 ± 12 Lt 59 ± 13) has a remark-
ably high lithic content, with abundant fresh volcanic rock
fragments (Lv/Lt near 1; Table 2, Fig. 5f). Volcanic rock
fragments comprise common mesosilicic rocks (andesite
to traquite) and minor quantities of riolites and dacites;
vitric fragments (tuffs and ignimbrites) are abundant, but
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basalt rock fragments rarely occur. Lv is the only petrofa-
cies in which plagioclase clearly dominates over K–feldspar
(Plg/FK� 1), total quartz is a subordinate component
(Q < 20%), and chert fragments can be abundant (Qp/
Qm = 0–0.2) (Table 2).

Lv petrofacies is restricted to the westernmost domain
of the basin (Rincón Blanco, Fig. 4). Important volcanic
activity along the boundary between the Paganzo and
Rı́o Blanco basins promoted volcanolithic sandstones to
intercalate with andesites and dacites in depositional inter-
vals 1, 2, and 3 (Fig. 4). Field relationships and the compo-
sitional affinity of sandstones to their associated volcanic
rocks indicate that Lv resulted from syndepositional mag-
matic activity related to subduction along the paleo-Pacific
margin of Gondwana (Remesal et al., 2004).

6. Petrosomes

The term petrosomes was employed by Ingersoll and
Cavazza (1991) to describe ‘‘consanguineous, regionally
correlatable units’’ that result in three-dimensional rock
bodies of genetically related petrofacies, thus pointing to
common source areas. The concept of petrosomes would
be adequate in the case of lithologically heterogeneous
basements, and it is particularly useful to apply in the case
of the Paganzo Basin due to the lithological complexity
that characterizes its source areas.

Each morphotectonic element envisaged as a source area
for the Upper Carboniferous sediments of the Paganzo
Basin is represented herein by a petrosome (Table 3).
Petrosomes are thus defined by a particular association of
petrofacies after provenance interpretations (Fig. 6). Three
petrosomes are recognized in the lower section of the
Paganzo Group: basement, recycled orogen, and volcanic
arc (Table 3).

6.1. Basement petrosome

The basement petrosome includes two petrofacies (QF
and QF-Lm) that reflect the continental block provenance
of the plutonic-metamorphic basement of the Sierras
Pampeanas and Sierra de Famatina systems (Fig. 1). This
petrosome constitutes most of the sedimentary fill of the
Paganzo Basin and dominates the eastern portion of the
depositional area; to the west, the basement petrosome
forms an arkosic wedge that diachronically prograded onto
the Protoprecordillera (Fig. 4).

6.2. Recycled orogen petrosome

The recycled orogen petrosome combines two petrofa-
cies (QF-Ls and QL) carrying provenance signals from
mixed and recycled orogenic provenance areas (Fig. 6).
This petrosome has a restricted time and space extent
and is only identified in the central portion of the basin
(Fig. 4). The presence of a recycled orogen petrosome indi-
cates that the Protoprecordillera acted as a positive element
and active source of sediment during Namurian times. The
declining participation of this petrosome toward the Car-
boniferous–Permian boundary suggests that the Protopre-
cordillera was losing its topographic expression before its
final collapse (Limarino et al., 2003).

6.3. Volcanic arc petrosome

The volcanic arc petrosome is represented by three pet-
rofacies (QLv, LvQ, and Lv) that show input from the Car-
boniferous volcanic arc developed during Wesphalian and
Stephanian times along the western margin of the Precord-
illera (Fig. 6). This petrosome occurs as a very thick strati-
graphic interval at the westernmost border of the Paganzo
Basin (Rincón Blanco; Fig. 4). An analysis of petrographic
parameters in the Lv-QLv-LvQ trend (Table 2) reveals a
progressive decrease in the abundance of volcanic rock
fragments with a concomitant increase in the amount of
monocrystalline quartz grains and the K–feldspar-to-pla-
gioclase ratio. Spatial distribution of this trend highlights
localities in paleogeographic positions close to the volcanic
center (e.g., Rincón Blanco, Fig. 1) and the progressive loss
of the volcanic arc signal due to non-volcanic-sourced sed-
iment incorporation in localities farther east (e.g., Cuesta
de Huaco, Cerro Guandacol; Fig. 1).

7. Evolutive model

The model we propose for the evolution of the Upper
Carboniferous sedimentary fill of the Paganzo Basin
reveals complex spatial and temporal relationships among
the petrosomes; this model is intended to honor paleocur-
rent data and provenance information obtained from sand-
stones (Fig. 7).

At the beginning of the sedimentary filling of the basin,
the recycled orogen petrosome formed a narrow belt close
to the Protoprecordillera in the western Paganzo Basin
(Fig. 7a). A major episode of sediment recycling and mix-
ing resulted from the glacial and associated postglacial
flooding events during the Namurian (Fig. 7b). The recy-
cled orogen petrosome was then progressively covered by,
or intertongued with, the basement petrosome prograding
from the eastern-sourced, plutonic-metamorphic Sierras
Pampeanas and Sierra de Famatina systems (Fig. 7c and
d). It is worth noting that in the eastern Paganzo Basin,
where the sedimentary pile rests directly on the plutonic-
metamorphic basement, the basement petrosome domi-
nates the entire analyzed interval as a very thick arkosic
wedge (Figs. 4 and 7d).

Meanwhile, the existence of an important volcanic cen-
ter located in the westernmost border of the basin during
Late Carboniferous times is evidenced not only by volcanic
rocks (andesites and dacites) but also by a volcanic arc
petrosome (Fig. 7a–c). Thus, the volcanic arc petrosome
allows the detection of volcanic activity in central positions
of the basin where no volcanic rocks occur (e.g., Cuesta de
Huaco, Cerro Guandacol, Fig. 4). The progressive decrease



Fig. 7. Proposed evolutive model for sedimentary fill of the Paganzo Basin during the Late Carboniferous–Early Permian. Paleogeography based on
interpreted maximum areal extent of the basin, following Salfity and Gorustovich (1983).
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in volcanic rock fragment content registered in sandstones
of the volcanic arc petrosome from west to east (i.e., Lv to
LvQ and QLv petrofacies; see Table 3) suggests dilution of
the volcanic arc provenance signature caused by reworking
and mixture with nonvolcanic lithologies during sediment
transport away from the volcanic chain. The volcanic arc
petrosome is diachronically covered by the basement petro-
some prograding from the east (Fig. 4). The sharp bound-
ary between the volcanic arc and basement petrosomes at
Rincón Blanco constitutes a conspicuous stratigraphic
and petrologic discordance (Scalabrini Ortiz, 1973; Net,
1999).

Finally, a second transgressive event during Late Car-
boniferous–Early Permian times is registered in the western
Paganzo Basin (Figs. 3, 4, 7e). By this time, the basement
petrosome dominated the whole basin, and only sporadic
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participation of volcanic arc-derived sediments has been
registered (e.g., LvQ petrofacies in Cerro Guandacol; Table
3). Although this transgression did not reach the eastern
portion of the Paganzo Basin, some changes in the style
of the fluvial systems in inland positions were interpreted
as resulting from this base-level rise.

8. Conclusions

Petrofacies and petrosomes are useful tools to under-
stand the temporal and spatial evolution of the Carbonifer-
ous sedimentation in the Paganzo Basin. Whereas
petrofacies describe lithological characteristics of source
areas in terms of sandstone detrital modes, petrosomes
are used herein as assemblages of petrofacies to describe
the lithological complexity of the Paganzo Basin substra-
tum adequately.

Three source areas recognized in the Paganzo Basin
(Pampean–Famatinean basement, Precordilleranic base-
ment, and Carboniferous volcanic arc) are characterized
by seven petrofacies and grouped according to their prov-
enance discrimination in three petrosomes: basement, recy-
cled orogen, and volcanic arc petrosomes.

The Pampean–Famatinean basement is represented by
the basement petrosome, which consists of the quartzofel-
despathic (QF) and the quartzofeldespathic-metamorphic
enriched (QF-Lm) petrofacies. QF derives from granitoids
and high-grade metamorphic rocks of the Sierras Pampe-
anas and Sierra de Famatina systems. QF-Lm represents
local low-grade metamorphic and sedimentary rocks of
Vendian? – Cambrian age associated with this basement.
The plutonic-metamorphic basement constitutes most of
the Paganzo Basin substratum, the dominant source area
for Upper Carboniferous sediments in the eastern and cen-
tral domains of the basin. This basement petrosome pro-
grades diachronically from east to west as a clastic wedge
of arkosic composition.

The Precordilleranic basement is represented by the
recycled orogen petrosome, characterized by the quartzo-
feldespathic-sedimentary enriched (QF-Ls) and mixed
quartzolithic (QL) petrofacies. QLs petrofacies evidences
a supply from Early Paleozoic sedimentary rocks (marine
limestones, fine-grained siliciclastics) that formed the core
of the Protoprecordillera. The mixed provenance signal
of the QL petrofacies indicates different interpretations
linked to different paleogeographic and paleotectonic
frameworks; it can be attributed to the reworking of plu-
tonic-metamorphic-derived sediments on a Protoprecord-
illera-derived substratum during glacial and postglacial
activity (e.g., DI-2 diamictites in western Paganzo Basin)
or to the incorporation of volcanic arc-derived material
into the distal arkosic wedge after volcanism cessation
and Protoprecordillera collapse (e.g., DI-4 sandstones in
the westernmost boundary of the basin). This petrosome
constitutes evidence of the Protoprecordillera orogenic belt
acting as a positive element in the western Paganzo Basin.
The geometry of this petrosome and its loss near the Car-
boniferous–Permian boundary supports the idea of a pro-
gressive decrease in relief and final collapse of the
Protoprecordillera.

The Carboniferous volcanic arc source area is represent-
ed by the volcanic arc petrosome and clearly evidenced by
the volcanolithic (Lv), volcanolithic-quartzose (LvQ), and
quartzolithic-volcanic (QLv) petrofacies. These three pet-
rofacies register a progressive decrease in the abundance
of volcanic rock fragments and a parallel increase in the
amount of quartz and the K–feldspar-to-plagioclase ratio,
which point to progressively farther paleogeographic posi-
tions with respect to the position of the volcanic arc. The
volcanic arc petrosome pinches out into sandstones belong-
ing to the basement petrosome without reaching the east-
ern domain of the Paganzo Basin.

An evolutive model of the sedimentary fill of the Pagan-
zo Basin during Late Carboniferous times is proposed
herein. This model is intended to honor observed varia-
tions in sandstone composition in time and space registered
within the upper section of the Paganzo Group, as well as
available paleocurrent and paleoenvironmental data.
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L.I. Net, C.O. Limarino / Journal of South American Earth Sciences 22 (2006) 239–254 253
la Argentina y en la República Oriental del Uruguay. Academia
Nacional de Ciencias, Córdoba, pp. 177–202.
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González, C.R., Bossi, G., 1987. Descubrimiento del Carbonı́fero inferior
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