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ARTICLE INFO ABSTRACT

Keywords: Both global and regional climate drivers contributed to glaciation during the late Paleozoic Ice Age (LPIA).
Late Paleozoic Ice Age However, the transition from icehouse to greenhouse conditions was asynchronous across Gondwana suggesting
Paleoclimate that, in some cases, regional controls played a significant role in deglaciation. Of particular interest to under-
Pennsylvanian standing changing LPIA climatic conditions, is the eastern Paganzo Basin. This region was flanked by ice centers
gfsgx:izy in the Precordilleran and Sierras Pampeanas regions of Argentina on the west, and major ice sheets in the Parand,
Glaciation Chaco-Parand, and Sauce Grande basins to the east, all of which resided between ~40 and 65° S latitude.
Argentina Hypotheses on the occurrence of ice in the eastern Paganzo Basin are based on interpretations of the narrow,

steep-walled, Olta-Malanzan paleovalley as carved by an alpine glacier or by an outlet glacier draining an
eastern ice sheet, and that glaciers deposited coarse clastics within the paleovalley. However, we found no
evidence for glaciation. Rather, gravel from prograding alluvial fans/fan deltas and rock falls ponded drainage
resulting in lacustrine activity in the eastern end of the valley. A transition from either subaerially or shallow
subaqueously deposited sandstones to marine mudstones in the western end of the Olta paleovalley suggest a
marine transgression, which, in turn, was overlain by deposits of prograding Gilbert-type deltas. Dropstones
were from rock falls off valley walls and rafting by lake ice rather than from icebergs. Therefore, we conclude
that the climate in western Argentina resulted from uplift induced glaciation in the Precordilleran region and
along the western margin of the Paganzo Basin, and the occurrence of a precipitation shadow to the east. The
disappearance of the western glaciers during the mid-Carboniferous, prior to deglaciation elsewhere at the same
paleolatitude, resulted from a westward shift in the position of the active margin, collapse of the glaciated
upland(s), and an expansion of the precipitation shadow across the whole of western Argentina.

1. Introduction

The Late Paleozoic Ice Age (LPIA; ~372 to 259 Ma) represents the
longest glacial interval during the last 541 Myr. Recent studies suggest
that this event was characterized by multiple, glacial and non-glacial
intervals each lasting up to 10 Myr with individual glaciations marked
by numerous ice sheets that waxed and waned diachronously across the
supercontinent (Lopez-Gamundi, 1997; Isbell et al., 2003, 2012;
Fielding et al., 2008a, 2008b; Montafez and Poulsen, 2013; Frank et al.,

2015). Glaciation began in northern Gondwana and other scattered
sites in the late Devonian with the main phase of the LPIA commencing
in western and northern South America in the Mississippian (Viséan)
before ice sheets spread across Gondwana in the Late Mississippian,
Pennsylvanian and Early Permian (Caputo and Crowell, 1985; Lopez-
Gamundi, 1997; Isbell et al., 2003, 2012; Fielding et al., 2008b;
Limarino et al., 2014). The transition out of the LPIA into greenhouse/
hothouse conditions was diachronous, beginning first in western South
America in the Early Pennsylvanian and ending in eastern Australia
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Fig. 1. (A) Late Paleozoic basins (yellow) and surrounding uplands (gray) of southern South America. (B) Paganzo Basin location map. (C) Paleogeographic re-
construction of western Gondwana showing depositional basins and the location of the Paganzo, Parand, Chaco-Parana (CPB), and Sauce Grande (SGB) basin in
southern South America (modified from Lawver et al., 2011). D and E) schematic reconstructions (A-A’) of the Paganzo basin and its position east of the Proto-
precordillera, a fold-thrust belt that housed glaciers in the mid-Carboniferous prior to its extensional collapse through the Pennsylvanian (modified after Limarino
et al., 2006). D shows hypothetical location of glaciers (modified after Astini et al., 2009) in what would become the eastern Paganzo Basin that is tested in this paper.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

during the early Late Permian (Caputo and Crowell, 1985; Veevers and
Powell, 1987; Fielding et al., 2008c; Frank et al., 2015). Although many
aspects of the LPIA remain controversial (cf. Horton and Poulsen, 2009;
Montafiez and Poulsen, 2013), resolving the timing and extent of the
waxing, waning, and disappearance of ice centers across Gondwana is
of particular interest for developing an understanding of the drivers of
long-term global and regional climate change.

Basins in western Argentina (e.g., Calingasta-Uspallata, Rio Blanco,
and western Paganzo basins; Fig. 1) record the onset of the Viséan stage
of glaciation, and were some of the first in Gondwana to be deglaciated
during the Early Pennsylvanian (cf. Lopez-Gamundi et al., 1994; Lopez-
Gamundi, 1997; Caputo et al., 2008; Henry et al., 2008). However,
basins in east-central South America (e.g., Parand, Chaco-Parand, and
Sauce Grande basins; Fig. 1) experienced the glacial to post-glacial
transition later during the Late Pennsylvanian and Early Permian (cf.
Lépez-Gamundi et al., 1994; Holz et al., 2008; Rocha Campos et al.,
2008; Limarino et al., 2014; Cagliari et al., 2016; Griffis et al., 2017)

despite their location at essentially the same paleolatitude (between
~40 and 65° S latitude) as the western Argentine basins (Fig. 1C;
Powell and Li, 1994, Isbell et al., 2012; Lawver et al., 2011; Torsvik and
Cocks, 2013). Of particular interest to the paleoclimate history of South
America and Gondwana is the eastern Paganzo Basin and the Olta-
Malanzan paleovalley (Figs. 1 and 2). Although these features were
located between the eastern and western glaciated basins of South
America (Fig. 1), the presence and extent of ice there is highly con-
troversial. Several authors suggest that the eastern Paganzo Basin was
the site of either valley glaciers on uplands or an extensive ice sheet that
drained westward as an outlet glacier through the Olta-Malanzan pa-
leovalley (Fig. 1D; cf. Sterren and Martinez, 1996; Aquino et al., 2014;
Enkelmann et al., 2014; Socha et al., 2014); however, others suggest
that limited or no ice occurred in this region (cf. Andreis et al., 1986).

One of the central postulates for the existence of Carboniferous
glaciers in the easternmost part of the Paganzo Basin is based on in-
terpretations of the Malanzan Fm. (Fig. 3) as glacigenic in origin
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Fig. 2. (A) Simplified geologic map of the Olta-Malanzan paleovalley and surrounding ranges (modified from Net and Limarino, 1999). (B) Location map of study
sections Google Earth satellite image of the Olta paleovalley showing the geology (modified after Sterren and Martinez, 1996) and locations of measured stratigraphic
columns. (C) Stratigraphic sections, locations and major facies contained in the measured sections in this study.

(Sterren and Martinez, 1996; Astini, 2010; Enkelmann et al., 2014;
Rabassa et al., 2014; Socha et al., 2014). Due to the paleoenviron-
mental, paleogeographic, and paleoclimatological importance of the
Malanzan Fm. and the ambiguity that surrounds the origin of these
deposits, further investigation is warranted. Here, we report on the
depositional setting of the Malanzan Fm. in the Olta paleovalley to
resolve the size, timing, and extent of glaciers in South America, to

resolve the glacial history of the eastern Paganzo basin, and to under-
stand reasons for diachronous deglaciation during the LPIA. Fieldwork
was conducted in 3/2015 and 8/2016. We employed standard strati-
graphic and sedimentological techniques to examine and measure 18
stratigraphic sections of the Malanzan Fm. (Figs. 2 and 4). Poorly sorted
clastic rocks were identified using the classification scheme of Hambrey
and Glasser (2012).
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Fig. 3. Stratigraphic chart for the Late Paleozoic units of the Olta-Malanzan
paleovalley (modified from Gutiérrez and Limarino, 2001; Gulbranson et al.,
2010). Ages are extrapolated from radiogenic dates of coeval deposits in the
western Paganzo basin (Gulbranson et al., 2015).

1.1. Geologic setting and objectives

One of the earliest lines of evidence for glaciation (Viséan to early
Bashkirian) associated with the main phase of the LPIA is recognized
from the Precordillera region in western Argentina. The
Protoprecordillera (Fig. 1), also referred to as the Tontal Arch, was an
ancient uplift, which coincided with the present position of the Pre-
cordillera mountain range. This upland was interpreted by some to
have developed as a fold thrust belt during late stages of the Chanic
Orogeny (Late Devonian to Mississippian) as the Chilenia terrane ac-
creted to the western margin of Gondwana (e.g., Ramos et al., 1984,
1986; Limarino et al., 2006, 2014, Fig. 1D). In this belt, glacigenic
deposits occur in deeply-incised paleovalleys > 1000 m deep that are
oriented sub-radially away from the uplift and directed into the ad-
jacent Calingasta-Uspallata, Rio Blanco, and western Paganzo basins
(Fig. 1B; cf. Lopez-Gamundi et al., 1994; Lépez-Gamundi and Martinez,
2000; Dykstra et al., 2006; Henry et al., 2008). Serpukhovian-Bash-
kirian glaciers were also associated with the Sierras Pampeanas ranges
in the central to western portion of the Paganzo Basin (Limarino and
Gutiérrez, 1990; Limarino et al., 2002, 2014; Marenssi et al., 2005;
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Henry et al., 2008; Astini, 2010). Glaciers disappeared in these regions
during the Early Pennsylvanian, possibly associated with the collapse of
the upland during the Pennsylvanian and Permian as the active margin
of Gondwana shifted to the west, and the region, including a developing
Paganzo Basin, underwent back-arc extension (Fig. 1E; Ramos, 1988;
Lépez-Gamundi et al., 1994; Limarino et al., 2002, 2006, 2014; Isbell
et al., 2012). However, Astini et al. (2009) and Astini (2010) envisioned
a different Carboniferous history that started with widespread regional
uplift for western Argentina and erosion of an extensive peneplain that
developed due to the occurrence of erosion beneath an extensive ice cap
across much of the region ~325-340 Ma (Fig. 1D). This was then fol-
lowed by back-arc extension and associated glacial contraction to
remnant ice centers located on uplifted blocks that developed in and
around the Paganzo Basin ~305-325 Ma. Under this scenario, these
glaciers cut a series of valleys into and across these uplifted blocks as
the ice sheet collapsed. This tectonic regime is hypothesized to have
been the result of rollback of a descending slab during the docking of
the Chilenia Terrane, which was followed by inversion of the area into a
retroarc foreland basin as renewed subduction shifted farther west
during the latest Carboniferous and Early Permian.

The major basement uplifts within and along the margins of the
Paganzo Basin today are inferred to have been topographic highs
during the late Paleozoic (Jordan et al., 1989; Lopez-Gamundi et al.,
1994; Limarino and Spalletti, 2006; Enkelmann et al., 2014), They are
noteworthy for their potential to have hosted glaciers during the LPIA.
One block, containing the present-day Sierra de Los Llanos, the Sierra
de Lujan, the Sierra de Malanzéan, the Sierra del Porongo, and the
Sierras de Chepes (Figs. 1 and 2), lies within the Paganzo basin nearly
250 km to the east of the Precordillera region. These ranges are com-
posed primarily of Ordovician granite (Chepes Fm.) and schist (Olta
Fm.). Cut into these basement blocks, is a narrow valley system, the
Olta and Malanzén valleys (Figs. 2B and 5) that are superimposed on,
and exhuming Carboniferous and Permian deposits of the Olta-Ma-
lanzan paleovalley. The Anzulén paleovalley (Fig. 2A) was also part of
this system, but it does not expose strata that are of interest for this
study. In plan view, the Olta-Malanzan valley displays a “lazy S” shape
(Fig. 2A). The main axis of the paleovalley stretches approximately
40 km and narrows from its width of ~5500 m in the west (village of
Malanzan) to less than 500 m on the eastern end of the valley near the
city of Olta (Fig. 2). In several places, the paleovalley is less than 200 m
wide, especially where a small modern tributary valley enter the Olta
valley (near section OVS8; Fig. 2B). Tributary are also cutting into
Carboniferous deposits and are exhuming small tributary paleovalleys
that entered the main paleovalley (Fig. 2B). This Olta-Malanzéan pa-
leovalley system has alternately been interpreted to be either glacially
carved (cf. Sterren and Martinez, 1996; Enkelmann et al., 2014;
Rabassa et al., 2014; Socha et al., 2014) or tectonically formed as a
fault-bounded depression (Andreis et al., 1986; Buatois and Mangano,
1995; Net and Limarino, 1999).

Late Paleozoic deposits preserved in the valley are represented by at
least four formations belonging to the Paganzo Group (Fig. 3). The basal
fill is the Malanzan Fm., which is described in detail from exposed
strata in the western Malanzén portion of the paleovalley (Azcuy, 1975;
Andreis et al., 1986; Azcuy et al., 1987; Buatois and Méangano, 1995),
but which also includes the basal fill of the valley to the east near Olta
(Bracaccini, 1948; Sterren and Martinez, 1996; Gutiérrez and Limarino,
2001; Net et al., 2002). Palynological assemblages are used to correlate
the Malanzan Fm. with the Middle Carboniferous (Late Serpukhovian to
Bashkirian) lower Paganzo Group in western portions of the Paganzo
basin (Gutiérrez and Limarino, 2001; Pérez Loinaze, 2009; Gulbranson
et al.,, 2010; Césari et al., 2011). The Malanzdn Fm. directly overlies
basement and contains abundant conglomerates, breccias, and scat-
tered diamictites, which interfinger laterally and intercalate vertically
with graded and cross-laminated sandstones and mudstones (Andreis
et al., 1986). The origin of these strata is problematic as they are in-
terpreted either as glacial deposits (Sterren and Martinez, 1996;
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sections (OV1-6; Table 1; Fig. 1). Column B represents a composite of coarse-grained strata in the middle of the valley (OV9-12). In the western portion of the study
area, column C represents part of the fining-upward succession (OV14) and column D the uppermost coarsening-upward succession (OV15-18).

Enkelmann et al., 2014; Rabassa et al., 2014; Socha et al., 2014), or
sediment gravity flows on alluvial fans, and/or lacustrine/marine de-
posits (Andreis et al., 1986; Buatois and Méangano, 1995; Gutiérrez and
Limarino, 2001). Drainage in the Olta-Malanzin paleovalley is inter-
preted to have flowed towards the west (Andreis et al., 1986; Sterren
and Martinez, 1996). Later Carboniferous and Permian boulder-bearing

diamictites and conglomerates, paleosols, medium- and coarse-grained
sandstones and fine-grained sandstones displaying m-scale trough
cross-bed sets occur in the overlying Loma Larga, Solca, and La Colina
formations (Fig. 3), which are interpreted as having been deposited by
braided-fluvial, alluvial fan, and possibly eolian processes suggesting
possible increasing aridification in the basin through time (Andreis
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et al., 1986; Gulbranson et al., 2015). Here we focus on the Malanzéan
Fm. in the Olta portion of the paleovalley system to determine its origin
and climatic significance.

2. Lithofacies analysis

Outcrops of the Malanzan Fm. are exposed by modern incision of
the Rio Olta, which flows eastward through the study area.
Stratigraphically, the lowest strata occur in the eastern end of the valley
while the western end of the valley tends to expose higher stratigraphic
units. Strata of the Malanzén Fm. in the Olta paleovalley are composed
of 9 lithofacies (Table 1; Fig. 4) and described below. Although the base
of the Malanzan Fm. rests on basement rocks, the contact was observed
directly only in sections OV1, OV8, and near OV13 (Figs. 2 and 4)
where strata lap onto the underlying basement along a high relief
nonconformity (Figs. 5 and 6). At OV1, the unconformity is cut on
schist and dips at 15 to 20° to the WNW. Here the bedrock surface is
jagged and uneven, with thin slabs of schist that project into the
overlying diamictite (Fig. 6A and B). Throughout the paleovalley, strata
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of the Malanzén Fm. abuts against walls of granite that slope from 30 to
80° (Figs. 5 and 6C). No striations, grooves, or polished surfaces were
observed on the basement unconformity. The overall facies trends are
characterized by basal clast-rich sandy diamictite and horizontally-and
cross-laminated coarse sandstones overlying basement in the eastern-
most sections (OV1-OV3; Figs. 2 and 4A), fining upwards to ripple
cross-laminated fine and medium-grained sandstones, which are folded
beneath intercalated beds of sandy conglomerate (OV5-OV4) and con-
tinue to fine upwards until the succession is dominated by laminated
mudstone. Outcrops in the central portion of the valley near the steep
paleovalley walls contain boulder breccias (OV7), and horizontally la-
minated sandstones (OV8), but nearby tributary paleovalley sections
are dominated by interbedded boulder conglomerates and rare dia-
mictites that interfinger laterally with folded sandstone and mudstone
(OV9-0V12; Figs. 2 and 4B). The uppermost sections in the western
portion of the study area show a fining upward succession (OV14;
Figs. 2 and 4C) that is then overlain by a coarsening-upwards trend
from laminated mudstones to sandy/gravely clinoforms (OV15-OV18;
Figs. 2 and 4D).
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Table 1

Facies description and interpretations for the Malanzan Formation in the Olta paleovalley, Argentina.

Interpretation

Bed thickness

Distinctive features

Lithologies

Lithofacies

Debris flows on fan surfaces and into lake near

moderately sloped valley walls

Alluvial fan/fan delta

Body consisting of clast-supported nose and matrix-supported 0-1.4m
tail with boulders protruding through unit top

Horizontal laminations, grading

Massive, matrix- to clast-supported diamictite with a

muddy sand matrix

A Clast-rich sandy diamictite

0.2-32.7m

Massive to graded, matrix to clast-supported cobble-rich

conglomerate with a sand matrix

Sandy conglomerate

B

Direct rockfall into lake near steep valley walls

8.2m

Heavily deformed sandstone and mudstone beds between

boulders

Massive, clast-supported breccia with sandstone and

mudstone between angular boulders

C Boulder breccia

Turbidity current/hyperpycnal flow-dominated

deposition in shallow lake settings

0.1-0.6 m

Horizontal laminations, asymmetrical ripples, ripple cross-
laminations, outsized clasts, dewatering structures, prod

marks, and load/flames

Massive or graded gravelly coarse-grained sandstone to

D Graded sandstone

ripple cross-laminated fine sandstone with thin silt drapes

Progradation and aggradation of a channelized fluvial

system, a fan-delta lobe or a delta-mouth bar.

0.1-0.5m

Medium- to coarse-grained, trough, cross-bedded

sandstone

E  Medium to coarse-grained

cross-bedded sandstone
Laminated mudstone

Suspension settling in distal lake settings with outsized

clasts rafted by lake ice or vegetation

0.1-8.1m

Outsized pebbles and cobbles

Thin horizontal laminations of mud with minor very fine

sand and occasional outsized clasts

F

Wind-driven wave action in areas of the lake above wave-

base level reworking sands of Facies D

0.1-0.2m

Symmetrical ripples, outsized clasts, unidirectional ripple

cross-lamination

Thin to very thin beds of symmetrically-rippled fine- to
medium- to grained Ss, often overlain by horizontally-

laminated siltstone

Symmetrically rippled and

bedded sandstone

G

Rapid loading of Facies D and E by cobble- and boulder-

rich debris flows of Facies B. Seismic action and

liquefaction possible

0.2-1.5m

Load/flame structures, convolute bedding, truncated beds

Coherent folded beds of sandstone and mudstone up to

H Folded sandstone and mudstone

1.5m in thickness

Hyperpycnal flow of Gilbert-type delta progradation into

freshwater

0.1-2.3m

Large-scale foreset and bottomset beds

Massive to graded coarse- to fine-grained sandstone

Sandy to gravely clinoform

I
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2.1. Facies A: clast-rich sandy diamictites

2.1.1. Facies A: clast-rich sandy diamictites description

Clast-rich, sandy diamictite occurs in sections OV1, OV9, and OV10
(Fig. 2) and consists of clast rich, intermediate to sandy (> 10% mud),
massive diamictite. At OV1, diamictite rest on underlying schistose
basement rocks, or is separated from the basement by < 1m of hor-
izontally laminated or bedded, pebble-bearing, coarse-grained sand-
stone, all of which onlap the basement (Fig. 7). The diamictite is wedge-
shaped in cross-section (Fig. 7A) with one end of the unit ending as a
clast-supported diamictite in a rounded, “nose-like” margin (Fig. 7B and
D), while the opposite margin ends as a matrix-supported diamictite
that onlaps the basement. Maximum unit thickness is 1.5 m near the
“nose” of the unit and thins and pinches out where the unit onlaps
basement. The facies predominantly contain subrounded pebbles and
cobbles in a muddy, sand-rich matrix. However, an accumulation of
subangular clast-supported boulders up to 60 cm in diameter (long-axis)
defines the “nose” of the body (Fig. 7B and C). Clasts are mostly granitic
with minor schist and quartzite clasts, and the clasts show no clear
faceted, polished, striated sides, or preferred orientations. This facies
displays sharp and erosional lower contacts and sharp upper contacts
with boulders protruding from the top of the unit (Fig. 7A and C).
Adjacent to the steeply dipping “nose,” gravelly stringers of sandstone
(Facies D) onlap the diamictite. Laterally, these sands fine and thin
away from the diamictite body (Fig. 7B and D).

In section OV9 and OV10 (Fig. 2), clast-rich, sandy diamictites are
part of a thick body of sandy conglomerates (Facies B) that emanates
from a tributary paleovalley. These diamictites and conglomerates
downlap, interfinger with, cut into, and grade vertically and laterally
into pebble to boulder conglomerates (Facies B), graded sandstones
(Facies D) and symmetrically rippled sandstones (Facies G) within the
main paleovalley (Fig. 7E). These diamictites are up to 2.5m thick,
massive to inversely graded, and have half a meter to meter-scale
boulders protruding from the top of the deposit. In some places, the
diamictites cut and/or are loaded into the underlying sandstone, with
sandstone flame structures occurring along the margins of the dia-
mictites and extending upward as much as 60 cm into the overlying
diamictite unit. In some cases, the flame structures pierce and are ex-
truded through overlying beds.

2.1.2. Facies A: clast-rich sandy diamictites interpretation

Differentiation of glacial diamictites from nonglacial mass-transport
deposits is problematic (Visser, 1983), but at section OV1, the dia-
mictite has several features similar to cohesive subaqueous debris flows.
These flows commonly develop a frontal concentration of large clasts
resulting in a clast-supported snout and a matrix-supported tail,
“floating” boulders and cobbles that protrude through the top of the
deposit, and out-runner clasts carried beyond the nose of the bed by
associated turbidity currents (Postma et al.,, 1988; Mulder and
Alexander, 2001; Sohn, 2000; Talling et al., 2012).

Resedimented glacial diamictites are reported from paleovalleys in
the western Paganzo basin (Kneller et al., 2004; Dykstra et al., 2006;
Henry et al., 2008; Limarino et al., 2014), but are associated with
striated surfaces, true subglacial tillites, and faceted and striated clasts.
The absence of these features in the Olta paleovalley suggests a non-
glacial source for the remobilized sediment. Evidence of mass transport
deposits are common in steep-walled mountain valleys (Van Steijn,
1996; Godt and Coe, 2007). This facies is interpreted to be deposited by
debris flows off the valley walls into a standing body of water that
occupied the central portion of the paleovalley. Diamictites associated
with sandy conglomerates (Facies B; section OV9, OV10) also have
characteristics similar to debris flow deposits (e.g. clast protruding from
the top of the flow, massive and inverse grading; cf. Sohn, 2000). These
diamictites were likely the result of deposition on alluvial fans/fan
deltas where they flowed out of tributary valleys into the main Olta
paleovalley and prograded across, and loaded, sandy and muddy
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Fig. 6. (A) The nonconformity between clast-rich sandy diamictite and the schist basement at section OV1, which exhibits (B) thin slabs of schist protruding into the
overlying diamictite, and (C) sandstones onlapping the steep (~65°), unstriated granite paleovalley wall at section OV8.

lacustrine deposits (cf. Colombo et al., 2009).

2.2. Facies B: sandy conglomerate

2.2.1. Facies B: sandy conglomerate description

Sandy conglomerates occurs in sections OV9 to OV12 where a thick
succession (> 40 m thick) of conglomerate originates from a tributary
paleovalley (Fig. 2B) and extends down the main paleovalley for over
400m (Fig. 8A). The conglomerates occur as wedge-shaped down-
lapping beds that thin and fine westward where they grade into, and
interfinger with, graded sandstone beds and laminated mudstones of
Facies D, and sandstones containing symmetrical ripple marks, of Facies
G (Fig. 8A and B), some of which have flat-topped crest. The lower
termination of each successive downlapping clinoform steps up in ele-
vation and extends farther toward the west along the outcrop as it in-
terfingers with underlying sandstone (Fig. 8B). Upward, the sandstone
and mudstone beds disappear and the succession becomes entirely a
boulder conglomerate (Fig. 8A and B). Diamictites of Facies A also
occur within these deposits and either grade or interfinger with the
sandy conglomerates. Individual conglomerate beds rest on erosional,
sharp and loaded bases. The conglomerate is reddish-tan in color, and
beds range up to several m thick. The beds are generally internally
massive, except where they display normal grading as they transition
into overlying horizontally-laminated and graded sands of Facies D
(Fig. 8C). The conglomerate is typically clast-supported with coarse
sand filling the void spaces between the clasts (< 10% mud; Fig. 8A and
D). Clasts are predominantly subrounded and granitic in composition,
with common occurrences of quartzite and schist clasts. The conglom-
erates vary from boulder-rich with clasts up to 9.0m in diameter
(section OV9) to cobble-rich. Conglomerates also issue from at least one
other tributary paleovalley that enters the main Olta paleovalley ap-
proximately 1.9 km to the east of section OV9 (Fig. 2B).

The sandy conglomerate facies also occurs between sections OV4
and OV5 where beds of conglomerate, 0.2-1.7m thick, are
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interstratified with thick sandstone beds and laminated mudstones of
Facies D and sandstones containing symmetrical ripple marks of Facies
G. These conglomerates are deformed and will be described further
with strata of Facies H.

2.2.2. Facies B: sandy conglomerate interpretation

This facies represents deposition from sheet flooding, noncohesive
sediment gravity flows, and coarse-grained debris flows (cohesive se-
diment gravity flows) associated with alluvial fans and fan deltas (cf.
Nemec and Steel, 1984, 1988; Blair, 1987, 2001; Blair and McPherson,
1994) that interfinger laterally with lacustrine deposits of Facies D and
G. Deformation at the base of the conglomerates and debrites (Facies A)
are the result of loading of material on water-saturated substrates in a
subaqueous setting. Alluvial fans are common at the base of mountain
valleys where steep-gradient, high-energy tributary streams rapidly
deposit coarse-grained bedload during an abrupt reduction in stream
gradient upon reaching the main valley floor. These fan- or cone-shaped
deposits of alluvium are termed fan deltas where they terminate in a
standing water body and deposition is mainly or entirely subaqueous
(Nemec and Steel, 1988). Such lakes can occur in narrow valleys where
fans and fan deltas prograde across the valley and impound drainage
(Andreis et al., 1986; Colombo et al., 2009). Progradation is indicated
by the increase in boulder conglomerate upward within the succession,
and the westward stepping, downlapping, clinoforms. Deposition was
dominated by event sedimentation during high-discharge flood events
and debris flows. Normal grading in upper portions of beds reflects the
waning stages of discharge and transport by low-density fluids. Clast
may have also been supplied by rock fall from the valley walls.

In the Olta paleovalley, thick deposits of conglomerate emanate
from tributary paleovalleys and extend outward into the main paleo-
valley (Figs. 2 and 8A). Conglomeratic clinoforms that downlap onto
and interfinger with sandstones (Facies G) containing flat topped rip-
ples suggest that the fans prograded out into and across a shallow water
body. The upward stepping nature of the downlapping conglomeratic
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Fig. 7. A clast-rich sandy diamictite bed overlying schist basement at section OV1 with (A) a wedge-shaped profile and “floating” granite boulders protruding
through the upper contact of the bed, (B) and (C) boulder-rich, clast-supported “nose” of the unit, and (D) coarse-grained sandstone with gravel stringers onlapping
the steeply-dipping margin (“nose”) of the diamictite. (E) Massive to inversely graded, clast-rich, sandy diamictite resting on and loaded into rippled sandstone
(section OV10). The diamictite grades vertically into a cobble to boulder-rich conglomerate. Both the sandstone and diamcitite units onlap m-scale boulders.

clinoforms indicates that water levels in the paleovalley rose during fan
deposition (Fig. 8A and B). The Olta paleovalley is less than 200 m wide
in the area between sections OV7 and OV12 where a “paleo-tributary”
enters the main valley (Fig. 2B). Therefore, progradation of these fans
into and across the main paleovalley would have impounded drainage
producing lakes as evidenced by lacustrine sediments that interfinger
with distal alluvial fan conglomerates along the paleovalley, especially
near sections OV8 and OV9 (cf. Colombo et al., 2009). In contrast,
Socha et al. (2014) identified these conglomerates as diamictites with
strongly-developed clast fabrics (Fig. 8) and interpreted these deposits
as subglacial tillites. However, those authors noted the conspicuous
absence of several diagnostic glacial features that were also not

observed in this study including fine-grained matrix material, and clasts
exhibiting polish, striations, or facets. However, clast fabrics also de-
velop from streamflow and debris flows in alluvial fan deposits. No
clear preferred orientations of clasts were observed for the conglom-
erates in this study. Conglomerates in the Olta paleovalley and its tri-
butaries are bedded, and downlap and interfinger with sandstones in
the main paleovalley, thus strengthening the interpretation that these
units were deposited as alluvial fans and fan deltas.



L.D. Moxness et al.

2.3. Facies C: boulder breccia

2.3.1. Facies C: boulder breccia description

Clast-supported breccias were observed at section OV7 less than
70 m from near-vertical granitic paleovalley walls on both sides of the
paleovalley (Fig. 5B and C). At this site, angular granite boulders are
chaotically stacked on top of each other (Fig. 9A). The upper, lower,
and lateral contacts of this deposit were not exposed, but the matrix
between boulders consists of very thin beds of heavily deformed, co-
hesive mudstone and fine-grained sandstones that include the de-
formed, but identifiable trace fossil Diplopodichnus biformis (Fig. 9B),
suggesting that the unit overlies and laterally contacts Facies D. The
+8.2-m thick unit lacks internal organization or stratification. Clasts
are predominantly boulder-sized, including individual clasts up to 5 m
in diameter, and typically the clasts display high angle (> 20°) to
vertical orientations of their long axis.

2.3.2. Facies C: boulder breccia interpretation
The boulder breccia observed at section OV7 is interpreted as direct
rock fall off valley walls into soft lake sediment. Exposures of the Olta
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Fig. 8. (A) Sandy conglomerates of Facies B in the
central portion of the Olta paleovalley where a + 40-
m outcrop of sandy conglomerates with downlapping
clinoforms is exposed at the mouth of a tributary
paleovalley near section OV9. (B) Wedge-shaped
beds of conglomerate interfinger with and wedge out
into horizontally-laminated sandstones of Facies D.
Locations of columns OV9 and OV10 are marked. (C)
Conglomerate with a normally graded top overlain by
very coarse-grained sandstone and (D) conglomerate
at the base of section OV9 consisting of subrounded
granite clasts in a coarse sand matrix.

paleovalley walls possess slopes that commonly exceed 60° and ap-
proach vertical in many places (Fig. 5). An exposed granite surface
directly contacting lacustrine deposits less than 70 m away from the
breccia outcrop suggests that this deposit rests against a steep portion of
the wall. Clasts are largely angular and match the composition of the
local bedrock, suggesting short transport distances. The arthropod
grazing trace Diplopodichnus biformis has been reported in deposits from
multiple late Carboniferous water bodies, including fjord environments
in the western Paganzo basin (Schatz et al., 2011), glacial lakes in the
Parana basin of Brazil (Netto et al., 2009), and in the Teresina Fm. in
southern Brazil where a benthic marine fauna was likely stressed by
salinity fluctuations (Lima and Netto, 2012). The occurrence of trace-
fossil bearing sandstones squeezed between the boulders suggests that
the rock avalanche occurred into an existing water body, and that the
lake sediment was deformed/squeezed up into the voids between the
clasts during the rock fall. Rockfall events are also catalysts for lake
development in narrow mountain valleys (cf. Colombo et al., 2009).

Fig. 9. (A) A boulder breccia unit exposed at section OV7 that contains highly deformed sandstone and mudstone squeezed between angular granite boulders. (B) The
deformed sandstone contains Diplopodichnus biformis traces exposed on a near vertical bedding plane contained between breccia clasts.
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2.4. Facies D: graded sandstone

2.4.1. Facies D: graded sandstone description

The graded sandstone facies consists of sandstone packages that
contain one or all of the following subunits: (Da) thin to medium beds
of massive or graded, gravelly coarse-grained sandstone, (Db) thin beds
of horizontally-laminated, coarse-to medium-grained sandstone, (Dc)
thin beds of current ripple cross-laminated, medium-to fine-grained
sandstone, and/or (Dd) medium laminations to thin beds of parallel-
laminated, siltstone to very fine-grained sandstone (Fig. 10). Lower
portions of sections OV1-OV3 (Fig. 2) show repeating 15-40 cm thick
Da/b sandstone packages with abundant pebbles, cobbles, and occa-
sional boulders (Fig. 10A). These lower units overlie bedrock or clast-
rich sandy diamictites of Facies A with sharp or erosive contacts and the
sandstones also onlap the nose of a wedge-shaped diamictite bed at
section OV1 (Facies A; Fig. 7B and D). Individual Da/b packages
(Fig. 10A) are laterally continuous across the exposures; slightly thin-
ning and fining in the direction of paleoflow (~220°). These beds
transition upwards to 10-25 cm thick Db/c couplets that generally fine
and thin upwards to 5-15 cm Db/c/d packages (Fig. 10A, B, and 10C).

Sections OV4 and OV5 are dominated by 10-30cm Db/c/d
packages (see Facies H) except where 10-50 cm Da/b or Da/b/c/d beds
(Fig. 10D) gradationally overlie massive sandy conglomerate beds
(Facies B). Beds are laterally continuous over distances across the ex-
posures (up to 50 m). Upper portions of section OV4 show very thin
beds of rippled fine- (Dc) and very fine-grained sandstone (Dd) grading
upward into horizontally-laminated mudstone of Facies E. Upper por-
tions of Sections OV1, OV4, and OV5 commonly show asymmetrical,
symmetrical, and combined flow ripples (Fig. 10C; see Facies G). The
base of medium-grained horizontally-laminated sandstones (Db) com-
monly contain prod and bounce (sole) marks where they overlie
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Fig. 10. (A) Alternating beds of graded gravelly
coarse-grained sandstone (Subfacies Da) and hor-
izontally-laminated medium-to coarse-grained sand-
stone (subfacies Db) at the base of section OV2. (B)
Upper portions of OV2 are dominated by subfacies
Db interbedded with minor current ripple cross-la-
minated fine-grained sandstone (subfacies Dc),
which becomes the dominant subfacies represented
in section OV3. (C) Graded sandstones from section
OV4 showing horizontally laminated medium sand-
stones (subfacies Db) grading upward into cross-la-
minated medium to fined-grained sandstone dis-
playing round crested combined flow ripples. Very-
fine-grained sandstone and siltstone drape the rip-
ples. (D) A fining-upwards sequence showing all four
subfacies overlying (section OV4). (E) Load and
flame structures (E) commonly occur where sub-
facies Db overlies subfacies Dd.

siltstone (Dd). These sandstones and siltstones occasionally show small-
scale (< 5cm) load and flame structures (Fig. 10E) and dewatering
pipes penetrating horizontal laminations (Fig. 10D), and Diplopodichnus
biformis trace fossils are common on the top surface of rippled sand-
stones. Outsized pebbles and cobbles are common in coarse-grained
sandstones of this facies and are occasionally present in finer-grained
units.

2.4.2. Facies D: graded sandstone interpretation

Together these deposits have sedimentary structures similar to de-
posits of high- and low-density turbidity currents (divisions A/B/C/D of
Bouma, 1962; T/Tp/Tc/Tp of Talling et al., 2012; representing Da/Db/
Dc/Dd), and flood related units deposited in shallow water basins by
hyperpycnal flow (cf. Mulder and Chapron, 2011; Zavala et al., 2006,
2011). Turbidity currents can be triggered from cohesive debris flows
(Sohn, 2000; Talling et al., 2012), which is the interpretation for thick
units that directly overlie or onlap debrites in sections OV1, OV4 and
OV5 (Fig. 7B and D). Lacustrine “turbidites” are more commonly re-
ferred to as hyperpycnites that owe their origin to high river discharge
during flood events (Dadson et al., 2005; Talling, 2014), prograding
delta-fronts, or due to delta-lip failures (Lambert and Giovanoli, 1988;
Zavala et al., 2006, 2011; Girardclos et al., 2007). The predominate
absence of mud and common wave-influence structures observed in this
facies in the eastern sections of the paleovalley suggests deposition in
relatively shallow portions of a lake above storm wave base. The tur-
bidites/hyperpycnites could also be triggered by storm activity and
could be considered potential storm deposits. A deepening of the lake
through time likely occurred as coarse-grained units dominate basal
sections of the paleovalley and show a gradual fining and thinning of
units upwards until the succession is dominated by mudstone of Facies
F.
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Fig. 11. (A and B) Medium-to Coarse-grained sandstone containing sigmoidally-shaped foreset beds of Facies E overlain by interbedded graded sandstones (Facies D)
and laminated mudstones of Facies F at section OV14. A sharp surface separates sandstone in Facies E from Facies F. Laminated mudstone increase in abundance
upward within Facies F. (C) Alternation of mudstone and sandstone near the base of facies F at section OV14. Note the occurrence of a rare outsized clast. (D)
Interbedded mudstone and sandstone with a bed of hummocky-like cross bedding and a rare outsized clast of weathered granite (section OV14). (E) Interbedded
laminated mudstones and sandy clinoforms (Facies I) at the base of section OV16.

Similar turbidity current/hyperpycnite-dominated lacustrine de-
posits occur in the nearby Malanzan paleovalley (Andreis et al., 1986;
Buatois and Méngano, 1995) and the western Paganzo basin (Limarino
et al., 1984; Buatois and Mangano, 1994). The outsized clasts com-
monly observed in these deposits can be transported by the flow itself
(Postma et al., 1988) or by a variety of mechanisms including ice rafting
(iceberg, lake ice, or anchor ice), rafting by vegetation, and as out-
runner clast or clasts left behind during sediment bypass of waning
sediment gravity flows (see Facies E interpretation; cf. Andreis and
Bossi, 1981; Thomas and Connell, 1985; Woodborne et al., 1989;
Gilbert, 1990; Dionne, 1993; Bennett et al., 1994; Kempema et al.,
2001; Carto and Eyles, 2012). Bouncing clasts could also be projected
into the lake during rock fall events off the steep valley walls.
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2.5. Facies E: medium to coarse-grained cross-bedded sandstone

2.5.1. Facies E: medium to coarse-grained cross-bedded sandstone
description

Medium-to coarse-grained, trough, cross-bedded sandstone (> 2m
thick) occurs at the base of section OV14 (Figs. 2B and 4C), and consists
of a series of westward-dipping cross sets (0.1-0.5 m thick; Fig. 11A).
The largest sets occur at the base of the sandstone and decrease in
thicknesses upward. The sets display an aggradational/progradational,
sigmoidal-shaped geometry (cf. Galloway, 1989) with downstream ac-
creting surfaces dipping up to 15° towards the west. The top of the
exposed sandstone body consists of a 0.3 m thick erosionally based,
fine-to medium-grained, trough, cross-laminated sandstone that con-
tains multiple sets that dip to the east (Fig. 11A). A sharp surface se-
parates cross-stratified sandstone below from cm to dm thick interbeds
of mudstone and very fine-to medium-grained, graded sandstone beds
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above (Facies D and F; Fig. 11A and B). Sandstones in Facies F are
horizontally and trough cross-laminated, and grade upward into lami-
nated mudstone with rare dropstones (Facies F; Fig. 11B, C, 11D, and
11E).

2.5.2. Facies E: medium to -coarse-grained cross-bedded sandstone
interpretation

Facies E is exposed at section OV14 located 800 m to the west (in
the direction of paleoflow) of exposures of the Sandy Conglomerate
Facies (Facies B), which are interpreted as an alluvial fan/fan delta
succession that prograded out of, and away from, a tributary paleo-
valley located between sections OV8 and OV9 (Fig. 2). The proximity of
the two facies suggests a lateral relationship between the two. Sand-
stone in Facies E is similar to sands deposited as bedload, flood-domi-
nated, fluvial braid bars, fan-delta lobes, or delta mouth bars (cf., Mutti
et al.,, 1996; Best et al., 2003; Bridge and Lunt, 2006; Mulder and
Chapron, 2011; Zavala et al., 2011). These similarities include: 1) sig-
moidal-shaped cross-bed foresets, upward decreases in the thickness of
cross-bed sets, and an upward fining grain-size trend, all of which
suggest deposition from a waning high-velocity flow (Mutti et al.,
1996); 2) a lack of internal fine-grained drapes or wave rework struc-
tures, which suggest an absence of episodic flow fluctuations during
deposition of the sediment body; and 3) the occurrence of both pro-
grading and aggrading cross-bed set geometries, which could result
from either a rise in base level, or deposition do to the waning nature of
the flow (cf. Galloway, 1989; Mutti et al., 1996). Regardless of which of
the above interpretations is correct, all three environments represent
either subaerial or shallow-water deposition that could easily be a
downstream equivalent to the prograding fan/fan delta exposed in
sections OV9 to OV12. The upward fining mudrock succession (Facies
F) that overlies Facies B indicates ultimate submergence of the bar/lobe
and progressive deepening of waters within that portion of the paleo-
valley. Eastward dipping fine-to medium-grained, cross-laminated
sandstone resting erosionally on the bar/lobe top could have formed do
to wave reworking during rising water levels, or could have formed due
to reflection of the original flow off the valley walls (cf. Hiscott and
Pickering, 1984).

2.6. Facies F: laminated mudstone

2.6.1. Facies F: laminated mudstone description

This facies consists of thin, horizontal laminations of mud and silt,
which occur in beds up to 0.2 m thick in the uppermost portion of
section OV4 where it is interbedded with fine-grained, graded sand-
stones of Facies D. In the western portion of the Olta paleovalley the
facies occurs in a +8.0 m thick succession (section OV14 and OV15;
Fig. 2) above a flooding surface on top of sandstones of Facies E
(Fig. 11). There, laminated mudstone interbedded with thin graded
sandstone beds and occasional beds of hummocky cross-stratification at
the base of the succession grade upward into thick mudstone with oc-
casional beds of horizontally-laminated, very fine-grained sandstone up
to 2cm thick (Fig. 11). In section OV16 and OV18 beds up to 0.2m
thick intercalate with sandy clinoforms in a coarsening-upward suc-
cession at the base of Facies I (Fig. 11E). Laminae are even and con-
tinuous, ranging from 1 to 5mm in thickness and are rarely disrupted
by rare granule-to boulder-sized outsized clasts (Fig. 11C and D). Im-
pressions of fossil plants, including Cordaites sp., also occur on silty
bedding planes.

2.6.2. Facies F: laminated mudstone interpretation

The fine-grained sediments of this facies record deposition below
normal wave base in either a lacustrine (east end of the paleovalley) or
marine (west end of the paleovalley) environment. The thin sandstone
deposits at the base of the mudstone succession in section OV14 were
likely deposited as hyperpycnal flow or reworked sands due to storm
activity. The flooding surface and fining upward succession at this site
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suggest deepening of waters in the paleovalley. Gutiérrez and Limarino
(2001) identified acritarchs from these mudrocks that they interpreted
to be affiliated with brackish marine conditions, which suggest that
these deposits were associated with a Late Mississippian-Early Penn-
sylvanian transgressive event in western Argentina. Very thin beds of
very fine-grained sandstone observed in section OV15 are less than
400 m laterally from exposures of Gilbert delta bottomsets observed in
section OV16 and likely represent deposition from distal hyperpycnal
underflows (Lambert and Giovanoli, 1988; Crookshanks and Gilbert,
2008). Similar intervals of mudstone have been described in the Ma-
lanzén paleovalley (Andreis et al., 1986; Buatois and Mangano, 1995)
where pebbles and cobbles are interpreted as dropstones and cited as
the primary evidence for glacial influence in the valley; however, as
discussed previously, multiple non-glacial processes can transport out-
sized clasts in lake or marine waters in such narrow valleys. Sterren and
Martinez (1996) suggested the diminutive flora that existed in the pa-
leovalley were incapable of rafting large clasts, and reported the ex-
istence of clasts with extrabasinal lithologies, which suggest glacial
transport. However, Sterren and Martinez (1996) did not mention the
lithologies of these exotic clasts, and clasts representative of sources
other than local basement rocks were not observed in this study.
Andreis and Bossi (1981) and Andreis et al. (1985) considered outsized
clasts as evidence for seasonally frozen lake surfaces which could ac-
cumulate sediment from tributaries and mass wasting off the valley
walls during the winter months and subsequently raft clasts upon ice
break-up. Sections containing these mudrocks are located adjacent to
the high relief nonconformity defining the valley walls, suggesting di-
rect rock fall into the lake was also possible. The absence of glacial
features on the clasts themselves (i.e., bullet shape, striations, and/or
facets), including the absence of extrabasinal clast lithologies anywhere
within the studied section, is consistent with non-glacial transport
mechanisms for the outsized clasts.

2.7. Facies G: symmetrically rippled and bedded sandstone

2.7.1. Facies G: symmetrically rippled and bedded sandstone description

Successions of asymmetrically-rippled sandstones (Facies D) are
interrupted by intervals of variable thicknesses of sandstone (0.1 to
+5 m) that show symmetrical to quasi-symmetrical ripples of Facies G,
which comprises the majority of upper portions of several sections
(OV1, OV4-0V6, and OVS; Fig. 2). In these sections, Facies G grada-
tionally overlies horizontally-laminated coarse-to medium-grained,
graded sandstones of Facies D and is interbedded with sandy con-
glomerates of Facies B. In more vertically extensive stratigraphic ex-
posures (such as OV4), sandy units thin upward while silt drapes on top
of rippled beds thicken, resulting in a gradual transition to mudstones
in Facies F. Individual beds show sharp upper and lower contacts and
are laterally continuous across exposures. This facies is superficially
similar to fine-grained packages of Facies D in that these intervals are
characterized by thin to thick beds of medium-grained sandstones that
are horizontally laminated and abruptly grade upward into fine-grained
sandstones that are ripple cross-laminated. Rippled beds are commonly
overlain with very thin beds of parallel-laminated, very fine-grained
sandstone and siltstone (Fig. 12A), but can be distinguished from Facies
D by the occurrence of symmetrical and weakly-asymmetrical ripples
that are present at the top of medium-grained sandstone and
throughout fine-grained sandstone beds. Internally, the symmetrical
ripples display either superimposed vertically climbing symmetrical
ripples within m thick successions (section OV6; Fig. 12B), or uni-
directional cross-laminations that are anomalous to the profile of the
overlying bedform (e.g., section OV4). Occasional pebble-sized outsized
clasts are present and Diplopodichnus biformis traces occur.

2.7.2. Facies G: symmetrically rippled and bedded sandstone interpretation
Symmetrically-rippled sandstones represent wave-modification of
sands deposited by turbidity or hyperpycnal currents in shallow areas of
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Fig. 12. Symmetrical and weakly-asymmetrical rippled sandstones of Facies G observed in (A) section OC5, where cross-laminations in the reddish-brown medium-
grained sandstone are unidirectional. (B) Section OV6 exposes a thick succession of climbing symmetrical ripples alternating with horizontally laminated sandstone.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

the lake. The internal structure of the ripples suggests either reworking
of an original unidirectional flow deposit, or complete reworking by bi-
directional wave activity (climbing wave ripple successions). Buatois
and Mangano (1995) suggested similar deposits from the Malanzan
paleovalley represent reworking of turbidites/hyperpycnites by storm
waves, but the continuity of individual beds and lack of hummocky
cross-stratification suggest minimal influence from high-energy storm
events. Ripple Indices are highly variable in this facies and suggest
sedimentation under combined flow regimes where both unidirectional
currents and wave activity are superimposed on the deposits. Hum-
mocky cross-stratification can form in lakes, and occurs in Facies F.
However, the narrowness of the valley and potentially shallow water
depths would have likely inhibited the formation of large amplitude
waves within this depositional environment (cf. Syvitski et al., 1987;
Boulton, 1990).

2.8. Facies H: folded sandstone and mudstone

2.8.1. Facies H: folded sandstone and mudstone description
This facies includes three distinct types of deformation, which
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consist of 1) conglomerate load and associated sandstone and mudstone
flame structures, 2) loaded sandstone and mudstone beds beneath
conglomerates and diamictites (see Facies B), and 3) localized deci-
meter to meter-scale folds that resemble dropstone ruck structures (cf.
Thomas and Connell, 1985), which are associated with boulder-sized
clasts.

Laterally continuous horizons of deformed sandstones, mudstones
(Facies D, F, and G), and granule-to boulder-conglomerates (Facies B)
up to 1.8 m thick occur in sections OV4 and OV5 (Figs. 2B and 13).
These horizons are bounded above and below by undeformed beds. The
deformation consists of sandstone and mudstone flame structures al-
ternating laterally with conglomerate loads and pseudonodules every
1-4m along the length of the exposures. The base of the zone is only
mildly deformed with gentle open folds, but deformation increases
upward where finer-grained beds show tight folds and are, in places,
brecciated (Fig. 13A, B, 13C, 13D, and 13E). These strata are extruded
upward into the overlying conglomerate and form large flame struc-
tures that, in some places, penetrate the overlying conglomerate
(Fig. 13D and E). Orientations of the flame structures are highly vari-
able, and in a few places, the loads are detached from the conglomerate
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Fig. 13. Deformed sandstones and mudstones that occur in laterally continuous horizons (A; Section OV4) below conglomeratic load structures at (B) the base and
(C) upper portions of section OV5. (D) Isolated clasts and (E) conglomerate pods are occasionally detached from the overlying conglomerate (Section OV5).

and form isolated pods (pseudonodules) of conglomerate in the un-
derlying sandstone (Fig. 13E). These deformed horizons can be traced
for several hundred meters within the main paleovalley, and similar
load and flame structures contained entirely within a thick succession
of symmetrically rippled sandstone (Facies G) occur 600 m to the west
in section OV6. At least three different deformed horizons occur in the
area that extends from section OV4 to section OV6.

Between sections OV9 to OV11 (Fig. 2B), deformed, interbedded
sandstones and mudstones interfinger with, clast-rich, sandy, matrix-
and clast-supported boulder conglomerates and diamictites of Facies A

and B. The coarse clastic beds thin laterally towards the west (sections
OV11 and OV12), and the deformed intervals of sandstone and mud-
stone also disappears in the same direction transitioning into m-thick,
undeformed sandstone and mudstone successions (Facies D and Facies
F). Locally, the interbedded sandstones and mudstones are deformed
beneath diamictites and conglomerates lenses, and around m-scale
boulders (Figs. 7E and 14). Individual boulders penetrate the sandstone
and mudstone beds. The deformation consist of internally folded, dia-
piric-like structures up to 0.8 m in height and 1 m in width that pro-
trude upward around the margins of boulders, between boulders, and
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Fig. 14. (A) Discontinuous deformed zones containing multiple “ruck structures” (arrows) and “depression bowls” surrounding boulders. Note the relatively un-
deformed sandstone above and below the deformation zone, and that multiple isolated deformation zones occur within the interbedded sandstones and mudrocks
(strata are located between sections OV10 and OV11). (B) A granite boulder with associated sandstone and mudstone ruck structures at section OV9. (C) A granite
boulder contained within a sandstone “bowl.” (D) Detailed view of the ruck structure to the right of the granite boulder in Fig. 14B.

along the margins of the conglomerate and diamictite lenses (Figs. 7E
and 14). Three-dimensional exposures reveal that some boulders are
sitting in bowl-like depressions surrounded by circular diapiric struc-
tures (Fig. 14A and C). Diplopodichnus biformis and Gordia marina trace
fossils occur on the upper surface of the sandstone beds.

2.8.2. Facies H: folded sandstone and mudstone interpretation

Gravel deposits at sections OV4 and OV5 were previously inter-
preted by Socha et al. (2014) as the result of subglacial sedimentation
or proglacial debris flow deposition with deformation resulting from ice
overriding these deposits and imparting a shear fabric with fold axes
transverse to the trend of the valley, suggesting a westward ice flow
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direction. However, we found no faceted, striated, or polished clasts,
horizontal/subhorizontal shear fabric, or down valley fold vergence in
these or any other deposits in the paleovalley. Deformation was vertical
in nature and was due to loading and liquefaction. Deformation of
conglomerate, sandstone and mudstone at sections OV4 and OV5 is
indicative of loading of dense conglomeratic material on water-satu-
rated substrates. These strata were deformed due to liquefaction and
failure of the substrate producing an extensive three-dimensional net-
work of gravel loads and pseudonodules separated by diapiric/flame-
like water escape structures that formed during or shortly following
deposition. Multiple horizons that cross facies (Facies D and G)
boundaries indicate that multiple liquefaction events influenced
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multiple environments within the paleovalley. Seismic activity, land-
slides, loading, storm waves, and cyclonic and internal waves can
produce load, pseudonodule and flame structures, all of which occur
within the Olta paleovalley (cf. Alfaro et al., 2010; Shanmugam, 2016).

Socha et al. (2014) suggested that the thick succession of coarse
clastics between OV9 and OV12 are the remnants of a recessional
moraine. They interpreted the folded fine-grained sediments between
clasts and conglomerates/diamictites (see Facies B) at the base of the
section to be the result of subglacial deformation and/or dewatering of
over-pressurized sediment being overridden by an advancing glacier.
They also noted fold axes perpendicular to the assumed ice-flow di-
rection. In marked contrast to the above interpretation, we interpret the
folded sandstones and mudstones between sections OV9-OV12 as la-
custrine sediments and observed that laterally, these deposits inter-
calate with conglomerates and diamictites (see Facies B) deposited by a
prograding alluvial fan/fan delta (cf. Harvey, 1990; Blair and
McPherson, 1994). In a wider context, an examination of specific folds
identified as glacial deformation by Socha et al. (2014) suggests that
they are load, flame, and ruck structures (cf. Thomas and Connell,
1985). These structures represent rapid loading of water-saturated la-
custrine sediments by stream and debris flow events across distal por-
tion of the alluvial fan/fan delta and by mass movement off the valley
walls. The “ruck” structures, which occur on all sides of large boulders
in section OV10 were also likely caused by rock fall off the narrow
valley walls. Although Socha et al. (2014) reported folds with an ap-
parent axis perpendicular to that of the valley, the ruck/diapiric
structures are three-dimensional features with no down-valley ver-
gence.

2.9. Facies I sandy to gravely clinoform

2.9.1. Facies I: sandy to gravely clinoform description

The sandy to gravely clinoform facies occurs in the highest strati-
graphic position in the westernmost portion of the study area (Fig. 4D).
At sections OV16 and OV18 (Figs. 2 and 15), the outcrops display
gently dipping (~0-10°), laterally extensive bottomset beds (Fig. 15B)
that coarsen, thicken, and steepen laterally and vertically into foreset
beds that dip between 10 and 35° in a down-valley direction towards
the west and southwest. Basal portions of section OV16 contain
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2-10 cm thick beds of very fine-grained sandstone and are variably
intercalated with 1-20 cm beds of horizontally-laminated mudstone of
Facies F. These beds are overlain by foreset beds comprised of very
coarse-grained pebbly sandstone to granule conglomerates ranging
from 0.2 to 2.3 m in thickness, which are typically massive or parallel-
bedded with normal grading in the upper portions of beds. Near section
0V16, the paleovalley is joined by a tributary paleovalley, and the main
valley width changes dramatically from < 500 m to as much 1200 m in
width (Fig. 2B). Deposits displaying clinoform geometries occur at the
mouth of the tributary paleovalley and throughout the main portion of
the Olta paleovalley. Across the width of both valleys, this facies occurs
as offset stacked bodies displaying dipping clinoforms.

2.9.2. Facies I: sandy to gravely clinoform interpretation

The sandy clinoforms of this facies represent deposits of prograding
Gilbert-type deltas and sedimentation by high-gradient streams depos-
iting coarse-grained sediment into proximal lake or marine environ-
ments within the narrow paleovalley (cf. Stanley and Surdam, 1978;
Colella et al., 1987). The occurrence of multiple offset but stacked
clinoform-bearing bodies suggest compensational stacking of deltaic
deposits that could keep pace with increases in accommodation during
lake-level rise. Such stratal packages commonly occur at nodal points
within a valley where valley widths change dramatically. At such sites,
fluvio-deltaic deposition is capable of keeping pace with rapid increases
in accommodation space (cf. Catuneanu, 2006).

3. Discussion

The difficulty in interpreting LPIA strata is largely a product of
limited exposures, the difficulty of applying geomorphic principles to
ancient deposits, and the difficulties in determining the origin of dia-
mictites and strata deformed by soft sediment deformation. Late
Paleozoic glaciation of the Precordilleran area and the Sierras
Pampeanas in the Paganzo Basin is indicated by radial and westward
directed ice flow indicators along the western portion of the basin, and
by clast and sandstone composition in the same region that suggest
derivation from these uplifted blocks (cf. Lopez-Gamundi and Martinez,
2000; Kneller et al., 2004; Marenssi et al., 2005; Henry et al., 2008;
Limarino et al., 2014). However, the extent of glaciation across the

Fig. 15. (A) A 38 m thick outcrop of sandy clinoforms (Facies G) exposed in section OV16 in the western portion of the Olta paleovalley. (B) Strata at section OV18
that contains extensive interstratified sandstone and mudrock bottom set beds and steeply dipping forest beds.
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whole of the Paganzo Basin is unknown, especially in the eastern por-
tion of the basin. The concept of widespread glaciation is based, in part,
on the occurrence of a widespread, modern peneplain-like feature that
occurs on elevated blocks throughout the Paganzo Basin (Astini et al.,
2009; Astini, 2010). This surface is used to suggest that an extensive
glaciated plateau extended across the whole basin during the Mis-
sissippian (325-340 Ma), and that this was followed by Early Penn-
sylvanian (~305-325 Ma) contraction of ice onto isolated uplifts
during a change to back-arc spreading in a broken foreland basin
(Astini et al., 2009; Astini, 2010). However, thermochronometric,
stratigraphic, and geomorphic data suggest that the peneplain-like
surface is a product of Mesozoic and Cenezoic erosion (cf. Jordan et al.,
1989; Carignano et al., 1999; Enkelmann et al., 2014; Rabassa et al.,
2014). The occurrence of a warm-temperate Serpukhovian (~326-331)
paleoflora in the western part of the Paganzo Basin also suggests that
glaciation was not continuous from 340 to 305 Ma (Balseiro et al.,
2009; Gulbranson et al., 2010; Césari et al., 2011; Limarino et al.,
2014).

A primary line of evidence for the interpretation of the Olta-
Malanzan paleovalley as an ancient glacially carved valley/fjord is its
present “U”-shaped profile (Socha et al., 2014). However, the modern
Olta-Malanzén valley is filled by up to 877 m of late Paleozoic and
Cenozoic strata (Andreis et al., 1986), thus, the true profile of the pa-
leovalley cannot be observed as the current U shape is cut on the top of
the preserved Paleozoic fill. The hypothesis that the surrounding ranges
experienced alpine glaciation in the mid-Carboniferous and preserve a
glacial geomorphic expression (Sterren and Martinez, 1996; Socha
et al., 2014) is also not warranted as the tributary paleovalleys in the
Sierra de Malanzan and Sierra de Chepes ranges do not show the steep
headwalls of cirques that are characteristic of glaciated mountain
ranges. The topography in these ranges exhibit structurally-controlled
fluvial erosion patterns rather than that of a glacially carved landscape.

Concerning the Olta-Malanz4n paleovalley as a conduit for an outlet
glacier draining an eastern ice sheet, this concept is untenable as the
variable width of the valley is inconsistent with such an interpretation.
Outlet glaciers typically are of uniform width of several to tens of km
wide (see Google Earth images of Antarctic outlet glaciers), and they
typically increase in width “downstream” of confluences where tribu-
tary glaciers provide an increase in ice volume resulting in greater
down-valley erosion. The Olta-Malanzan paleovalley is ~0.5 km wide
at its eastern end, narrows to less than 0.2 km wide in its central portion
and then is over 5.5 km wide at its western end. The narrowest portions
of the paleovalley actually occur in the central portion of the paleo-
valley where a tributary paleovalley enters the trunk valley. This area,
which displays near vertical granitic valley walls, is less than 0.2km
wide (Figs. 2 and 5). Such an arrangement is inconsistent with an in-
terpretation of the paleovalley as carved by an outlet glacier.

Exposures of the paleovalley wall directly in contact with the
Malanzan Fm. were observed to be jagged and uneven, with thin slabs
of schist projecting into overlying strata, or to be a planar, non-po-
lished, and non-striated surface cut on granite. This contrasts with
comparatively smooth or polished surfaces observed on glacially
abraded floors and walls of paleovalleys in the present Precordillera
region (Colombo et al., 2014; Aquino et al., 2014). Socha et al. (2014)
suggested that the absence of these features on bedrock surfaces and on
clasts was due to intense weathering as they used heavily weathered
granite clasts in the western parts of the Olta paleovalley to emphasize
their point. However, the weathered conglomerate clasts that they
observed were not in the Malanzidn Fm., but were in the Solca Fm.,
which is late Carboniferous to Permian in age (Net and Limarino, 1999;
Gulbranson et al., 2010). The only other reported basement-Malanzan
contact (Socha et al., 2014) occurs at section OV9. However, ex-
amination reveals that the alleged exposure is actually a granite clast
9m in diameter.

Andreis et al. (1986) consider the Malanzan paleovalley to have
formed as a narrow graben oriented perpendicular to the axis of the
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uplifted basement block. Net and Limarino (1999) suggested that the
location and orientation of the Olta and Malanzdn paleovalleys were
controlled by a major northwest-southeast trending lineament and that
the paleovalley experienced high rates of subsidence relative to the
surrounding ranges during early stages of deposition. The Olta-Ma-
lanzén paleovalley displays a “lazy-S” shape in plan view (Fig. 2),
which is typical of pull-apart basins formed by strike-slip movements
(Mann et al., 1983; Hempton and Dunne, 1984). Although our work
does little to contribute to an understanding of a tectonic origin, we
found no evidence to suggest that the paleovalley was glacially carved.

3.1. Depositional setting

Socha et al. (2014) interpreted poorly sorted, boulder-rich deposits
in the Olta paleovalley as basal tillites, and suggested that deformed
conglomerates and lake deposits were the result of either subglacial
deformation or glacial shove. They also interpreted the thick succes-
sions of sandy conglomerate and diamictite (Facies A and B) in the
central portion of the valley as a moraine. However, we offer a different
non-glacial interpretation for the origin of these sediments (Fig. 16). We
interpret the conglomerates and diamictites as alluvial fan/fan delta
deposits based on their: (1) bedded nature; (2) wedge-shaped geome-
tries; (3) lateral changes in clast size; (4) downlapping and inter-
fingering nature with sandstones (Facies D) in the direction of paleo-
flow; (5) predominantly sharp, non-erosive lower contacts and
normally-graded upper contacts; (6) local clast lithologies; (7) lack of
glacial abrasion features; and (8) lack of mud in the interstitial spaces
between clasts (except in a few places where diamictite lenses inter-
finger with the bedded conglomerates and sandstones). Likewise, fea-
tures in the folded beds that are inconsistent with subglacial deforma-
tion or glacial shove include: (1) a lack of glacial abrasion features; (2)
an absence of horizontal/sub-horizontal shear structures; (3) the oc-
currence of gravel load and pseudonodule structures; (4) the occurrence
of flame structures; (5) the reoccurring pattern of alternating load and
flame structures along the length of the outcrop; (6) the occurrence of
load and flame structures within thick, wave-rippled, sandstone suc-
cessions; and (7) the occurrence of circular diapiric structures (ruck
structures; cf. Thomas and Connell, 1985) surrounding m-scale clast.
Soft-sediment deformational structures, which include loads, pseudo-
nodule and flame structures, form due to substrate failure during li-
quefaction. Liquefaction triggers include: seismic activity, storms,
landslides, and rock fall, all of which could have occurred in the Olta
paleovalley (cf. Shanmugam, 2016). Because ruck structures are asso-
ciated with m-scale boulders that deform sandstone and mudstone in
the narrowest part of the paleovalley, we interpret these structures to
have resulted from rock fall off the steep valley walls, which resulted in
clast being dropped onto soft, shallow, lake sediments (Figs. 9, 14 and
16).

In regards to the fill of the paleovalley, Malanzan sedimentation
began with high-volume stream and debris flows events (Facies A and
B; Figs. 8 and 16) in the steep, narrow, paleo-tributary valleys that then
formed alluvial fans/fan deltas that prograded across the narrow, cen-
tral portion of the main Olta paleovalley. Progradation of the alluvial
fans/fan deltas are indicated by an increase in boulder conglomerates
upward within the succession, and the downlapping and interfingering
of conglomerate beds onto underlying shallow-water sandstones. Such
deposition impounded drainage and promoted lake development to the
east of these obstructions (Facies D, F, and G; cf. Colombo et al., 2009,
Figs. 4 and 16). Mass movement and sediment gravity flows also oc-
curred and contributed to blocking drainage in the paleovalley. These
processes included: (1) rockfalls off steep valley walls as represented by
boulder breccias (Facies C) and ruck structures surrounding m-scale
boulders (Facies H); (2) debris flows as indicated by clast-rich sandy
diamictites with clast-supported flow snouts and floating boulders
(Facies A); and (3) high and low density turbidity currents as indicated
by graded-sandstone and pebbly sandstone beds (Facies D; Fig. 16).
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Depositional model for the Olta paleovalley
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Fig. 16. Model for deposition in the Malanzédn Formation in the Olta paleo-
valley.

Lake sediments, represented by high- and low-density turbidites/hy-
perpycnites (Facies D), interfinger with fan conglomerates within the
main paleovalley, suggesting that a series of alluvial fans/fan deltas and
rock falls impounded water bodies in the eastern portion of the pa-
leovalley system (Fig. 16). This is consistent with interpretations for the
initiation of lake development in the neighboring Malanzan paleovalley
by Andreis et al. (1986).

In the eastern end of the Olta paleovalley, a fining-upwards suc-
cession exhibits a transition from proximal to distal turbidites/hy-
perpycnites, which likely represents progressive deepening of the lake
due to progressive blockage of the valley by prograding alluvial fans
and developing fan deltas. However, the lake likely stayed shallow
through most of this early stage, as evidenced by the occurrence of
symmetrical ripples throughout the middle portion of the eastern sec-
tions. Evidence of a deeper lake phase or a marine transgression from
the west is recorded in the western part of the Olta paleovalley, where a
fining upward succession near the top of the Malanzan Fm. shows
subaerial/shallow water deposits (Facies E) overlain by interbedded
mudstones and very fine-grained sandstones deposited by either storm
beds or distal underflow deposits. These, in turn, are overlain by thick
laminated mudstones deposited from suspension (Facies F). At its
deepest, the lake was at least 40 m deep, as evidenced by the thickness
of foreset beds contained in the Gilbert-type delta deposits. However,
uppermost foreset or topset beds were not preserved (Facies I).

The outsized clasts present throughout the fine-grained members of
the Malanzan Fm. have been interpreted as dropstones, and are the
primary lines of evidence that some authors use to suggest a glaciola-
custrine or glacially-influence marine setting for this unit (Buatois and
Méngano, 1995; Sterren and Martinez, 1996; Net and Limarino, 1999).
However, no study to date has reported evidence of glacial abrasion for
the clasts. Although Sterren and Martinez (1996) alluded to the pre-
sence of exotic clast lithologies, no other study, including this study,
have recognized such clasts in the Malanzdn Fm. Andreis and Bossi
(1981) and Andreis et al. (1986) reported a non-glacial cold climate for
the Malanzin Fm. in the Malanzan portion of the paleovalley based on
the absence of glacial features, cold and humid paleobotanical assem-
blages and fan types, and the wide distribution of outsized clasts
throughout the formation, which they suggest was evidence for a sea-
sonally-frozen lake surface. We concur with their interpretation for the
Olta portion of the paleovalley. We found extensive evidence of mass
transport off the steep paleovalley walls into the lake, and the occur-
rence of high-gradient tributary streams that deposited coarse-grained
material in distal portions of the alluvial fan/fan deltas. Deposition of
this type during cold months would have occurred onto lake/sea ice,
and the clasts would have subsequently been rafted on top of the sur-
face ice as it broke up and drifted across the lake or marine embayment.
Rock fall and bouncing clast off walls within a narrow paleovalley
would also produce dropstones and ruck structures (Figs. 14 and 16).
Rafting of outsized clast by anchor ice or vegetation could have also
occurred.

While the fine-grained facies in the Malanzan Fm. were traditionally
interpreted as lacustrine (Bracaccini, 1948; Andreis et al., 1986;

Journal of South American Earth Sciences 84 (2018) 127-148

Limarino and Césari, 1988; Buatois et al., 1994; Buatois and Mangano,
1995; Sterren and Martinez, 1996), the occurrence of brackish water
fossil acritarchs and algal species suggest a marine connection
(Gutiérrez and Limarino, 2001; Limarino et al., 2002, 2006; Pérez
Loinaze, 2009), which correlates with early Pennsylvanian postglacial
transgressive marine deposits of the Guandacol, Jejenes, and Lagares
formations in the western Paganzo basin (Net et al., 2002; Pazos, 2002;
Kneller et al., 2004; Dykstra et al., 2006). While no evidence directly
supporting or contradicting this interpretation was identified in this
study, the suggestion that the Olta paleovalley was at sea level in the
mid-Carboniferous is in contrast to previous ideas for its setting as a
mountain valley located at some distance from the Panthalassan Ocean
(cf. Andreis et al., 1986; Buatois and Mangano, 1995). Late stages of
deposition within the Malanzédn Fm. exposed above the study interval
and also outside of the study area record a shift from fluvio-deltaic
deposition to braided-fluvial sedimentation of the Loma Larga Fm.
followed by continued filling of the paleovalley throughout the latest
Carboniferous and early Permian as evidenced by predominantly fluvial
red-bed conglomerates and sandstones of the Solca, Arroyo Totoral, and
La Colina formations, which show increasing aridification into the
Permian (Andreis et al., 1986; Net and Limarino, 1999; Gulbranson
et al., 2010; Pauls et al., 2017).

3.2. Implications for mid-carboniferous ice volume in the eastern Paganzo
basin

Although conditions favoring glacial formation during the LPIA
occurred in the Precordillera region (Protoprecordillera/Tontal Arch),
along the western margin of the Paganzo Basin, and farther east in the
Parand, Sauce Grande and Chaco Parana basins, the absence of glacial
indicators in the Olta paleovalley suggests that conditions on the
eastern-most side of the Paganzo Basin were unfavorable for glacial
formation. Factors that limit the accumulation of ice in time and space
may include: (1) insolation controlled by orbital parameters, (2)
changing paleogeographical positions, (3) changes in atmospheric CO,
levels, (4) an absence of substantial elevation for ice accumulation,
and/or (5) an absence of a substantial moisture source. As stated ear-
lier, deglaciation in western Argentina began during the Early
Pennsylvanian (Bashkirian) while ice continued to be supplied to South
American basins at the same paleolatitude farther to the east. Such a
climate paradox is difficult to explain using global climate drivers such
as orbital parameters, changing levels of atmospheric CO,, or even drift
of Gondwana across the South Pole. Global drivers would likely have
resulted in near synchronous deglaciation for a given latitude, but
would not have resulted in deglaciation in one area while glaciation
continued in adjacent areas at the same paleolatitude. To explain such
an asynchronous climate in central South America, local controls acting
over millions of years (e.g., time between glacial cycles), such as tec-
tonics and changing paleogeographic conditions need to be considered.

The Equilibrium Line Altitude (ELA) is a hypothetical surface that
defines the elevation above which glaciers form with respect to latitude
with net accumulation of ice occurring above the ELA and net ablation
below this surface. The ELA is at or near sea level in the Polar Regions
and rises towards the equator where the surface may reside at eleva-
tions of over 5000 m (Sugden and John, 1976; Broecker and Denton,
1990). Temporally, the elevation of the surface rises during times of
glacial minima, due to elevated mean global temperatures, and falls due
to cooling during glacial periods. Aquino et al. (2014) and Valdez-Buso
et al. (2017) suggested that the paleovalleys in Argentina were ~2km
deep. However, the combination of thermochronometric data and
identification of the paleovalley floor at sea level suggest that the range
containing the Olta- Malanzan paleovalley may have been as much as
4000 m high (Enkelmann et al., 2014). Plate reconstructions place
western Argentina between 40 and 65° S in the Bashkirian (Powell and
Li, 1994; Isbell et al., 2012; Lawver et al., 2011; Torsvik and Cocks,
2013), which corresponds to an ELA between 2000 and 4000 m when
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compared to the present northern Hemisphere and between 1100 and
3000 m during the Pleistocene (last glacial maximum,; cf. Broecker and
Denton, 1990). The present northern hemisphere contains a more
continuous equator to pole land mass than the southern hemisphere,
which makes it more applicable to Gondwana. Such a comparison
suggests that the eastern Paganzo mountain range was located at or
near the ELA. However, precipitation also plays a role in the elevation
of the ELA (cf. Sugden and John, 1976) and determines accumulation
rates as precipitation is transformed into ice. The higher the pre-
cipitation the lower the ELA, whereas low precipitation rates raise the
ELA. Therefore, an absence of moisture due to the development of a
rain shadow may have inhibited glaciers from forming in the eastern
Paganzo Basin much like the modern Andes serves as a rain shadow for
much of western Argentina. Therefore, uplands in the Precordillera area
may have served as a moisture barrier between inland areas and the
Panthalassan Ocean during the Late Mississippian and Early Pennsyl-
vanian, thus limiting the potential for ice accumulation to the east
(Isbell et al., 2012; Limarino et al., 2014). During deposition of the
Malanzan Fm., a number of authors have hypothesized that part of the
Paganzo Basin was occupied by a lake or that a marine embayment may
have extended into the area (Limarino and Césari, 1988; Buatois et al.,
1994; Buatois and Méngano, 1995; Sterren and Martinez, 1996).
However, the lake/marine embayment may not have been a sufficient
source of moisture for glaciation. The occurrence of red beds and eolian
deposits in the strata overlying the Malanzidn Fm. (Loma Larga, Solca
and La Colina formations) within the study area, attest to progressive
aridification of the Paganzo Basin throughout the rest of the Paleozoic
(Limarino et al., 2002, 2006; 2014; Gulbranson et al., 2010; Pauls et al.,
2017). Except for lower elevations in the hinterland, modern marine
embayments in southern Chile, the Andes, and proglacial lakes in Santa
Cruz Province (Argentina) provide a modern arid hinterland as an
analog for the Paganzo basin during the LPIA.

Following accretion of Chilenia to southwestern Gondwana, a
westward shift in the position of subduction occurred during the mid-
Carboniferous (cf. Ramos, 1988; Limarino et al., 2002, 2006; Astini
et al., 2009; Astini, 2010). Although the tectonic configuration of the
Paganzo Basin during glacial time and the importance of the Pre-
cordillera region as an upland is in dispute (cf. Limarino et al., 2002,
2006; Astini, 2010; Valdez Buso et al., 2017), the occurrence of pa-
leovalleys > 1000 m deep and the segregation of varying detrital
compositions (e.g., sandstone detrital modes and composition of gravel-
sized clasts) on different sides of the proposed highland attest to the
occurrence of extensive relief along the western side of the Paganzo
Basin, which allowed for an early Bashkirian glaciated landscape (cf.,
Lépez-Gamundi et al., 1994; Limarino et al., 2002, 2006, 2014; Net and
Limarino, 2006; Kneller et al., 2004; Dykstra et al., 2006; Henry et al.,
2008; Aquino et al., 2014, Valdez Buso et al., 2017). However, later
Pennsylvanian and Early Permian breaching and collapse of this range
is suggested by several lines of evidence, which include: (1) onlap of
postglacial marine strata onto the walls and final overtopping of the
paleovalleys in the Precordillera region indicating subsidence of the
former upland, (2) expansion of the Paganzo Basin due to back-arc
extension indicating changing tectonic conditions, and (3) the common
occurrence of sandstone compositions in basins on opposite sides of the
former structure indicating that the mountains no longer served as a
barrier to sediment dispersal systems (Lopez-Gamundi et al., 1994;
Limarino et al., 2002, 2006; 2014; Net and Limarino, 2006; Henry
et al., 2008, 2010; Gulbranson et al., 2010; Tedesco et al., 2010; Isbell
et al., 2012). With such a collapse, subsidence of the land surface below
the ELA would have prevented continued glaciation in western Ar-
gentina. Additionally, the changing tectonic conditions resulted in the
westward shift in the position of the active margin and development of
a volcanic arc along the reconfigured margin. Such a change would
have produced a westward shift in the position of the rain shadow, and
a resultant westward expansion of an arid climatic zone in western
Argentina. Although the uplands that fed ice into the Parana, Sauce
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Grande, and Chaco-Parana basins farther to the east are not fully un-
derstood, the occurrence of an inland seaway and substantial elevations
in western Africa could have provided for the moisture and the eleva-
tion necessary to sustain ice centers there long after ice in western
Argentina had disappeared (Rocha Campos et al., 2008; Isbell et al.,
2012; Limarino et al., 2014).

4. Conclusions

The sedimentology of the Malanzdn Fm. in the Olta paleovalley
suggests non-glacial deposition in the mid-Carboniferous. Lake en-
vironments developed in the eastern part of the paleovalley as drainage
was impounded by the progradation of coarse-grained alluvial fans and
fan deltas across a narrow mountain valley. A transgressive lacustrine
event is recorded by a fining-upwards succession from sandstones to
laminated mudstones in the eastern part of the paleovalley, while
western portions record a potential marine transgression and a later
transition to fluvio-deltaic deposition. Rock avalanches occurred off the
steep valley walls and stream and debris flows deposited coarse clastics
on fan/fan deltas that prograded into the lake deforming the soft lake
sediment. Prominent soft sediment deformation horizons in the form of
load, pseudonodule, and flame structures resulted from liquefaction
that may have been triggered by seismic activity, landslides, or major
rock fall events. Outsized pebbles and cobbles within both shallow-
water sandstones and deeper-water mudstones indicate rafting by lake
ice, anchor ice, vegetation, projection of clasts during rockfalls, and/or
as out-runner clasts carried by turbidity currents. No obvious glacial
signature was found within the facies, clasts, bedrock surfaces, or
geomorphology of the valley.

The eastern Paganzo Basin is anomalous as it occurred between two
glaciated areas that occupied a similar paleolatitude; basins in western
Argentina (western Paganzo, Calingasta-Uspallata, and Rio Blanco ba-
sins) and basins in east central South America (Parand, Chaco-Paran4,
and Sauce Grande). Furthermore, western Argentina experienced de-
glaciation during the Early Pennsylvanian while eastern South America
became ice free in the latest Pennsylvanian and Early Permian. This
disparity cannot be explained using global climate drivers. However,
shifting tectonics conditions including a westward shift in the position
of the active margin and tectonically driven uplifts, a westward ex-
pansion of the area influenced by a rain shadow, collapse of uplifts in
the Precordillera region, and a lack of a sufficient moisture source may
have all played a role in inhibiting glaciers in the eastern Paganzo Basin
and the early demise of glaciers in uplifts adjacent to the western
portions of the same basin.
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