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A well-exposed glacial surface sculpted on Precambrian crystalline basement rocks occurs below the glacial suc-
cession of the San Gregorio Formation on the eastern border of the Chaco-Parana Basin in Uruguay and was
formed in the context of the late Paleozoic Gondwana Ice Age. On the glacial surface are asymmetric parallel
streamlined bedrock landforms interpreted as whalebacks. The downglacier (lee-side) faces of the whalebacks
have gentle slopes dipping NNWwith striated and sometimes polished surfaces on crystalline rocks. These land-
forms are covered by 10–100-cm-thick layers of tillites and shear-laminated siltstones, suggesting glacial abra-
sion produced mainly by subglacial till sliding. The subglacial facies are ice-molded, and exhibit meso-scale
glacial lineations such as ridges and grooves up to 30m long and30 cmdeep. The subglacial association is directly
overlain by proglacial fine-grained facies (rhythmites) with dropstones indicating a subaqueous depositional en-
vironment following ice-margin retreat. The fine-grained facies are erosively cut by a succession of sandstones
with wave-generated stratification resting on a basal conglomerate. Intraformational striated surfaces, NNE-
oriented, were found on four distinct bedding planes within the sandstone package and interpreted as ice keel
scourmarks produced by floating ice. The San Gregorio deposits are partially confined in awide and shallow sub-
glacial trough and the stratigraphic succession is interpreted as the record of a glacial advance-retreat cycle com-
parable to deglacial sequences from other late Paleozoic localities. The paleo-ice flow to the NNW indicated by
subglacial lineations is parallel to that verified in the southernmost Paraná Basin located north of the study
area, suggesting a paleogeographic scenario in which glaciers advanced northward into a glaciomarine environ-
ment. The proposed palaeogeography does not confirm the previous hypothesis of an ice center on the
Sul-Riograndense Shield but, instead, it corroborates a south-derived Uruguayan Ice Lobe advancing to the
north, probably with provenance far afield in terranes of the present-day southern African.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

The palaeogeography and sedimentary archives of the Gondwana ba-
sins in the late Paleozoic Ice Age (LPIA) resulted fromevents of glacial ad-
vance and retreat (López-Gamundí and Buatois, 2010) and path polar
migration (Caputo and Crowell, 1985; Powell and Li, 1994).Multiple gla-
cial lobes derived either from continental ice sheets or from smaller, to-
pographically controlled ice caps have been interpreted in southeast
South America. The reconstruction of these lobes and inferences regard-
ing their paleoflow direction are mainly supported by erosional glacial
esantaana@ancap.com.uy
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landforms incised in the preglacial substrate, such as striated pavements,
streamlined landforms, and glacial troughs and valleys (e.g., Frakes and
Crowell, 1969; Rocha-Campos et al., 1988; Gesicki et al., 2002;
Trosdtorf et al., 2005; Rosa et al., 2016; Fallgatter and Paim, 2017).

In the Chaco-Parana Basin (Uruguay), locally named theNorte Basin,
glacial striationswere used as evidence for a Gondwanan glaciation and
to support the hypothesis of continental drifting by Du Toit (1927). The
idea of a south-derived “Uruguay ice lobe” in the context of the LPIAwas
proposed by Frakes and Crowell (1972) while the disputing hypothesis
of an ice-spreading center irradiating from the Sul-Riograndense
Shields was defended by Santos et al. (1996).

The late Paleozoic San Gregorio Formation is a stratigraphic unit of
the Chaco-Parana Basin that encompasses the sedimentary records of
the LPIA in Uruguay (Fig. 1). Subglacial facies and erosional landforms
are rare in exposures of the San Gregorio Formation, which deposits
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Fig. 1. The Late Paleozoic record of the Paraná Basin in Uruguay and Brazil. (A) regional map showing the outcrop area and subsurface information of the Itararé and the San Gregorio
Formation (isopachs: modified from França and Potter, 1988); (B) geological map with the location of the study area at the eastern side of the outcrop belt of the San Gregorio Formation,
south of the Melo town, Uruguay (wells: 1= Ulleste; 2= Guichón; 3= Salsipuedes; 4= Cardozo Chico; 5= Rincon del Bonete; 6= Achar; 7= Cuchilla Zamora).
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crop out discontinuously along the eastern border of the basin. The
glaciogenic succession rests unconformably on pre-Carboniferous base-
ment rocks, and the basal contact is locally marked by uneven erosional
surfaces carved by glaciers down into underlying rocks.

In this paper, we report a suite of erosional landforms and associated
sedimentary facies belonging to an exhumed and well-exposed late
Paleozoic subglacial landscape on Precambrian rocks south of the local-
ity of Cerro de Las Cuentas, Departamento de Cerro Largo, Uruguay
(geographical coordinates 32°39′22″S, 54°35′10″W). In Uruguay, the
glacial bedrock surface occurs below the glacial succession of the San
Gregorio Formation and is composed of well-preserved linear and sub-
parallel erosional landforms. The subglacial landforms were noticed for
thefirst timeby Assine et al. (2010),who interpreted themas asymmet-
ric whalebacks.

The erosional landforms and the overlying sedimentary succession
provide valuable information on subglacial processes and facies, deposi-
tional environments, and the local directions of paleo-ice flow. These
data, combined with information from the Itararé Group in southern-
most Brazil (e.g., Tomazelli and Soliani, 1982, 1997), offer an excellent
opportunity to investigate the dynamics of the Uruguayan ice lobe and
its potential extent northward into the Paraná Basin. Moreover, rem-
nants of glacial erosional landforms in Uruguay help to understand the
regional paleogeographic scenario of southwestern Gondwana during
the LPIA.

2. The San Gregorio Formation

The sedimentary records of the LPIA in the Uruguayan Chaco-Parana
Basin were formerly recognized by Guillemain (1911) and named the
San Gregorio Formation (Bossi, 1966). The unit rests unconformably on
Devonian shales and sandstones, or directly on metamorphic and
igneous Precambrian crystalline rocks. Exposures can be found at the
southeastern border of the basin where the unit is thin and reveals a
complex facies association composed of diamictites, mudstones,
rhythmites, sandstones, and gravelly sandstones (De Santa Ana, 2004;
De Santa Ana et al., 2006a, 2006b). Variable thicknesses for the San
Gregorio Formation are recorded across the basin, as revealed by the
wells Rincón del Bonete (26m long), Salsipuedes (253m long), Guichón
NO5 x-1 (290 m long), Paso Ulleste (255 m long), Achar E-1 (155 m
long), Cardozo Chico E-1 (254 m long), and Cuchilla Zamora (142 m
long) (Fig. 1).

The glacial influence on the San Gregorio Formation is attested by
the presence of erosional landforms with polished surfaces and stria-
tions. Glaciogenic facies include boulder pavements, tillites, and
rhythmites with dropstones (De Santa Ana et al., 2006a). However,
most facies are products of mobilization of subglacial sediments
downdip by subaqueous gravity-drivenmassmovements, and turbidity
currents that formed thick sandstone packages associated with pebbly
sandstones and conglomerates (Goso, 1995).

The stratigraphic record is dominated by glacially-influenced marine
sediments as indicated by cephalopods in phosphatic concretions
(Closs, 1967a, 1967b, 1969), amphidisc and hemidisc sponges (Kling
and Reif, 1969), fish remains (Beltan, 1981), brachiopods (Sprechmann
et al., 2001), radiolarians (Braun et al., 2003), acritarchs, algae, and
sporomorph assemblages retrieved from outcrops and borehole samples
(De Santa Ana et al., 2006a; Beri et al., 2011, 2015). However, the pres-
ence of pollen and spores as well as the occurrence of large amounts of
plant debris (Soto, 2014) provides evidence for an important terrestrial
contribution.

The precise age of the San Gregorio Formation has been a matter of
controversy. Studies based on cephalopods/goniatites (Closs, 1967a,
1967b, 1969), radiolarians (Braun et al., 2003), sponges (Kling and



3M.L. Assine et al. / Sedimentary Geology 369 (2018) 1–12
Reif, 1969), and fishes (Beltan, 1981) assigned a Carboniferous age to
the unit, whereas an early Permian age (Asselian and Sakmarian) was
ascribed based on continental spores and pollen grains (Marques-
Toigo, 1970, 1974; De Santa Ana et al., 1993; Beri et al., 2011). According
to new palynological zonation (Beri et al., 2015), deposition of
the glaciomarine facies would have occurred mainly during the
Pennsylvanian, but possibly extended to the early Cisuralian.

The San Gregorio Formation has physical continuity northwardwith
the Itararé Group in the State of Rio Grande do Sul, southern Brazil.
Fig. 2.Geological setting. (A) geologicmap (location on Fig. 1B); (B) exhumed subglacial surface
reported in this paper); (C) the glacial facies succession of the San Gregorio Formation occurs in
Google Earth 3D satellite image).
Recent U–Pb radiometric dating of zircons of an ash layer in the topmost
glacial deposits of the Itararé Group, recovered froma core sample in the
Capané paleovalley (Rio Grande do Sul), gave an age of 307.7 ± 3.1 Ma
(Cagliari et al., 2016). New radiometric data of volcanic ash deposits re-
covered frompostglacial coal-bearing in the southern Parana Basin rein-
force a Carboniferous age for the glaciation in southwestern Gondwana
(Griffis et al., 2017). Based on these radiometric ages and on the fossil
content, the studied succession of the San Gregorio Formation is more
likely to have been deposited in the late Carboniferous.
with erosional landforms (Google Earth satellite image; numbers 1 to 7 indicate landforms
a NNW-oriented trough and onlap laterally Precambrian basement rocks (oblique view of
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3. Description of glacial landforms and associated facies

The study area is located in the E-W-oriented outcrop belt of the San
Gregorio Formation (Fig. 1). In this area, the glacigenic deposits are pre-
served in a NW trough carved on Precambrian rocks. The basement is
composed of Paleoproterozoic metamorphic rocks and granitoids of
the Nico Perez Terrane as well as Ediacaran granites (e.g., Aubet et al.,
2014). These units are bounded by major tectonic lineaments trending
SE-NW and present a distinct structural fabric oriented in the same di-
rection (Fig. 2A).

The basal nonconformity is an uneven surface characterized by the
presence of a NW-trending trough, up to 40 m deep and approximately
1.5-km-wide, incised roughly parallel to the structure of the basement
rocks (Fig. 2B). The sedimentary strata onlap the crystalline basement
rocks on the trough margins and pinch out laterally, suggesting that in
Fig. 3. Glacial erosional landforms. (A) asymmetrical landforms with a gentle slope toward th
developed on granite rock; (C–D) a central scour bounded by elongated ridges delineates the
a polished granite surface that is covered by subglacial thin tillites; (F) landform #6 is the lar
sandstones, which are sculpted by many parallel grooves and ridges; (G) ridges and grooves
surface upon the underlying rocks. Circled human figure provides scale for field pictures and t
the studied area, the San Gregorio Formation records the sediment infill
of a glacial paleovalley (Fig. 2C).

3.1. Hard-bed streamlined landforms

The exhumed glacial paleosurface was sculpted on Precambrian
crystalline rocks that immediately underlie the SanGregorio Formation.
Elongated, positive features with variable dimensions punctuate the
present landscape over up to 2 km2. The landforms are on schists and
granites and are glacially smoothed across their entire length and
width with no plucked sides. Granite boulders roughly likewise aligned
can be present in depressions between positive glacially abraded
bedrock landforms, similar to sandy boulder-gravel described in late
Pleistocene deposits at Lago Tranquilo in Chilean Patagonia (Glasser
and Harrison, 2005).
e NNW as seen in Google Earth satellite images; (B) landforms #1 (right) and #2 (left)
gentle slope of landform #2; (E) landform #4 displays three low-relief smooth forms on
gest one (200 m long, 70 m wide and 15 m high) and covered by thin tillites and pebbly
are present on its surface; (H) both sides of landform #7 are characterized by a smooth
he arrow indicates the paleo-ice flow.
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When viewed in planform from aerial images, the landforms are
drop-shaped, elongated NNW-oriented features (Fig. 2B). They can
be described as streamlined erosional landforms (e.g., Krabbendam
et al., 2016) of intermediate scale (40–200 m long, 10–60m wide, and
1–15 m high). While the size is variable, the geometry is constant
since the length is always 4 to 5 times larger than the width. The longi-
tudinal profile exhibits a smooth, convex-up, asymmetric surface char-
acterized by a steeper, SSE dipping slope and a NNW dipping gentler
one. The gentler slope is commonly an even surface with abundant par-
allel NNW-oriented striations and, locally, a highly polished surface on
granites (Figs. 3, 4).

Because the slopes are smoothly abraded, lacking the typical gla-
cially plucked (quarried) lee side that characterizes rochesmoutonnées,
these subglacial landforms could be classified as rock drumlins. Con-
trary to roches moutonnées, rock drumlins exhibit a gentle and
Fig. 4. Features of glacial erosion. (A and B) polished granite covered by shear-laminated silty sa
#1; (D) nailhead striation indicates ice flow toward N340; (E) conglomerates (Gm) are tail depo
end; (G) shear-laminated silty sand on polished granite (left) underlying a grooved tillite surfa
downflow end (the boulder was removed during exhumation); and (J) striation on the groove
some field pictures. Figures: A–D= landform #1; E–F= landform #3; G= landform #2; H–J =
smoothed lee slope dipping downflow, commonly described in many
glaciated areas (e.g., Dardis et al., 1984; Hanvey, 1987; Ellwanger,
1992; Wysota, 1994; Raukas and Tavast, 1994; Hart, 1995; Evans,
1996; Heroy and Anderson, 2005; Kerr and Eyles, 2007; Spagnolo
et al., 2011; Eyles, 2012; Krabbendam et al., 2016). Rock drumlins are
commonly assigned to asymmetrical erosional landforms, whereas
whalebacks are symmetrical in longitudinal cross-section (Evans,
1996). However, Stokes et al. (2011) proposed the abandonment of
the term rock drumlin in favor of the termwhaleback, with the addition
of the prefix asymmetric for thosewith clearly asymmetric profiles. This
procedure was recommended by Munro-Stasiuk et al. (2013) and we
adopted this nomenclature to refer to the several erosional features ex-
amined here that collectively form a swarm of asymmetric whalebacks
aligned parallel to the regional paleo-iceflow. Late Paleozoic rock drum-
lins and whalebacks, similar to those of the present study, have been
ndstone and pebbly sandstone; (C) detail of ridges and grooves on the lee side of landform
sits at the lee slope of landform#3; and (F) fine striation on the granite surface at the stoss
ce; (H) erosional groove produced by boulder ploughing and (I) boulder settlement at the
surface. The arrow indicates the paleo-ice flow and the circled hammer provides scale for
landform #6.
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reported by Bussert (2010) underlying glacial facies of the Edaga Arbi
Formation in Northern Ethiopia.

3.2. Facies succession and soft-sediment striated surfaces

Awell exposed, 30m-thick facies succession of the SanGregorio For-
mation overlies the abraded bedrock (Figs. 5, 6). A 10 to 50 cm-thick
layer of a highly compacted and massive, clast-rich sandy diamictites
(Dcm facies), clast- to matrix-supported, and made up of angular
to sub-rounded gravels and boulders of crystalline rocks, drapes the
striated/polished surfaces of the whalebacks. These deposits are later-
ally discontinuous and might form crag-and-tail sediment bodies
(e.g., Dionne, 1987) on the lee side of more prominent whalebacks. A
cm-scale veneer of homogeneous laminated silty sandstone (Sl facies),
without oversized clasts, caps the basal clast-rich sandy diamictites
and the basement rocks where diamictites are absent.

A 1 m-thick interval of horizontally stratified to massive pebbly
sandstones (Sh facies), with intercalated fine-to-medium-grained
current-rippled sandstones (Sr facies), is present above both the basal
clast-rich sandy diamictites and the laminated silty sandstones. The cur-
rent ripples have foresets dipping to NNW (340° mean azimuth). The
top of the pebbly sandstones is molded by ridges and grooves 5–50 cm
deep, a few to hundreds ofmeters long, and up to 2mwide. The grooves
are often floored by subparallel striations and some of themhave lodged
gravels and boulders at their downflow (NW) terminations. Ridges
starting in embedded boulders (flutes) were not observed in association
with the grooved surface. Linear to curvilinear grooves/striations and
ridges are parallel to striations on the basement rocks (azimuth 320°
to 340°).

The basal coarse-grained facies are abruptly overlain by an8 m-thick
succession of rhythmites and mudstones, with small sparsely scattered
dropstones. The rhythmites are found only in the lower interval and
comprise regular, cm-spaced alternations of very fine sand and mud in
which sandy layers exhibit locally current ripples.

A sand-prone stratigraphic unit overlies the rhythmite–mudstone
unit. The contact is poorly exposed but can bedefined as abrupt and ero-
sive because of the presence of a 2 m-thick interval of conglomerates
resting directly on the fine-grained facies. The conglomerate beds are
dominantly clast supported and massive (Gm facies), made up of angu-
lar to subrounded metamorphic and granitic pebbles and cobbles, with
rare small boulders (up to 45 cm in size). The grain size varies laterally
and vertically within the conglomerate beds, and crudely stratification
can be observed locally where the percentage of gravel diminishes,
and the conglomerates possess coarse-grained sandstone matrix.

The uppermost sandstone package is approximately 15 m-thick
(only the lowermost 10 m are presented in the vertical log of Fig. 5)
and is composed of fine-to-medium-grained amalgamated beds
displaying undulated, low-angle swaley cross-stratification (Ss facies),
ripples, and rare climbing ripples (facies Sr). Intraformational striated
surfaces were found on at least four distinct bedding planes within the
sandstone package (Fig. 7). The surfaces are flat to slightly undulated
and contain straight to curved, parallel striations and elliptical to circu-
lar, shallow cavities. Some striated surfaces are laterally discontinuous
and bordered by nonstriated berms. They are oriented N20-40E,
which is approximately 60° different from the mean direction of stria-
tions and grooves from underlying levels.

4. Interpretation of landforms, associated facies and
stratigraphic succession

Based on field observations, the SanGregorio Formation in the study
area is herein interpreted as a result of glacier advance, occupancy, and
Fig. 5.Vertical stratigraphic profile at Estancia LasMoras (location of themeasured section
on Fig. 6A).



Fig. 6. Sedimentary facies. (A) general overview showing subglacial landform #1 in the foreground and the measured vertical facies succession in the background; (B) Dcm facies on
landform #1 is a lodgment till with striations on its top; (C) pebbly sandstones with horizontal stratification (Sh facies); (D) current-rippled sandstones (Sr facies) with paleoflow
toward N340°, overlaid by pebbly sandstones (Sh facies) with striations on its top; (E) rhythmites (Fld facies); (F) Gm facies – massive clast-supported conglomerates that erosively
cut fine-grained facies.
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subsequent retreat, in which two landforms–facies genetic associations
can be recognized: subglacial and proglacial (Fig. 5).

4.1. Subglacial facies association

The lowermost facies succession of the San Gregorio Formation en-
compasses facies closely associated with the hard-bed and the soft-
sediment glacial erosional landforms (Dcm, Sl, Sr, and Sm facies). Sev-
eral observed features allow us to interpret the streamlined, hard-bed
landforms as asymmetrical, subglacial whalebacks, including 1) the
presence of smooth, stoss-and-lee profiles with a gentler slope facing
downflow (NNW); 2) the superimposition of smaller erosional struc-
tures like striations and polished surfaces; 3) the presence of scattered
granite boulders on the abraded surface; and 4) the existence of overly-
ing compacted, laterally discontinuous, clast-rich sandy diamictites
(Dcm facies).

The presence of crag-and-tail structures and lodged boulders at the
downflow termination of whalebacks are indicative of subglacial em-
placement directly from the debris-rich basal ice (lodgment till), lacking
subsequent reworking by water. The lateral discontinuity and the pres-
ence of thicker deposits at the lee-sides of asymmetrical whalebacks
point to sediment accumulation mainly controlled by substrate irregu-
larities. The thin, laminated silty sandstone (Sl facies) above the basal
tillite (Dcm facies) can be interpreted as a product of subglacial defor-
mation and comminution of grains due to shear stress impinged by an
advancing glacier onto soft sediments (glaciotectonites). The fine
grain size and the absence of oversized clasts suggest sorting by melt-
water prior to deformation.

The overlying sandstone interval (Sr and Sh facies) points to
meltwater activity because of the better sorting and presence of
current-generated structures. The Sh facies was deposited under
upper-flow regimes whereas facies Sr record the transition to low-
flow conditions. Thus, the alternation of both events suggests fluctua-
tion of the flow regime, probably due to variations in meltwater
discharge with time.

The grooves and ridges developed on pebbly sands (Sh facies)
consistently trending parallel to the long axis of the whalebacks and
were probably formed by plowing, indicating that the ice slid on a
soft bed made of subglacially deposited sediment. The lack of
flutes, on the other hand, suggests minor participation of sediment ac-
cumulation and/or deformation as mechanisms for ridge formation
(e.g., Hart and Smith, 1997). The reduced thickness and the fact that
grooves and ridges take place over the sandstone facies suggest sand de-
position in subglacial cavities formed by the decoupling of the ice from
its bed.

The subglacial facies association reported above is consistent with
deposition/erosion under wet-based glaciers, where the presence of
meltwater favors the glacier to slide on its bed. Increasedmeltwater dis-
charge during ice-retreat can be evoked to explain the presence of
roughly aligned granite boulders, interpreted as ice-marginal deposits
and foundmainly in the depressions between positive glacially abraded
bedrock landforms.



Fig. 7. Striation produced by floating ice. (A) 20 m-thick succession of swaley cross-stratified sandstone with discontinuous glacially abraded surfaces; (B) detail of the swaley cross-
stratified sandstone; (C-D) two levels within the sandstones with soft-sediment striated surfaces; (E) a different level exhibiting curved scours.
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4.2. Glaciomarine proglacial facies association

This association is the thickest record of the San Gregorio strata ex-
posed in the study area and it is subdivided into a lower mud-rich suc-
cession, and an upper sand-rich succession. The lower succession
includes mudstones with dropstones that directly overlies the subgla-
cial facies association. These fine-grained facies were studied by
Daners and de Santa Ana (2003),who found a palynomorph assemblage
mainly composed of continental sporomorphs, with few organic-walled
microplankton taxa. These data combined with marine fossils reported
in the San Gregorio Formation suggest a low-salinity environment con-
nected with a marine depositional setting.

The presence of rhythmites and mudstone facies with dropstones,
and marine fossils in fine-grained facies of the San Gregorio Formation
are suggestive of a calving ice margin in contact with a marine-
influenced water body. The retreat of the ice margin promoted marine
incursion on the formerly glaciated area, where the presence of
dropstones indicates iceberg activity. The abrupt change between sub-
glacial and proglacial facies associations, and the absence of deposits
and structures indicative of ice-contact systems, like grounding-line
fans and glaciotectonic fold-and-thrust belts (e.g., Van der Wateren,
1994; Isbell, 2010), suggest a rapid glacier retreat from the study area
rather than a fluctuating recessional margin.

The upper, coarse-grained succession begins with clast-supported
conglomerates (Gm facies) that cut erosively the underlying mud-rich
facies.Wedo not observed features that allowedus to interpret these fa-
cies as subaerial, missing fluvial facies and bedload-dominated deltaic
topsets (e.g., Powell, 1990; Lønne, 1995). Considering the small thick-
ness and the dominantlymassive character, we consider that these con-
glomerate facies are the sedimentary product of rapid deposition from
highly concentrated density flows.

The uppermost sandstones were formed in a subaqueous setting as
evidenced by the presence of swaley cross-stratification (Ss facies)
and symmetrical ripples,which indicate deposition underwave activity.
The lack of mudstone interbeds points to an energetic, shallow-water
environment, likely the shoreface zone. A subaqueous origin for the
sand-rich interval of this association is favored by the presence of dis-
continuous soft-sediment striated surfaces between sandstone beds.
The ice-keel marks indicate that floating icebergs were still present in
the depositional setting, suggesting a calving ice-margin in contact
with the water body.

The striated surfaces, which are commonly curved, present
nonstriated marginal berms, and are oriented in high angles with re-
spect to the regional glacial flow, are very similar to the ice-keel scour
marks described in the time-equivalent Itararé Group in the Paraná
Basin (Vesely and Assine, 2002, 2014; Vesely et al., 2015) and in other
younger deposits elsewhere (e.g., Dionne, 1969; Eyles et al., 2005).
These structures are generated by keels of floating ice (icebergs or sea/
lake ice) that plough the sea or lake bottom as the ice moves forced by
winds, tides, or currents (Woodworth-Lynas and Dowdeswell, 1994).
Ice-keel marks are well reported from Pleistocene to modern environ-
ments but their identification in the Paleozoic glacial record is still un-
common compared to other types of ice-related erosional features.

4.3. Glacial stratigraphy

The glacially abraded bedrock and the facies stacking composed of
subglacial to proglacial deposits can be interpreted in terms of a glacial
advance-retreat cycle similar to what have been described from other
LPIA successions (e.g., Miller, 1989; França and Potter, 1991; Visser,
1997; Vesely and Assine, 2006; Vesely et al., 2015; Fallgatter and
Paim, 2017; Valdez-Buso et al., 2017; Mottin et al., 2018). These degla-
ciation sequences record complete cycles of glacial advance and retreat
either in terrestrial and marine environments and are often almost en-
tirely composed of deposits accumulated during ice-margin retreat or
deglaciation (Visser, 1997; Vesely and Assine, 2006).

The 30 m-thick glacigenic sequence described herein has a similar
stacking pattern but is thinner than deglaciation sequences recognized,
for instance, in the time-equivalent Taciba Formation of the Itararé
Group in southern Brazil (Paraná Basin), which can be up to 150 m
thick. The studied succession records only the lower half of typical de-
glaciation sequences, in which stacking pattern is interpreted to be
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strongly controlled by ice retreat and the depositional products are var-
iable depending on the terrestrial vs. marine setting of the ice margin
(e.g., Vesely et al., 2015; Aquino et al., 2016).

The upper half of the deglaciation sequences described from the
Itararé Group typically comprises ice-distal, deeper water facies domi-
nated by gravity flows (sandy turbidites and mass-transport deposits),
an association not identified in the study area but reported from other
outcrop localities in the San Gregorio Formation (e.g., Goso, 1995). It is
likely, therefore, that an upper stratigraphic record belonging to the
same sequence takes place in the subsurface to the north and is missing
in the study area because of post-Paleozoic denudation. Another possible
explanation for the reduced thickness is that part of the deglacial strati-
graphic record in the study area could have been removed by erosion
during the time of the formation of the erosive surface that underlies
the upper coarse-grained interval. Considering the rhythmites as off-
shore facies, it is likely that the sharp-based sandstones were emplaced
subaqueously during a subsequent forced regression triggered by base-
level fall (falling-stage systems tract; Plint andNummedal, 2000). During
deglaciation, glacio-isostatic uplifting (rebound) may generate uncon-
formities and cause the accumulation of regressive successions if
tectonically-induced sea-level fall and increasing sedimentation rates
overcome glacio-eustatic rise (e.g., Boulton, 1990). Similar sedimentary
products of glacio-isostatic regressions and associated depositional
events have been interpreted from Quaternary (Nutz et al., 2015;
Dietrich et al., 2017), late Paleozoic (Mottin et al., 2018) and Ordovician
(Le Heron et al., 2006) glacial records.

5. Paleoglaciologic and paleogeographic implications

The style of glaciation, paleo ice-flow directions, and the spatial dis-
tribution of ice centers are among the major uncertainties concerning
the LPIA. Exhumed glacial landscapes and paleo-ice stream pathways
provide valuable information on glacial spreading centers and ice
sheet dimensions. Recently, an outstanding late Carboniferous ex-
humed glacial landscapewas recognized in Chad using satellite imagery
(Le Heron, 2017).

Results of the present study deliver some advances on those issues
through the documentation of a well-exposed subglacial paleolandscape
and its associated deposits in a relatively poorly studied region of SW
Gondwana. The morphology of the pre-Carboniferous substrate in the
study area, the types of hard-bed erosional landforms, and the overlying
sedimentary facies give clues on the dynamics of the Uruguay Lobe.

The exhumed streamlined landforms take place on the floor of an
elongated depression in which at least part of the overlying deposits is
confined. The paleorelief of a few tens of meters deep and the width
of about 1500m are comparable in size to troughs developed beneath
fast flowing ice streams (e.g., Evans, 1996; Piasecka et al., 2016) in
which streamlined or glacially megalineated hard beds may occur
(e.g., Eyles, 2012; Krabbendam et al., 2016). The paleotopography and
its streamlined landforms are parallel to the local Precambrian struc-
tural fabric, suggesting that weaknesses of the crystalline basement
exerted an influence on ice streaming.

Whalebacks have been considered as indicative of high subglacial ef-
fective pressures formed under hundreds of meters thick ice (Evans,
1996; Glasser and Bennett, 2004; Bennett and Glasser, 2009). This is be-
cause the ice has to be in contact with the whole landform to promote
abrasion on all their sides. Under such conditions, cavities at the ice–
bed interface are suppressed, and prevent plucking and the formation
of quarried landforms. The examined landforms thus indicate that a sig-
nificantly thick ice mass advanced on the studied area and sculpted the
underlying bedrock. This inference combined with the presence of a
shallow trough strongly suggests that the exhumed subglacial land-
scape was produced by an ice stream associated with an ice sheet in-
stead of a smaller valley-type glacier. The vertical facies sequence of
the subglacial association suggests an upward increase inmeltwater ac-
tivity and the presence of cavities. This would indicate a progressively
thinner ice cover (e.g., Bennett and Glasser, 2009) that could have
been the consequence of climate warming, which culminated in a sub-
sequent deglaciation event.

Subglacial landforms sculpted on bedrock or soft beds are the most
reliable indicators of paleo-ice flow direction. The recognition of these
structures associated with LPIA deposits in SW Gondwana has resulted
in different models depicting the distribution of ice centers (e.g., Frakes
and Crowell, 1969, 1970, 1972; Crowell and Frakes, 1972; Martin, 1981;
Santos et al., 1996; Isbell et al., 2012; Limarino et al., 2014; Rosa et al.,
2016). In the eastern border of the Paraná Basin, numerous occurrences
of subglacial landforms on the preglacial substrate or on subglacial
diamictite have been documented, constraining paleo-ice flow towards
the NW and N (e.g., Bigarella et al., 1967; Rocha-Campos et al., 1988;
Trosdtorf et al., 2005; Fallgatter and Paim, 2017). These would indicate
an ice-spreading center located to the SE (Windhoek Ice Sheet in
Namibia; Visser, 1987) feeding an ice lobe flowing to the NW
(Kaokoveld Lobe; Frakes and Crowell, 1970).

In the southeastern area of the Paraná Basin, about 750 km NE from
the study area, the crystalline basement underlying glacial rocks of the
Itararé Group contain streamlined landforms draped by thin tillites,
which in turn are covered by thick marine mudstones of the Rio do
Sul Formation (Rocha-Campos et al., 1988; Rosa et al., 2016). According
to Fallgatter and Paim (2017), similar to the present study, the Rio do
Sul strata are partially confined in a 30 m high subglacial topography
and all subglacial lineations found in that area are oriented to the NW
(azimuth 332° to 348°). Although the aforementioned authors associate
this topography with outlet glaciers confined in valleys, an alternative
explanation is to consider subglacial troughs below a larger ice sheet.
In this hypothesis, the ice-flow directions do not vary spatially and the
relief of few tens of meters observed in the studied area contrasts with
Quaternary glacial valleys and fjords that typically have depths of sev-
eral hundreds of meters.

The asymmetricalwhalebacks that underlie the SanGregorio Forma-
tion in the study area constrain well a paleo-ice flow to the NNW in the
Chaco-Parana Basin. Crag-and-tail structures, ridges and grooves, as
well as striations preserved on the gentle slopes of whalebacks indicate
the same direction of icemovement. This direction of icemovement to-
wards the NNW is corroborated by paleocurrents measured in rippled
sandstones produced by subglacial meltwater flows and is similar to
that of Cerro de las Cuentas reported by Du Toit (1927).

Subglacial landforms associatedwith the Itararé Group in the south-
ernmost sector of the Paraná Basinwere described on both the northern
and southern flanks of the Sul-Riograndense Shield by Tomazelli and
Soliani (1982, 1997). The landforms are soft-sediment grooved surfaces
carved on sandydiamictites a fewmeters above the preglacial substrate.
Reliable kinematic indicators like nailhead furrows and grooves termi-
nating in embedded boulders indicate an average ice flow to the NNW
(Tomazelli and Soliani, 1982) coincident with that deduced from the
present study. The Itararé facies above the glacial surfaces includemud-
stones with dropstones and debris-flow diamictites (Tomazelli and
Soliani, 1997), indicating a proglacial subaquatic environment similar
to that reported for the San Gregorio Formation in the study area.

The NNWpaleo-ice flow and the vertical facies succession of the San
Gregorio Formation in Estancia Las Moras and of the Itararé Group in
Southern Brazil suggest a paleogeographic connection between these
two units (Fig. 8). The soft-sediment subglacial landforms of the Itararé
Group would indicate a thinner, lobate terminus of ice streams advanc-
ing northward. Our results disagree with previous models of ice irradi-
ating from the Rio-Grandense Shield, which is located northward from
the study area (e.g., Santos et al., 1996).

A glacialflow to theNNWin this sector of southwestGondwana con-
curs with a south-derived Uruguay ice lobe as proposed by Frakes and
Crowell (1970). It is also consistent with a glacial source located on
Precambrian rocks as envisaged in previous interpretations (França
and Potter, 1991; França et al., 1995; De Santa Ana, 2004; Limarino
and Spalletti, 2006). The provenance area of the Uruguay Ice Lobe was



Fig. 8. Paleogeographic setting. (A) paleo-iceflowdirections in the Chaco-Parana and in the southern Paraná Basins; (B) representation of a part of SWGondwana showing theUruguay ice
lobe (UIL) This paleogeographic scenario indicates ice provenance from ice caps in southern African highlands and does not support the existence of an ice center on the Sul-Riograndense
Shield (SRS). Paleo-iceflow data: 1. this study; 2–4. soft-sediment grooves in outcrops on the Sul-Riograndense Shield (Tomazelli and Soliani, 1982); 5. bedrock pavement in AlfredoWag-
ner (Fallgatter and Paim, 2017); 6. bedrock pavements in Witmarsun, PR (Bigarella et al., 1967); 7. roche moutonnée in Salto, SP (Almeida, 1948).
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placed southeast in thehighlands of theUruguayan Shield, and probably
far afield in terranes of the present-day southern African territory
(e.g., Cargonian and Southern highlands; Visser, 1987). In this scenario,
these highlandswere the sediment catchment area for the glaciomarine
depositional settings in the Chaco-Paraná and Paraná Basins during de
late Paleozoic Ice Age.

6. Conclusions

The discovery of an exhumed subglacial surface below late Paleozoic
deposits of the Chaco-Parana Basin gives the opportunity to explore the
ice dynamics, paleoflow directions, and the sedimentary record associ-
ated with the Uruguay glacial lobe in the context of the LPIA.

• Erosional landforms exposed in the exhumed surface at Estancia Las
Moras encompass numerous asymmetrical streamlined landforms
that occupy the floors of a shallow and elongated trough filled with
sedimentary facies of the San Gregorio Formation. The structures are
interpreted as asymmetrical whalebacks produced by abrasion be-
neath a several hundred meters thick, and wet-based ice stream
flowing to the NNW.

• The overlying facies show a transition from subglacial deposition to
proglacial marine sedimentation, recording thinning and rapid disin-
tegration of a tidewater ice margin. Dropstones in fine-grained facies
and ice-keel scour marks in between sandstone beds testify the per-
manence of floating icebergs in the depositional environment during
deglaciation.

• Glacial paleoflow inferred herein and that indicated by subglacial
landforms in the southern Paraná Basin (Brazil), aswell as the similar-
ity between the stratigraphic successions of the San Gregorio Forma-
tion and the Taciba Formation of the Itararé Group, suggest the
advance of the Uruguay ice lobe for at least 300 km northward.

• Paleo-ice flows in Uruguay and South Brazil do not support previous
models of an ice center irradiating from the Sul-Riograndense Shield,
but, rather, indicate that an ice source existed farther southeast during
the LPIA, probably in highlands of the present-day southern Africa.
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