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ABSTRACT

Upper Carboniferous to Lower Permian Gondwanan coals of the Parana
Basin occur both in interglacial/interstadial and post-glacial sequences.
The first ones are found exclusively in the northeastern part of basin, in
the State of Sao Paulo, included in the Itarare Subgroup. They are usually
thin (max. 50 em), dull, rich in mineral matter and silt intercalations.
They are associated with pre-Gangamopteris (Monte Mor coals) and Gangamop-
teris (Cerquilho coals) floras, abundant exotic-bearing‘diamictites,
striated boulder pavements and synsedimentary foldings in part related to
glacier action. The post-glacial coal measures are found in the Lower
Permian Rio Bonito Formation of the states of Santa Catarina and Rio Grande
do Sul where the coals are thick enough to be mined. They are characterized
by Glossopteris floral assemblages. Many coals in Rio Grande do Sul State
derive from limno-telmatic peatlands developed in paleovalleys, others are
associated with deltaic and barred coastal plains. In Santa Catarina and
Parana States coals are associated with upper deltaic to fluvial sequences.

INTRODUCTION

Objectives

The objectives of this paper are to review briefly the settings of
the Permo-Carboniferous coals of the Parana Basin in Brazil and establish
whether any of the coal layers are of interglacial origin or whether they
all are of post-glacial times (Fig. 1). Such a query impinges on the
difficulty of recognition of the glacial-post-glacial transition. The focus
of the paper is on the analysis of the coal-bearing sequences of the Cerqui-
lho area in S. Paulo State which best exemplify the dilema (Fig. 1).

Paleoclimatic and glacial conditions are in many cases hypothesized
on the basis of recognition and interpretation of diamictites and
associated sequences as sedimentary facies of glacial origin (Landim and
Frakes, 1968; Landim and Barros, 1972). Recognition of such glacial origin
is not a trivial matter, because sediment gravity flows that affect them
may occur also in non-glacial settings (Eyles and Eyles, 1983; Drewry,1986).

Theoretically, paleoclimatic conditions could be established from
fossil plants. Fossil plant associations have been interpreted linking, for
instance, the Botrychiopsis association with a tundra-equivalent setting,
the Gangamopteris association with a boreal-equivalent setting, and the
Glossopteris association with a cold-temperate or temperate setting
(Retallack, 1980). Unfortunately, these interpretations suffer from
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circular reasoning as many are based on the characteristics of the host
rocks, for instance, presence of diamictites, rather than on independent,
purely physiological evidence from the fossils themselves. Few of these
plants have ring structures and cortex features which support seasonality,

but not necessarily cold climate (Guerra-Sommer, pers. comm.; Bernardes de
Oliveira, 1977, 1978; Mussa, 1982).

Methods of study

_A review of the literature dealing with the Lower Permian of the
Parana basin was conducted first. Then, sedimentary facies analysis was
applied to key outcrops and cores from coalfields of Rio Grande do Sul and,
particularly of the Cerqullho area in Sao Paulo State. Most of the best
exposures of the Parana and S. Catarina states were visited as well,

particularly those which show the transition between the Itarare Subgroup
and the Rio Bonito Formation (Fig. 2).

THE PARANA BASIN

Geology of the coal-bearing Paleozoic sequences

The Parana Basin is located in southwestern Brazil and extends into
Argentina, Paraguay and Uruguay (Fig. 1). It covers 1,400,000 km° and it
is filled by up to 3,500 m of Phanerozoic sedimentary rock.

The stratigraphic units of interest in this paper belong to the Tuba-
rao Group, which is subdivided into a lower sub-group (Itarare Subgroup,
Middle(?)-Upper Carboniferous to Lower Permian) and an upper subgroup (Gua-
ta Subgroup, Lower Permian) (Fig. 2; Rocha-Campos, 1967). Coal measures
are found primarily in the Rio Bonlto Formation of the Guata Subgroup, and
only a few thin coal layers have been described from the Itarare Subgroup
(Bortoluzzi et al., 1978; Correa da Silva, 1980). The Tubarao Group rests
unconformably and onlaps on the Precambrian shield along all the eastern
margin of the basin, except around the Ponta Grossa arch where the Group
lies disconformably over Devonian sedimentary rocks (Daemon and Quadros,
1970; Schneider et al., 1974; Correa da Silva, 1978).

Local and global considerations indicate that the eastern edge of the
Parana Basin has been glaciated, that the basin was located at the margin
of glaciers some of which originated in southerm Africa, and that glaciers
affected differently the various states of eastern Brazil (Martin, 1961;
Rocha—-Campos, 1967; Frakes and Crowell, 1969).

In S.Catarina and southern Parana states, glaciations are recorded in
striated pavements on Precambrian rocks, and on rocks of the Itarare Sub-
group which include subglacial diamictites, 'varvites", and glacio-marine
deposits, which alternate with normal marine sediments (Canuto, 1985; San-
tos, 1987, Machado, 1988; Rocha-Campos et al., 1989). The sedimentary
sequence shows overall upward coarsening as the basin was filled by
prograding deltas and shores (Castro, 1980; Lopes et al., 1986; Machado,
1989).
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The appearance of the first coarse winnowed coastal or fluvial sand
identifies the base of the coal-bearing sequence ascribed to the Rio Bonito
Formation (Castro, 1988). Glossopteris floral associations characterize
this unit (Bortoluzzi et al., 1978; Correa da Silva, 1980; R&sler, 1978,
1979; Bermardes de Oliveira, 1977, 1978).

In Rio Grande do Sul, the lowest Permian unit cropping out around
the Rio Grande do Sul - Uruguay shield in Rio Grande do Sul is equivalent
to the upper Itarare Subgroup of the other states (Daemon and Quadros,1970)
and consists mainly of diamictites and varvites and shows some glacial
fluted surfaces. The glaciers flowed out from a centre on the shield and
were funneled northward through structurally controlled valleys (Tomazelli
and Soliani, 1982). The coals are of post-glacial times, and are found in
the Rio Bonito Formation. Most of them derived from limno-telmatic peats
formed in valley floors, others are associated with fens of barred coasts.
The coals are found onlapping directly the Precambrian, on lacustrine
sediments and, in some instance, they are associated with alluvial fans
(Mendes-Piccoli et al., 1985; Mendes-Piccoli et al., 1986). Many coal
layers are associated with an arkosic pebbly sand (locally called 'pedra
areia") which has been interpreted as debris flow (Gamermann and Coulon,
1975), but could also be considered a flash flood deposit.

The coal measures are overlain by marine units (Daemon and Quadros,
1970) (Fig. 2.)

In S. Paulo and northern Parana State, the uppermost Carboniferous to
Lower Permian sequence is complex and represents conditions proximal to the
glacier, as indicated by striations, roche moutonnee, true subglacial
tillites, striated boulder pavements, and numerous reworked subaqueous and
subaer‘ial diamictites (Rocha-Campos, 1967; Soares, 1972; Santos, 1987).
Similarly to Rio Grande do Sul, structural valleys were filled with glacial,
lacustrine, marine and fluvial deposits (Soares and Cava, 1982). Different
from the Rio Grande do Sul, the S. Paulo region has experienced greater
glacial deposition over a longer period of time from the Upper Carboniferous
to the upper part of the Lower Permian (Santos, 1987; Rocha-Campos and San-
tos, 1981). There is some controversy, however, on whether the topmost part
of what is called Itarare Subgroup in figure 2 belongs instead to a post-
glacial unit (Tiete Formation) which would be equivalent to the Rio Bonito
Formation (Fulfaro et al., 1984). Such controversy has to do with whether
the topmost part of this sequence has been influenced by glaciers, and
whether the thin coals that occur at Monte Mor, Buri and Cerquilho are
interglacial/interstadial or post-glacial.

An interglacial setting for the Monte Mor coal-bearing sequence is
established by its Late Carboniferous age, a time of glaciation in the
region, and its pre-Gangamopteris flora (Taphoflora A of Rdsler, 1978) (Figs.
2, 3; Millan, 1975, 1987). Although their correlation is debated, the coals
of the Buri area may be of similar age and origin (Fig. 3; Cabral et al.,
1983; Ciantelli et al., 1983; Cabral and Motta, 1985; Cabral et al., 1988).

Thicker and better studied coals are found in an alluvial floodplain
sequence at Cerquilho (Figs. 1, 4). Considerable debate exists on the
origin of these coal-bearing sequences, hence our analysis has concentrated
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on them.

Coal-bearing sequences of Cerquilho

The coal bearing rock sequence of the Cerquilho area is approximately
70 m thick and underlies the transgressive shallow marine siltstones and
carbonates of the Tatul Formation (Nagalli and Consoni, 1984; Fulfaro et
al., 1984). Floristically the sequence is characterized by a 'transitional
tafoflora" which contains Gangamopteris. To date, no true Glossopteris has
been found in it (Rosler, 1978; Millan, 1987). Core samples show a rich
assemblage of spores (40-50%) and pollens (30-40%) associated with these
coals. The subdivision of palynomorphs are approximately: triletes 40-45%;
monosaccates 10-15%; non striated bisaccates 10-15%; striated bisaccates
20-25%; others 0-5%; and few Tasmanites which, however, may be reworked
Devonian material (Rocha-Campos, unpublished data). This information
suggests existence of continental wetlands surrounded by dry uplands.
Lithologically, the coal-bearing silty and sandy units of the Cerquilho
area are associated with diamictites. Many diamictites ‘are massive, others
show lamination or partings, and deformation, and are most likely formed by
sediment gravity flows. Some authors (Nagalli and Consoni, 1984; Rocha-Cam-
pos et al., 1986) contend that these diamictites are glacial in origin,
others (Fulfaro et al., 1984; Stevaux et al., 1985) that they were formed
during post-glacial times.

In cores we have studied, four major facies associations succeed each
other up to the coaly horizons (Figs. 5,6)

a. Rhythmites. They are characterized by sand and silt altermances
which show intermal grading, cross-laminations, some deformation structures,
flame structures, pillows, pseudonodules. They are most likely of
turbiditic, possibly hyperpycnal flow origin.

b. Well sorted silt and sand units. They consist of fine sand and
silt, well sorted, light gray. They show faint horizontal lamination,
ripple cross—lamination and flaser, deformation structures such as pseudo-
nodules. Few burrows are present, some very large (order of 20-30 cm deep
and 2-3 cm wide). This facies represents lower shoreface deposits.

c. Diamictite units. They are characterized by sandy matrix with
disseminated granules and pebbles, some of which have exotic composition.
Some diamictites have laminae of fairly well sorted sand and silt, others
show contortions, microfaultings, diapires, load structures, irregular
lamination. Occasional bioturbation occurs.

These diamictites are, for the most part, subaqueous debris flows
developed in prograding marine shores/deltas, but in cores there is no
unequivocal evidence to decide whether periglacial or post-glacial
conditions prevailed.

d. Coal bearing units. They are characterized by fine to coarse sand,
with some intercalations of silty sand, coal and carbonaceous silt. Most
layers show horizontal lamination, ripple cross-lamination and occasional
cross-beds. Fine grained conglomerates to pebbly coarse sands occur, and
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some contain intraformational silt clay pebbles. These units represent
alluvial environments ranging from alluvial plains with wetlands and shallow
lakes.

The coals are rooted, thin (maximum 50 cm),dull and rich in inertite.
They are underlain and overlain by pebbly sandstones(some resembling
diamictites), seldom by intraformational breccia and conglomerate, and
fairly well-sorted sand.

The information obtained from a few key outcrops in the Cerquilho and
Junirin areas complements the evidence from the cores, by allowing analysis
of large scale features (Rocha-Campos et al., 1986).

a. Near Cerquilho, the sequence show coal-bearing, thinly interbedded
silts and sands, locally folded, faulted and jointed, and truncated by an
undulating, sub-horizontal surface (Fig. 7). A large (approximately 1.5 m
in diameter), exotic granitic boulder rests directly on the surface,
included between a triangular slice of massive, sandy diamictite on one
side and deformed conglomeratic, poorly sorted sandston€ on the other. This
polymictic sequence is capped by a massive, sandy diamictite (about 2.5 m
thick) with floating exotic clasts. This diamictite is in turn overlain by
two superimposed sequences (about 4 m thick each) separated by a fine clay
lamina, and characterized by relatively well sorted sand and silt showing
fining upward trends with cross-beds at the base and laminated to cross-
laminated layers above. These two sequences are of probable fluvio-
lacustrine origin.

The top part of the uppermost fluvio-lacustrine sequence shows
structural deformations and shears. It is overlain by a massive, heavily
weathered, silty sandy diamictite (about 1.5 m thick) containing floating
coarse sand grains and few pebbles.

b. Another important outcrop is found along a railway cut near Jumi-
rim, approximately 20 km northwest form Cerquilho. The outcrop shows a
lower, tightly isoclinally folded, thick sandstone, sharply overlain by a
silty-sandy, gray, indurated massive diamictite. The diamictite contains
cobbles and boulders primarily of quartzite and granite dispersed throughout
and locally concentrated in a boulder pavement (Fig. 8A). The clasts are
rounded to subrounded, and many show iron shapes, facetting and striations
(Fig. 8B). These and other features such as thin, irregularly distributed
sorted sand layers and veins found above and below the boulder pavements
have been interpreted by Rocha-Campos et al (1968, 1969) to record glacial
action and frozen ground conditions.

DISCUSSION

The thin, inertite rich coals of Sao Paulo State indicate that
active alluvial clastic sedimentation did not allow ancient peatlands to
persist for long time at any one location. The determination of paleo-
climatic conditions under which the coal measures developed and whether
glaciers had some direct or indirect effect on it, rests, for the most part,
on the interpretation of the origin of the diamictites and associated
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sedimentary features. Two interpretations exist of the coal-bearing
sequences of the Cerquilho area. One is based on the semi-regional analysis
of the cores of the Cerquilho area, and suggests that the diamictites under-
lying the coals and those overlying them are related to advancing and
retreating glacial lobes which reached this marginal area (Figs. 4, 9A;
Nagalli and Consoni, 1984). The second interpretation is based on detailed
analysis of cores from a smaller local area, and suggests that the sequence

developed as a post-glacial prograding delta and alluvial plains (Fig. 9B;
Stevaux et al., 1985).

The deposits in the local area where the best coals are found, could
be indeed readily explained as prograding fluvial and shoreface
sedimentation with material contributed from exposed crystalline basement,
and/or from reworked pre-existing glaciated terrains. However, when the
overall region is taken in consideration, questions must be raised about
the significance of the recurring coexistence of abundant exotic materials,
faceted particles with various types of striations and crescentic marks,
massive exotic-bearing diamictites showing variable structures and
composition, intraformational folds and shear zones, and a taphoflora which
is transitional between a colder climate older Botrychiopsis one of the
lower Itarare Subgroup and the temperate climate Glossopteris one of the
overlying Rio Bonito Formation in southern states of Brazil. To explain such
a variety of sediments and sedimentary features, a very active sedimentation
regime is required under variable climatic conditions and presence of
reasonable slopes. Then, either the tectonics of the area was much more
active than evidence would indicate, or glaciers were still present in the
area to produce similar effects, or a combination of the two occurred.

What was happening along the western margin of the Parana Basin at
large during the lower Permian time ? Perhaps a basin-wide regional view
can help in understanding the local problems of the Cerquilho area.

Relative steep slopes were present in parts of Rio Grande do Sul,
where some are being exhumed. Slope deposits were present both during the
deposition of the possible glacigenic Itarare Subgroup and the post- glacial
coal-bearing Rio Bonito Formation. In S. Catarina and parts of Parana
State steep slopes and possible reactivation of normal faults occurred
during the deposition of the Itarare Subgroup, but the sedimentation of the
coal bearing layers of the post-glacial Rio Bonito Formation occurred on
regularly prograding alluvial, deltaic and coastal sequences. In Sao Paulo
and parts of Parana State , the morphology of the depositional surface
has not been completely clarified. For instance, the highlands west of the
city of Sao Paulo do not show evidence of glaciation on them, but they have
undergone considerable erosion, weathering and are now heavily covered by
vegetation. These highlands grade westward into a '"transition zone' with
valley fills containing tillites (Cerquilho is located about 50 km west of
this zone). This zone in turn grades westward into the fully developed
marine Parana Basin. Perhaps valleys existed throughout the deposition of
the Itarare Subgroup in the areas marginal to the main basin and glaciers
were funnelled through them first. Later marine embayment developed, and
finally coal bearing strata formed on the prograding alluvial systéms.
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Furthermore, tectonic movements may have occurred during Permian times in
the Parana Basin, affecting sedimentation through shift of basinal depo-
centers or, locally, through growth fault reactivation which may have been
one of the mechanisms triggering debris flow. Although the eastern flank of
the Parana Basin was located at the margin of large ice sheets, extending
from Africa, some glacier-induced isostatic readjustments, similar to those
we see in the Quaternary of North America (Martini and Bowlby, in press),
may have occurred and been influential in reactivating older faults. Such
structures may have affected local sedimentation, but alone would not
Justify the variation in sedimentary features observed in the Cerquilho area.

The sedimentary features described in the Cerquilho area can be more
readily explained by the influence of glacial lobes which advanced and
retreated locally, at times overriding some sequences, in places reaching
the sea and entering marine embayments aground or floating in them. This
setting would explain the interstratification of glacigenic-like deposits,
particularly the abundant exotic-bearing diamictites, with marine and
alluvial sediments. The intraformational folds 1nvolv1ng the coal- bearing
strata and diamictites, the evidence of shearing, the large isolated granitic
boulder and the associated complex distribution of diamictite and contorted
conglomerate of the Cerquilho outcrop may record ice push action of a
surging glacial lobe. Similarly, the development of an intrastratal boulder
pavement at Jumirim can be associated with lodgement processes at the base
of a glacial lobe.

If this latter interpretation 1is correct, the Cerquilho coals are
interglacial/interstadial deposits and they belong to the Itarare Subgroup,
as this is identified as the glacially affected stratigraphic unit, rather
than the post-glacial Rio Bonito Formation. The Cerquilho occurrences should
be comparable to Quatermary analogues of the Northern Hemisphere. A
preliminary search has revealed that only few well-developed interglacial
peats are preserved in Quatermary glaciated areas of North America, and they
consist of lacustrine to telmatic deposits or transported organic material
in shallow lakes (Fulton, 1984). One of the best examples of buried fen
(low moor) peat occurs in the Hudson Bay Lowland, on the west coasts of
James Bay (McDonald, 1969). The buried ancient peat developed on top of an
offlap marine sequence in an alluvial setting. The peat is highly deformed
and is covered by tills of the last glaciation. These tills are in tum
covered by a second offlap sequence capped by the modern, very extensive
peatland. In Europe, particularly in Holland and northerm Germany, well-
developed interglacial peats (Eemian in age) are found in stratigraphic
sequences entirely formed by ice-proximal, fluvial deposits, that is, they
have not been overridden by glaciers (Fig. 10; Ter Wee, 1983). The inter-
glacial/interstadial position of such peats is established by their age and
by the presence of nearby, laterally equivalent diamictites associated with
glacial lobes surging along certain valleys.

The Quaternary examples indicate that interglacial and interstadial
peats form and can be preserved both in areas overridden by glaciers and in
ice-marginal zones. Similar settings may have existed in the Cerquilho area.
The Quaternary examples show also that the peatlands formed in interglacial
and post-glacial times only after climate had ameliorated to boreal
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conditions (Martini and Glooschenko, 1985). In the Holocene, the transition
from a glacial to a boreal climate occurred in about 5-6,000 years, an
almost instantaneous geologic event.

CONCLUSIONS

1. Except for those of S. Paulo State, the coals of the Parana Basin
are all of post-glacial times.

2. Fossil plant, microflora, and climatic non-diagnostic trace
fossils and marine invertebrate fossils are available in the Permian
sequence of the eastern side of the Parana Basin. Although there is
evidence of seasonal climatic changes (ring and cortex plant structures),
there is no evidence of very cold climate during the deposition of the

peats. This is consistent with what we know about Quaternary boreal
conditions.

3. Whichever interpretation is given for certain djamictites (till,
flow-till, or non-glacial debris flow), such interpretation carries certain
implications about the paleogeographic (types of slopes), climatic (semi-
aridity) and structural settings, which needs addressing and may require
re-interpretation of the geology of the region. It is likely that tectonic
rejuvenation of slopes, glacial activities and changing climatic conditions
have all contributed to form the variable Permo-Carboniferous sedimentary
sequence of the Parana Basin.

4. Coals of Monte Mor are intercalated within the glacial sequences
of the Itarare Subgroup, and have pre-Gangamopteris flora and are
considered interglacial. Although the stratigraphic position on the coals
of Buri is controversial, they too may be considered interglacial deposits.

5. The coal-bearing sequences of the Cerquilho area were formed on
prograding coastal and alluvial environments. However, the recurrent
association of diamictite carrying exotic materials, faceted and striated
pebbles, boulder pavements, large scale intraformational deformation and
shear zones and similar features, indicate active and variable sedimentation
regimes most likely associated with, and more simply explained by, glaci-
genic processes. At any rate, the possibility that these coals are of
interglacial or interstadial settings is intriguing and would represent one
of the few ancient analogs of the Pleistocene peats of North America
(example of Hudson Bay Lowland) and of Europe (example of Holland and
northerm Germany). The European peats are found in fluvial sequences which
locally do not contain any direct sedimentological evidence of glaciation,
but their interglacial origin is demonstrated by their age and lateral
association with tills.
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