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Between the Late Carboniferous and Early Triassic, the southwestern Gondwana supercontinent was character-
ized by the development of a huge intracratonic basin. A large confined epeiric sea and the accumulation of a
transgressive-regressive sequence were formed by continuous subsidence related to tectonic effects caused by
the Sanrafaelic Orogeny and the consequent generation of accommodation space. The Permian Rio do Rasto For-
mation documents the last progradational cycle related to the complete continentalization of this epeiric sea. The
basal member of the Rio do Rasto Formation (Serrinha) is believed to have been deposited in a shallow epicon-
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tinental water body subjected to storms and influenced by episodic deltaic incursions. One of the most remark-

Keywords: able characteristics of the Serrinha Member is the presence of carbonate concretions hosted in mudstones and
Septarian carbonate concretions very fine sandstones. Here, we combine sedimentological and petrographic descriptions coupled with geochem-
Late Permian ical and stable carbon and oxygen isotopic data to elucidate the nature of these carbonate concretions. The non-
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deformed internal structure, decreasing proportion of carbonate cements relative to detrital grains toward the
concretion edges, core-to-rim isotopic variations, and perhaps most importantly, the preservation of a well-
developed cardhouse fabric support an early diagenetic origin for these structures at shallow burial depths of
tens of meters. Stable isotope analyses of micritic calcite cements and calcites filling the septarian fractures reveal
major negative excursions in both 5'®0 and §'3C values. Oxygen isotope ratios obtained for the micritic calcite
cements vary between — 12.1 and — 2.6%.. The calcite filling septarian fractures also exhibit negative values of
5180 (—14.2 to —13.8%o), with an average of — 14%.. The 6'>C values of micritic calcite cements range from
—5.0-0.2%.. The carbon isotopic data from the calcite-filling septarian fractures are also negative (—4.4 to
—3.3%). The 5'80 signatures suggest that the early diagenetic carbonate concretions precipitated in a shallow
freshwater environment rather than in a marine setting. The 6'3C values suggest that the carbon isotopes were
derived from a source with slightly depleted '3C, supporting at least a partial organogenic contribution with
weak sulfate reduction rates typical of freshwater systems. Sedimentological analysis shows that the epiconti-
nental water body in which the Serrinha Member was deposited was constantly supplied by rivers and meteoric
waters, which suggests that an enormous freshwater basin with restricted marine connections to the Panthalassa
Ocean once existed.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Carbonate concretions are typical diagenetic features commonly
found in fine-grained sedimentary rocks. These concretions provide
substantial information about the progressive chemical evolution of in-
terstitial pore waters and the cementation of mineral phases during the
early burial of the sediments (Irwin et al., 1977; Hudson et al., 2001;
Seilacher, 2001; McBride et al., 2003, Raiswell, 2002, Mozley and
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Davis, 2005; Woo and Khim, 2006; Dale et al., 2014). Although much
of the geochemical (Irwin et al., 1977; Curtis et al., 1986; Wilkinson,
1993; Abdel-Wahab and McBride, 2001; Raiswell et al., 2002; Woo
and Khim, 2006; Wanas, 2008; Mahboubi et al., 2010; Dale et al.,
2014) and textural information (Astin, 1986; Selles-Martinez, 1996;
Yemane and Kelts, 1996; Seilacher, 2001) has contributed to our in-
creased knowledge about the genesis of these concretions, the nucle-
ation and growth of these structures are still not fully understood. It is
generally accepted that they were formed at burial depths of tens to
hundreds of meters via carbonate and/or sulfate cementation as a con-
sequence of geochemical changes in the pore waters (Irwin et al.,
1977, Froelich et al., 1979; Curtis et al., 1986, Compton, 1988, Mozley
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and Burns, 1993; Dong et al., 2013). The degradation of organic matter
by sulfate-reducing bacteria is related to carbonate precipitation and
growth of carbonate nodules in organic-rich sediments. The intersti-
tial pore waters in such environments lead to an increase in the car-
bonate alkalinity and lower the sulfate ion concentration to near zero
(Compton, 1988). The concretions have been found in sediments and
sedimentary rocks over a wide range of depositional environments,
including marine (Abdel-Wahab and McBride, 2001; Woo and
Khim, 2006; Wanas, 2008) and non-marine environments (Yemane
and Kelts, 1996; Wanas, 2008; Hoareau et al., 2009). Furthermore,
these depositional environments have ages ranging from the Pre-
cambrian (Goldberg et al., 2006; Dong et al., 2013) through the en-
tire Phanerozoic (Vochten and Geys, 1974; Pirrie and Marshall, 1991;
Rabassa, 2006; Woo and Khim, 2006; Wanas, 2008). The concretions
are typically sub-spherical to spherical but frequently take on a variety
of other shapes including disks, ellipses, continuous or discontinuous
bands, grape-like aggregates, coalescent bodies and complex shapes
(McBride et al., 1995; Selles-Martinez, 1996; Seilacher, 2001).

The concretions are often cut by one or more generations of fractures
also known as septarian cracks/fractures. These fractures are completely
or partially filled by carbonate cements and secondary minerals such as
silica, phosphates and sulfates. They typically range in shape: sub-
vertical lenses, concentric sheets, radial or crosscutting fractures. The
processes involved in the formation of septarian cracking have been ex-
plained by the following: (i) shrinkage (brittle fracturing) induced by
the dehydration of clay minerals or organic matter (Raiswell, 1971);
(ii) compaction and overpressure of pore waters (Astin, 1986); (iii)
gas generation due to bacterial decay of organic compounds (Irwin
etal., 1977); and (iv) syn-depositional earthquake-induced ground mo-
tion (Pratt, 2001). Due to the post-depositional origin of the concretions,
they have been used as key features for understanding the diagenetic
evolution of the sedimentary rocks (Irwin et al., 1977).

The Rio do Rasto Formation is sub-divided into the lower Serrinha
and upper Morro Pelado members, and their depositional environments
range from offshore settings affected by storms to deltaic and aeolian
systems (Warren et al., 2008). Because typical marine fossils (such as
echinoderms, bryozoans and brachiopods) are lacking and sedimento-
logical evidence refutes the action of astronomic tides (e.g., tidal bun-
dles, mud/sand pairs, asymmetry in paleocurrents), all of the Permian
succession of the Passa Dois Group is considered to have been deposited
in a confined interior sea of uncertain salinity (Lavina, 1991).

The presence of Permian-aged carbonate concretions in the
Parana Basin (Fig. 1), particularly in the Rio do Rasto Formation,
has been acknowledged for many years, although few studies have
been published. On the basis of sedimentological and paleontological
evidence (Schneider et al., 1974; Gama]r., 1979; Rohn, 1994; Warren
et al., 2008; Holz et al., 2010), it is impossible to definitively deter-
mine if these concretions were formed in a freshwater lacustrine or
a marine depositional environment.

In this work, we combine field, petrographic and stable §'0 and §'3C
isotopic data to elucidate the diagenetic fluid history and the genesis of
the carbonate concretions and their septarian fractures in the Late Perm-
ian Serrinha Member. Despite the importance for lithification, the origin
and growth pattern of these structures during early diagenesis can reveal
important environmental information about the immediate stages after
the sedimentary deposition.

2. Regional geological context

The Parana Basin is an enormous intracratonic basin that was lo-
cated in the southwestern portion of the Gondwana supercontinent
during the Phanerozoic eon (Milani, 1997). Its origin and evolution
has been associated with several subsidence cycles, presumably
caused by litospheric flexure related to different orogeny cycles
that occurred at the marginal portions of southwestern Gondwana
(Milani and Ramos, 1998). This portion of the supercontinent was

subjected to the successive amalgamation of several allochthonous
terrains that collided against the Gondwana proto-Pacific margin
(Ramos, 1984, 1986, 2008; Gohrbandt, 1992; Milani and Ramos, 1998).
Ramos (1986) divided the orogenic phases into three major tectono-
sedimentary cycles: the Pampean (Neoproterozoic to Early Cambrian),
the Famatinian (Ordovician to Devonian) and the Gondwanic (Carbonif-
erous to Triassic). The sedimentary successions that were deposited
during the major tectonic subsidence cycles consist of, from the base to
the top, the following supersequences: Rio Ivai (Ordovician-Silurian),
Parana (Devonian), Gondwana I (Carboniferous-Eotriassic), Gondwana
I (Meso-Neotriassic), Gondwana IIl and Bauru (Neocretacic). The first
three supersequences represent successions deposited under the influ-
ence of transgressive-regressive cycles related to fluctuations of the rel-
ative sea level during Paleozoic times. The remaining supersequences
(Gondwana I, Gondwana Il and Bauru) include continental sedimentary
successions associated with the breakup of the Gondwana superconti-
nent, and the Cretaceous volcanic eruptions related to the Large Igneous
Province of the Serra Geral Formation. Each of these supersequences en-
compasses a time interval of tens of millions of years and is temporally
delimited by regional disconformities.

The deposition of the second-order supersequence “Gondwana [”
(Pennsylvanian-Eotriassic) is related to a flexural subsidence cycle associ-
ated with the subduction of the Panthalassa oceanic lithosphere under the
South Gondwana plate, and the subsequent docking of the Patagonia ter-
rane (Ramos, 2008). Due to the lithospheric thickening and the rise of
mountain chains along the southwestern Gondwana margin, large-scale
marine incursions became restricted in the subsiding basin area, resulting
in the formation of a large and confined body of shallow water (Milani,
1997). Between the Late Permian and the Early Triassic, this newly
formed basin occupied a vast area and was characterized by the accumu-
lation of a transgressive-regressive succession.

Lithostratigraphically, the Gondwana I supersequence is composed
of the Itararé, Guata and Passa Dois groups. The Itararé Group forms
the basal part of the supersequence and consists of diamictites and
other glacial-related rocks deposited during the Late Carboniferous
and Early Permian on the southern hemispherical Gondwana supercon-
tinent. After the end of the Paleozoic glaciation, a new sedimentary state
was established in southern Gondwana in response to drastic climate
changes and consequent sea level rise (Limarino et al., 2013), as docu-
mented in the chrono-correlated sedimentary units in South America
(Fig. 11), South Africa, Namibia, Tanzania, Antarctica, India and
Australia (Veevers and Powell, 1987). At the end of the Paleozoic,
warm, semi-arid conditions existed in southern Gondwana, which
were synchronous with an important progradational cycle. Low subsi-
dence rates associated with a high sediment influx provided the condi-
tions for the deposition of a second-order progradational succession.
The deltaic, fluvial, lacustrine and eolian rocks of the Rio do Rasto and
Piramboia formations are representative of this marine regression that
culminates with the definitive continentalization of the basin during
the Permian-Triassic transition (Lavina, 1991; Warren et al., 2008).

2.1. The Rio do Rasto Formation

The Rio do Rasto Formation (Fig. 2) outcrops along the eastern border
of the Parand Basin, mainly in the Parand, Santa Catarina and Rio Grande
do Sul states. The unit is delimited at the base and at the top by transition-
al contacts with the Teresina and Piramboia formations, respectively
(Milani, 1997; Warren et al., 2008). Lithologically, it is characterized
by an alternating 250-300-m-thick succession of sandstones, siltstones
and mudstones, supposedly deposited during the Late Permian-Early
Eotriassic (Schneider et al., 1974; Lavina, 1991; Warren et al., 2008).
The Rio do Rasto Formation represents the upper portion of the
Permo-Triassic transgressive-regressive cycle in the Parana Basin. Dur-
ing this period, the limited or absent marine connection of the Parana
Basin with the Panthalassa Ocean was likely related to orogeny at the
Gondwana continental margin, which led to the formation of a large
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Fig. 1. Location of the study area and geological map of the eastern portion of the state of Santa Catarina, Brazil, showing the exposed region of the Precambrian basement and the Late

Paleozoic sedimentary rocks of the Parand Basin.
Modified from Schobbenhaus et al. (1984).

hinterland shallow water body surrounded by cratonic Precambrian
landmasses and accreted Paleozoic terranes south-southwestward.
The Rio do Rasto Formation was formally subdivided into the
Serrinha (lower) and Morro Pelado (upper) members (Gordon Jr.
et al., 1947). Its progradational architecture is characterized by the
tendency of sandstones to increase in frequency and size to the top.
The sediments of the Serrinha Member (Figs. 2, 3) are primarily char-
acterized by the presence of swaley/hummocky, heterolithic and
laminated fine sandstones interbedded with pelitic gray-colored facies,
suggesting deposition in offshore conditions that was occasionally sub-
ject to storm-wave action (Rohn, 1994; Warren et al., 2008). The occur-
rence of architectural elements with hummocky and swaley structures
reinforces the idea that episodic deposition occurred under high-energy
combined flow conditions. Fossil concentrations composed of teeth,
scales and fish coprolites, here classified as bone beds, also present
taphonomic similarities with storm-generated deposits (Rohn, 1994).
Lenticular and sigmoidal meter-sized layers of fine sandstones occa-
sionally occur interbedded with this succession and are interpreted as
distal deltaic mouth bar deposits (Lavina, 1991; Warren et al., 2008).

Discoid and ellipsoid carbonate concretions are particularly common
in the fine-grained sandstone and mudstone beds of the Serrinha Mem-
ber. From the intermediate portion of the Rio do Rasto succession, the
change of gray pelitic facies from red and purple sediments, accompa-
nied by the predominance of deltaic architectural elements, such as
basin deposits, inter-distributary channels and crevasse splay lobes is
remarkable.

The occurrence of facies associations deposited in different phys-
iographic positions inside a deltaic or lacustrine environment can be
expressed by the alternation of nearshore and offshore architectural
elements. This particularity can be explained by the strong auto-
cyclic character expected in deltaic depositional systems, which en-
ables the constant migration of channels and consequently the inter-
distributary bay areas and deltaic mouths (Warren et al., 2008). On
the second stratigraphic third of the Morro Pelado Member, the
presence of aeolian architectural elements interbedded with subaque-
ous sedimentation is evidence of definitive continentalization and a
transition to the Pirambdbia desert system (Figs. 2, 3) (Lavina, 1991;
Rohn, 1994; Warren et al., 2008).
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Fig. 2. Block diagrams showing the sedimentary evolution of the Rio do Rasto Formation.

Modified from Warren et al. (2008).
3. Methodology

The geometry, shape and size of the concretions were described and
sampled at two localities in the southeastern region of the Santa
Catarina State, Brazil (Sites 1 and 2). The compositional and textural fea-
tures of the concretions, as well as the microscopic aspects of the
Serrinha Member fine-grained sandstones, were investigated by petro-
graphic analysis with an Olympus BX50 polarizing microscope. The con-
cretion sub-samples used for carbon and oxygen isotopic analysis were
extracted from pre-selected polished slabs using a tungsten carbide
dental drill coupled to a Sherline 5400 benchtop sampler. The stable iso-
tope analyses were performed at the Laboratdrio de Is6topos Estaveis,
Centro de Pesquisas Geocronoldgicas (LIE-CPGeo) of the Instituto de
Geociéncias, Universidade de S3o Paulo. Based on preliminary petro-
graphic studies, 32 representative microsamples extracted at equal in-
tervals from the edge-to-edge of each concretion and septarian cracks

were selected for stable carbon and oxygen ('>C and '80) isotopic
analysis. The concretionary bodies and crack fillings were analyzed
separately. The stable oxygen and carbon isotope ratios are
expressed in & notation, the per mil (%.) deviation from the Vienna
Pee Dee Belemnite (VPDB) standard: §'®0 = [(*30 / '°0)sample /
('80 / '®0)yppe) — 1] x 1000 for oxygen and 5'3C = [(**C / "°C)sample /
(*3C /'2C)yppe) — 1] x 1000 for carbon. For each measurement, approx-
imately 150 pg of powder was drilled from the sample and analyzed with
an automated carbonate preparation system linked to a mass spectrom-
eter (Finnigan Delta Plus Advantage). The analytical error of the carbon
and oxygen isotope analysis was less than 0.1%.. We investigated the
mineralogical composition and microtextures of the concretions using
a scanning electron microscope (SEM) at the Centro de Pesquisas
Geocronoldgicas of the University of Sio Paulo (VP-ESEM Model
QUANTA 250 FEI, operated at EHT 20 kV and 100 Pa pressure). Another
aim of the SEM analysis was to produce compositional multi-element
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maps of the concretions using an SEM X-ray energy-dispersive spec-
trometer equipped with a dry solid-state silicon detector (Oxford Instru-
ments Ltd.), controlled by INCA software. The samples were coated with
a thin layer of carbon to prevent charging.

4. Results
4.1. The host sediment

The Serrinha Member was described by Schneider et al. (1974) as
being composed primarily of greenish and purplish siltstones interbed-
ded with shales, very fine-grained sandstones and rare carbonate
lenses. The outcrops of the Serrinha Member in the vicinities of Lages
city (Site 1) consist of tabular beds of interbedded gray mudstones
and siltstones and also very fine-grained grayish sandstone layers
(Fig. 4A, B). The outcrops that we studied in the Rio do Rasto Hills
(Site 2) contain greenish gray mudstones and siltstones layers

interbedded with massive or laminated very fine to fine-grained sand-
stones beds (Fig. 5A, B). The host sandstones have a rather uniform
composition of monocrystalline quartz (75%), feldspars (15%), heavy
minerals (<1%) and undifferentiated clay minerals (10%). The sand-
stone framework is composed of very fine, rounded to sub-rounded
and well-sorted grains.

4.2. Macroscopic characteristics of the concretions

The septarian carbonate concretions were found exclusively in the
lower portion of the Rio do Rasto Formation within the sediments of
the Serrinha Member. They are hosted in mudstones and very fine-
grained sandstones either as isolated concretions (Figs. 4A, B, C, 5C, D,
E) or as continuous, flattened, strata-bound layers (Fig. 4B). Deforma-
tional synsedimentary structures, such as clastic dykes, liquefaction/
dewatering features or load casts, were not observed between the
concretions and the surrounding mudstones and sandstones. The
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Fig. 4. Septarian carbonate concretions of the Serrinha Member at Site 1. (A) Scattered concretions with poorly-defined level within very fine-grained sandstone. (B) Flattened strata-
bound concretion. (C) Disk-shaped concretion. (D) Photograph of vertical section of a concretion containing septarian fractures.

horizontal spacing between individual concretions ranges from fewer
than 5 cm to 1 m (Figs. 4A, 5E). The larger concretions were much
flatter than the smaller ones, revealing a tendency toward spheroidal
form (Fig. 5E). The larger axis of the flattened concretions is typically
parallel to the bedding plane. The concretions show a weathered and
exfoliated outer skin, and the central portion in which the septarian
cracks developed, crosscuts radially toward the edge of the concre-
tions. According to their shapes, we divided the concretions into
four types: spherical to sub-spherical, flattened-ellipsoidal, horizon-
tally flattened and tubular.

4.3. Petrography of the concretions

The carbonate concretions entrap and preserve minerals with a sed-
imentary and authigenic/diagenetic origin. All of the examined concre-
tions are cemented with a mixture of micritic calcite (<5 um) and
mosaics of microspar (>5 pum), with very fine-grained monocrystalline
detrital quartz and undifferentiated clay minerals. Clay minerals and
carbonate cements are arranged in the concretion matrixes with face-
to-face and edge-to-face grain contacts, which form a cardhouse texture
(Fig. 6E). The dominant authigenic phases are calcite, barite and apatite
(0.03-0.08 mm). A decreasing proportion of carbonate cement relative
to detrital grains occurs toward the concretion edges (Fig. 7A). Promi-
nent internal septarian fractures (0.1-2 mm wide) filled with calcite
are the widest in the concretionary bodies (Figs. 4D, 5E, 6A, B, C, F, 7A,
B). Fracture filling is much more common in the central portion of the
concretions, and the fractures do not intercept or cut the concretion sur-
faces (Figs. 4D, 5F). The septarian fractures are more compacted in the
outer portions (edges) of the concretions (Figs. 4B, 6A, B). The calcite

content in the concretions is notably higher than in the host fine-
grained sandstone. Calcite is the predominant mineral filling the
septarian cracks, followed by the less abundant barite. We found that
the barite crystals typically developed perpendicular to the walls of
the septarian fractures, with their longest axes ranging from 0.1 to
0.3 mm (Figs. 6F, 8).

Carbonate concretions from Site 1 (varying according to the recrys-
tallization degree) are composed of a framework of randomly distribut-
ed domains of micrite (<5 pm) and microspar (>5 pm) cement, which
also contains very fine-grained angular monocrystalline detrital quartz
with minor amounts of diagenetic apatite (0.03-0.06 mm), barite and
undifferentiated clay minerals (Figs. 6, 8). The concretions also show a
complex internal structure characterized by fractures (widths between
0.5 and 1 mm) mainly filled with fibrous and granular calcite grains
(Fig. 6A, B, C) that do not extend to the concretion edge. Prismatic barite
crystals also occur as a secondary mineral in the septarian fractures
(Fig. 6F).

The concretions from Site 2 consist mainly of a mixture of sub-
angular to angular, very fine-grained monocrystalline quartz grains em-
bedded in a micritic-microspar cement. A horizontal/vertical network
of small-scale septarian cracks (0.1-1 mm) filled with calcite cement
crosscut the concretion. The calcite cement in the fracture fillings is
found in two forms, suggesting two episodes of calcite filling: (i) an ear-
lier phase that consists of druses with very fine-grained calcite crystals
that grow toward the interior of the cracks and (ii) a later phase that
consists of blocky, very fine-grained euhedral calcite crystals, forming
a mosaic of cement between the grains (Fig. 7A, B). The content of detri-
tal terrigenous grains increases from the center to the edge of the con-
cretion (Fig. 7A).
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Fig. 5. Septarian carbonate concretions in the Serrinha Member of the Rio do Rasto Formation at Site 2. (A) Exposure of tabular beds of fine-grained sandstones and silstones of the Serrinha
Member at Site 2 in the Rio do Rasto Ridge. (B) Basal portion of the outcrop, where concretions were sampled. (C) Tubular concretion specimen found in the Serrinha Member. Its dimen-
sions are 40 cm x 3 cm. (D) A close-up of the tubular concretion, showing its internal structure. (E) Two typical small spherical concretions (enclosed by the white dashed lines). (F) Slabs

for petrographic and isotopic analysis.

4.4. Electron microprobe analysis of authigenic phases within concretions

The geochemical compositions and Mg/Ca ratios of authigenic car-
bonates are listed in Table 3. The Mg/Ca molar ratio can be used to dis-
criminate the presence of high-Mg carbonates, low-Mg calcite and
terrigenous fractions (Bayon et al., 2007). Both matrix cements and
septarian fractures in the carbonate concretions of the Serrinha Member
display similar Mg/Ca ratios, between 0.49-0.65 and 0.57-0.64, respec-
tively. Scanning electron microscope observations on the Serrinha
Member concretions revealed that the fracture fillings are composed
of carbonates with low contents of magnesium and manganese
(Fig. 8). The matrix cement, composed of a complex framework of
micrite/microspar and detrital minerals, presents moderate Al, K and S
contents (Fig. 8).

4.5. Carbon and oxygen isotopic signatures
Stable oxygen and carbon isotope values obtained for the powders

extracted from the concretion cement and septarian cracks are listed
in Table 1. Both the oxygen and carbon isotope data show mainly

negative values, revealing little difference between the values obtained
from the cores and rims of the concretions. The range of 5'20 values is
rather wide (—14.4 to — 2.6%. PDB); the range of 5!3C values is more
limited (—5.0-0.2%. PDB).

In Site 1, the carbon isotope values for the calcite cement range be-
tween —5.0 and — 3.7%., with a mean value of —4.4%. (PDB). For the
septarian cracks, the 6'3C values vary between —4.4 and — 3.3%, with
a mean value of —3.9%. (PDB). The oxygen isotope values for the calcite
cement range from — 12.1 to — 7.1%. (PDB). For the fracture fillings, the
580 values vary between — 14.4 and — 13.8%. (PDB). Despite some
scattering, three main clusters are evident when we plot §'3C versus
580 (Fig. 8). Cluster 1 corresponds to matrix cement of sample PC-06
(Site 1), with isotopic signatures (6'C: —4.6 to —4.4%., 5'0: —10.0
to —7.1%.). Cluster 2 involves matrix cement mainly from samples
PC-02 and PC-03. Cluster 3 represents the fracture filling isotopic signa-
tures. In Site 2, 8'3C values for the matrix cement range from — 4.6 to
0.2%. (PDB), and the oxygen isotopic values vary between —9.1 and
—2.6%. (PDB). When we only consider the oxygen and carbon isotopes,
the analyzed concretions do not show significant systematic differences
in isotopic composition, suggesting that the fluid sources were very
similar.
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Fig. 6. Petrographic features of the Site 1 concretions. (A) Micritic calcite matrix and septarian fractures filled with calcite and barite. (B) and (C) Detail of the calcite-filled septarian frac-
tures. (D) Micritic calcite (<5 um) cements with very fine-grained monocrystalline detrital quartz and undifferentiated clay minerals. (E) Mosaics of microspar (>5 um) cements with very
fine-grained monocrystalline detrital quartz and undifferentiated clay minerals. Note the well-developed cardhouse fabric with face-to-face and edge-to-face contacts between carbon-
ates. (F) Bladed barite crystals filling septarian fractures. Scale bars: For A — 1 mm; for B, C, D and E — 0.5 mm and for F — 0.1 mm.

5. Discussion

Carbonate concretions hosted in sedimentary rocks are typically
thought to be formed from cementation promoted by the circulation of
interstitial pore waters within sediments during diagenesis (Irwin et al.,
1977). Stable 5'3C and 680 isotopic signatures of concretions have been
used to track shifts in parameters, such as water temperature and compo-
sition, salinity, primary productivity and nutrient availability (Rodrigues
and Fauth, 2013). Therefore, these isotopic signatures can provide reliable
information for paleoenvironmental reconstructions, detection of anoxic
events and glacial, interglacial and postglacial periods (Hoefs, 2004).

The septarian carbonate concretions from the Serrinha Member ex-
hibit geochemical and textural features suggestive of an early diagenetic
formation within the host rocks. The concretions appear to have been
formed during shallow burial by progressive concentric cementation
(Irwin et al., 1977; Astin, 1986; Mozley, 1996) as demonstrated by the
following geochemical and textural evidence: (i) a decreasing propor-
tion of carbonate cement relative to detrital grains from the concretion
center toward the edges, (ii) a high degree of compaction experienced
by the septarian fractures close to the concretion edges and (iii) core-
to-rim isotopic shifts. The preservation of a cardhouse microtexture with-
in the concretions reflects a shallow depth of carbonate precipitation,
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Fig. 7. Petrographic features of the Site 2 concretions. (A) Relationship between micritic calcite cements and calcite-filled septarian fractures. Note the increasing quartz content toward the
concretion margin. (B) A close-up of the previous thin-section. (C) Basal sections of apatite immersed in the micritic calcite matrix . (D) Detail of the micritic calcite matrix and very fine-
grained monocrystalline detrital quartz and undifferentiated clay minerals. Scale bars: For A — 1 mm; for B and D — 0.5 mm and for C — 0.1 mm. Marker for: ap — apatite.

with nucleation and growth probably starting no more than a few tens of
meters below the sediment-water interface. Carbonate cement protected
this microtexture from deformation and chemical reactions during the
subsequent burial. Astin (1986), based on textural evidence, showed
that septarian fracturing will be favored by overpressuring and low
horizontal stress, similar to what occurs during times of rapid burial.
However, the development of diagenetic barite is closely linked to low
rates or breaks in sedimentation, as demonstrated by Bréhéret and
Brumsack (2000). Thus, it seems that the calcite precipitation within
the septarian cracks of the Serrinha Member concretions is indicative of
an initial phase of rapid burial followed by a decrease in the sedimenta-
tion rate, represented by neo-formed barite crystals. The lack of barite
in the early stages of concretion growth may suggest a low sulfate
concentration during deposition. Additionally, the precipitation of barite
indicates removal of sulfate ions from the interstitial pore waters.
This is important because sulfate ions inhibit carbonate precipitation
(Compton, 1988), indicating that during the late barite crystallization
within the septarian fractures, carbonate precipitation was finished.
Early authigenic carbonate cementation in these concretions established
a closed microsystem that acted as a shield for the minerals and textures
during the subsequent burial and diagenesis. The chemical variations
from the center to the rim are indicative of progressive (or temporal)
alterations in the pore water compositions.

Mg/Ca molar ratios determined in the concretions showed charac-
teristic values that were used to distinguish between authigenic arago-
nite, high-Mg calcite, dolomite and calcite (Bayon et al., 2007).
Lowenstein et al. (2001) presented the major-ion composition of

Permian seawater based on fluid inclusions in marine halites from
Late Permian strata of North America. They showed that Permian and
modern seawater are both classified as aragonite seas, with Mg/Ca ra-
tios >2. Unlike carbonates precipitated from aragonite seas, the carbon-
ate phases analyzed here display Mg/Ca molar ratios between 0.49 and
0.65, indicative of supersaturation with respect to calcite rather than
dolomite.

Negative 6'80 values for early diagenetic carbonates crystallized in
marine siliciclastic successions can be explained by different processes:
(1) an influx of meteoric water, (2) oxidation of organic matter in the
sulfate-reduction zone, (3) chemical interaction between sea water
and sediments with volcanogenic or juvenile materials, (4) the ascen-
sion of hot fluids and (5) increasing temperature and recrystallization
of early carbonate cement during deep burial (Morad et al., 1996). Me-
teoric water can exhibit a wide variation in 6'%0 values between — 40
and 10%. (PDB). However, the carbonates that precipitate in warm wa-
ters tend to incorporate more '°0 than '20, resulting in lower §'%0
values (Armstrong and Brasier, 2005). Meteoric water from arid regions
exhibits a large range of 580 values, but normally, such water is deplet-
ed in 80 relative to seawater (negative 5'%0 values) (Magaritz, 1980).
Lacustrine carbonates possess significant variations in 6'80 isotopic
composition depending mainly on (1) the isotopic composition of the
rainwater in the hydrographic basin area, (2) the availability and sea-
sonality of the rainwater, (3) temperature, (4) evaporation rate, (5) rel-
ative humidity, and (6) biological productivity. Marine water, in
contrast, commonly exhibits positive 5'80 values ranging between 0
and 2%. (Hoefs, 2004), and marine carbonates precipitated during
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Fig. 9. Cross-plot of 5'C versus 5'%0 for matrix and septarian fractures in the concretions.

greenhouse or interglacial periods have lighter '®0 values than those
precipitated during glacial epochs (Armstrong and Brasier, 2005).
Both carbonate cement and the subsequent calcite filling frac-
tures of the concretions in the Serrinha Member yield negative 5'0
values varying between — 14.4 and — 7.1%. (PDB). Despite some evi-
dence for ash fall deposits in the Parand Basin sequence (Matos et al.,
2001; Guerra-Sommer et al., 2005, 2008a,b; Rocha-Campos et al.,
2006, 2007; Santos et al., 2006; Mori et al., 2012; Cagliari et al., 2014),
there is no direct evidence for intrabasinal volcanic activity during the
Permian Period, permitting us to discard the large-scale chemical inter-
action between sediments and volcanic materials to explain the nega-
tive values of 6'%0 found in the concretions. Likewise, there is no
conclusive evidence of hydrothermal or metamorphic processes of per-
colation of hydrocarbon-rich fluids from the overlying hydrocarbon

Subtropical arid
climate

Tropical to subtropica
to humid climate

source units (i.e., the Rio Bonito and Irati formations; Milani and
Zalan, 1999; Aratjo et al., 2000). As a result, an interaction between
heated fluids and the Serrinha Member sediments cannot be considered
the main mechanism responsible for the low 80 values. Finally, we
consider that the petrographic evidence presented associated with the
low 680 values of the carbonate concretions corroborates the hypoth-
esis of an authigenic and early diagenetic origin with nucleation and
growth in the sediment-water interface, possibly in low-saline or fresh-
water conditions.

The computational paleotopographic models of Roscher et al. (2011)
for the Permo-Triassic boundary show that the Gondwanides orogenic
belt reached maximum elevations of approximately 3000 m above sea
level, configuring the largest and highest mountain chain in southern
Gondwana (Fig. 10). This orographic barrier certainly affected not only
the marine connections and incursions into the continent but also the
climatic conditions in the central portions of Gondwana. According to
paleoclimatic reconstructions of Limarino et al. (2013) and Benton and
Newell (2013), the study area experienced a semiarid to arid climatic
period between the Middle Guadalupian-Lopingian. These authors at-
tributed this climatic condition to climate continentalization caused by
the Gondwanides mountain barrier. Modern-day analogs for this sce-
nario are the Andean Cordillera in South America and the Himalayan
Mountains in Asia, of which the high altitude of the cordillera strongly
affects the atmospheric circulation and, consequently, the inland climat-
ic patterns. Paleoclimatic data for the Permian-Triassic boundary also
indicate warm temperatures in polar regions (Retallack, 1995). The re-
gional evidence for a warm climate suggests that the Serrinha Member
was deposited in a basin located in the middle to high latitudes under
semi-arid conditions (Kiehl and Shields, 2005) (Fig. 10).

Visser (1995), based on lithological and paleontological data,
concluded that the continental surface area covered by water in
southwestern Gondwana reached a maximum of 34% during the

Southern limit of cold, cool and
warm temperate-humid climate

Northern limit of cold, cool and
warm temperate-humid climate
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Fig. 10. Late Permian paleogeography, showing major geographical and climatic regions.

Modified from Ziegler et al. (1997).
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Fig. 11. Stratigraphy of the major late Paleozoic basins in southern South America.

Modified from Limarino et al. (2013).

Early-Late Permian and decreased to approximately 6% at the
Permo-Triassic passage. Visser also argued that this huge interior
water body reached its maximum extent at the Karoo and Parana ba-
sins during the middle Permian. Yemane (1993) suggested the exis-
tence of coeval giant lakes, possibly interconnected throughout
southwestern Gondwana during the Late Permian. The absence of
typical marine macro- and microfossils (e.g., echinoderms, bryo-
zoans, brachiopods and foraminifera), glauconite deposits and sedi-
mentary structures indicative of tidal influence (such as tidal
bundles) suggests a lack of, or restricted, marine influence on the de-
position of the Permian-Triassic successions in southwestern Gond-
wana basins. Supporting this hypothesis, an unusual ichnofossil
assemblage associated with freshwater bivalves recently described
in the Brenton Loch Formation of the Falkland/Malvinas Islands
strongly suggests non-marine conditions for the Late Permian in
the Parana, Falkland and Karoo basins (Fig. 11, Table 2) (Simdes
et al., 2012). The data presented here and discussed together with
other information available in the literature attest to the existence
of an epicontinental freshwater body fed by fluvio-deltaic systems
in the Parand Basin during the Late Permian. This premise also favors
the idea that the concretions of the Serrinha Member were formed
under the influence of meteoric water/freshwater. Furthermore,
this scenario suggests that the restricted basin was supplied primar-
ily by meteoric water influxes derived from continental runoff, rivers
and rain. In this context, the negative 6'80 values of the carbonate
cement and fracture fills of the Serrinha Member concretions can

also be related to a decrease in water salinity caused by the addition
of freshwater in the eperiric water body.

Carbon isotopic signatures provide important information about
paleoproductivity and the availability of nutrients in oceans and lakes
(Irwin et al., 1977; Curtis and Coleman, 1986). According to Hoefs
(2004) and Armstrong and Brasier (2005), marine carbonates are isoto-
pically heavier, with average 6'3C values of approximately 0%.. Howev-
er, non-marine carbonates are isotopically lighter, with mean values
between 0 and — 18%.. The major processes responsible for 5'>C frac-
tionation in lacustrine and marine environments are (1) primary pro-
ductivity in the surface water, which removes '?>C from the
environment and results in more positive 5'C values; (2) temperature
fluctuations; (3) oxidation due to biological degradation of organic mat-
ter, which results in the return of '2C to the water column and lighter
8'3C values; (4) water recirculation and mixing, which carries '>C to
the surface; (5) micro-habitat effects; (6) coal-swamp deposits formed
as a result of the increase in primary productivity; (7) the influence of
metabolic processes of many different species associated with carbon-
ate precipitation; and (8) diagenetic processes in which interstitial
fluids tend to capture '2C, resulting in slightly negative 8'>C values
(Armstrong and Brasier, 2005).

The negative 5'>C values of the Serrinha Member concretions
between — 3.7 and 0.2%. (PDB) suggest low rates of primary produc-
tivity in the freshwater body. The absence of interbedded organic
carbon-rich sediments in the Serrinha stratigraphic level reinforces
the low rate of bioproductivity and the preservation of organic
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Table 1
Stable isotope (6'C and 6'80) data for the calcite micritic matrix and septarian fractures in
the Serrinha Member concretions.

Sample 5'3C (PDB) 5'%0 (PDB)
Site 1
Septarian fracture PC1-16 —4.23 —11.20
PC1-15 —5.02 —1045
PC1-14 —439 —13.80
PC1-13 —4.46 —13.94
PC1-12 —-339 —14.05
PC1-11 —3.98 —14.43
PC1-10 —3.90 —14.19
PC1-09 —3.67 —14.20
PC1-08 —3.91 —13.86
Matrix PC2-32 —4.49 —11.13
PC2-31 —4.37 —10.90
PC2-30 —4.37 —11.20
PC2-29 —4.44 —11.29
PC2-28 —4.35 —11.58
PC2-27 —4.34 —11.68
PC2-26 —3.77 —12.15
PC2-25 —4.32 —11.78
PC2-24 —4.35 —11.50
PC3-39 —4.51 —12.02
PC3-38 —4.29 —12.00
PC3-37 —4.34 —12.01
PC3-36 —4.25 —12.01
PC3-35 —4.20 —11.72
PC3-34 —4.46 —11.76
PC3-33 —4.49 —12.04
Site 2 PC6-07 —4.63 —10.09
PC6-06 —4.69 —10.00
PC6-05 —4.65 —9.32
PC6-04 —4.54 —8.84
PC6-03 —4.66 —8.45
PC6-02 —4.50 —7.20
PC6-01 —4.64 —7.20

matter in this interval. Moreover, the negative 6'>C values also sug-
gest that carbon was derived from a source with slightly depleted
13C, which seems to be partially related to microbial degradation of or-
ganic matter with weak sulfate reduction rates typical of freshwater
systems. The &'C isotopic fractionation between water bodies and the
atmosphere is quite sensitive to temperature changes (Wefer et al.,
1999). Lower temperatures result in extensive fractionation, and cold
surface waters tend to have high 5'C values. Simulations for the Late
Permian annual mean sea surface temperatures performed by Kiehl
and Shields (2005) reveal paleotemperatures ranging between 16 °C
and 24 °C for the Parana Basin paleolatitudes. Therefore, the negative
§13C values of the concretions can also be related to a freshwater body
with warm waters. Another possible interpretation for the negative
513C values is the depletion of '3C at the water-sediment interface
due to water recirculation and mixing driven by well-recorded storm
events in the Serrinha Member (Lavina, 1991; Rohn, 1994; Warren

Table 2

et al., 2008). Diagenetic processes, such as recrystallization during buri-
al and a later influx of meteoric waters, may also have slightly affected
the carbon isotopic signatures and resulted in more negative 8'>C
values. However, the plot of §'3C versus 580 of all isotopic data
(Fig. 9) does not reveal a clear covariance between the data, indicating
that the original values are preserved and that the diagenetic alteration
hypothesis can be refuted.

Research concerning the sedimentology and stable isotopes of dis-
tinct concretion-bearing Permian units of the southwestern Gondwana
basins is an excellent opportunity to increase our knowledge about the
early diagenetic fluid history of such basins. In the same way, studying
early diagenetic concretions is important and has helped expand our
understanding of the paleobiological and paleoenvironmental recon-
structions of the Parana Basin and its chrono-correlated units across
southwestern Gondwana (see Bondioli et al., 2015).

6. Conclusions

Carbonate concretions and subsequent carbonate-sulfate fracture
fillings were preserved in mudstones and very fine-grained sandstones
of the Late Permian Serrinha Member, Rio do Rasto Formation, Parana
Basin. The mineralogical, geochemical and textural evidence combined
with stable carbon and oxygen isotope analyses of such concretions pro-
vide additional insights into their origin and the Serrinha Member depo-
sitional setting.

The non-deformed internal structure during the early growth, the de-
creasing proportion of carbonate cement relative to detrital grains to-
ward the concretion edges, the well-preserved cardhouse fabric and
the core-to-rim isotopic variations support an early diagenetic origin
for these structures. Micrite-microspar cementation occurred at an ear-
lier stage, prior to significant compaction; septarian fracturing occurred
during rapid burial and localized overpressuring, as indicated by the
presence of neo-formed barite crystals. The early authigenic carbonate-
cemented matrix may have helped maintain a closed system in carbon-
ate concretions that prevented further chemical reactions with pore wa-
ters from the host sediments. The depleted oxygen isotope composition
of the calcite cement and fracture fillings certainly is strong evidence of a
freshwater origin for these concretions, indicating an early diagenesis
with important effects from meteoric and freshwater pore fluids. Accord-
ing to paleogeographic reconstructions, sedimentological data and the
isotopic data presented here, we are able to argue that the Parana
Basin likely had limited or no connections to the Panthalassa Ocean dur-
ing the deposition of the Serrinha Member and that this basin was cov-
ered by a large and shallow freshwater body that was probably
interconnected and extended to the chrono-correlated Falklands/
Malvinas Islands and the Karoo Basin. The negative &'C values indicate
low rates of primary productivity in the Serrinha Member epicontinental,
warm, freshwater body.

Lithologies and depositional environments from Late Permian units of the major Paleozoic basins in southern South America.

Basin Unit Lithologies

Depositional environment References

Fort Brown Fm. Mudstone, sandstone and siltstone
Brenton Loch Fm.
Saladero Mb
Tunas Fm.

Rio do Rasto Fm.
Serrinha Mb.

Talampaya Fm. (base)

Karoo Basin
Malvinas/Falkland Islands
mudstones

Sandstones, mudstones and tuffs
Mudstones and fine-grained
sandstones

Claromec6 Basin
Parand Basin

Paganzo Basin

Talampaya Fm. Sandstones

(middle)

Talampaya Fm. (top) Mudstones, evaporites and sandstones
Titicaca Basin Chutani Fm. Silty dolostone, mudstone, marl,

fine-grained sandstone and
volcaniclastic sandstone

Rhythmic sandstones, siltstones and

Conglomerates, breccias and sandstones

Prodelta

Non-marine, lacustrine, episodic deposition
of prodeltaic hyperpycnal flow

Shallow marine at the base to fluvial at the top
Shallow lakes, sometimes influenced by
storm waves or by fluvial incursions
Alluvial fans and braided rivers

Braided ephemeral fluvial systems and
alternating eolian-fluvial

Playa-lake and eolian

Semiarid tidal flat with mixed carbonatic
and siliciclastic deposition

Johnson (1976)
Simdes et al. (2012)

Harrington (1980)

Rohn (1994), Holz et al. (2010),
Warren et al. (2008)

Limarino et al. (2013)

Limarino et al. (2013)

Limarino et al. (2013)
Vieira et al. (2004)
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Table 3
Chemical compositions of matrix cements and septarian fractures.
C 0] Na Mg Al Si P S K Ca Ti Mn Fe Ba Total Mg Ca Mg/Ca
wt.% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wtk wt% wt% wt% atomic %  atomic%  molar

Matrix
PCO1-01 - 6235 - 330 251 1320 - 027 068 11.10 020 037 323 - 97.21  2.68 5.48 0.49
PCO1-05 13.06 5134 - 7.07 028 121 - 007 - 2153 - 3.67 149 028 100.00 5.51 10.18 0.54
PCO1-06 18.61 47.01 083 3.00 372 1209 025 006 - 828 - 0.28 357 039 98.09 222 3.72 0.60
PC01-07 16.61 49.07 0.18 162 851 13.06 047 007 261 487 - 0.21 221 050 99.99 1.20 2.19 0.55
PCO1-13 1668 4832 019 166 413 1730 026 006 4.82 477 - - 130 033 99.82 1.23 2.15 0.57
PC01-14 1425 5216 - 6.18  0.26 152 - 008 - 19.86 - 3.71 154 044 10000 4.74 9.24 0.51
PCO1-17 1265 5333 - 1.81 083 1895 020 007 027 462 025 022 6.59 020 99.99 137 213 0.64
PC01-18 9.82 4292 - 239 121 668 023 010 034 651 065 036 2844 036 10001 214 353 0.61
PCO1-19 16.63 40.02 - 264 169 692 029 021 041 6.68 037 037 2318 046 99.87 2.20 338 0.65
Septarias
PCO1-08 2723 4832 019 206 6.75 848 0.07 005 0.5 549 - 0.26 079 0.15 99.99 1.39 2.25 0.62
PCO1-09 17.73 4848 - 144 054 2617 017 004 016 409 - 0.24 0.81 013 10000 1.05 1.80 0.58
PCO1-10 17.64 5181 - 165 032 2255 0.10 008 0.06 473 - 0.27 078 - 99.99 1.18 2.06 0.57
pPCO1-11 1947 5116 013 148 035 2166 0.10 0.07 0.07 4.08 - 0.27 098 019 10001 1.05 1.76 0.60
PCO1-15 1780 4793 - 6.18 049 265 005 035 0.11 1787 - 3.17 168 171 99.99 4.70 8.25 0.57
PCO1-16  20.07 4983 - 6.71 0.53 266 006 007 010 1736 - 1.16 112 030 99.97 4.88 7.65 0.64
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