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The Vazante Group consists of a late Mesoproterozoic (~1.0-1.1 Ga) carbonate-dominated marine plat-
form sequence in east-central Brazil. The upper part of the sequence consists of a glaciomarine diamictite
unit overlain by a cap carbonate. The 8'3C profile of the upper Vazante shows significant negative plunges,
one preglacial (drop of ~5.5%. VPDB) and two postglacial (drops of ~9 and 5%.VPDB, respectively). The
C-isotope plunge in the preglacial carbonates is correlated with low Th/U ratios (0.1-1.4) and a negative

Keywords: Ce/Ce* shift (~0.4), suggesting deposition under relative reducing conditions. In contrast, the C-isotope
X;Z;Tte carbonates plunges in the postglacial carbonates are associated with high Th/U ratios (>2) and positive Ce/Ce* shifts
REE (up to ~1.5), thus reflecting oxidizing conditions. Variations in the redox conditions of the late Mesopro-
Th/u terozoic ocean, reflected by changes in the Th/U and Ce/Ce* ratios, are likely attributable to a combination

Redox conditions of both global and local climatic and oceanographic changes, similar to what has been inferred for the

Neoproterozoic oceans.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Preserved marine carbonates are known to retain their primary
chemical, elemental and isotopic, signatures that reflect the effect
of prevailing oceanographic conditions and patterns (e.g., Wignall
and Twitchett, 1996; Shields et al., 1997; Azmy et al., 1998; Veizer et
al., 1999; Arnaboldi and Meyers, 2007; Wignall et al., 2007). Anoxic
conditions have a dramatic impact on the organic productivity in
oceans and, in most cases, may result in global mass extinction
events (e.g., Wignall and Twitchett, 1996). Although anoxic events
in the Phanerozoic oceans developed mainly in stratified oceans,
the Neoproterozoic anoxia is believed to have been caused by exten-
sive global glaciation that reached as far as the equatorial latitudes
(Snowball Earth hypothesis) and the ice cover separated the ocean
from atmosphere, thus resulting in severe drop in oxygen levels
in sea surface waters (Hoffman et al., 1998; Hoffman and Schrag,
2002). These events were usually associated with the deposition of
glaciogenic marine diamictites with dropstones and likely resulted
in significant reduction in organic primary productivity and high
rate of burial of organic carbon (cf. Halverson et al., 2005 and more
references therein). The termination of glaciation left behind '2C-
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depleted surface waters to recover productivity, which is reflected
by the negative 8'3C shifts exhibited in the cap carbonates immedi-
ately above the glaciogenic diamictites (e.g., Halverson et al., 2005,
2007). On the other hand, the redox conditions influence the oxi-
dation state and solubility of some rare earth elements (REEs) in
ocean water such as Ce, and U, relative to other elements that stay
unaffected such as Th (e.g., Wignall and Twitchett, 1996; Shields et
al.,, 1997).

Redox variations in the oceans prior to the Neoproterozoic have
been the subject of some recent investigations (e.g., Kah et al., 1999;
Schen et al., 2002, 2003; Arnold et al., 2004; Brocks et al., 2005) but
remain poorly known and are worthy of further study. Thus, it is of
some interest that remarkable negative 813C shifts have been doc-
umented in cap carbonates of the upper Vazante Group diamictites
of east-central Brazil (Azmy et al., 2001, 2006), which has recently
been determined to have formed in the late Mesoproterozoic (Azmy
et al., 2008). The current investigation presents evidence from Th,
U and other REE variations in the carbonates to evaluate the redox
conditions associated with the glacial event that formed them.

2. Geologic setting and age constraints
The Vazante Group consists of a carbonate-dominated marine

platform sequence (Dardenne, 2001) that extends along more than
300km N-S in the external zone of the Brasilia Fold Belt in S3o
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Fig. 1. Location map of Sdo Francisco Basin in Brazil showing the geology of the Brasilia Fold Belt including the Vazante Group (modified from Valeriano et al., 2004).

Francisco Basin (Fig. 1). The stratigraphy of the marginal marine
sediments of the Vazante Group (Fig. 2) has been studied in detail
and refined by several authors (e.g., Dardenne, 1978; Dardenne
and Walde, 1979; Madalosso, 1979; Karfunkel and Hoppe, 1988;
Fairchild et al., 1996; Azmy et al., 2001, 2006; Dardenne, 2001;
Misi, 2001; Misi et al., 2007). Sediments in the eastern part of the
basin are generally preserved but they become highly deformed
and metamorphosed (amphibolite to granulite facies) to the west
near the Brazilia Fold Belt (Dardenne, 1978; Fuck et al., 1994).
Earlier studies indicated that the Vazante Group sediments accu-
mulated on a passive margin (e.g., Campos-Neto, 1984; Fuck et al.,
1994), but recent investigations suggest that these sediments were
deposited in a foreland basin during the initial phases of the Brasil-
iano orogeny (e.g., Dardenne, 2000) although the lack of evidence
of volcanic activity (ash layers) in the sequence would favor the
former model rather than the latter.

The Vazante Group is believed to rest on a glaciogenic unit (D),
which constitutes the top of the Santo Anténio do Bonito Forma-
tion (Fig. 2) and includes another glacial horizon (D II) near the
top of the succession (Olcott et al., 2005) at the base of the Lapa
Formation (Azmy et al., 2006). Sedimentary iron-formation and
iron-oxide cemented diamictites are also observed near the top
of this second glaciogenic interval (Brody et al., 2004). A regional
unconformity (Fig. 2) likely occurs at the base of the upper diamic-
tite (D II) throughout the entire basin (Misi et al., 2007).

The Vazante Group stratigraphic framework is summarized in
Fig. 2. Remarkable 8'3C, and REE, variations have been documented
mainly in the upper part of the Group below and above the upper
diamictite unit (D II) immediately below the Lapa Formation. The
preglacial shifts are correlated with beds consisting mainly of pink

dolomitized fenestral algal mats (microbialites) and bioherms of
columnar stromatolites. On the other hand, the postglacial shifts
above the diamictites (D II) are correlated with dolomitized car-
bonate rhythmites of the Lapa Formation.

The Lapa Formation, which overlies the younger diamictites (D
IT), is predominantly composed of rhythmically laminated argilla-
ceous dolomites (cf. Azmy et al., 2006), with shales in the upper
part (Fig. 3). Immediately above the upper Vazante Group diamic-
tite (D II), thick organic-rich shale with dropstones (Azmy et al.,
2006) deposited likely during postglacial transgression (Brody et
al., 2004). The Lapa sediments represent a cap carbonate of sub-
tidal laminated dolomitized lime mudstone alternating with clays
or shales forming rhythmites (Azmy et al., 2006), which shallow
upward to rhythmically bedded argillaceous dolomite and micro-
bialaminite as well as occasional stromatolite lenses that likely
deposited within the photic zone (Fig. 3).

Petrographic examination of thin sections shows that the
dolomicrites are generally fabric retentive and very fine grained
(Azmy et al.,2006) with no significantincrease in crystal size associ-
ated with dolomitization, suggesting no extensive and/or repeated
meteoric alteration.

The lack of volcanic ash layers and the absence of radiometric
age estimates have made the age of the Vazante Group a mat-
ter of some debate. Previous chemostratigraphic studies of the
C-isotope and 87Sr/86Sr (least radiogenic signature 0.706841) pro-
files of the Group, particularly those from the Lapa carbonates,
suggested a possible correlation with similar isotopic profiles of
Sturtian (800-650 Ma) sequences on the Congo Craton (Azmy et
al,, 2001, 2006; Misi et al., 2007). However, the recent radiometric
measurements of Azmy et al. (2008) suggest an age of between
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Fig. 2. Schematic diagram of the Vazante Group stratigraphy showing the positions
of the glacial intervals, (D) at the top of Santo Antdnio do Bonito Formation and (D
II) at the base of Lapa Formation (modified from Dardenne, 2001).

1.0 and 1.1 Ga for the Vazante Group. Organic-rich shale associ-
ated with the diamictites at the base of the Lapa Formation has
a Model 3 Re-0Os isochron age of 1100 + 77 Ma (Fig. 3). Also, Geboy
(2006) obtained Re-0s ages of 1353 £ 69 Ma for organic-rich shales
of the preglacial Serra do Garrote and glaciogenic Serra do Poco
Verde Formations (middle Vazante Group, Fig. 2), respectively, that
are consistent with the late Mesoproterozoic age determined by
Azmy et al. (2008). In addition, Kaufman et al. (2008) documented
successive isochron ages for the Serra do Garrote and Serra do
Poco Verde formations between 1353 + 69 Ma and 1126 447 Ma.
The Vazante d'3C profile has negative shifts of up to 8% VPDB
associated with absolute-age controlled organic-rich shale imme-
diately above a glaciogenic interval (1.0-1.1 Ga). Previous studies
documented Mesoproterozoic §!3C profiles showing negative shifts
of 4-6%. VPDB, but have very poor absolute age control and were
not associated with glaciogenic units (e.g., Kah et al., 1999; Bartley
et al., 2007).

3. Methodology

A summary of the methods is described below. The analytical
protocol of the trace element and stable isotope measurements
(carbon and oxygen) on carbonates and organic matter has been
explained in detail in Azmy et al. (2001, 2006).

Samples were collected at high resolution from cores (CMM244,
CMM279, CMM500, and MASWO01) covering the upper Vazante

Group (Azmy et al., 2001, 2006), which were provided by the
Brazilian mining company Votorantim Metais (Appendix A). Thin
sections of the samples were petrographically examined under
a standard polarizing microscope and cathodoluminoscope and
stained with Alizarin Red-S and potassium ferricyanide solutions
(Dickson, 1966). A mirror-image polished slab of each thin sec-
tion was also prepared and polished for microsampling. Slabs were
washed with de-ionized water and dried overnight at 50 °C prior
to the isolation of the finest grained micrites free of secondary
cements. Approximately, 4 mg were extracted under a binocular
microscope from the slabs with a low-speed microdrill. The C- and
O-analyses were run by reacting about 250 ug of powder sam-
ple in inert atmosphere with concentrated (100%) orthophosphoric
acid at 70°C in a Thermo-Finnigan Gasbench II. The CO, produced
from the reaction was automatically delivered to a ThermoFinni-
gan DELTA V plus isotope ratio mass spectrometer, where the gas
measured for isotope ratios. The uncertainty is better than 0.1%.
(20), based on repeated measurements of NBS-19 (3180 =—2.20%.
and 8'3C=+1.95%, vs. V-PDB) and NBS-18 (8180=-3.00%. and
313C=-5.00%, vs. V-PDB) standards during each run of samples
(cf. Azmy et al., 2006).

For elemental analyses, a subset of sample powder was digested
in 5% (v/v) acetic acid for 70-80 min to eliminate leaching the detri-
tal silicate inclusions and analysed by standard addition techniques
for major (e.g., Ca, Mg), minor (e.g., Sr, Mn), and REE (Coleman et
al,, 1989) using a HP 4500plus ICP-MS at Memorial University of
Newfoundland. The relative uncertainties of these measurements
are better than 5% (cf. Azmy et al., 2006). Normalization of Ce con-
centrations is based on the PAAS values (Post-Archean Australian
Shale, McLennan, 1989) and the equation Ce/Ce*=3(Ce/Ce
PAAS)/{(2La/La PAAS)+(Nd/Nd PAAS)} (e.g., Shields et al,
1997).

Organic carbon isotope ratios were measured on isolated
kerogen after repeated digestion with ultrapure concentrated
hydrochloric acid at the isotope laboratory of Memorial University
of Newfoundland, using a Carlo Erba Elemental Analyzer cou-
pled to a 252 Finnigan Mat Mass Spectrometer. The results were
normalized to the standards IAEA-CH-6 (813C=-10.43), NBS18
(813C=-5.04) and USGS24 (813C=—15.99) and the uncertainty cal-
culated from repeated measurements was ~0.2%. (cf. Azmy et al.,
2006).

4. Results and discussion
4.1. Sample preservation

The degree of preservation of the Vazante carbonate samples
of the current study was previously discussed in detail by Azmy
et al. (2001, 2006) and carefully evaluated through a screening
procedure, which involved several petrographic and geochemi-
cal techniques (e.g., Kaufman et al., 1991, 1992, 1993; Derry et
al.,, 1992; Narbonne et al., 1994; Misi and Veizer, 1998). Thin
sections were studied under a petrographic microscope to exam-
ine the grain size, recrystallization, detrital and organic contents
and sedimentary structures and they were also examined under
cathodoluminoscope. Only micritic material, usually exhibiting
dull luminescence (cf. Rush and Chafetz, 1990), was microsampled
under a binocular microscope from polished slabs, which are mirror
images of the screened thin sections. The extracted powder was run
for C- and O-isotopes, major and minor elements and REEs. The lack
of correlations of Mn/Sr ratios with 8'3C_,;, (R2 =0.008) and 580
(R%2=0.001) values (Fig. 4a,b) suggest a high degree of preservation
of the §13C signatures likely because the diagenetic fluids do not
contain much of CO, to reset the §13C signature of carbonates. The
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organic matter isolated from the investigated carbonate samples
has a range of 813C0rg values between —26 and —13%.. Metamor-
phism may result in enrichment in the 8'3Corg (Schidlowski et al.,
1975; Hayes et al., 1983; Holser et al., 1988; Hayes et al., 1999)
but the lack of correlation between the C-isotope enrichment and
organic carbon abundance (TOC) in the upper Vazante carbonates
(Fig. 4c) would strongly argue against a metamorphic artifact (cf.
Azmy et al., 2006). The 813Corg values show a parallel trend to that
of 813C..yp (Fig. 5), which implies that the 8'3C,y, trend is likely
primary, and that the variations in 8'3Cyg are also primary, and it
reflects changes in primary productivity in the depositional setting
(cf. Azmy et al., 2006 for more details).

The Th/U and Ce/Ce* ratios of the Vazante carbonates exhibit
insignificant correlation with the detrital (siliciclastic) contents
of samples (Fig. 6a,b), thus suggesting no detrital influence or

overprint on the carbonate signatures. Although the influence of
diagenetic alteration on the redistribution of some elements (e.g.,
Ca, Mg, Na, Mn, Fe, Sr, and Ba) in carbonates has been established
(Veizer, 1983) and used for the evaluation of carbonate preserva-
tion in both Phanerozoic (e.g., Azmy et al., 1998; Veizer et al., 1999)
and Precambrian sediments (Derry et al., 1992; Kaufman and Knoll,
1995), no detailed studies have yet investigated the fractionation
of REE between carbonate phases during diagenesis. Diagenetic
alteration is well known to cause significant depletion of Sr and
enrichment of Mn in the diagenetic carbonate phase (Veizer, 1983)
and the Mn/Sr ratio can be therefore used to evaluate the degree of
carbonate preservation. The redox indicators utilized in the current
study, Th/U and Ce/Ce* ratios, exhibit insignificant correlations with
their Mn/Sr counterparts (Fig. 7a,b), thus suggesting a high degree
of preservation of the Vazante REE signatures particularly for Th, U
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and Ce. This is consistent with the correlation of the variations of
those elements with their counterparts of the 813C of the Vazante
carbonate and TOC profiles (Fig. 5).

The PAAS-normalized Vazante REE patterns (McLennan, 1989)
also exhibit nearly parallel profiles through the studied sequence
(e.g., Bau and Alexander, 2006) although some minor deviations
may be observed in the Eu values (Fig. 8) but not in the Ce which
is used as a redox indicator in the current study. In most parts
of the sequence, the Vazante patterns are nearly similar to those
averages of the modern microbialite and Pacific Ocean water (cf.
Shields and Webb, 2004 and more reference therein) but they

lack the negative Ce anomaly exhibited by the Pacific Ocean water
(Fig. 8).

4.2. Redox conditions

Anoxic conditions have been known to be responsible for extinc-
tion events of biota or dramatic reduction in organic productivity
during the Phanerozoic and Proterozoic (e.g., Erwin, 1993; Hoffman
et al,, 1998 and more references therein). Levels of oxygen in the
water column, expressed as the redox conditions, influence the
oxidation state of some elements and selectively control their sol-
ubility in seawater and consequently their degree of enrichment
in marine sediments (e.g., Myers and Wignall, 1987; Wignall and
Twitchett, 1996; Arnaboldi and Meyers, 2007; Wignall et al., 2007).
Uranium is among the elements which are sensitive to redox condi-
tions in seawater. In oxidizing environment, uranium ions maintain
the higher oxidation state (U*®) and form uranyl carbonate, which
is soluble in water whereas in reducing conditions, they retain the
lower oxidation state (U**) and form the insoluble uranous fluoride
which is trapped into marine carbonates (Wignall and Twitchett,
1996). In contrast, thorium is not affected by the redox conditions
of water column and occurs permanently in the insoluble Th*4
state. Accordingly, sediments of anoxic environments are richer in
uranium and have lower Th/U than those of oxic environments.
Therefore, the Th/U ratio has been used as a proxy for environmen-
tal redox conditions, with ratios < 2 in anoxic marine sediments, 2-7
in oxic sediments, and >7 in intensely oxidizing terrestrial environ-
ments (cf. Wignall and Twitchett, 1996).

The upper part of the Vazante Group has a distinct glaciogenic
diamictite unit (D II) at the base of the Lapa Formation (Fig. 5),
which is overlain by cap carbonates (Azmy et al., 2001, 2006;
Misi et al., 2007). The 8'3C profile of the succession has remark-
able primary shifts (Fig. 5) correlated with the stratigraphic levels
immediately below and above the diamictite unit (Azmy et al., 2001,
2006). Recent Re-0Os and U-Pb radiogenic-age studies give ages
of ~1.0-1.1 Ga, suggesting that the Vazante Group was deposited
during the late Mesoproterozoic (Azmy et al., 2008). Although
the global §'3C profile for late Mesoproterozoic cap carbonates is
sparse (cf. Kah et al., 1999; Lindsay and Brasier, 2002; Bartley et al.,
2007), comparable Neoproterozoic C-isotope shifts have been doc-
umented in association with global glacial events (cf. Halverson
et al,, 2005, 2007; Fike et al., 2007; Jiang et al., 2007 and more
references therein) and can be utilized to shed the light on the
depositional environment of the Vazante Basin.

The exact processes that might have resulted in large §3C
shifts in marine sediments are still a matter of debate. The “Snow-
ball Earth hypothesis” (e.g., Hoffman et al., 1998; Hoffman and
Schrag, 2000) suggests that an extensive global glaciation during
the Neoproterozoic reached at least near the paleoequatorial lati-
tudes and isolated the ocean from atmosphere. The CO, evolved,
in later stages, from volcanoes resulted in melting ice and initiated
the precipitation of cap carbonates in 13C-depleted oceans of low
organic productivity but high alkalinity influx caused by enhanced
weathering. Also, the postglacial ocean mixing and upwelling cur-
rents might have brought deep 2C-rich water to shallow shelf
environments which resulted in the precipitation of 13C-depleted
carbonates (e.g., Knoll et al., 1986; Kaufman et al., 1993; Grotzinger
and Knoll, 1995). Alternatively, the released methane from exposed
organic-rich sediments, by drop in sea level during glaciation,
was trapped as methane hydrate in permafrost. The postglacial
warming and sea level rise released methane in shelf water which
resulted in the precipitation of 13C-depleted carbonates (Kennedy
et al,, 2001).

On the other hand, C-isotope shifts have been documented in
preglacial carbonates and were also attributed to a possible release
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of methane from organic-rich sediments on continental margins
(Halverson et al., 2002; Schrag et al., 2002).

The 83C,,, profile of the upper Vazante (Fig. 5) exhibits two
major different baselines, below and above the basal Lapa diamic-
tite (D II). The preglacial baseline occurs at ~3%. and the postglacial
baseline at ~0%. (VPDB), respectively (Fig. 5). Although variations
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in Precambrian seawater carbon budget can be, at times, attributed
to paleoceanographic patterns (e.g., Knoll et al., 1986; Kaufman et
al., 1993; Grotzinger and Knoll, 1995), the sedimentological evi-
dence suggests that the Vazante carbonates were mainly deposited
in a shallow marine platform setting (Dardenne, 1978; Dardenne
and Walde, 1979; Madalosso, 1979; Karfunkel and Hoppe, 1988;
Fairchild et al., 1996; Azmy et al., 2001; Dardenne, 2001; Misi, 2001,
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Fig. 8. The PAAS-normalized REE distribution patterns in the upper Vazante carbonates (McLennan, 1989). The modern microbialite and Pacific Ocean water patterns are
modified from Shields and Webb (2004 and more references therein). The plotted results cover the stratigraphic zones of the three remarkable 8'3C,;, plunges below and

above the diamictites (D II).

Misi et al., 2007). Therefore, the general long-term decrease in the
813C,ayp, of cap carbonates (Fig. 5) might reflect the impact of glacia-
tion on the abundance and primary productivity of microbial biota
in the postglacial Vazante Ocean. Excluding the 8'3C,, values of
swings associated with glacial events, the global C-isotope signa-
tures of the Neoproterozoic carbonates (cf. Halverson et al., 2005,
2007) show generally more enriched values (around 5%. VPDB)
compared with those of the Vazante carbonates (around 0%. VPDB),
which may suggest that the evolution and abundance of micro-
organisms in late Mesoproterozoic oceans might have increased
with time towards the late Neoproterozoic. However, this needs fur-

ther study as relatively high 8'3C_,,, values, up to 4%. VPDB, have
been recently documented for some older carbonate muds (late
Mesoproterozoic — Middle Riphean) from the Avzyan Formation of
southern Urals, Russia (Bartley et al., 2007).

The upper Vazante §13C.,y, profile shows three major primary
plunges towards isotopically lighter carbon (Fig. 5), a preglacial
decrease of ~5%. in mainly stromatolite-rich carbonates and micro-
bial laminites (Azmy et al., 2001) immediately before the basal Lapa
diamictite (D II) and two postglacial plunges of ~8%. and ~5%. in
cap carbonate rhythmites after glaciation (Azmy et al., 2006). The
lower postglacial plunge occurs immediately above the diamictite
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unit and the upper plunge is associated with a shale layer at the top
of the Lapa Formation (Fig. 5).

The preglacial shift (~5%.) correlates with Th/U values of 0.1-1.4
(Fig. 5) and thus is associated with precipitation of carbonates in
reducing (anoxic-dysoxic) conditions (Th/U <2). The association
of the reducing conditions with the preglacial negative 313C.,y,
is consistent with possible release of methane from organic-rich
sediments on continental margins (e.g., Halverson et al., 2002;
Schrag et al., 2002). However, the lack of a supporting sedi-
mentological evidence (e.g., Jiang et al., 2003) in the Vazante
carbonates, such as tube-like structures through which gas might
have escaped (e.g., Hoffman and Schrag, 2002, Wang et al., 2008),
might argue against the methane release scenario. Alternatively,
the input of 2C-enriched CO; in shelf environment might have
been enhanced by sealevel drop, caused by early regression preced-
ing full glaciations, which brought some of the oxygen-restricted
lower shelf water close to deep shelf settings rich in organic
matter.

Unlike the positive correlations of the 8'3C,;, and Th/U profiles
documented for the Permo-Triassic (e.g., Wignall and Twitchett,
1996) and Precambrian-Cambrian (Kimura and Watanabe, 2001)
boundaries, those of the postglacial upper Vazante generally exhibit
an opposite relationship (Fig. 5). The lower postglacial shift (~8%.)
above the diamictite D Il and the upper shift (~5%.) above the shale
layer (Fig. 5) at the top of Lapa Formation (Azmy et al., 2001, 2006)
correlate with Th/U values of 9.9-4.3, respectively, suggesting car-
bonate precipitation in oxidizing (Th > 2) environments.

The lower postglacial 813C,y, shift, immediately above the
diamictite (D II), correlates with Th/U ratios that evolve from
strongly reducing conditions (Th/U=0.1) towards highly oxidiz-
ing conditions (Th/U=9.9) and the signal continues upsection
towards normal oxidizing conditions (Th/U = 2-6). The remarkable
recovery in 813C.,, after the plunge (Fig. 5) likely reflects the
combined effect of climate warming caused by high CO, input
possibly from extensive volcanic activity, melting of ice caps, alka-
linity influx and gradual increase in organic productivity. These
factors would have triggered the precipitation of cap carbonates
in ocean waters of low organic productivity (e.g., Kennedy et al.,
2001; Halverson et al., 2002; Schrag et al., 2002). The highly oxic
conditions (Th/U =9.9), that immediately followed the termination
of glaciations, might have been caused by the high solubility of oxy-
gen in relatively cold water with initial restricted biota (cf. Olcott
et al., 2005) and oxygen concentrations decreased with the pro-
gressive recovery of primary productivity after glaciation. Also,
high Th/U ratios (>7) have been suggested to reflect terrestrial
inputs (Wignall and Twitchett, 1996). The upper Vazante Th/U
values (up to 9.9), correlated with stratigraphic levels immedi-
ately above the diamictite, are consistent with the argillaceous
nature of the Lapa cap carbonates (rhythmites). This could reflect
the effect of differential input of weathered continental materi-
als due to possible fluctuations in the sea level during the initial
stages of ice melting. However, the lack of correlation between
the 8'3C.,p, and the amount of carbonate in the samples sug-
gests that the terrestrial input did not have enough organic
matter to significantly influence the 8'3C signatures (Azmy et al.,
2006).

The uppermost postglacial negative 813C.,y, shift (~5%.) is
recorded in rhythmites of laminated argillaceous carbonates (Azmy
et al., 2006) overlying a shale layer and correlates with Th/U ratios
(~2.3-6.3) of oxic conditions (Fig. 5). The upward passage of shale to
carbonate rhythmites may indicate the onset of a sedimentary cycle
of progressive shallowing after platform drowning, which might
have resulted in a recovery in the primary productivity.

The upper Vazante Ce/Ce” profile shows a similar trend to that
of Th/U (Fig. 5). The preglacial 8'3C_,y, plunge is correlated with

a negative Ce/Ce” shift of ~0.4, suggesting reducing conditions
(e.g., Holser et al., 1989; Shields et al., 1997), which is consistent
with their low (<2) Th/U values (Wignall and Twitchett, 1996;
Wignall et al., 2007). In contrast, the lower postglacial plunge in
813C,,p, immediately above the diamictite (D I), is correlated with
a significant positive Ce/Ce” shift of ~1.5 (Fig. 5), which reflects
oxidizing conditions consistent with those suggested by the high
Th/U ratios (>2). The upper postglacial drop in 13C.,, is correlated
with only a weakly positive Ce/Ce" shift of ~0.2. This implies oxidiz-
ing conditions consistent with those reflected by Th/U ratios at the
same stratigraphic level. However, the lower Th/U and Ce/Ce" val-
ues of the upper 8'3C.,, postglacial plunge, compared with their
counterparts of the lower postglacial, and the lack of an imme-
diate glaciogenic layer suggests that the uppermost 313C_,, was
caused by a more localized oceanographic event rather than a
major global climatic event. Generally speaking, the cap carbon-
ates immediately above the diamictites (D II) show higher contents
of Ce (Appendix A) compared with those of the preglacial car-
bonates and the uppermost carbonates above the topmost shale
layer of the Lapa Formation (Fig. 3). This is consistent with the
distinctive positive Ce/Ce” shift associated with those cap carbon-
ates.

5. Conclusions

The 8'3C profile of the late Mesoproterozoic upper Vazante
Group carbonates, which include a glaciogenic diamictite unit,
shows one preglacial and two (lower and upper) postglacial plunges
towards isotopically lighter carbon. The isotopic decreases corre-
late with remarkable variations in the Th/U and Ce/Ce* ratios, which
reflectimportant redox variations in the Vazante Basin and possibly
the late Mesoproterozoic ocean.

The preglacial 313C plunge (~5.4%. VPDB) is associated with low
Th/U ratios of <2 and a negative Ce/Ce* shift of ~0.4, which suggests
that those carbonates were deposited in reducing conditions. The
drop of sea level preceding the glaciation probably resulted in con-
sumption of oxygen through the oxidation of organic matter in the
lower shelf environment and likely higher 2C-input into the DIC
reservoir.

In contrast, the postglacial plunges in 8'3C correlate with high
Th/U ratios (>2) and increases in Ce/Ce* (0.2-0.6), which reflect
oxidizing conditions. The lower postglacial plunge (~9%. VPDB),
immediately above the diamictite layer, correlates with a very
high Th/U ratio (~9.9) and a relatively strong increases in Ce/Ce*
(0.6) suggesting significant high oxidizing conditions. Oxidation
developed as a result of the high solubility of atmospheric oxy-
gen in relative cold water following ice melting during widespread
deglaciation. The upper postglacial plunge in 813C (~4.6%. VPDB),
overlying a shale layer, correlates with a lower Th/U ratio (~6.3)
and a weak increase in Ce/Ce* (~0.2). This suggests a local oceano-
graphic origin rather than a major global cooling event.

The results of this study indicate that both global and local
climatic and oceanic changes produced large and abrupt redox vari-
ations in the oceans during the late Mesoproterozoic.
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Appendix A

Samples, description, sampled cores, stratigraphy, isotopic composition (8'80 and 813C in %, VPDB), and trace element contents of the upper Vazante Group carbonates, more details
in Azmy et al. (2001, 2006).

Sample id Formation Core 813C 3180  d'3Cyrgapic TOC  Detritals Depth Mn St La Ce Pr Nd Sm  Eu Gd Tb Dy Ho  Er Tm  Yb Lu Th U
%o %o %> VPDB (%) (%) (m)  (ppm) (ppm) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb)
VPDB VPDB

MAS-01 Serradalapa MASWO1 -0.3 -76 -15.8 0.02 57 54.9 232 34 1539 3856 562 2451 704 170 811 160 1006 207 591 81 500 72 391 130
Velosinho

MAS-06  Serradalapa MASWO1 0.5 -71 -13.8 003 20 109.8 255 104 2356 5452 765 3117 798 180 816 138 840 167 477 65 380 55 440 192
Velosinho

MAS-07  Serradalapa MASWO1 -1.1 -7.8 21 1355 587 93 2570 6291 909 3894 1005 236 944 154 888 179 490 66 399 58 673 256
Velosinho

MAS-09  Serradalapa MASWO1 -25 105 57 158.6 2039 208 3617 8636 1005 4013 1238 305 1481 282 1765 347 1005 143 911 135 986 156
Velosinho

MAS-10  Serradalapa MASWO1 -42 -11.0 -215 003 56 168.0 411 140 2221 5484 654 2816 779 201 920 165 963 180 516 75 530 81 1119 260
Velosinho

MAS-11 Serradalapa MASWO01 -3.3 -10.8 50 179.2 207 84 3877 9101 1125 4370 959 194 934 152 871 166 481 69 449 70 2070 604
Velosinho

MAS-12  Serradalapa MASWO1 —43 -10.1 -14.2 0.01 51 2650 304 65 2142 4886 592 2398 471 96 511 73 431 80 224 31 216 31 728 185
Velosinho

MAS-15  Serradalapa MASWO01 0.1 -8.7
Velosinho

MAS-16  Serradalapa MASWO01 0.3 -85 61 299.7 319 81 1351 3111 471 2199 907 232 1242 240 1548 317 934 138 1003 169 282 93
Velosinho

MAS-21  Serradalapa MASWO01 -0.2 -9.7 -234 002 50 363.5 497 69 1922 4438 647 4229 1146 280 1578 321 2156 428 1156 155 1033 154 989 246
Velosinho

MAS-25  Serradalapa MASWO01 -0.7 -10.2 -23.9 0.01 70 405.8 578 141 2505 5113 717 3239 1188 381 1695 342 2226 445 1295 184 1194 184 463 159
Velosinho

MAS-31  Serradalapa MASWO1 -0.7 -10.6 77 4673 396 48 1152 2701 410 1869 746 198 1044 214 1382 257 692 95 601 86 361 160
Velosinho

MAS-36  Serradalapa MASWO01 -0.8 -99 48 505.0 931 156 4355 9481 1306 5642 1694 438 2226 408 2592 503 1386 190 1153 163 955 336
Velosinho

MAS-40  Serradalapa MASWO1 -1.0 -95 -22.6 0.06 539.3 691 74 1018 2157 312 1410 500 119 710 139 877 163 441 62 393 56 58 80
Velosinho

MAS-44  Serradalapa MASWO1 0.1 -8.1 47 5702 494 78 5539 12397 1622 7022 1942 520 2201 365 2177 407 1061 144 889 122 417 130
Velosinho

MAS-49  Serradalapa MASWO01 -0.1 -73 31 6145 637 87 641 1033 131 586 128 20 164 20 107 22 55 6 33 6 16 3
Velosinho

MAS-53  Serradalapa MASWO1 0.1 -8.0 6454 688 102 2167 4319 552 2408 658 134 767 108 619 113 295 36 214 30 71 54
Velosinho

MAS-55  Serradalapa MASWO01 0.1 -7.0 658.5 532 98 50 91 14 53 16 29 3 17 4 11 2 11 2 9 4
Velosinho

MAS-60  Serradalapa MASWO1 0.7 -7.3 39 696.0 498 55 4593 10725 1636 6033 1528 1586 270 1594 296 798 98 621 79 537 152
Velosinho

MAS-67  Serradalapa MASWO1 1.0 -5.7 19 7382 383 43 5867 12044 1541 6216 1341 159 1358 201 1103 207 548 66 383 51 334 155
Velosinho

MAS-71  Serradalapa MASWO1 0.2 -6.1 26 755.0 4827 10298 1321 5111 1230 89 1295 207 1173 226 635 80 494 66 289 132
Velosinho

MAS-73  Serradalapa MASWO01 -0.3 -58 -164 0.01 31 760.3 3658 8230 1063 4333 1014 244 972 147 861 158 426 57 344 50 226 98
Velosinho

MAS-74  Serradalapa MASWO01 -2.5 -6.9 34 767.0 3503 7146 994 4328 1385 404 1733 306 1832 353 955 120 739 101 333 272
Velosinho

MAS-75  Serradalapa MASWO01 —0.6 -5.8 7772 278 27 3331 7963 1082 4718 1228 337 1257 198 1188 226 620 85 542 76 359 1221
Velosinho

MAS-77  Serradalapa MASWO01 -2.9 -9.2 54 7921 1143 102 173 552 39 178 55 1 73 9 72 14 37 4 28 3 40 7
Velosinho

MAS-80  Serradalapa MASWO1 -55 -10.6 -23.7 006 54 8276 646 170 771 1679 231 1046 429 169 668 114 694 133 385 49 326 54 11 18
Velosinho

MAS-86  Serradalapa MASWO01 -3.4 -89 -234 0.00 48 848.7 751 1376 169 737 201 36 261 35 208 38 108 12 75 1 40 7
Velosinho

MAS-87  Serradalapa MASWO01 -8.2 -94 -26.1 0.00 67 865.2 1848 3906 442 1702 380 85 390 57 334 61 187 29 259 43 735 74
Velosinho
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Appendix A (Continued )
Sampleid ~ Formation Core 313C 8180  8"3Cyganic TOC  Detritals Depth Mn  Sr La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Th U
%o %o %> VPDB (%) (%) (m)  (ppm) (ppm) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb)
VPDB VPDB

CMM279-01 Morro do CMM279 29 -6.5 -17.1 0.00 92.0 90 70 786 1638 220 903 197 25 217 29 145 28 79 7 51 4 18 157
Calcario

CMM279-02 Morro do CMM279 2.0 -7.5 118.0 2842 3091 508 2114 443 88 520 82 501 118 370 53 302 50 32 176
Calcario

CMM279-03 Morro do CMM279 0.3 —-4.7 222 0.00 141.0 756 1346 149 575 143 7 113 19 81 18 48 10 49 9 58 370
Calcario

CMM279-04 Morro do CMM279 0.1 -7.8 165.0 72 16 530 1037 137 538 158 28 150 25 123 26 78 15 74 13 42 467
Calcario

CMM279-05 Morro do CMM279 1.7 —-4.1 193.0 185 37
Calcario

CMM279-08 Morro do CMM279 2.0 -9.1 -13.0 80.0 141 41 415 783 101 373 61 22 101 15 57 14 36 12 28 5 24 109
Calcario

CMM279-11 Morro do CMM279 -0.6 7.7 =248 0.00 151.0 372 33 1498 3193 365 1444 394 6 343 53 283 59 174 32 175 32 385 435
Calcario

CMM279-12 Morro do CMM279 2.7 —-6.9 188.0 425 853 114 442 163 32 133 22 108 22 73 16 75 14 138 240
Calcario

CMM279-13 Morro do CMM279 3.1 -103 -225 0.00 212.0 31 24 446 758 103 419 149 29 133 19 93 19 66 14 68 12 77 513
Calcario

CMM500-01 Serrade Pogo CMM500 -2.3 -24 32.0 128 70 3039 5921 662 2583 528 113 532 82 541 111 319 45 282 39 262 1475
Verde

CMM500-03 Serrade Pogo CMM500 —0.7 -6.9 -255 0.00 76.0 60 41 1304 2629 303 1168 233 44 220 33 194 40 111 16 104 13 224 4142
Verde

CMM500-04 Serrade Pogo CMM500 —-0.8 -7.0 -253 0.00 138.0 38 38 1837 3614 427 1551 303 69 313 45 255 53 159 21 138 19 304 938
Verde

CMM500-05 Serrade Pogo CMM500 0.7 -48 -23.1 173.0 148 49 1672 3434 401 1474 284 52 270 42 232 48 127 22 119 17 295 204
Verde

CMM500-07 Serrade Pogo CMM500 1.9 -43 -251 0.01 286.0 202 43 688 1382 182 712 142 41 143 21 134 29 85 11 73 9 108 181
Verde

CMM244-09 Serrade Poco CMM244 23 -5.9 96.0 338 46 1941 4634 534 2063 419 95 393 50 271 52 146 19 125 16 257 315
Verde

CMM244-27 Serrade Pogo CMM244 2.6 -5.0 -25.7 0.01 263.0 20 48 3085 6999 809 3053 605 133 559 80 441 81 219 32 198 28 505 180
Verde

CMM244-40 Serrade Poco CMM244 2.0 -33 480.7 69 65 3931 7496 941 3504 692 135 647 79 469 88 251 33 215 29 311 245
Verde

CMM244-48 Serrade Pogo CMM244 1.8 -5.2 566.0 101 37 395 832 94 377 62 13 74 9 62 10 37 4 37 4 89 137
Verde

CMM244-61 Serrade Pogo CMM244 2.1 -33 -244 0.01 756.0 392 48 982 1753 197 693 127 13 159 19 128 26 84 10 56 8 128 781
Verde

CMM244-71 Serrade Pogo CMM244 23 -5.5 919.0 19 28 177 311 33 134 32 2 42 6 27 2 16 1 15 1 10 520
Verde

CMM244-78 Serrade Pogo CMM244 3.9 -0.1 -195 0.00 11000 823 70 1222 2866 320 1294 300 55 327 51 339 72 230 34 207 30 169 968

Verde
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