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ABSTRACT. The ca. 2.42 Ga-old Gandarela Formation overlies the finely laminated
Caué Banded Iron Formation (BIF) of the Itabira Group, Minas Supergroup, Brazil
and consists of red carbonate facies BIF grading upsection into buff dolomites and
hmestones, which are locally stromatolitic. Carbonates of the Gandarela Formation
have 8'2C values ranging narrowly from -1.6 to +0.4 permil versus PDB (n = 93).

The Cercadinho Formation, at the base of the overlying Piracicaba Group, is a
thick arenaceous succession with rare thin carbonates that have §'?C values ranging
from +3.3 to +5.4 permil (n = 12). Stromatolitic dolomites of the overlying Fecho do
Funil Formation have Pb-Pb carbonate age 2.11 = 0 11 Ga (Bab1nsk1 and others, 1995)
that provide the minimum age for this unit and §'*C values ranging from +5.6 to +7.4
permil (n = 69).

At present, we find no evidence in Brazil for the any of the three early Paleopro-
terozoic glacial events recognized in 2.45 to 2.22 Ga sedimentary successions in North
America. Given the radiometric constraints, however it is possible that geological and
geochemical traces of these ice ages are missing along the unconformity between the
Gandarela and Cercadinho formations. If correct, carbonates of the Gandarela
Formation may provide a record of the carbon isotope composition of the seawater
prior to any of the Paleoproterozoic ice ages. Combined with other available 3'*C data
results from the Gandarela Formatlon suggest that seawater preceding the ice ages was
not significantly enriched in '*C. On the other hand, the carbon isotopic signature of
the Cercadinho carbonates and chemical composition of the Cercadinho arenites are
consistent with deposition after the end of the glacial epoch and hkely during the early
stage of ca. 2.22 to 2.1 Ga carbon isotope excursion. The §'°C values of marine
carbonates of the Fecho do Funil Formation are consistent with carbon isotope record
of contemporaneous carbonate successions worldwide providing additional evidence for a
global biogeochemical anomaly at ca. 2.22 to 2.1 Ga. These compositional and isotopic
changes allow integration of the Minas Supergroup into the global record of the Paleopro-
terozoic evolution as well as correlation with other successions of similar age.

INTRODUCTION

Proterozoic (2.5 - 0.54 Ga) Earth history is characterized by the presence of
remarkable tectonic, environmental, and biologic events at either end of the eon. Both
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the beginning (2.45 - 2.0 Ga) and the end (0.75 - 0.54 Ga) are marked by the breakup
and assembly of supercontinents (Williams and others, 1991; Hoffman, 1991), as well
as extensive (and potentially global) glaciations, which are associated with extreme
variations in the carbon isotope composition of seawater proxies. In both intervals a
marked decrease in atmospheric CO, levels, either through high productivity and
burial of organic matter on newly-formed continental margins (Kaufman and others,
1997; Kaufman, 1997; Hoffman and others, 1998) or by long-term enhanced weather-
ing of land masses within middle to low latitudes (Hoffman and Schrag, 2000, 2002)
has been inferred to explain ‘Snowball Earth’ climate conditions.

The carbon isotope composition of Mesoproterozoic carbonates is close to 0
permil but shifts to much higher values before the first Neoproterozoic ice age
(Kaufman and others, 1997; Brasier and Lindsay, 1998; Kah and others, 1999).
Neoproterozoic ice ages and associated negative carbon isotope excursions were
preceded by positive carbon isotope excursions (Hoffman and others, 1998). Positive
carbon isotope excursions in seawater composition are generally interpreted as
indicating high relative burial rates of organic matter and accompanying increase in
the oxygen production (Broecker, 1970; Hayes and others, 1983; Derry and others,
1992; Kaufman and Knoll, 1995; Karhu and Holland, 1996; Kaufman and others,
1997). Kaufman (1997) suggested similar coupling between climatic changes and
biogeochemical cycling of carbon for the Paleoproterozoic. It was recently suggested
that the Archean and early Paleoproterozoic atmosphere was rich in methane (Hayes,
1994; Kasting, 1998; Rye and Holland, 2000; Pavlov and others, 2000), a greenhouse
gas that kept the planet’s surface above the freezing point. The transition to the
oxidizing atmosphere at ca. 2.4 Ga ago could have decreased the atmospheric methane
content resulting in the Paleoproterozoic glacial epoch (Pavlov and others, 2000).
Insofar as atmospheric and climatic changes affected surface environments, it should
ultimately be possible to test the proposed relationship between the rise of the
atmospheric oxygen, ice ages, and biogeochemical anomalies by unraveling the
position of these events within continuous or well correlated stratigraphic sections.

The tectonomagmatic event at 2.48 to 2.45 Ga (Heaman, 1997; Kump and others,
2000) led to bimodal magmatism and rifting of the Late Archean supercontinent
called Kenorland (Williams and others, 1991), while open continental margins were
affected by predominantly mafic volcanism accompanied by deposition of BIFs (Barley
and others, 1997). This event was superseded by a compressional event recognized in
South Africa, Australia, Antarctica, and Montana, USA (Altermann and Hélbich, 1991;
Daly and Fanning, 1993; Krapez, 1996; Bekker and others, 2001a; Carson and others,
2002; Roberts and others, 2002). The compressional event was shortly followed by a
glacial epoch that includes a triad of glacial events in North America while on other
continents evidence only for two (South Africa), one (Fennoscandia) or none of these
events is found (Young, 1973; Ojakangas, 1988; Bekker and others, 2001a). Negative
carbon isotope excursion (Veizer and others, 1992a; Bekker and Karhu, 1996; Bekker
and others, 1999) marks cap carbonates above the middle of three glacial diamictites
in the Snowy Pass and Huronian supergroups, Wyoming and Ontario, respectively. A
negative carbon isotope excursion with a similar magnitude and likely similar age was
also found in South Africa above the glacial diamictite at the base of the Duitschland
Formation (Bekker and others, 2001a).

Until recently, highly positive carbon isotope values (>4%o) were only found in
Paleoproterozoic carbonates that are younger than the end of the glacial epoch based
on geochronologic age constraints and stratigraphic position (Karhu and Holland,
1996). However, carbonates of the upper Duitschland Formation, South Africa sand-
wiched between two glacial diamictites have 3'°C values as high as +10.1 permil
(Bekker and others, 2001a).
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Carbon isotope composition of seawater before and after the first of three
Paleoproterozoic ice ages remains poorly constrained. This information is relevant to
the question whether the decreased atmospheric CO, and CH, levels necessary to
launch into icehouse conditions were brought by change in the rate of organic matter
burial or in the rate of weathering. Karhu and Holland (1996) used 3'2C values of
carbonates from the Seidorechka and Gandarela formations in their curve of secular
carbon isotope variations. These units based on their stratigraphic position in respect
to glacial deposits or absolute ages are older than the triad of glacial events (Pokrovsky
and Melezhik, 1995; Karhu and Holland, 1996; Melezhik and others, 1999). The
2442 *+ 1.7 Ma Seidorechka Formation in the Imandra-Varzuga Zone of the Kola
Peninsula, Russia contains thin impure carbonate lenses in lacustrine arenites (Amelin
and others, 1995; Pokrovsky and Melezhik, 1995). The Seidorechka Formation was
deposited in a rift basin with subaerial volcanic activity (Melezhik and Sturt, 1994) and
was subjected to metamorphism of greenschist to amphibole facies (Melezhik and
others, 1997a). The overlying Polisarka Formation contains dropstones (Melezhik,
1992 in Sturt and others, 1994) suggesting glacial influence on deposition. Carbonates
have 8'°C values ranging from -4.8 to -1.8 permil with dolomites being less depleted
(Karhu and Melezhik, 1992; Pokrovsky and Melezhik, 1995; Melezhik and Fallick,
1996). Lithostratigraphy, depositional environment and geochemical data suggest that
the highly depleted carbon isotope values reflect either local environment or diage-
netic / metamorphic alteration and can not be used for the curve of secular carbon
isotope variations.

The 2420 = 19 Ma Gandarela Formation, Minas Supergroup, Brazil was deposited
on a passive continental margin (Dorr, 1969; Romano, ms, 1989; Babinski and others,
1995). Glacial diamictites are not known in the Minas Supergroup. Carbon isotope
values of carbonates and total organic carbon (TOC) from the Gandarela Formation
measured by Schidlowski and others (1976a) and, recently, by Sial and others (1999,
2000) range from -3.2 to +1.6 and —22.9 to —21.4 permil, respectively.

Recently, two other successions provided information relevant to the carbon
isotope composition of the Paleoproterozoic seawater before and after the first glacial
event. Lindsay and Brasier (2002) and Bekker and others (2002) studied carbonates of
the Turee Creek Group in the Duck Creek and Hardey synclines of the Hamersley
Basin, Western Australia. Carbonates from the Hardey syncline overlie glacial diamic-
tites of the Meteorite Bore Member of the Turee Creek Group, while those in the Duck
Creek syncline, based on a tentative sequence stratigraphic correlation by Krapez
(1996), are older than glacial diamictites of the Meteorite Bore Member. These
carbonates have 3'°C values close to 0 permil (see Bekker and others, 2002 for
discussion of highly negative carbon isotope values in Lindsay and Brasier, 2002).
Bekker and others (2001a) found 3'?C values as high as +3.5 permil in carbonates of
the Tongwane Formation that overlies the ca. 2.48 Ga old Penge Iron Formation and
unconformably underlies Paleoproterozoic glacial diamictites in South Africa. In
summary, these limited data do not resolve ocean 3'*C composition before the triad of
Paleoproterozoic glacials.

In North America, Fennoscandia, and South Africa mature hematitic quartzites
and Alrich shales overlie the ultimate Paleoproterozoic diamictite (Young, 1973;
Ojakangas, 1988; Bekker and others, 2001a). Chemical and mineralogical composition
of these rocks suggests that high atmospheric po, and poo, along with warm global
climate resulted in deep weathering of low-standing landmasses in the aftermath of the
Paleoproterozoic glacial epoch. Carbonates are rare on this stratigraphic level and,
based on limited data (Yudovich and others, 1990; Tikhomirova and Makarikhin, 1993;
Bekker and Karhu, 1997; Bekker and others, unpublished data), have only moderate
C-enrichment. In contrast, dolomites with remarkably positive carbon isotope values



868  A. Bekker and others—Chemostratigraphy of carbonates from the Minas Supergroup,

dominating the >2.22 to 2.06 Ga stratigraphic record (Karhu, 1993; Karhu and
Holland, 1996) overlie the horizon of intense weathering. Ubiquitous pseudomorphs
of sulfate evaporites in these carbonate successions (Hemzacek and others, 1982;
Genest, 1985; Chandler, 1988; Melezhik and Fetisova, 1989; Akhmedov, 1990; Master,
1990; El1 Tabakh and others, 1999; Melezhik and others, 1999; Bekker and Eriksson,
2003) suggest deposition in a warm arid climate. These 3C-enriched carbonate
successions are typically overlain by organic-rich shales containing phosphorite, BIF,
and Mn-rich carbonate, which is consistent with the view of enhanced ocean circula-
tion following the long time interval with high relative burial rate of organic carbon
(Bekker and others, 2003). The end of the carbon isotope excursion and enhanced
ocean circulation were potentially linked to the final breakup of Kenorland at ca. 2.1
Ga, which coincides in age with the mantle plume event (Kohonen, 1995; Aspler and
Chiarenzelli, 1998; Aspler and others, 2002).

In this study, we present stratigraphic and carbon isotopic data from the early
Paleoproterozoic Minas Supergroup in Brazil, a succession that contains no known
glacial record. The succession is unique, however, in that carbonates of the ca. 2.42 Ga
Gandarela Formation conformably overlie banded iron-formation of the Caué Forma-
tion. Thus the Gandarela carbonates may reflect seawater and atmospheric composi-
tion in the interval just before the Paleoproterozoic glacial epoch. The chemostrati-
graphic data along with radiometric ages and time-specific rock types are used to
correlate the Minas Supergroup with equivalents in South Africa and Australia, and to
speculate on causes of the Paleoproterozoic glaciations.

REGIONAL GEOLOGY AND STRATIGRAPHY

The Minas Supergroup is exposed in the southeastern part of the Sao Francisco
Craton in the Quadrilatero Ferrifero, southeast Brazil (fig. 1). It is in fault or
unconformable contact with Archean granite-gneiss terrains with a minimum age of
2.86 Ga, the 2.78 to 2.72 Ga old Rio das Velhas greenstone belt, and granite plutons
with ages ranging from 2612 to 2780 Ma (Machado and others, 1992; Machado and
Carneiro, 1992; Chemale and others, 1994; Noce and others, 1998; Endo and others,
2002). Deposition of the Minas Supergroup initiated with rifting and breakup of the
eastern margin on the Archean platform and ended with the Transamazonian Orog-
eny (Marshak and Alkmim, 1989). The late stage of the Transamazonian Orogeny was
constrained by titanite ages of 2059 * 6 Ma and 2041 * 6 Ma (Machado and others,
1992; Noce and others, 1998) and by 2125 = 4 Ma U-Pb age of detrital zircon from the
overlying orogenic Sabara Group (Machado and others, 1992).

The supergroup includes the Caraca, Itabira, and Piracicaba groups (Dorr 1969;
Renger and others, 1994; fig. 2). Detrital zircons from the lower Moeda Formation of
the Caraca Group yield Pb-Pb ages of 2651 * 33 Ma and 2606 = 47 Ma revealed by
LA-ICPMS techniques (Machado and others, 1996), and an age of ca. 2.61 Ga by U-Pb
SHRIMP measurements (Endo and others, 2002). A minimum age constraint for the
Itabira Group is provided by the 2420 * 19 Ma Pb-Pb carbonate age of the Gandarela
Formation (Babinski and others, 1995).

The Caraca Group was deposited in a rift associated with thermally subsiding
passive margin settings. At the base of the group, the Moeda Formation contains layers
and lenses of phyllites in mature quartz arenites and quartz pebble conglomerates with
placer deposits of uraninite, gold, and pyrite, indicating deposition under a low oxygen
content atmosphere (Villaca and Moura, 1981; Minter and others, 1990). The conform-
ably and, locally, gradationally overlying Batatal Formation contains sericitic and
graphitic phyllites, chert, and an iron formation. The phyllites in the upper few meters
of this formation are Fe-rich and grade upwards into the Caué Iron Formation of the
Itabira Group.
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Fig. 1. Schematic geological map (modified from Dorr, 1969) of the Quadrilatero Ferrifero (Iron
Quadrangle) area with sampled localities shown. 1 — Archean terrain (granite-gneisses and greenstones); 2 —
Paleoproterozoic granitoids; 3 — Caraca Group; 4 — Itabira Group; 5 — Piracicaba Group; 6 — Sabara Group;
7 - Minas Supergroup undivided; 8 — Itacolomi Group; 9 — Mesoproterozoic Espinhaco Supergroup; 10 —
Neoproterozoic Bambui Group; 11 — thrust; 12 — fault; 13 — sampled locality (Ga - Gandarela Farm (see fig.
3); H - Hargraves quarry; S - Sabara; C- Cumbi quarry; CE-20-1 and GA-20-1 are in the Curral anticline; and M
—Morro do Bule). Inset shows location of the Quadrilatero Ferrifero (Iron Quadrangle) area in Brazil.

The Itabira Group contains the Caué Iron Formation and the overlying Gandarela
Formation. The latter unit has gradational contact with the Caué Iron Formation and
includes dolomites, limestones, dolomitic phyllite, a dolomitic iron formation, and
phyllite (Dorr, 1969). Carbonates in the middle part of the Gandarela Formation
contain well-preserved domal and LLH-type (laterally-linked hemispheroids of Logan
and others, 1964) stromatolites and oncolites (Souza and Miiller, 1984), indicating
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Fig. 2. Stratigraphy of the Minas Supergroup (modified from Dorr, 1969). See text for references to the
ages. Thickness of the supergroup is variable throughout the basin with the maximum estimate of 4 km,
Sabara Group is more than 3 km thick, and the Itacolomi Group is 1 to 2 km thick (Dorr, 1969).

deposition in high-energy intertidal to shallow subtidal environments. Intraforma-
tional dolomite and chert flat-pebble conglomerates, which range in thickness from
few centimeters to more than Imeter occur in the upper part of this unit (Dorr, 1969).
Dark-colored dolomites contain up to 1.2 percent Mn (Moore, 1969).

The Cercadinho Formation, the lowest unit in the overlying Piracicaba Group,
contains quartz arenites, ferruginous phyllites and quartz arenites, and phyllites.
Conglomerates at the base of this unit include clasts of BIF and chert derived from the
Itabira Group, specularite pebbles and iron-rich concretions (Dorr, 1969). The
Cercadinho Formation gradually transects units of the Itabira Group to the west (Dorr,
1969). Other evidence of erosional unconformity include locally angular contact with
the Gandarela Formation and locally preserved regolith at the top of the Gandarela
Formation containing red or variegated fine-grained lenticular rock (Maxwell, 1972).
Phyllites in the basal part of the formation contain large amounts of kyanite, are rich in
Aly,Og, and were interpreted as a reworked Al-rich regolith above the disconformity
(Herz, 1962; Herz and Dutra, 1964). The Cercadinho Formation has a variable
thickness but in the type locality in the Belo Horizonte Quadrangle it is about 317
meters thick (Dorr, 1969). Coarse- to medium-grained quartz arenites contain well
rounded and sorted quartz grains in hematite and magnetite matrix. Analyses of ferrugi-
nous quartz arenites show up to 95 percent SiO, and up to 12.3 percent Fe,O4 (Simmons,
1968; Romano, ms, 1989). Herringbone cross bedding, planar bedding, softsediment
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deformation structures, and ripple marks are abundant in quartz arenites of the
Cercadinho Formation, indicating deposition in a shallow-marine, tidally-influenced
setting (Romano, ms, 1989).

The overlying Fecho do Funil Formation has conformable upper and lower
contacts. The formation contains phyllite, siltstone, ferruginous quartz arenite, and
lenses of argillaceous dolomite. Phyllite is more abundant in the lower part of the
formation and dolomite content increases upsection. The Fecho do Funil Formation
has a variable thickness butin the type locality near the community of Fecho do Funil it
reaches 410 meters in thickness (Simmons, 1968). Dolomite lenses are up to 30 meters
thick, contain long columnar and domal stromatolites (Dardenne and Campos Neto,
1975; Garcia and others, 1988) and lack siliciclastic detritus, indicating a subtidal to
intertidal depositional setting. The whole formation likely represents a regressive cycle
with the deeper-water facies at the base and upward-shallowing trend towards the
gradual contact with the Tabooes Quartzite. A 2110 = 110 Ma Pb-Pb carbonate age of
the Fecho do Funil Formation was related to a metamorphic overprint due to the
Transamazonian event (Babinski and others, 1995). The overlying deltaic Tabooes
Quartzite consists of cross-bedded equigranular fine-grained quartz arenite and con-
tains up to 98.5 percent SiOy, (Romano, ms, 1989). The conformably overlying
Barreiro Formation contains phyllite and pyrite- and graphite-rich phyllites with TOC
content up to 4.4 percent. Since the Tabooes Quartzite and Barreiro Formation
interfinger on a regional scale and are not present everywhere, they are likely
time-equivalent facies (Romano, ms, 1989).

The unconformably overlying ~3 kilometer thick Sabara Group and the 1 to 2
kilometer thick Itacolomi Group contain coarse-grained siliciclastic and volcanic rocks
(Renger and others, 1994) deposited in a foreland basin during the Transamazonian
Orogeny related to continent-continent collision to the east-southeast (Bertrand and
Jardim de Sa, 1990; Machado and others 1996; Alkmim and Marshak, 1998). Sabara
Group also contains thin poorly laminated lenticular beds of iron formation and
ferruginous quartz arenite.

After deposition, the Minas Supergroup was subjected to two tectonic events, the
Transamazonian (ca. 2.2 - 2.0 Ga) and Brasiliano (ca. 0.6 - 0.5 Ga) orogenies (Marshak
and Alkmim, 1989). The first event affected the whole area while the second affected
only the eastern part of the Quadrilatero Ferrifero and produced west-verging fold-and-
thrust system. The first event formed northwest-verging folds and thrusts during the
convergence stage and dome-and-keel structures during the following extension
(Marshak and others, 1992). The cumulative degree of regional metamorphism of the
Minas Supergroup based on mineral assemblages is low-grade greenschist facies, either
chlorite or biotite isograd (Herz, 1978).

DESCRIPTION OF SAMPLED SECTIONS

The Gandarela Formation was sampled in the type area at Gandarela Farm located
in the center of the Gandarela syncline (fig. 3) about 40 kilometers southeast from
Belo Horizonte. While the syncline is an allochtonous overturned structure (Chemale
and others, 1994), the type area apparently experienced little deformation (Babinski
and others, 1995). The Gandarela Formation is ~750 meters thick in this area (Dorr,
1969) and poorly exposed. Six partial sections were sampled on a meter to decimeter
scale (fig. 4). Five of these are in the core of the Gandarela syncline and one (Loc.
5GND on fig. 3) is at the Extramil quarry where alternating red and buff dolomites of
the Gandarela Formation are in stratigraphic contact with the Caué Iron Formation.
Carbonates above this level are buff colored argillaceous dolomite and dolomitic
breccia followed by dolomites containing lenses of dolomitic iron formation (4GND),
and then a thick sequence of alternating centimeter scale white and dark-gray banded
limestones with occasional oolites (sections GA, GND, and 2GND). The basal part of
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Fig. 3. Geological map of the Gandarela syncline (modified from Dorr, 1969) with localities where
partial sections of the Gandarela Formation were sampled shown. 1 — Archean Nova Lima Group; 2 - Moeda
Formation; 3 — Batatal Formation; 4 — Caué Iron Formation; 5 — Gandarela Formation; 6 — Cercadinho
Formation; 7 — Sabara Formation; 8 — Quaternary and Tertiary surficial and lake deposits; 9 — strike and dip;
10 — plunging syncline; 11 — plunging anticline, dashed where approximately located; 12 — fault, dashed
where approximately located.
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Fig. 4. Measured sections of the Gandarela Formation from the Gandarela syncline with 8'*C (%o vs.
PDB) values shown. Note that stratigraphic position of measured sections in respect to each other is
uncertain due to poor outcrop and large distances between measured sections; see text for further
discussion. Average 3'*C values were plotted for samples on which replicate whole rock analyses were run.

the GND section and the 2GND section contains lenses of dolomitic itabirite (=iron-
formation). Oolites are present in the basal part of the GND section that sits
stratigraphically several meters above the 2GND section. The GA section covers
approximately both the GAND and 2GAND sections. The upper part of the Gandarela
Formation is marked by stromatolitic dolomites (section 3GND).

A 45 meter thick carbonate section was also sampled at the Hargreaves quarry in
the Dom Bosco syncline, about 40 kilometers southwest of Ouro Preto (fig. 1). This
section represents the upper part of the Gandarela Formation, consisting of massive,
argillaceous, and stromatolitic dolomites (fig. 5). In addition, carbonates of the upper
Gandarela Formation were sampled in the Curral anticline (locality GA-20-1 on fig. 1).

Dolomite lenses of the Cercadinho Formation were sampled in the Curral
anticline within the Sabara town in the eastern part of the Nova Lima Quadrangle
(locality S on fig. 1) and 10 kilometers southwest from this locality along the strike
(locality CE-20-1 on fig. 1). The section at locality CE-20-1 is near the base of the
formation. An 11 meter thick carbonate lens within the steeply-dipping quartz arenite
of the upper Cercadinho Formation (Gair, 1962) was sampled with high-resolution in
locality S. The carbonate section starts with ferruginous dolomite that grade upward
into pink and white dolomite (fig. 6).

Carbonates and phyllites of the Fecho do Funil Formation were sampled in the
Cumbi quarry (20°27'49"S; 40°00'50"W) about 10 kilometers south of the town of
Cachoeira do Campo in the north-central part of the Dom Bosco Quadrangle
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Fig. 5. Stratigraphic section of the Gandarela Formation in the Hargreaves quarry with 8'*C values of

whole rock analysis shown.
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Fig. 6. Stratigraphic section of the 1lm-thick dolomite lens in steeply-dipping quartz arenite of the
upper Cercadinho Formation, Sabara town, eastern part of the Nova Lima Quadrangle with 3'*C values of
whole rock analysis shown.

(Johnson, 1962). Dolomites form three lenses enclosed within carbonaceous, gray
phyllites at the top of the formation and below carbonaceous phyllites of the Barreiro
Formation. Two large lenses, which are over 100 meters long and up to 50 meters thick,
were sampled (fig. 7). Carbonate samples previously analyzed in the Pb-Pb study
(MSF-series; Babinski and others, 1995) collected in the same quarry were also
analyzed for carbon and oxygen isotopes in this study. Dolomites are white, red, and
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313C variations shown. A — northern wall section; B — southern wall section.

gray, massive and laminated, and contain carbonaceous phyllite and beds with colum-
nar stromatolites and oncolites. The lower contact of the southern lens is not exposed
and the upper part of this lens displays complex folding. The northern lens is fully
exposed from the base to the top and the section is structurally undisturbed. Columnar
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stromatolites are well preserved and common. The lens likely represents the upper half
and the covered interval of the southern lens. Carbonaceous phyllites of the Barreiro
Formation were also sampled in this locality. Finally, white and pink dolomites of the
Fecho do Funil Formation were sampled in the Morro do Bule locality in the southern
part of the Dom Bosco Quadrangle (Johnson, 1962; fig. 1).

ANALYTICAL METHODS

Carbonate sections were measured and samples were collected from thick strati-
graphic intervals of pure carbonates without shear, foliation or fracture zones. Two sets
of samples were independently collected for this study. One set of samples was cleaned,
cut, and powdered for whole rock analyses. Least altered (that is lacking veins,
discoloration, weathered rinds, recrystallization features, and silicification) and finest-
grained portions of polished thick sections of the second set of samples were micro-
drilled with 1 millimeter diamond drills. Major and trace element concentrations in
whole rock powders analyzed at the Geological Survey of Finland were determined by
dissolution of ~10 milligrams of carbonate powder in 5 milliliters of 0.5 M acetic acid
and subsequent analysis on ICP-AES (table 1). Microdrilled powders of ~20 to 40
milligrams were dissolved in 5 milliliters of 2 percent nitric acid and Mn and Sr
contents were measured on a Buck Scientific 200-A AAS at Virginia Tech. Uncertain-
ties based on the measurement of multiple standard materials by both methods were
better than 5 percent for Sr and Fe and 10 percent for Mn. Major and trace element
analyses at the LABISE, Federal University of Pernambuco were done by X-ray
fluorescence, using fused beads and an automatic RIX-3000 (RIGAKU) unit. Fused
beads were prepared using Li fluoride and Li tetraborate and uncertainties based on
the measurement of multiple standard materials by this method were better than 5
percent for Sr and Fe and 10 percent for Mn.

Carbon dioxide was extracted at the Geological Survey of Finland from whole rock
and microdrilled powders by closed tube reaction with anhydrous phosphoric acid
(p>1.89 g/cc) for 16+ hours at a temperature of 25°C for limestone and for one hour
at 100°C for dolomite, and isolated by cryogenic distillation for mass spectrometric
analysis on a Finnigan MAT 251. The fractionation factors used for mineral correction
of oxygen isotopes in calcite prepared at 25°C (1.01025) and dolomite at 100°C
(1.00913) were taken from Friedman and O’Neil (1977) and Rosenbaum and Shepp-
ard (1986), respectively. The external precision based on multiple standard measure-
ments of NBS-19 was better than 0.1 permil versus PDB for carbon and oxygen.
Carbonate samples analyzed at the University of Maryland were microdrilled and the
powders reacted with anhydrous phosphoric acid at 90°C in a Micromass MultiFlow
head space analyzer. The resulting carbon dioxide was delivered to a Micromass
IsoPrime mass spectrometer in a stream of high purity He. The reproducibility of
carbon isotope compositions of standard materials by this technique were better than
0.1 permil, however, the system was not optimized for oxygen isotope analyses, and the
uncertainty on these measurements are considerably larger (~1.3%o0; n = 65). The
fractionation factor used for mineral correction of oxygen isotopes in dolomite
prepared at 90°C was 1.00932 (Rosenbaum and Sheppard, 1986). CO, gas from whole
rock powders analyzed at the LABISE was extracted on a high vacuum line, after
reaction with 100 percent phosphoric acid at 25°C for one day (three days for dolomite
and calcite-dolomite mixtures), and cryogenically cleaned, according to the method
described by McCrea (1950). Released CO, gas was analyzed in a dual inlet, triple
collector VG Micromass SIRA mass spectrometer. The external precision based on
multiple standard measurements of NBS-19 was better than 0.1 permil for carbon and
oxygen.

TOC was isolated from powdered samples by repeated acidification and centrifu-
gation with concentrated HCI followed by washing until the sample reached neutral
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pH (Kaufman and Knoll, 1995). Dried samples in Vycor tubes were then mixed with
CuO, evacuated, sealed and combusted at 850°C for 12 hours. The volume of CO,
quantified during cryogenic distillation was used to calculate the TOC content. The
carbon isotope composition in extracted and purified COy was measured with a VG
PRISM mass spectrometer at Mountain Mass Spectrometry and with a Finnigan MAT
251 at the Geological Survey of Finland. To test for the uncertainty of abundance and
isotopic composition measurements on TOGC, replicate (n = 4) analyses of organic-rich
and organic-poor powders were run in the previous study (Bekker and others, 2001a).
For analyses of the organic-rich sample, uncertainties were * 0.26 mgC/g for abun-
dance (5.57 mgC/g average) and = 0.03 permil for carbon isotopic composition
(-34.47%o0 average). For the organic-poor sample uncertainties were * 0.06 mgC/g
(0.18 mgC/g average) and * 1.3 permil (-24.1%o average) for abundances and carbon
isotopic compositions, respectively. Blanks analyzed in this study contained 0.74 and
1.02 pmoles of CO, and had carbon isotope values of -20.28 and -20.27 permil,
respectively.

Samples chosen for Sr isotopic analyses were leached in 0.5 M acetic acid and
centrifuged to separate the dissolved and insoluble fractions. Sr was eluted from
solutions by ion exchange chromatography using Sr-Spec resin. %’Sr/%°Sr values were
determined in static mode using a Finnigan MAT 262 seven-collector mass spectrom-
eter at the University of Brasilia, Brazil. The isotopic ratios were normalized to
8681 /88Sr value of 0.1194 and the 20 uncertainties on Sr isotope measurements was less
than 0.00009. Repeated analyses of NBS-SRM 987 standard with a ratio of 0.710140
given by NBS over the analysis period indicated a value of 0.71024 + /- 0.00007 (20) for
the 87Sr/ 86Sr ratio.

EVALUATING SAMPLE QUALITY

Diagenesis and metamorphism can affect the isotopic composition of sedimentary
carbonates. Therefore, validity of measured C, O and Sr isotopic ratios as synsedimen-
tary values reflecting seawater composition need to be verified by screening samples
through a battery of geochemical and petrographic tests.

Oxygen isotopes are known to be sensitive indicators of alteration, with marked
decrease in 3'°0 values often resulting from isotopic exchange with meteoric or
hydrothermal fluids. It has been estimated that in diagenetic environments three
orders of magnitude higher water-rock ratios are required to alter carbon isotope
values compared to those of oxygen isotope values (Banner and Hanson, 1990).
During metamorphism, relative shifts of 3'>C versus those of 'O will depend on many
parameters including whether it is an open or closed system, whether equilibrium with
coexisting silicates was reached or not, T, and CO,/H,O ratios (Baumgartner and
Valley, 2001). For example, while batch volatization causes moderate change in 8'°C,
Rayleigh volatization leads to a much more pronounced decrease in 3'*C, while §'%0
values do not show significant difference between these two cases (Valley, 1986).
Cross-plots of §'°C values versus 8'®0 values may show whether carbon isotope values
were strongly affected by alteration based on presence or lack of correlation between
these two parameters. While oxygen isotope composition of the Paleoproterozoic
seawater is poorly constrained, 8'°O values ranging from -6 to 12 permil are common
to the least altered Paleoproterozoic carbonate successions (for example Burdett and
others, 1990; Veizer and others, 1992a, 1992b; Melezhik and others, 1997b; Bekker and
others, 2001a, 2003).

Meteoric alteration has been shown to increase Mn and Fe contents in carbonates
while decreasing their Sr content, resulting in the widespread use of Mn/Sr or Fe/Sr as
an index of alteration (Kaufman and Knoll, 1995). However, Archean and early
Paleoproterozoic carbonates, especially dolomites, are known to contain more Fe and
Mn than Phanerozoic or Neoproterozoic carbonates (Veizer and others, 1989a, 1989b,
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1990, 1992a, 1992b), complicating the application of the Mn/Sr ratio as an index of
alteration. Nonetheless, within a single basin elemental ratios still provide a relative
basis for comparison of the diagenetic alteration of closely spaced samples belonging
to the same depositional setting. Samples with high Rb content, commonly localized in
clays, are inappropriate for Sr isotope work since 8’Rb decay would alter primary Sr
isotope values.

Dolomites are abundant in Precambrian carbonate successions yet their synsedi-
mentary versus diagenetic origin remains debatable. Since dolomites generally contain
less Sr than calcites and could have formed in equilibrium with fluids ranging in
composition from seawater to deep burial waters, they are generally considered less
likely to preserve primary C, O, or Sr isotope signals. However, we found in previous
studies and in this study that dolomites as well preserve 3'*C signature as limestones
and appear to have generally higher O isotope values (Bekker and others, 2001a,
2003). In addition, some Paleoproterozoic dolomites with relatively low Sr contents
appear to preserve near to primary Sr isotope values (Master and others, 1990;
Gorokhov and others, 1998; Bekker and others, 2003). Good preservation of deposi-
tional carbon isotope compositions in Paleoproterozoic dolomites is thus likely related
to synsedimentary or early diagenetic dolomitization in the presence of seawater
solutions.

Maturation of organic matter generally results in the '>C enrichment of the
residual organic carbon (Hayes and others, 1983), whereas alteration of inorganic
carbon generally results in lower §'°C values. Conse(ﬂuently, difference between
isotopic composition of organic and carbonate carbon (A 3Ccarb_mg) decreases with the
degree of alteration. Depositional AISCCMb_mg values depend on a number of environ-
mental factors including ‘Pcoz: type of organic matter, and growth rate. For the last 800
Ma average measured A 3CCMb_0rg value is roughly 30 permil, ranging from modern
values of less than 28 permil to Neoproterozoic extremes of greater than 32 permil
(Hayes and others, 1999). Unless environmental conditions resulted in strong carbon
limitation (Popp and others, 1998; Bigidare and others, 1999), significantly smaller
Algccarb_org values are likely to reflect a higher degree of alteration or metamorphism.

While all the petrographic and geochemical screens are open to debate, the
greatest confidence in the preservation of primary isotopic trends comes from the
consistency of the curves based on closely-spaced samples collected in sequence
stratigraphic framework from multiple sections within the depositional basin. Correlat-
ing trends from separate basins worldwide is clearly more difficult, and requires that
detailed studies be conducted in all of them.

GEOCHEMICAL DATA AND DIAGENESIS

Carbonates in this study from all three formations have experienced greenschist
facies metamorphism, but were sampled in areas of low strain and far from intrusions.
Thin sections (n = 21) were prepared for samples that were microdrilled (see table 1).
The thin sections were stained with Alizarin Red S and potassium ferricyanide to
identify calcite, Fe-rich dolomite and Fe-poor dolomite. These samples contain xeno-
topic mosaic of anhedral coarsely-crystalline to very coarsely-crystalline grains of either
dolomite or calcite (compare Gregg and Sibley, 1984) with pseudospar and veins and
fractures filled with quartz, very coarsely-crystalline carbonate and muscovite. Blue
staining indicating Fe-rich dolomite is lacking in most thin sections and when it is
present, it covers much less than 1 percent of a thin section and marks small (<15 pm
in size) crystals. While micrite and microspar did not survive through neomorphism
and recrystallization during diagenesis and low grade metamorphism, gross primary
textures (for example laminations) remain. Following Dorr (1969) we refer to these
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Fig. 8. Scatter diagram of 3'*C values versus 8'°O values for studied carbonates. Dashed lines highlight
fields of values for carbonates from different units and localities.

carbonate rocks as dolomite and limestone, although based on their position in the
metamorphic sequence and their grain size we imply crystalline dolomite and calcite.

The Gandarela Formation

Geochemical analyses are provided in table 1. Most samples are dolomite except
for limestone in the GA-, GND-, and 2GND- series. Samples have highly variable, but
uncorrelated 3'*0 values (-13.5 to -6.0%0) and Mn (1,608 — 16,339 ppm), Fe (0.12 —
3.69%), and Sr (19 -977 ppm) contents. Limestones have higher Sr content (286 - 977
ppm) than dolomites suggesting an aragonite precursor (compare Veizer, 1983).
Isotopic and elemental variations are controlled by primary and diagenetic signals
specific to locality and stratigraphic position. For example, carbonates from the
Gandarela syncline have higher §'%0 values than those from Hargreaves quarry and
Curral anticline (fig. 8) suggesting better preservation. Dolomites from Hargreaves
quarry also have unusually high Fe and Mn contents with only dolomites from the basal
part of the Gandarela Formation at the Gandarela farm having comparable Mn
contents. On average, dolomites have higher 'O values than limestones in the
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Fig. 9. Scatter plot of 313C,,, values vs. TOC content for studied units (Barreiro data are not included).
Note large range of 8'°C,,, values for samples with TOC content less than 0.1 mgC/g sample.

Gandarela syncline, while carbon isotope values in both rocks are essentially identical.
Most samples have §'®O values above -10.5 permil consistent with those found in
well-preserved Paleoproterozoic carbonate successions. Alcharb_org values are small,
ranging from 18.6 to 23.8 permil, as are TOC contents (0.03 — 0.16 mgC/g sample; fig.
9). 3'*C values vary between -1.6 and +0.4 permil (figs. 4 and 5). Red dolomite, at the
base of the formation in the 5GND section (fig. 4), displays the most negative 8'°C
values ranging from -1 to -1.3 permil. Four limestone samples with high Sr content
were analyzed for Sr isotope ratios. The lowest measured 87Sr/ 86Sr value was 0.70339.

The Cercadinho Formation

The eleven analyzed dolomite samples (table 1) have highly variable Mn (279-
1,992 ppm), Fe (0.85 - 9.22 %), and Sr (16 — 69 ppm) contents, but a rather narrow
range of §'°0 values (9.9 to -8.0%o). Carbon isotope values from the Sabara section
range from +3.3 to +5.4 permil and smoothly increase up-section (fig. 6). Oxygen
isotope values show a similar trend in this section. The sample SAB-1, at the base of the
section, was likely strongly altered as it has unusually high Mn and Fe contents and the
lowest oxygen and carbon isotope values and Sr content. Iron and manganese contents
marginally co-vary with 3'3C values, but other variables do not ag)pear to be related.
The source of these co-variations and the lack of those between 8'O and either Mn or
Fe is not understood but might reflect seawater stratification in respect to Mn and Fe
contents and carbon isotope values rather than post-depositional alteration.

The Fecho do Funil and Barreiro Formations

Seventy-two dolomite and shale samples of the Fecho do Funil and Barreiro
formations were analyzed (table 1). Dolomites had highly variable Mn (926 — 3,242
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ppm), Fe (0.26 - 5.87 %) and Sr (5 - 111 ppm) contents. Oxygen isotope values range
from -12.3 to -9.1 permil and most samples have 8'®O values above —11 permil. Shales
and carbonates of the Fecho do Funil Formation have highly variable SISCOFg values,
ranging from -24.8 to -14.4 permil, and low TOC contents (0.04 - 0.18 mgC/g sample).
Samples with TOC content less than 0.1 mgC/g sample have higher 3'°C values
suggesting limited exchange between organic carbon and carbonate (fig. 9). Al?’Ccmlmrg
values range from 21.6 to 32.1 permil, with the highest values suggesting good
preservation for carbon isotope values of carbonate and organic carbon. In contrast,
shale of the Barreiro Formation has much higher TOC content (17.8 mgC/g sample)
and 8]3C0rg value of -26.6 permil, which is within the range of values found in shales
and dolomites of the underlying Fecho do Funil Formation. 8'*C values of dolomites
range from +5.6 to +7.4 permil but reveal no clear stratigraphic trend (fig. 7). Isotopic
values (fig. 8) and elemental abundances do not appear to correlate. Sample Cumbi-12
yielded the lowest Sr isotope ratio of 0.70302 for the Fecho do Funil and the Minas
Supergroup. The 0.70302 value is similar to the lowest Sr isotope values (0.7030 —
0.7035) measured in correlative '*C-enriched carbonates of Fennoscandia and Zim-
babwe (Master and others, 1990; Gorokhov and others, 1998; fig. 10).

Interpretation of Carbon Isotope Data

Carbon isotope data of the Gandarela Formation are similar to those found in all
studied marine carbonates older than ca. 2.32 Ga (Veizer and others, 1989a, 1989b,
1990, 1992a, 1992b) supporting the interpretation based on a number of diagenetic
screens that they reflect seawater composition slightly modified by diagenetic and
metamorphic alteration. Carbon isotope values of the Cercadinho and Fecho do Funil
formations are highly '*C-enriched and outside of the §'°C range of typical marine
carbonate. Therefore, local processes that might produce '*C-enrichment need to be
considered before inferring global seawater composition from these data. High
organic carbon burial in lacustrine or closed basin (compare Schidlowski and others,
1976b; Botz and others, 1988) can be excluded based on an open-marine setting
inferred from sedimentologic data. Both evaporation in shallow-water settings (Stiller
and others, 1985) and methanogenesis in organic-rich sediments (Irwin and others,
1977) can produce dolomites with high 8'2C values. While the Cercadinho Formation
was deposited in a shallow-marine setting, no evidence for evaporites are known. The
Fecho do Funil Formation was deposited in a deep-water setting outside of the likely
influence of evaporation. Methanogenesis can significantly increase carbon isotope
values of bicarbonate below the sediment-water interface (Claypool and Kaplan, 1974).
Diagenetic and burial dolomite produced under this influence has highly positive
carbon isotope values reaching up to +27 permil (Friedman and Murata, 1979; Talbot
and Kelts, 1986) and occurs as crystals, concretions, laminae, and thin discontinuous
beds within organic-rich sediments with TOC content =1 percent. These dolomites
have highly variable carbon isotope values even within a single crystal or concretion
(Hennessy and Knauth, 1985; Winter and Knauth, 1992a). Difference in 313C values as
large as 10 permil is common between stratigraphically or laterally proximal samples
(Friedman and Murata, 1979; Hennessy and Knauth, 1985). Early carbonate lithifica-
tion and large carbon reservoir precludes significant effect of methanogenesis on
carbon isotope composition of organic-rich carbonate successions. This effect has not
been documented on recent or Phanerozoic carbonate platforms. The only possible
exception are lithified carbonate frameworks (Sansone and others, 1990) which are
absent on early Precambrian carbonate platforms.

Effects of methanogenesis on carbon isotope values of early Precambrian carbon-
ates are poorly documented with only two examples described (Winter and Knauth,
1992b; Dix and others, 1995). Winter and Knauth (1992b) studied carbonate nodules
from ca. 1.88 Ga organic-rich shales of the Rove Formation, Ontairo, Canada. They
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Dolomite, Australia; 6 - Malmani Subgroup, South Africa; 7 - Espanola Formation, Ontario; 8 - Lomagundi
Group, Zimbabwe; 9 - Tulomozero Formation, Russia; 10 - Wittenoom Formation, Australia; 11 - Carawine
Dolomite, Australia; 12 - Duitschland Formation, Chuniespoort Group, South Africa; 13 - Nash Fork
Formation, WY; 14 — Kona Dolomite, MI; 15 - Vagner Formation, WY; 16 - Alder Formation, Knob Lake
Group, Labrador Trough; 17 - Utsingi Formation, Pethei Group, Canada; 18 - Fecho do Funil Formation,
Minas Group, Brazil (this paper); 19 - Gandarela Formation, Minas Group, Brazil (this paper); 20 -
Gamohaan Formation, Campbellrand Subgroup, South Africa. References to the age constraints: 1 —
Bowring and Grotzinger, 1992; 2 — Page and Sweet, 1998; 3 — Fralick and others, 2002; 4 - the final stage of the
ca. 2.2 — 2.1 Ga carbon isotope excursion (Bekker and others, 1997); 5 — Pidgeon and Horwitz, 1991; 6 —
Sumner and Bowring, 1996, Martin and others, 1998; 7 — sandwiched between the second and third glacial
events; 8 — Schidlowski and Todt, 1998; 9 — Vasil’eva and others, 2000; 10 — Trendall and others, 1998; 11 —
Nelson and others, 1999; 12 — sandwiched between the second and third glacial events (Bekker and others,
2001a); 13 — the final stage of the ca. 2.2 — 2.1 Ga carbon isotope excursion (Bekker and others, 2003); 14 —
beginning of the ca. 2.2 — 2.1 Ga carbon isotope excursion (Bekker and Karhu, 1997; 15 — sandwiched
between second and third glacial events; 16 — Rohon and others, 1993; 17 - Bowring and Grotzinger, 1992;
18, 19 — see Regional geology and stratigraphy section in this paper; 20 — Sumner and Bowring, 1996.
References to Sr isotope data: 1, 2 — Veizer and others, 1992a; 3 — Faure and Powell, 1972; 4 — Mirota and
Veizer, 1994; 5, 6, 7 — Veizer and others, 1992; 8 — Master and others, 1990; 9 — Gorokhov and others, 1998;
10, 11 — Veizer and others, 1990; 12 — Bekker and others, 2001a; 13 — Bekker and others, 2003; 14, 15 —
Bekker and others, unpublished data; 16 — Kuznetsov and others, 2003; 17 — Whittaker and others, 1998; 18,
19 — this paper; 20 — Kamber and Webb, 2001. Units marked with the question mark have Sr isotope ratios
outside of the likely range for the early Precambrian seawater.

found that within a single nodule carbon and oxygen isotope values of carbonate
sampled from the core to the margin show a similar trend to the one in carbonate
nodules formed by organic matter degradation in organic-rich sediments that passed
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through the zones of sulfate reduction, methanogenesis, and thermal decarboxylation
(Claypool and Kaplan, 1974). However, they did not find highly ?ositive 3'%C values
typical to methanogenesis. Dix and others (1995) documented 8'°C values as high as
+14.5 permil PDB in dolomites of the Ribeirao das Antas Formation of the Crixas
Greenstone Belt, Brazil. The succession experienced amphibolite grade metamor-
phism and Fe-rich dolomite form stratiform lenses and pods up to 50 meters thick
within graphitic metapelite. Dix and others (1995) found Fe-poor diagenetic crystals
and concretions within Fe-rich metamorphic dolomite. Both Fe-rich and Fe-poor
dolomites have a similar range of oxygen and carbon isotope values. Dix and others
(1995) suggested that Fe-poor dolomite was formed during early diagenesis within
organic-rich marine carbonate lenses and inherited 8'°C values from bicarbonate
derived by organic matter degradation during methanogenesis. Fe-rich dolomites were
interpreted as recrystallized mixture of normal marine and diagenetic carbonates.
However, since both types of dolomite have similar isotopic signature an alternative
interpretation is possible. Fe-poor dolomite could have formed during early diagenesis
in a rock-dominated system within marine Mg-rich calcite with high §'°C values.
During metamorphism, calcite was recrystallized into Fe-rich dolomite, while some
remnants of early diagenetic dolomite survived. The latter model implies that highly
positive carbon isotope values record seawater composition modified by diagenesis and
metamorphism. The former model does not take into account the flux of methanogeni-
cally derived carbon necessary to produce 50 meter thick carbonate lens. Seawater
composition of these carbonates is supported by recent studies of carbonates from the
Crixas and correlative belts within the Goias Massif, Brazil that indicate regional rather
than local signature for this anomaly (Fortes and Jost, 1996; Fortes personal communi-
cation, 2003). Metasedimentary rocks of the Crixas greenstone belt have Ty, model
ages mostly between 2.34 and 2.5 Ga and have structural contact with the underlying
lower Archean mafic and ultramafic units (Fortes and others, 2003). Therefore,
correlation between the Crixas carbonates and the ca. 2.2 — 2.1 Ga '*C-enriched
carbonates (Karhu and Holland, 1996) is warranted.

Could methanogenesis be responsible for '*C-enriched signature of the Cerca-
dinho and Fecho do Funil carbonates? Organic-rich rocks are lacking in the Minas
Supergroup immediately below the Fecho do Funil and Cercadinho formations and
phyllites interlayered with and inclosing carbonate lenses of the Fecho do Funil
Formation are not organic-rich (see table 1). Low TOC content can not be explained
by organic matter degradation since refractory organic carbon compounds are not
consumed by methanogens and survive low metamorphic grade. Blng,g values are not
consistent with significant contribution of methanotrophs to TOC and therefore do
not provide support for oxidative methane cycling (compare Hayes, 1994). Carbon
isotope values do not show large range and have consistent stratigraphic trend (note
that whole rock and microdrilled powders were obtained from different sets of samples
and 1% variations in §'°C values between whole rock and microdrilled analyses are
expected; Kaufman and others, 1991). Furthermore, Cercadinho and Fecho do Funil
formations were sampled in two locations, yet carbon isotope values are consistent. We
therefore infer that carbonates of the Fecho do Funil and Cercadinho formations
reflect composition of the ocean.

IMPLICATIONS FOR THE EVOLUTION OF THE EARLY PALEOPROTEROZOIC SURFACE
ENVIRONMENT
Heaman (1997) recognized the global extent of a 2.48 to 2.45 Ga tectonomagmatic
event and related it to a mantle plume initiating protracted rifting of the Kenorland
supercontinent. This event is recorded by thick mafic volcanics and associated BIFs in
open-marine succession of Western Australia (Barley and others, 1997) and South
Africa (ash beds in thick and extensive BIFs; see Pickard, 2003 for review of geochronol-
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ogy). In Brazil, volcanism associated with this event is lacking, however the Caué Iron
Formation, which is somewhat older than 2.42 Ga (based on Pb-Pb carbonate age of
the Gandarela Formation), might also have been deposited in response to this event.
Geological evidence for Paleoproterozoic ice ages in the Minas Supergroup of Brazil is
also lacking; we propose below that this glaciogenic interval is lost along the unconfor-
mity between the Gandarela and Cercadinho formations. In this view, the compres-
sional event that led to the unconformity in Brazil might be time equivalent with the
initiation of a foreland basin in Western Australia, which was filled with predominantly
siliciclastic deposits of the Turee Creek Group (Krapez, 1996), and with the compres-
sional event that folded units underlying the glacially-influenced Makganyene and
Rooihoogte formations in South Africa (Altermann and Halbich, 1991; Bekker and
others, 2001a; fig. 11). This event has not been dated in Brazil with the exception of
model ages of Pb isotope resetting in galenas from Archean deposits (Thorpe and
others, 1984). Consequently, it is possible that the Gandarela Formation postdates the
tectonomagmatic event and possibly predates the beginning of the glacial epoch,
which followed the tectonomagmatic event in North America (Young and others,
2001).

Correlations between early Paleoproterozoic sedimentary successions of Brazil,
South Africa, and Australia, supported by available radiometric ages, chemostratigra-
phy, and time-specific rock types are proposed in figure 11. Figure 12 illustrates how
geochronology and chemostratigraphy of studied units fit with published curves of
secular carbon isotope variations in the Paleoproterozoic. Based on presence of an
angular unconformity below the Duitschland Formation and lack of similar hiatus in
the Turee Creek Group as well as different carbon isotope signature of carbonates of
the Turee Creek Group and the Duitschland Formation, we propose a correlation
between the second of three glacial events of the Huronian Supergroup, Canada and
the diamictite at the base of the Duitschland Formation (compare Bekker and others,
2001a); furthermore we tentatively correlate diamictite of the Meteorite Bore Member
with the first glacial event of the Huronian Supergroup. Based on this compilation, the
Gandarela Formation is roughly correlative with the Tongwane Formation, South
Africa and the lower part of the Turee Creek Group, Australia. Carbonates of the
Gandarela Formation and the Turee Creek Group in the Duck Creek syncline have
carbon isotope values close to 0 permil (Bekker and others, 2002), while those from
the Tongwane Formation have moderately '*C-enriched values up to +3.5 permil
(Bekker and others, 2001a). Carbonates of the Tongwane Formation are confined to a
small area and they have not been studied in sufficient detail to warrant that these
values represent the global signal. The Tongwane Formation is separated by a major
unconformity from the overlying glacially-influenced Duitschland Formation (Bekker
and others, 2001a). Combined, these data do not suggest that the carbon isotope
composition of seawater prior to the early Paleoproterozoic glacial epoch was marked
by significant and long-lasted '*C-enrichment, as has been recorded in carbonates
deposited before all Neoproterozoic ice ages and at least one Paleoproterozoic glacia-
tion (Kaufman and others, 1997; Bekker and others, 2001a). It remains possible that
evidence for the positive carbon isotope excursion preceding the glacial epoch is
missing due to glacial erosion and the limited carbon isotope data. However, geologi-
cal evidence for the rise of the atmospheric oxygen level, a likely consequence of
carbon isotope excursion, is interpreted by us to appear only after the second glacial
event (Bekker and others, 2001a). Based on the available 8'°C data, it seems unlikely
that the glacial epoch was initiated by drawdown of atmospheric CO, associated with
high relative burial rates of organic matter. The hypothesis that the early Paleoprotero-
zoic climate change was initiated by methane oxidation (Pavlov and others, 2000) is
also not supported by the available carbonate and organic carbon data, since they do
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Fig. 11. Correlation between the Minas and Transvaal supergroups of Brazil and South Africa and
Hamersley, Turee Creek and Wyloo groups of Western Australia. Only ca. 2.6 to 2.0 Ga old portions of these
successions are shown. Correlations are based on chemostratigraphic data (published and presented in this
paper), available geochronologic data and time-specific rock types (glacial diamictites, BIFs, and mature
quartz arenites). Geochronological data for Brazil, South Africa and Western Australia were reviewed in the
Regional geology and stratigraphy section of this paper; Nelson and others, 1999; Bekker and others, 2001a;
Pickard, 2002 except for the Re-Os pyrite age of the Rooihoogte Formation, which is from Hannah and
others, 2003. Mature quartzites occur in the Beasley River Quartzite, Western Australia; the Boshoek
Formation (immediately above the glacial diamictite of the Timeball Hill Formation; Coetzee, ms, 2001) and
the Dwaalheuvel Formation of the Upper Pretoria Subgroup (immediately above the Hekpoort Formation),
South Africa; and in the Cercadinho Formation, Brazil. Note: the Turee Creek Group stratigraphy combines
sections from the Hardey and Duck Creek synclines following Krapez (1996). Sawtooth pattern stands for
unconformity.
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Fig. 12. Schematic representation of Paleoproterozoic 8'?C variations. Gray curve is after Karhu and
Holland, 1996 with additional information shown in dashed line from Bekker and others, 2001a. Dashed line
is based on the recently recognized positive carbon isotope excursion in the Duitschland Formation and the
negative carbon isotope excursion in cap carbonates above the middle of three glacial diamictites in the
Huronian and Snowy Pass supergroups and at the base of the Duitschland Formation (Veizer and others,
1992; Bekker and Karhu, 1996; Bekker and others, 1999, 2001a). Black triangles and question marks between
them represent three Paleoproterozoic glacial events in North America and their age uncertainty. Deposi-
tional ages of studied units based on their geologic, geochronologic and chemostratigraphic (this paper)
age constraints are shown.

not show negative carbon isotope anomalies beneath the first glacial event, which
might be expected if significant amounts of methane were present and were oxidized
(compare Hayes, 1994; Dickens and others, 1997; Jahren and others, 2001).

The youngest Paleoproterozoic glacial diamictite in North America and Fennoscan-
dia is overlain by thick extremely mature hematitic quartzites and Al-rich shales
(Young, 1973; Ojakangas, 1988). Hematitic mature quartzites and Al-rich shales were
recently recognized in a similar stratigraphic position in respect to glacial deposits in
South Africa (Dwaalheuwel Formation and Mapedi Shale/Lucknow Formation; Bek-
ker and others, 2001a) providing further support for the global extent of these rock
types in post-glacial successions. Some of these mature quartzites are intruded by 2.22
Ga mafic dikes and sills (for example in Fennoscandia and the Lorrain Formation of
the Huronian Supergroup in Canada) while others overlie 2.22 Ga mafic volcanics
(South Africa) and in all cases they underlie ca. 2.2 to 2.1 Ga old highly '*C-enriched
carbonates. The Cercadinho Formation, which contains mature, ferruginous quartz
arenites and Al-rich shales and underlies '*C-enriched carbonates of the Fecho do
Funil Formation, likely correlates to these units deposited during the post-glacial
climatic amelioration (fig. 11).

In the aftermath of the Paleoproterozoic glacial epoch, an increase in riverine P
flux from landmasses experiencing intense weathering for the first time in contact with
an oxidizing atmosphere could have increased productivity and thereby resulted in the
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>2.22 to 2.1 Ga carbon isotope excursion. Carbon isotope values of thin carbonates
associated with mature quartzites overlying the ultimate glacial horizon (Randville
Dolomite, Marquette Range Supergroup, Michigan, USA; Lower Jatulian Group,
Russia; Magusa and Whiterock members of the Kinga Formation, Hurwitz Group,
Canada) are moderately 3C-enriched (Yudovich and others, 1990; Tikhomirova and
Makarikhin, 1993; Bekker and Karhu, 1997; Bekker and others, unpublished data),
suggesting slight increase in the relative burial rate of organic matter. Carbonates of
the Cercadinho Formation have similar carbon isotope values providing additional
support that this unit was deposited shortly after the end of the glacial epoch.

Carbonates of the Fecho do Funil Formation have high 8'°C values similar to
those found in carbonates deposited between ca. 2.22 and 2.1 Ga worldwide (Karhu
and Holland, 1996). This correlation is supported by the match of remarkably low
87Sr/86Sr values (ca. 0.703) in these units (fig. 10). While 3C-enriched carbonates are
lacking above the Turee Creek Group in the Hamersley Basin, Western Australia, due
to a major hiatus at the top of this group (Krapez, 1996), carbonates from the Silverton
Formation of the Pretoria Group (Buick and others, 1998; Swart, ms, 1999) and the
correlative Lucknow Formation of the Olifantshoek Group, South Africa (Swart, ms,
1999) and the Lomagundi and Deweras groups of Zimbabwe (Schidlowski and others,
1975, 1976a; Bekker and others, 2001b) are 3C-enriched and likely broadly correlative
with the Fecho do Funil Formation (fig. 11). Carbonates of the Ribeirao das Antas
Formation of the Crixas Greenstone Belt, Brazil (Dix and others, 1995; Fortes and Jost,
1996) and ca. 2074 to 2145 Ma Paso Severino Formation, San Jose Belt, Uruguay
(Bekker and others, 2003) have highly positive 8'°C values and are also broadly
correlative with the Fecho do Funil Formation. Graphitic shales of the Barreiro
Formation might reflect tectonic subsidence on the early stage of the foreland basin
development related to the ca. 2.1 Ga Transamazonian orogeny.

It seems possible that enhanced silicate weathering associated with Kenorland
rifting might have contributed to climate change and initiation of the glacial epoch
through CO, drawdown. However, the low 87Sr/85Sr values of the pre-glacial Gan-
darela Formation (ca. 0.7034) are in conflict with this interpretation. This conflict may
be resolved if the exposed and weathered mafic volcanic rocks extruded during the
2.48 to 2.45 Ga tectonomagmatic event delivered non-radiogenic Sr to seawater
(Taylor and Lasaga, 1999; Bartley and others, 2001). Clearly high-resolution time series
Sr isotope compositions of seawater through this critical interval are needed. From the
available data, it appears that seawater Sr isotope ratios gradually increased between
2.6 and 1.6 Ga (fig. 10). This observation suggests that the transition in the ocean
composition at the Archean-Proterozoic boundary from the mantle-buffered ocean to
the one reflecting interplay between crustal and hydrothermal (mantle) fluxes (Veizer,
1994) must have continued for more than 1 Ga.

CONCLUSIONS

a) Carbonates of the Gandarela Formation provide carbon isotope data relevant
to the seawater composition at ca. 2.4 Ga and arguably before the Paleoproterozoic
glacial epoch. Combined with available data, our analyses from Brazil suggest that the
8'°C of seawater before the first Paleoproterozoic glacial event was close to 0 permil,
and not highly '*C enriched, and do not support hypotheses that the Paleoproterozoic
glacial epoch was launched by either high relative burial rate of organic carbon or by
methane oxidation. As an alternative, we propose that enhanced weathering due to
rifting of the supercontinent positioned in low to middle latitude and associated
compressional events on its margins contributed to climactic changes. The Caué Iron
Formation is likely correlative with BIFs in South Africa and Western Australia and
might also be related to the 2.48 to 2.45 Ga tectonomagmatic event.
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b) The Cercadinho Formation, at the base of the Piracicaba Group, was likely
deposited shortly after the end of the glacial epoch and contains ferruginous mature
quartz arenites and Alrich shales with lenses of carbonates that have 3'*C values
ranging from +3.3 to +5.4 permil. These data add to the growing body of evidence
that the Paleoproterozoic glacial epoch was superceded by a dramatic climatic amelio-
ration exposing continents to the CO,- and oxygen-rich atmosphere. Seawater compo-
sition immediately after the end of the glacial epoch was slightly '*C-enriched but did
not reach the level of '*C-enrichment typical for the following ca. 2.22 to 2.1 Ga carbon
isotope excursion. This slight '*C-enrichment in carbonates deposited shortly after the
end of the glacial epoch either belongs to the rising limb of the following carbon
isotope excursion or represents short-term perturbations in the seawater composition
preceding the ca. 2.22 to 2.1 Ga carbon isotope excursion.

¢) Dolomites of the Fecho do Funil Formation record the global ca. 2.22 to 2.1 Ga
carbon isotope excursion in Brazil and are correlative with the Paleoproterozoic
C-enriched carbonates worldwide.
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