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Abstract

The Vazante Formation consists of approximately 1700 m of mainly microbial mats and stromatolitic reefal lenses
that were deposited on shallow marine platform and have been entirely dolomitized. Samples representing different
dolomite generations were taken from three boreholes covering the entire spectrum of the Vazante carbonates.
Dolomites can be classified, based on petrography and geochemistry, into four generations ranging in crystal size
between �4 �m (almost micritic) and 3 mm and occurring as both replacements and cements. The Sr/Ca molar
ratios, calculated for the dolomitizing fluid (0.0006–0.0138), suggest a contribution from a non-marine, possibly
meteoric, water component. The �18O and �13C values vary from −0.1 to −14.3‰ (PDB) and 0.2 to −2.3‰ (PDB),
respectively. Fluid-inclusion study suggests that dolomitization must have commenced at a temperature lower than
about 50 °C. A mixing-zone model of dolomitization for Dolomites I–III satisfies the constraints from elemental
chemistry, �18O, 87Sr/86Sr and fluid inclusions. The petrographic and chemical criteria of the latest generation,
Dolomite IV, reflect conditions of deep burial environment at temperatures above 120–130 °C. The �13C values show
only small variations at the base of the formation, followed by a major negative plunge (�4‰) at the top, this plunge
correlated with the Sturtian glacial phase. In contrast to C-isotopes, only few samples may have retained their
near-primary 87Sr/86Sr values of 0.70614–0.70734. The lowest 87Sr/86Sr value (0.70614), from fibrous cement in the
upper part of the formation, correlates with the negative �13C shift and is also consistent with the Sr-isotope signature
proposed for the glacial Sturtian seawater. The �34S values, obtained from sulfates trapped in carbonates, range
between 10.8 and 16.9‰ with a jump to 21.3‰ in the overlying formation. All isotope signals are within the range
suggested for the early Neoproterozoic seawater, but the Precambrian baseline is poorly known and additional work
is required to confirm this tentative assignment. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Vazante Formation of São Francisco
Basin, east-central Brazil (Fig. 1) is composed of
shallow shelf deposits, with dolostones predomi-
nant. Despite the fact that dolomitic sequences
are ubiquitous in the Precambrian of South
America, and elsewhere, they have been, in con-
trast to their Phanerozoic counterparts (cf.
Machel and Mountjoy, 1986; Tucker and Wright
1990; Budd, 1997), rarely subjected to detail geo-
chemical studies. This is also the case for the
Vazante Formation where previous studies dealt
mainly with the stratigraphy, lithofacies and sedi-
mentary environments (e.g. Madalosso, 1979;
Rigobello et al., 1988; Freitas-Silva and Dard-
enne, 1992), but not with the geochemistry of
dolostones.

The main objectives of this paper are: (1) to
define and characterize the different generations
of Vazante dolomites; (2) to study their parage-
netic sequence and geochemical attributes in rela-
tion to burial history; (3) to constrain the sources
and chemistry of dolomitizing solutions; and (4)
to establish a reliable isotope stratigraphic profile
for the Vazante Formation that may provide a
refined age estimate and advance the issue of its
correlation with other Neoproterozoic sequences
in the area and beyond.

2. Geological setting

The São Francisco Craton (SFC) in east-central
Brazil (Fig. 1) is an important geotectonic unit of
South American continent because of its geologi-
cal diversity and mineral resources. With 32% of
the proven reserves of metallic ores and 24% of
the total mineral production of Brazil, it hosts
giant deposits of iron, manganese, niobium, mag-
nesite, gold and zinc, among others.

The SFC is formed by an Archean-Pale-
oproterozoic basement, with high grade metamor-
phic rocks intruded by granites, and by low to
medium grade volcanosedimentary and green-
stone belts sequences (Almeida et al., 1976). These
units are covered by well preserved Meso- and
Neoproterozoic sedimentary strata represented

by: (a) The Mesoproterozoic Espinhaço and
Chapada Diamantina Groups, with continental
acidic volcanics at the base and sandstones, silt-
stones, shales and subordinate dolostones in the
middle and upper sections; and (2) The pre-
sumably Neoproterozoic, mostly carbonate, se-
quences. The present configuration of the SFC is
believed to have been shaped by the Brazilian–
Pan African Orogeny (Almeida and Hasui, 1984)
that climaxed �600–550 Ma ago.

The ‘Neoproterozoic’ assemblages consist
mostly of carbonate platform sediments within
the São Francisco, Irecê and Una-Utinga basins
(Fig. 1) and of metasediments in the fold belts
around the cratonic area. Overall, they cover
more than 300 000 km3 of the SFC. From base to
top, they usually consist of the following lithos-
tratigraphic assemblages:
1. Glacigenic units: Diamictites, conglomerates,

pelites and quartzitic (arkosic) lenses of the
Jequitaı́, Macaúbas and Bebedouro Forma-
tions. Although predominantly glacigenic, the
units also contain glacio-marine and fluvial
sediments.

2. Carbonate platform sediments: Limestones,
dolostones, marls, shales and siltstones. In the
São Francisco Basin, the sequence is known as
the Bambuı́ Group and contains carbonate
sediments of the Sete Lagoas and Lagoa do
Jacaré Formations deposited in a warm shal-
low shelf environment. The correlative unit in
the Irecê and Una-Utinga Basins is the Salitre
Formation of the Una Group. In the western
part of the SFB, separated from the Bambuı́
Group by the Paranoa Basin, crops out the
Vazante Formation. In the marginal fold belts,
particularly in the Brasilia Fold Belt, the latter
reaches up to �2000 m thickness. The forma-
tion consists entirely of dolostones with
abundant stromatolites (Dardenne, 1978;
Madalosso, 1979; Rigobello et al., 1988), in-
cluding Conophyton metulum and C. cf. cylin-
dericum, that were described also from
sediments that are stratigraphically below the
Bambuı́ Group (Dardenne and Walde, 1979;
Karfunkel and Hoppe, 1988; Fairchild et al.,
1996).
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Fig. 1. Location map of the Vazante area in São Francisco Basin, Brazil (modified after Alkmim et al., 1993). Explanations: BFB,
Brasilia Fold Belt; CD, Chapada Diamantina; ES, Espinhaço; IRB, Irecê Basin; SFB, São Francisco Basin; UVB, Una-Utinga
Basin; (1) Archean-Paleoproterozoic basement and in black, greenstone belts and volcano-sedimentary sequences; (2) Mesoprotero-
zoic sedimentary cover (Espinhaço Supergroup); (3) Neoproterozoic sedimentary cover (Bambui Group and correlative sequences);
(4) Phanerozoic cover; (5) Craton limits; and (6) Folded belts.
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3. Molasse-type strata: Arkosic sandstones, silt-
stones, phyllites and conglomerates, probably
related to the evolution of a post-tectonic ‘mo-
lasse-type’ basin (Thomaz Filho et al., 1998).
In the Minas Gerais state they are represented
by the Três Marias Formation.

3. Age assignment and correlation problems

Based on the occurrence of C. metulum stroma-
tolites, Cloud and Dardenne (1973) suggested that
the sedimentation of the Vazante Formation
could have occurred 1350–900 Ma ago, predating
the sedimentation of the Bambuı́ Group. The
latest published geological map of the Minas
Gerais state (Pedrosa Soares et al., 1994) still
assigns the Vazante Formation to the
Mesoproterozoic.

Karfunkel and Hoppe (1988) proposed a sce-
nario for the evolution of the SFC, where all
glacigenic units in central-eastern Brazil are be-
lieved to be younger than the Archean basement
and the Early to Middle Proterozoic rocks, and
older than the carbonates of the Bambuı́ Group
and its correlatives. In this scenario, the craton
with its preglacial deposits was uplifted, deposit-
ing diamictites during continental glaciation. Sub-
sequent subsidence, associated with global
warming and transgression, led to deposition of
the younger shallow water sediments of the Bam-
buı́ Group and its correlatives. The glacial de-
posits are therefore believed to correlate with the
Neoproterozoic Sturtian glaciation event (Dard-
enne, 1979; Karfunkel and Hoppe, 1988), with
carbonates (including the Vazante Formation)
somewhat younger than the glacial deposits.

Radiometric dating, unfortunately, did not as
yet provide clear resolution to this dilemma. The
early Rb/Sr dating of argillaceous sediments of
the Vazante Formation (Amaral and Kawashita,
1967) yielded 600�50 Ma estimate, but this age
was attributed to the Brazilian orogeny. Subse-
quently, Macedo and Bonhomme (1984) pub-
lished an apparent Rb/Sr age of 800 Ma for
argillaceous sediments of the Salitre Formation
(Una Group). In contrast, Rb/Sr ‘ages’ for the
Bambuı́ fine-grained siliciclastic sediments from

the SFB in the Minas Gerais state ranged from
590 to 640 Ma (Parenti Couto et al., 1981;
Thomaz Filho and Lima, 1981), in accord with
the �680 Ma Pb/Pb estimates based on galena
from Vazante-Paracatu area and from carbonates
of the Bambuı́ Group in the southern part of the
SFB (Iyer et al., 1992, 1995). Other Pb/Pb esti-
mates from the latter area (Babinski et al., 1999;
D’Agrella-Fihlo et al., 2000), on the other hand,
claim that the carbonate sequence has a minimum
depositional age of 686�69 Ma. The subsequent
overprinting by the late Proterozoic Brazilian
Orogeny that deformed and metamorphosed sedi-
ments in many parts of the SFB (Lagoeiro, 1990;
Alkmim et al., 1993; Chemale et al., 1993) does
not make the issue of age and stratigraphic corre-
lations anymore tractable.

Chemostratigraphy is becoming an alternate
correlation tool, and its utility has been docu-
mented for the Phanerozoic (e.g. McArthur, 1994;
Veizer et al., 1997, 1999; Azmy et al., 1999) as
well as the Precambrian (e.g. Derry et al., 1989;
Fairchild et al., 1990; Kaufman et al., 1991; Knoll
and Walter, 1992; Kaufman and Knoll, 1995). In
addition, such isotope proxy signals can be
utilized also for alternate purposes, such as
paleoclimatic modelling (e.g. Kaufman et al.,
1993; Hoffman et al., 1998). Reconnaisance
chemostratigraphic studies (�13C, �18O, 87Sr/86Sr,
�34S) of carbonates from the Bambuı́ group and
its correlative Una Group in the Irecê basin sug-
gested an age of �600–670 Ma (Misi et al., 1997;
Kawashita, 1998; Misi and Veizer, 1998) for the
carbonates above the glacigenic units.

As a tentative conclusion, the radiometric and
chemostratigraphic considerations appear to fa-
vour a Neoproterozoic age for carbonate se-
quences above glacigenic sediments, although
more precise assignment is clearly an open ques-
tion. The reported existence of diamictites in the
Coromandel unit (Dardenne et al., 1998), strati-
graphically directly below the Serra de Garotte
Formation (Fig. 2), supports such an assignment
also for the Vazante Formation. For the latter,
this would contradict the evidence for Meso-
proterozoic age based on the presence of C. metu-
lum. Alternatively, the Vazante Formation is
Mesoproterozoic and thus not a correlative unit
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of the Bambuı́ Group. An attempt to resolve this
conundrum by isotope stratigraphy is one of the
hoped for goals of this contribution.

4. Methodology

Four cores, provided by the Brazilian mining
company Cia Mineira de Metais (detailed descrip-
tion available from De Oliveira), covering a total
of 2330 m and encompassing all carbonate units
of the Vazante Formation as well as the lower-
most part of the overlying Lapa Formation (Fig.
2) were studied. These cores are CMM-244 (N=
8013184,18; E=303422,62; COTA=722,00),
CMM-279 (N=8016754,20; E=303945,14;
COTA=693,99), CMM-500 (N=8014221,29;
E=302323,90; COTA=719,94) and KVD-F60
(N=8033644,60; E=310885,37; COTA=
671,53). They were selected with an intention to
avoid, as much as possible, tectonic complications
in the area. In addition, two samples from lime-
stone interbeds in the underlying Serra do Gar-
rote Formation were also collected from outcrops
in the field. Thin sections of the samples were
examined petrographically under standard polar-
izing microscope and luminoscope and stained
with Alizarin Red-S and potassium ferricyanide
solutions (Dickson, 1966). A mirror-image slab of
each thin section was also prepared and polished
to be used for microsampling. Cathodolumines-
cence (CL) was performed using a Technosyn
8200 MKII cold cathode instrument operated at
�11 kV accelerating voltage and �450 mA gun
current intensity. Randomly selected samples were
analyzed by XRD to ensure that dolomites did
not contain vestiges of a CaCO3 precursor.

Samples representing successive dolomite gener-
ations were selected for geochemical analysis.
Powder samples, each �10 mg, microsampled
from clean slabs that were washed with deionized
water and dried overnight at 50 °C, were drilled
by a low-speed microdrill. For oxygen and carbon
isotope analysis, about 4 mg samples were reacted
under vacuum overnight with �1 ml of ultrapure
orthophosphoric acid at 50 °C in a water bath (cf.
Azmy et al., 1998). The produced CO2 was
analysed using the VG Isogas SIRA-12 triple

collecting mass spectrometer at the G. G. Hatch
Isotope Laboratory, University of Ottawa. The
laboratory standards were NBS-18 (�18O= −
23.00‰ and �13C= −5.00‰ PDB) and NBS-19
(�18O= −2.20‰ and �13C= +1.95‰ PDB) with
a routine precision (2�) for a pure carbonate
samples of 0.1‰.

The residual H3PO4, after extraction of CO2

gas, was analysed for Ca, Mg, Sr, Fe and Mn
(Coleman et al., 1989) using a Thermo Jarrell
Ash-AtomScan 25 Inductively Coupled Plasma
Source Spectrometer at the University of Ottawa.
The chemical data were recalculated on an insolu-
ble residue-free basis (100% soluble dolomite or
calcite). The analytical precision and accuracy, in
relative percent for each element, are the follow-
ing Ca (2.1, 1.9), Mg (5.5, 0.4), Sr (2.7, 0.2), Fe
(2.1, 0.3), and Mn (1.4, 2.9), respectively.

Guided by the carbon and oxygen isotope re-
sults and by petrograhic observations, some sam-
ples were selected for Sr-isotope analysis. About 5
mg of the powdered sample was dissolved in 2.5
N ultrapure HCl and, after evaporation, Sr was
extracted with quartz glass exchange columns
filled with Bio Rad AG50WX8 ion exchange
resin. Finally, �75–100 ng Sr was loaded on Re
filaments using a Ta2O5–HNO3–HF–H3PO4 so-
lution. Measurements were performed with a
Finnigan MAT 262 multicollector mass spectrom-
eter at the Institut für Geologie, Mineralogie und
Geophysik, Ruhr Universität, Bochum, Germany
(cf. Diener et al., 1996; Azmy et al., 1999).

Two standard reference materials were utilized
as quality control of Sr isotope ratio measure-
ments, NIST (NBS) 987 and USGS EN-1. The
latter, representing modern sea water and treated
like an ordinary sample, gave a 87Sr/86Sr value of
0.709151 with a (2�) precision, calculated from
seven measurements, of �0.000008. About 75 ng
Sr of the NIST (NBS) 987 standard reference
material was directly loaded onto the filament and
these results therefore represent only the internal
reproducibility of mass-spectrometry. Its value
was 0.710236�0.0000008, based on ten measure-
ments. The average composite blank for Sr, in-
cluding chemicals, ion-exchange columns and
loading blank, did not exceed 0.0085 ng. The
measured 87Sr/86Sr ratio was normalized to a
value of 8.375209 for the 88Sr/86Sr ratio.
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Fig. 2. Lithostratigraphy of the Vazante Formation with stratigraphic range covered by each core (De Oliveira, 1998, pers. comm.).
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The sulfur isotope analyses were run on trace
sulfate trapped in carbonates, following the
method of Hall et al. (1988), at the Environmental
Isotope Laboratory of the University of Water-
loo, Ontario, Canada. The S-isotope ratio was
measured using a continuous flow mass spectrom-
eter (MICROMASS) coupled to the Carlo Erba
Elemental Analyser (CHNS-O) EA 1108. Results
are reported in �-values as per mil relative to the
Canyon Diablo Triolite Standard (CDT), with a
precision of �0.3‰.

5. Lithofacies and petrography of the Vazante
Formation

The Vazante Formation represents a sequence
of dolomitized shallow shelf sediments, mainly
microbial mats and stromatolitic reefal lenses,
interrupted by deposition of shales and by lenses
of black shale. Vertical fractures, caused by tec-
tonic deformation, are frequent and filled with
late dolomite cement.

The stratigraphy of the Vazante Formation
(Fig. 2) has been refined by several authors
(Madalosso, 1979; Rigobello et al., 1988; Freitas-
Silva and Dardenne, 1992; Hitzman and Fogarty,
1997; Dardenne et al., 1998). The formation rests
conformably on the non-carbonate deposits
(slates and graywackes) of the Serra do Garrote
Formation and is unconformably overlain by the
dolostone deposits of the Lapa Formation. The
thickness of the units varies laterally and depends
therefore on borehole location. The dominant
component is microbial lime mud deposited in
inter- to supratidal environment that has been
completely dolomitized during an early stage of
diagenesis. This is indicated by stylolites that
crosscut the pervasive dolomite, the earliest phase
that selectively affected microbial carbonate mud
matrix. Fig. 2 summarizes the composite petro-
graphic profile, as discussed in detail in Rigobello
et al. (1988) and De Oliveira (1998), person.
comm.).

The diagenetic history of the Vazante Forma-
tion shows that it has been affected by multiple
episodes of dolomitization, mechanical and chem-
ical compaction, silicification and minor sideri-

tization and anhydritization that might have
occurred in shallow, intermediate and deep burial
environments (Dardenne, 1979; Madalosso, 1979).
This study focuses solely on the major dolomitiza-
tion processes, since all carbonate rocks in the
studied cores were entirely dolomitized. Based on
petrography and CL, four major phases of
dolomitization have been recognized. These
phases, from the oldest to the youngest, are:
Dolomite I (pervasive dolomite), Dolomite II (re-
placement of fibrous cement), Dolomite III
(equant cement) and Dolomite IV (latest equant
and fracture-filling saddle cement).

5.1. Dolomite I

Dolomite I (Fig. 4a) is the most abundant type
(�80% by volume) and it consists of inclusion-
rich pervasive xenotopic dolomite (cf. Sibley and
Gregg, 1987). It is non luminescent to dull or
having sometimes medium CL (Fig. 4b). The
dolomite I is a mimetic, fabric-preserving
dolomite (cf. Fairchild, 1991; Budd, 1997) with
crystal size varying between micrite and mi-
crosparite. The crystal size depends on the precur-
sor texture. Increase in crystal size, however, has
not been clearly associated with dolomitization.
Inclusions in dolomites are usually relicts from
their precursor carbonates (Sibley, 1982; Dawans
and Swart, 1988; Budd, 1997), but those in the
Vazante dolomites are mostly clays. Pervasive
dolomitization affected mainly microbialites (mi-
crobial aggregates) and carbonate mud matrix (cf.
Fairchild, 1991) and probably happened at an
early stage of burial, since it is crosscut by stylo-
lites (cf. Choquette and James, 1987). The reten-
tion of fabric, and near-micritic crystal size, all
indicate that the original sediment did not suffer
from extensive and/or repeated meteoric alter-
ation. Fabric-destructive pervasive dolomites have
been observed only sporadically in the core CMM
279 where they exhibit a brighter CL.

5.2. Dolomite II

Dolomite II consists of inclusion-rich fibrous
crystals (Fig. 4a) that likely replaced the precursor
marine calcite cements (e.g. Fairchild, 1991;
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Fairchild et al., 1991). It is present in two sub-
phases, A and B. The subphase A is represented
by dolomite that replaced an early generation of
fibrous cements and is characterized by small
fibrous crystals (0.06–0.4 mm) that exhibit dull
CL (Fig. 4b). The subphase B consists of dolomite
that replaced a later generation of fibrous ce-
ments. The crystals of this subphase are usually
larger than those of the early generation (0.6–2.4
mm), their rims are clear at the top, and they
exhibit zoned CL (Fig. 4b). By volume (�5%),
fibrous cements are the least abundant phase.

5.3. Dolomite III

Dolomite III consists of a later stage pore-
filling coarse equant crystals (0.15–1 mm) that are
generally clear under plane polarized light (Fig.
4a), but zoned under luminescence (Fig. 4b). This
type of cement is more frequent than the fibrous
cement (�8% by volume) and consists of sub- to
anhedral crystals with frequent overgrowths. This
dolomite also contains fluid inclusions and it is
suggested to have been formed at shallow to
intermediate burial depth since it is cut by stylo-
lites of late generations.

5.4. Dolomite IV

Dolomite IV, the latest cement generation, oc-
cludes previously uncemented pores and late verti-
cal fractures (e.g. Fairchild and Spiro, 1987) and
is believed to have been formed under deep burial
conditions. It consists of very coarse subhedral
crystals (0.8–3 mm) which commonly have a
recognizable milky appearance in polished thin
sections and slabs. The crystals may contain fluid
inclusions and usually exhibit undulose extinction
typical of saddle dolomite, but they are entirely
non luminescent. In rare cases, they engulf bright
red luminescent ghosts of equant cements that
they might have replaced (e.g. Fairchild et al.,
1991).

The complete occlusion of all pores and frac-
tures reflects a continuous extensive late-stage ce-
mentation by the dolomitizing fluids that may
have resulted in significant porosity reduction rel-
ative to the precursor. These dolomite generations

are common in all studied facies, with the excep-
tion of the xenotopic pervasive dolomite that is
restricted to stromatolites and microbial carbon-
ate muds.

In summary, morphologically the Dolomites
I–III resemble Phanerozoic CaCO3 cements (e.g.
Lohman and Walker, 1989; Al-Aasm and Lu,
1994; Al-Aasm and Azmy, 1996; Wenzel, 2000).
The petrographic characteristics of generations I
and II mimic a marine precursor cement, whereas
the generation III resembles cement of shallow to
intermediate burial stages. CL images, although
clearly distinct for all three types, often show
zoning, indicating that dolomitization progressed
in pulses, and from solutions that were not chem-
ically identical. This and the retention of original
textural features (Fig. 3b) favour, in our view, a
diagenetic origin for these dolomites as opposed
to direct precipitation from Proterozoic seawater.
Deposition of fibrous dolomite cements directly
from seawater was not yet described in literature,
either for ancient or modern carbonates (Tucker
and Wright, 1990), and kinetic and thermody-
namic models of experimental dolomite precipita-
tion also indicate that fibrous dolomite is unlikely
to precipitate directly from solutions (Tucker and
Wright, 1990; Arvidson and Mackenzie, 1997,
1999). Although the issue of primary vs. diage-
netic origin of Precambrian dolostones is still an
open one, it is these considerations as well as the
later discussed chemical and isotopic constraints
that lead us to favour the diagenetic origin for the
Vazante dolostones.

The last phase, Dolomite IV, is non-lumines-
cent (Fig. 4b) and does not contain any replace-
ment textures, suggesting that it likely sealed the
remaining pores and fractures at late diagenetic
stages.

6. Geochemistry

6.1. Major and trace elements

Table 1 summarizes the distribution of major
and trace elements in the Vazante dolomites. In
terms of trace elements, the successive dolomite
generations show a progression, particularly in Fe
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Fig. 3. Petrographic features from Core 244: (a) photograph of a polished slab (sample 244-45) showing fenestrae, filled with
dolomite cement, in microbial mat facies. Field of view is 3.5 cm along x-axis, and (b) photomicrograph of a thin section (sample
244-29) with pelloidal grainstone fabric under plane polarized light. Field of view is 1.5 mm along x-axis.
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Fig. 4. Photomicrograph of a thin section (sample 244-42) with the successive (I–IV) dolomite generations: (a) fabric under plane
polarized light; and (b) luminescence and zonation under luminoscope. Field of view is 1.5 mm along x-axis.

and Mn contents (Fig. 5), although the overlap of
values is considerable. In particular, the Dolomite
IV contains significantly higher Mn and Fe con-
centrations than the Dolomite I–III varieties. In
terms of major elements, Ca varies slightly from
52.7 to 57.9 mol%, as do their recent counterparts
(cf. Budd, 1997). The dolomites are therefore
mainly non-stoichiometric, with stoichiometry de-
creasing from Dolomite I–Dolomite IV.

Strontium concentrations can be utilized for
understanding the nature of the dolomitizing fluid.
Remnant inclusions of precursor carbonate (calcite
or aragonite) and distribution coefficient of Sr (Dsr)
between dolomite and diagenetic fluids are gener-
ally the major factors controlling the Sr concentra-
tions in dolomite (Budd, 1997). Because of the low
Sr-contents (16–110 ppm; Appendix A), it is not
likely that the Vazante dolomites contain remnant
precursor inclusions, a statement supported by the
XRD screening. The dolomites therefore reflect
mostly the nature of the dolomitizing fluid. Esti-
mates of Sr distribution coefficient (Dsr) for
dolomite vary from 0.015 to 0.06 (Veizer, 1983;
Vahrenkamp and Stewart, 1990; Banner, 1995;
Budd, 1997). If the Sr content were mainly due to
Dsr and Sr/Ca of the dolomitizing fluid, the latter
can be calculated from equation (Sr/Ca)dolomite=
Dsr(Sr/Ca)fluid. Such calculations yield molar Sr/Ca
for the Vazante dolomitizing fluid of 0.0023 to
0.0138 for Dsr=0.015, and 0.0006–0.0035 for
Dsr=0.06. These values span the range from, to
significantly less than, the Sr/Ca ratio of present-

day seawater (0.0086; Drever, 1988). Nonetheless,
the average Sr concentrations are in the 55�15
ppm range (Table 1), suggesting that we are dealing
with Sr-depleted dolomitizing fluids, likely due to
partial or full meteoric water contributions. The
considerable uncertainty in Dsr value of dolomite
argues, nonetheless, for some caution in this inter-
pretation.

Iron and Mn contents (Table 1), in contrast to
Sr, reflect more the redox state of the diagenetic
environment than the ionic strength of the dolomi-
tizing fluid. The general trend (Fig. 5) of rising Fe
and Mn concentrations from Dolomite I to
Dolomite IV is a reflection of increasingly more
reducing conditions with depth, particularly for the
latter variety. The Vazante dolomites should still be
considered as non-ferroan types, since their FeCO3

contents are less than 2 mol% (Tucker and Wright,
1990). Only some of the Dolomite IV (the latest
cements) may have significantly higher Fe-concen-
trations (Fe�11 400 ppm).

In summary, the major and trace element con-
tents (Ca, Mg, Sr, Mn, and Fe) of Vazante
dolomites (Table 1) are within the ranges observed
for their recent counterparts (cf. Fairchild and
Spiro, 1987, 1990; Fairchild, 1991; Budd, 1997).

6.2. Oxygen and carbon isotopes

Dolomitization of carbonates needs large vol-
umes of water, in order to supply the required Mg.
As a result, oxygen isotopic composition of a
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dolomite product mostly reflects the isotopic com-
position of the dolomitizing water (Land, 1992).
The �18O and �13C values of the Vazante
dolomites (Table 1) range from −14.3 to −0.1‰
and −2.3 to 3.9‰ PDB, respectively (Fig. 6).
There is no correlation between �18O and �13C,
but the Dolomite IV (latest cements) is discernibly
more depleted in 18O than the other three types.
This dichotomy may have been caused mainly by
temperature increase during progressive burial (cf.
Lohmann, 1988), a proposition supported by the
below discussed fluid inclusion data.

The �18O of dolomitizing fluid can be esti-
mated, providing that its temperature is estab-
lished by other means, such as homogenization
(Th) and melting (Tmice) temperatures of primary
fluid inclusions. Unfortunately, in our case, the
inclusions were so small that Th were meansured
only in the two-phase inclusions. This precludes
an estimate of salinity for the dolomitizing fluid as
well as application of pressure correction. The
all-liquid inclusions trapped in Dolomites II and
III (fibrous and early equant cements) indicate
that dolomitization commenced during early
stages of diagenesis at temperature below about
50 °C (cf. Goldstein and Reynolds, 1994), pre-

sumably at near-surface temperature of about 30
°C. The mean homogenization temperatures
(Table 2) of the two-phase inclusions trapped in
Dolomite IV (the latest pore- and fracture-filling
saddle dolomite cement), on the other hand, indi-
cate that it was formed at temperature of at least
120–130 °C (cf. Goldstein and Reynolds, 1994),
hence during later stages of burial. The latter
temperature estimates would suggest depth of sev-
eral km, up to 6.7 km if a geothermal gradient of
15 °C/km is applied (Ussami, 1993). Some of the
fracture-filling Dolomites IV contain also one
phase all-liquid inclusions. These probably devel-
oped as a consequence of sudden release of litho-
static pressure due to uplift and erosion.
Accepting the above temperature constraints, the
�18O values of the dolomitizing fluid for
Dolomites I–III was likely within the −8 to
−3‰ and for Dolomite IV from +2 to +6‰
SMOW (Fig. 7).

Paleomagnetic data for Precambrian rocks en-
able differing plate reconstructions (Hoffman,
1991; Meert and Van der Voo, 1994; Li et al.,
1995; Park et al., 1995; Schmidt and Williams,
1995; Torsvik et al., 1996; Ross, 1999) for the

Table 1
Ca, Mg, Fe, Mn, Sr, �18O and �13C statistics for the Vazante dolomites

Generation �13CCaCO3 (%) MgCO3 (%) Sr (ppm) Fe (ppm) Mn (ppm) �18O 87Sr/86Sr

45 35454545nDolomite I 454545
Max. 57.9 47.3 106 14 492 392 −0.1 3.9 0.731601

0.707247Min. 52.7 42.1 16 866 19 −10.3 −2.3
1.5 0.71259255.5 44.5Mean 48 3160 155 −5.1
1.1 0.0057391.1 1.1S.D. 18 2786 108 1.9

211111111Dolomite II 111111n
0.710575Max. 57.4 44.6 58 7912 529 −1.8 2.6

Min. 55.4 42.6 36 530 82 −6.3 1.4 0.706144
0.7083601.9−4.527327734443.856.2Mean

0.41.41732386 0.00313380.70.7S.D.
Dolomite II n 4 4 4 4 4 4 4 1

2.1 0.71537456.8 45.0 83 7564 879Max. −5.2
Min. 55.0 43.2 57 3326 642 −6.4 1.6 0.715374
Mean 56.0 44.0 68 5885 736 −5.6 1.7 0.715374
S.D. 0.7 0.7 13 2015 103 0.6 0.2
n 8Dolomite I 16161616161616

3.3−7.82094 0.72523222 00911045.457.8Max.
Min. 54.6 42.2 18 1942 137 −14.3 0.2 0.708526

1.5−9.8 0.71321969799194043.556.5Mean
S.D. 0.9 0.9 24 5661 496 1.6 0.7 0.005668
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Fig. 5. Scatter diagram of Fe vs. Mn for different dolomite generations of the Vazante Formation.

Amazonia plate, including its Vazante area. Nev-
ertheless, the abundance of microbial mats with
fenestral fabrics (cf. Pratt et al., 1992) and thick
stromatolite beds, and minor evaporite occur-
rences (see below), in the carbonate sequences
indicate warm conditions and low latitude pale-
olocation. In similar modern environments, the
�18O of seawater is �0‰ SMOW and that of
meteoric water is lower by about 4‰ (Clark and
Fritz, 1997). Assuming that the �18O values of the
Vazante-times seawater and of meteoric waters
were similar to those of today, the �18O of −8 to
−3‰ SMOW for the Dolomite I–III fluids
would imply that dolomitizing solutions were al-
most entirely of a meteoric type. This, however,
would create a problem with the source of Mg
(Land, 1992).

It is, on the other hand, possible that �18O of
past seawater differed from the present day one,
being shifted to 18O depleted values (Veizer et al.,
1999). The histogram of �18O for late Proterozoic
carbonates (Fig. 8) shows, as for their Phanero-
zoic counterparts, that dolostones are similar to,
or up to 5‰ heavier than, coeval limestones. The

overall pattern is, nevertheless, shifted to a more
negative range, as would be expected if coeval
seawater were depleted in 18O relative to its mod-
ern counterpart. Considering the uncertainty in
the value of dolomite–calcite, and dolomite–wa-
ter, fractionation factors (Land, 1983; Budd,
1997), we shall utilize the limestone values in
attempt to constrain the �18O of coeval seawater.
These show a mode of about −6‰ PDB (Fig. 8)
which is simultaneously the heaviest, hence the
‘best preserved’, signal. In the Phanerozoic, diage-
netic stabilization usually leads to �2‰ deple-
tion in the whole rock signal (Fig. 20 in Veizer et
al., 1999). Assuming a comparable shift for the
Proterozoic limestones, the coeval tropical seawa-
ter could have had �18O of about −4‰ SMOW.
This is close to the upper limit of estimates for
Dolomites I–III (Fig. 7). Consequently, the sug-
gested range of −3 to −8‰ SMOW for fluids
generating the Dolomites I–III would be consis-
tent with their origin from early diagenetic solu-
tions that were generated by mixtures of sea and
meteoric waters. Their chemical attributes are also
in agreement with this proposition.
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The petrological, fluid inclusions and chemical
considerations for Dolomite IV, on the other
hand, convincingly suggest that it is a product of
deep burial. The parental fluids were therefore
likely evolved formation waters enriched in 18O.
This could explain the calculated �18Ofluid of +2
to +6‰ SMOW (Fig. 7).

The overwhelmingly positive �13C (Fig. 6) likely
reflect the carbon isotope composition of the pre-
cursor carbonate, due to relatively low CO2 con-
tent of diagenetic waters (Land, 1992). The few
13C depleted values, from microbial aggregates
and carbonate muds, occur at the top of the
formation (Appendix A, Fig. 2) and are probably
stratigraphically controlled, since the trend is
reflected in both, microbial laminites and non-mi-
crobial (fibrous cements) components (Fig. 6; Ap-
pendix A).

In summary, petrographic, fluid inclusion,
chemical criteria and stable isotopes of the Va-
zante carbonates reflect two major dolomitization
events: (1) an early episode that affected microbial
laminites and fibrous and early equant cements
(Dolomite I, II and III); and (2) a late episode

that deposited the latest pore- and fracture-filling
(saddle) dolomite cements (Dolomite IV) in deep
burial settings.

We do not consider evaporitic sabkha-type
dolomitization to be applicable to the Vazante
Dolomites I–III. Unlike sabkha dolostones, the
Vazante Formation in the studied cores does not
contain any evaporite interlayers. In the São
Francisco Basin, few gypsum nodules and thin
laminae have been observed only in the Paracatu
(Morro Agudo) area (Madalosso, 1979) and in
the adjacent basins (e.g. the Salitre Formation of
the Una Group; Misi and Kyle, 1994; Misi and
Veizer, 1998). Furthermore, the low Sr contents
and the �18O of the studied dolomites are also
difficult to reconcile with their being a product of
concentrated evaporitic brines.

7. Isotope stratigraphy

The retention of some original isotope signal is
possible only in well preserved samples. A
plethora of techniques and tests was proposed for

Fig. 6. Oxygen vs. carbon isotope values for the Vazante dolomite generations.
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Table 2
Statistical data for homogenization temperatures measured in fluid inclusions of Dolomite IV

244-45 244-57 244-78 244-80 TotalSample I 244-26

IV IVDolomile g IVIV IV IV
No. me 1 23 16 32 8 60

118Mean Th 132 130 124 116 127
157 167 145 127Maximum 157
116 118 108 103 103Minimum

15 15 8 11 17S.D.

evaluating the degree of sample preservation (cf.
Veizer, 1983; Fairchild and Spiro, 1987; Kaufman
et al., 1991, 1992, 1993; Derry et al., 1992; Nar-
bonne et al., 1994), none yielding unequivocal
results, but giving reasonable estimates of sample
quality if applied in combination. In the subse-
quent text we shall focus on microbial mud and
microbial aggregates and on few available early
fibrous cement components, since these are the
most likely phases to retain their near-primary
seawater signals, at least for some isotopes.

Chemical composition of rocks is a reflection of
their diagenetic history. In the course of diagene-
sis, some elements, such as Mn and Fe, are en-
riched in the successor phase while others, such as
Sr and Na, are depleted (Brand and Veizer, 1980;
Veizer, 1983). The Mn/Sr value has been, there-
fore, used as a first order indicator of the degree
of preservation (e.g. Derry et al., 1992). Usually,
only samples with Mn/Sr ratio of�3 are taken as
‘well preserved’ from the point of view of isotope
proxies (Derry et al., 1992; Kaufman et al., 1992,
1993; Kaufman and Knoll, 1995). Nonetheless,
cases do exist where samples with Mn/Sr ratio of
up to 10 appear to yield reasonable isotope sig-
nals (Narbonne et al., 1994), while samples with
very low Mn/Sr ratio may not do so.

The preservation of an isotope signal in the
successor phase depends on the water/rock ratio
(Banner and Hanson, 1990) for a given element at
the time of diagenetic recrystallization. The usual
sequence for water/rock ratio is O�Sr�C (cf.
Jacobsen and Kaufman, 1999). Thus the preserva-
tion of C-isotope signal is possible even with high
degree of recrystallization, while O isotopes will
mostly be reset. Note, however, that in contrast to
the model of Banner and Hanson (1990) and

Jacobsen and Kaufman (1999), we do not believe
that the entire rock undergoes recrystallization
with every batch of new water entering the sedi-
mentary pile. Such a model demands some 104

batches of water, and bulk recrystallization
events, and would result in complete loss of tex-
tures and in homogenization of the chemical and
isotope signals. This, quite clearly, is not the case
for most carbonate rocks. Instead, recrystalliza-
tion is considered to be a localized phenomenon
(Brand and Veizer, 1980; Maliva, 1998; Veizer et
al., 1999), with only few recrystallization steps.
This permits localized preservation of mineralogy,
textures and chemistry and of the internal hetero-
geneity of the rock.

The Vazante Dolomites I–III have Mn/Sr ra-
tios from 0.3 to 8.5 (Appendix A), many satisfy-
ing the above selection criterion. Note also that
these are ratios for dolomites that, on crystallo-
graphic grounds, contain higher Mn and lower Sr
contents than calcites and that there is no correla-
tion between Sr and Mn (Fig. 9) or �18O and
Sr/Mn ratio (Fig. 10).

7.1. Carbon isotope profile

Based on the above discussion, the carbon iso-
tope signal has the best potential for preservation
of near-original values. The distribution of �13C in
Vazante samples (Fig. 10) has a mode at �2�
1‰, but also contains some negative values. The
latter can be either a reflection of stratigraphic
variations or of alteration phenomena.

Post-depositional shifts in �13C values for
Proterozoic carbonates were observed (Knoll et
al., 1986; Fairchild et al., 1990; Kaufman et al.,
1992; Narbonne et al., 1994), but most whole-
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rock samples, more as a rule than an exception,
retain their carbon isotope composition (Fairchild
and Spiro, 1987; Burdett et al., 1990; Kaufman et
al., 1991). This appears to hold even for dolomi-
tization processes, because dolomitization (and
diagenetic) fluids generally have low carbon con-
tents. Even in cases of severe alterations, the shifts
are rarely more than �2‰ (Sheppard and
Schwarcz, 1970). Metamorphic decarbonation of
carbonate rocks in the presence of silicates could
release isotopically heavy CO2, thus lowering the
�13C values of the remaining carbonates (Shieh
and Taylor, 1969), but the tectonic history and
petrographic criteria for the Vazante rocks pre-
clude the establishment of P/T conditions re-
quired for decarbonation (Madalosso, 1979;
Rigobello et al., 1988). In the absence of decar-
bonation, even metamorphosed carbonates, such
as marbles, tend to retain their near-original �13C
values (Wickham and Peter, 1993). We therefore
conclude that the observed �13C temporal trend
(Fig. 11) mimics the original pattern, a conclusion
in accord with the previous observation that vari-
ous dolomite phases reflect the same pattern. If

so, what could be the causes of this stratigraphic
trend?

Vital effects could influence isotopic fractiona-
tion of carbon, but no significant fractionation
has been demonstrated from studies of Protero-
zoic stromatolites and associated muds (Fairchild,
1991). In another alternative, high photosynthetic
rates in local basins may deplete the water column
in 12C, or influx of CO2 from oxidation of organic
matter may enrich it in 12C. Bacterial sulfate
reduction and methanogenesis can cause com-
parable C isotope shifts (Schidlowski et al., 1983).
Nevertheless, in our view, the low contents of
organic carbon and low porosity of Vazante
dolomites do not support the scenarios that would
invoke large primary productivity or large role for
the oxidized organic matter.

The �13C pattern of the Vazante Formation
(Fig. 11) consists of two major parts. The lower
portion is characterized by a generally smooth
signal that commences with �4‰ (PDB) at the
base and continues upsection with values at �
2‰ to the base of the Fácies Médio of the Pam-
plona Member. The upper part, on the other

Fig. 7. Temperature vs. �18Odiagenetic fluid for various �18Odolomite values that were reconstructed from the equation 103 ln �=3.2×
102 T−2–3.3 (Land, 1983). The vertical bars indicate the ranges for �18Ofluid based on the most enriched and depleted sample of a
cluster for the given dolomite generation (Fig. 6). The shaded areas mark the preferred temperature ranges.
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Fig. 8. Histogram of �18O distribution for late Proterozoic carbonate sequences from different localities. Data were compiled from
Kaufman et al. (1991, 1993), Derry et al. (1992, 1994), Corsetti and Kaufman (1994), Misi and Kyle (1994), Narbonne et al. (1994),
Iyer et al. (1995), Bose et al. (1996), Pelechaty et al. (1996), Sarkar et al. (1998), McKirdy et al. (2001), and Fairchild et al. (2001).
Dolomites associated with glacigenic sequences, often having 18O enriched signal are excluded from the histogram.

hand, shows a strongly oscillating signal with two
large negative shifts, of about −4‰, at the top of
the Fácies Médio and in the Fácies Superior. The
�13C of the overlying Lapa Formation, above an
unconformity, also continues with the negative
values.

If the hypothesis of Kaufman et al. (1991,
1993), Kaufman and Knoll (1995), Kaufman et al.
(1997), equating large negative �13C shifts with
glacial phases, is substantiated, a proposition that
requires verification by data with better temporal
resolution than presently available, then the two
negative �13C spikes at Vazante may have a simi-
lar cause and the sequence would likely be of
Neoproterozoic age. The Neoproterozoic is be-
lieved to have had two major global glacial phases
(Fig. 12), the late Sturtian one at the base of the
Neoproterozoic and the Varanger one in the up-
per Neoproterozoic (Knoll et al., 1986; Fairchild
and Spiro, 1987; Derry et al., 1989, 1992; Kauf-
man and Knoll, 1995; Narbonne and Aitken,
1995; Kaufman et al., 1997; Saylor et al., 1998;

Jacobsen and Kaufman, 1999; Walter et al.,
2000).

Similar negative �13C plunges were documented
also in the isotope pattern of the Bambuı́ carbon-
ates (Iyer et al., 1995; Kawashita, 1998; Misi and
Veizer, 1998) but these rocks, in contrast to Va-
zante, rarely contain Conophyton, the latter being
more abundant in the Mesoproterozoic carbon-
ates. Accepting the proposition that the glacia-
tion/low �13C association is universally valid for
the Neoproterozoic, the negative �13C signals in
the Vazante Formation could be correlated either
with the Sturtian or the Varanger glaciations
(Figs. 11 and 12) but the abundant Conophyton
favours more the former alternative.

7.2. Strontium isotope profile

A detailed temporal variation in strontium iso-
topic signals of Phanerozoic seawater, based on
low-Mg calcite shells, was recently published by
Veizer et al. (1999) and utilized for age estimates
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at a high level of resolution (Azmy et al., 1999).
In the Precambrian, the task is more onerous
because these carbonates were affected by diage-
netic stabilization processes that modify the en-
crypted primary isotope signal. Furthermore, the
Neoproterozoic seawater 87Sr/86Sr trend is not
well established, mostly due to uncertainties of
geochronology. Nevertheless, due to the relatively
good preservation of some Proterozoic carbonates
and due to the fact that Sr-isotope signal in
diagenetic solutions is often buffered by the dis-
solving precursor phase (Veizer and Compston,
1976; Veizer, 1983; Derry et al., 1989; Kaufman et
al., 1993; Banner, 1995; Kaufman et al., 1997;
Jacobsen and Kaufman, 1999), a preliminary de-
lineation of 87Sr/86Sr for Neoproterozoic seawater
does exist (Fig. 12).

In general, the Vazante 87Sr/86Sr values decline
with increasing Sr contents (Fig. 13), clearly
reflecting contamination by radiogenic Sr from
silicate phases. Consequently, only the least radio-
genic samples can perhaps be regarded as the ‘best

approximation’ of contemporary seawater (Veizer
and Compston, 1976). For the Vazante, these are
0.70724–0.70734 from microbial aggregates and
carbonate mud and 0.70614 from a fibrous ce-
ment (Figs. 11–13 and Appendix A). The under-
lying Serra do Garrote limestones have 87Sr/86Sr
value of 0.70690 and the overlying Lapa microbial
aggregates 0.70684 (Appendix A). Except for the
fibrous cement, the remaining ‘best’ estimates
seem to be compatible with either the Sturtian or
the Varanger values (Derry et al., 1989; Kaufman
et al., 1993; Gorkhov et al., 1995; Kaufman et al.,
1997; Jacobsen and Kaufman, 1999), but they all
clearly precede the steep rise in 87Sr/86Sr in the
terminal Proterozoic (Fig. 12). Should the fibrous
cement be the best approximation for the original
seawater value, a Sturtian age would again be
preferred.

For comparison, the values from the latest ce-
ments (Dolomite IV) varied from 0.70853 to as
high as 0.72523 (Fig. 13), reflecting the deep
burial conditions of diagenetic fluids that have

Fig. 9. Scatter diagram of Mn vs. Sr for the Vazante dolomites. Some samples are from the underlying Serra Do Garrote limestones
and the overlying Lapa dolomites.
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Fig. 10. Scatter diagram of �13C vs. Mn/Sr for the same set of samples as in Fig. 9.

circulated through clastic rocks, such as shale
beds within the basin.

7.3. Sulfur isotope profile

The variations in S-isotope composition of
marine sedimentary sulfates through time
(Strauss, 1993, 1997) can also be utilized for iso-
tope stratigraphy. Several factors, discussed in
detail in Strauss (1997), influence the �34S signals
of sedimentary evaporitic sulfates, the latter often
reflecting local environmental conditions rather
than open seawater. Trace sulfates incorporated
in carbonates may, at times, provide therefore a
more representative �34S signal for open seawater
(cf. Claypool et al., 1980; Holser et al., 1988;
Schidlowski, 1989). Due to fragmentary record,
and to large uncertainty in the assigned radiomet-
ric ages, the Precambrian �34S signal has a wide
scatter around �20‰ mean, with an abrupt in-
crease to �30‰ (Fig. 12) towards the Precam-
brian/Cambrian boundary (Claypool et al., 1980).

The scarcity of evaporite deposits in the Va-
zante sequence leaves the trace sulfates as the only
available material that can provide the S-isotope
signature. The �34S of trace sulfate (mainly water

soluble) trapped in the Vazante carbonates (Fig.
11) varies between 16.9 and 10.8‰, while in the
overlying Lapa Formation it reaches �22‰ (Ap-
pendix A). In order to confirm that the obtained
isotope results do not reflect signals of oxidized
sulfides, several samples were analyzed for total
sulfur. These samples yielded comparable values
to trace sulfate (Appendix A). Note that the high
�34S values, up to 31.7‰, reported by Iyer et al.
(1992), originate from barites from the same
basin, but from �100 km distant Paracatu area.

In conclusion, the relatively low Vazante �34S
signals suggests again stratigraphic position at
around the Sturtian glaciation, in agreement with
C- and Sr-isotope patterns.

8. Conclusions

Petrographic observations for the Proterozoic
Vazante carbonates show that dolomitization of
the precursor carbonates has been fabric retentive.
This permits identification of four generations of
dolomites: (1) Dolomite I (microbial mats); (2)
Dolomite II (fibrous cements); (3) Dolomite III
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(equant cement); and (4) Dolomite IV (late burial
and fracture filling cement). Fluid inclusion studies
suggest that dolomitization of Dolomite I–III
commenced at temperatures below 50 °C, indicat-
ing that the process was already operative during
an early diagenetic stage. Trace element chemistry
and stable isotope data indicate that these dolomi-
tizing fluids were a mixture of meteoric and sea
waters, with �18O estimated at about −3 to
−8‰ (SMOW).

The isotope signals and trace element contents of
the latest pore- and fracture-filling cements
(Dolomite IV) suggest that they were formed under

deep burial conditions at temperature over 120 °C
and at depth of several km.

Despite their extensive dolomitization, Vazante
carbonates may still retain their inherited primary
�13C signature. Their C-isotope variations fluctuate
slightly around 2‰ (PDB) through the lower part
of the formation, followed by a significant negative
plunge (�4‰) at the top (Fácies Superior, upper-
most Pamplona Member). If this plunge is corre-
lated with glaciation(s), a Neoproterozoic age is
favoured for the Vazante sequence.

Unlike �13C signal, the 87Sr/86Sr signature is
strongly altered, but samples with the lowest ratios

Fig. 11. Variations in �13C, 87Sr/86Sr and �34S for dolomites of the Vazante Formation. The shaded bar represents the range of the
best preserved (lowest) global 87Sr/86Sr signals for the Varanger and Sturtian glacial episodes (Fig. 12, and see also Jacobsen and
Kaufman, 1999). Legend as in Fig. 2.
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Fig. 12. Global trends for C-, Sr- and S-isotope variations during the Neoproterozoic (modified after Strauss, 1993; Jacobsen and
Kaufman, 1999). The pattern is based on compilations from Derry et al. (1989, 1992, 1994), Asmerom et al. (1991), Strauss (1993),
Kaufman and Knoll (1995), and Kaufman et al. (1993, 1996, 1997). The Sr isotope trend is an envelope around the least radiogenic
values. The dashed lines represent the range of Vazante values. The assigned ‘ages’ are only approximations.

may have retained their near-primary values,
ranging from 0.70614 to 0.70734, the former cor-
relating approximately with the negative �13C
shift at the top of the formation. In agreement
with the �13C data, 87Sr/86Sr and �34S signals are
also consistent with a Neoproterozoic age, possi-
bly a Sturtian equivalent, for the Vazante Forma-
tion. Nevertheless, additional work is required to
confirm this assertion since neither the back-
ground seawater trends nor the present data are
unequivocal.
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Appendix A. Samples, description, localities, stratigraphy, isotopic composition (�18O and �13C in ‰
PDB and �34S in ‰ CDT) and trace element contents of the studied carbonates
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Fig. 13. Crossplot of 1/Sr vs. 87Sr/86Sr for all studied carbonates from the Vazante area. The ranges of values for the Varanger and
Sturtian time intervals are from Jacobsen and Kaufman (1999).
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Univ. Saõ Paulo 7, 45–80.

Amaral, G., Kawashita, K., 1967. Determinação do idade do
Grupo Bambuı́, Inst. Geociencias Univ. Parana. Pub. No.
26, 39–40.

Arvidson, R., Mackenzie, F.T., 1997. Tentative kinetic model
for dolomite precipitation rate and its application to
dolomite distribution. Aquat. Geochem. 2, 273–298.

Arvidson, R., Mackenzie, F.T., 1999. The dolomite problem:
control of precipitation kinetics by temperature and satura-
tion state. Am. J. Sci. 299, 257–288.

Asmerom, Y., Jacobsen, S.B., Knoll, A.H., Butterfield, N.J.,
Swett, K., 1991. Strontium isotopic variations of
Neoproterozoic seawater: implications for crustal evolution.
Geochim. Cosmochim. Acta 55, 2883–2894.

Azmy, K., Veizer, J., Bassett, M., Copper, P., 1998. Oxygen and
carbon isotopic composition of Silurian brachiopods: impli-
cations for coeval seawater and glaciations. GSA Bull. 110,
1499–1512.

Azmy, K., Veizer, J., Wenzel, B., Bassett, M.G., Copper, P.,
1999. Silurian strontium isotope stratigraphy. GSA Bull. 111,
475–483.

Babinski, M., Van Schum, W.R., Chemale, F. Jr, 1999. Pb-Pb
dating and Pb isotope geochemistry of Neoproterozoic
carbonate rocks from Saõ Francisco basin, Brazil: implica-
tions for the mobility of Pb isotopes during tectonism and
metamorphism. Chem. Geol. 160, 175–199.

Banner, J.L., 1995. Application of the trace element and isotope
geochemistry of strontium to studies of carbonate diagenesis.
Sedimentology 42, 805–824.

Banner, J.L., Hanson, G.N., 1990. Calculations of simultaneous
isotopic and trace element variations during water-rock
interaction with applications to carbonate diagenesis.
Geochim. Cosmochim. Acta 54, 3123–3137.

Bose, P.K., Sarkar, S., Bhattacharyya, S.K., 1996. Dissolution
seams: some observations from the Proterozoic Chanda



K. Azmy et al. / Precambrian Research 112 (2001) 303–329326

Limestone, Adilabad, India. Carbonates Evaporites 11,
70–76.

Brand, U., Veizer, J., 1980. Chemical diagenesis of a multi-
component carbonate system-1: trace elements. J. Sed.
Petrol. 50, 1219–1236.

Budd, D.A., 1997. Cenozoic dolomites of carbonate islands:
their attributes and origin. Earth-Sci. Rev. 42, 1–47.

Burdett, J.W., Grotzinger, J.P., Arthur, M.A., 1990. Did
major changes in the stable-isotope composition of
Proterozoic seawater occur? Geology 18, 227–230.

Chemale, F. Jr, Alkmim, F.F., Endo, I., 1993. Late Protero-
zoic tectonism in the interior of the Saõ Francisco craton.
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Bras. Geol. Núcleo Minas Gerais 1, 43–53.

Dardenne, M.A., Freitas-Silva, F.H., Souza, J.C.F., Campos,
J.E.G., 1998. Evalução tectonó-sedimentar do Grupo Va-
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