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The Vazante Group, as originally described, is a thick marine carbonate-dominated succession adjacent to the
Brasilia Fold Belt, on the western border of the São Francisco Craton, in south-central Brazil. The sedimentary
dolomites of this group contain economically important Zn–Pb and phosphate deposits, but age constraints for
the host rocks and mineralization have been controversial. New geochronological data and geological observa-
tions have indicated that the upper and middle sections of the Vazante succession belong to a Mesoproterozoic
sequence that was thrust over a Neoproterozoic succession correlative with the Bambuí Group. This new strati-
graphic framework has significant implications for metallogenic exploration models in both intra-cratonic and
passive-margin basins of the São Francisco Craton. Although hosted in Mesoproterozoic units, most of the
Zn–Pb mineralization occurred in the Neoproterozoic by circulating hydrothermal fluids during the prolonged
breakup of the Rodinia supercontinent. The possibility that an initial stage of mineralization occurred earlier is
considered. Phosphorite generation in the Neoproterozoic units is conceivably related to glacial events. The
refined stratigraphy combined with a new mineralization model will significantly contribute to the exploration
strategy for phosphate and sulfide deposits in the Mesoproterozoic and Neoproterozoic successions of the São
Francisco Craton and beyond.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The Vazante Group, as defined by Dardenne et al. (1998), is a thick
marine carbonate-dominated succession adjacent to the Brasilia Fold
Belt, on the western border of the São Francisco Craton in south-
central Brazil. The sedimentary dolomites of this group contain econom-
ically important Zn–Pb and phosphate deposits, but age constraints for
the succession have been controversial.

Vazante and Morro Agudo Zn–Pb mines, in the upper section of the
Vazante Group, are the largest Zn deposits in South America, with
reserves of more than 3 million tons of zinc. Vazante is the largest
mine, producing around 170,000 tons of Zn concentrate per year
(IBRAM, 2013). The phosphate deposits of Rocinha, Lagamar, in the
lower section, are the most important phosphorite mines in South
America, ranking among the 200 largest mines of Brazil in 2008.
In recent years mine production were, respectively, 261,321 and
250,000 tons/year ROM, with grades ranging from 10 to 15% P2O5

(Kulaif, 2009).
Earlier lithostratigraphic comparisons and paleontological observa-

tions of Conophyton stromatolites suggested that Vazante carbonates
belonged to the late Mesoproterozoic or early Neoproterozoic eras,
with possible ages ranging between 1.35 and 0.95 Ga (Cloud and
Dardenne, 1973; Moeri, 1972). Others researchers, however, suggested
a possible correlation of Vazante stratawith theNeoproterozoic carbon-
ate platform of the Bambuí Group (ca. 0.9–0.6 Ga), which covers large
areas of the São Francisco Craton to the east (Dardenne, 1979;
Dardenne, 2000, 2001; Azmy et al., 2001;Misi, 2001). These correlations
were based primarily on the similarity of diamictites at the base of both
groups (Dardenne, 2000), possibly related to a Sturtian ice age (Azmy
et al., 2001; Babinski and Kaufman, 2003; Babinski et al., 2007). In addi-
tion, 87Sr/86Sr compositions (0.70752 to 0.70794) of high Sr carbon-
ate fluorapatite samples from phosphate deposits of the Rocinha
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Formation (lower Vazante) are identical to those of micrites in Irecê
(Una Group likely equivalent to the Bambuí Group on the São Francisco
Craton; Misi et al., 2007). These observations were consistent with a
Neoproterozoic age assignment (Halverson et al., 2010; Misi, 2001;
Misi et al., 1997, 2007; Sanches et al., 2007).

However, since the biostratigraphic utility of Conophyton as a time-
marker is equivocal and Sr isotope compositions are easily reset, radio-
metric constraints for both the Vazante and Bambuí successions were
needed to provide an absolute age for the glacial deposits a-priori
assumed to be from the Neoproterozoic Cryogenian Period. Contrary
to this expectation, recent geochronological studies of Vazante rocks
utilizing Re/Os measurements from organic-rich shales in the upper
part of the succession (Azmy et al., 2008; Geboy et al, 2013) coupled
with U/Pb detrital zircon analyses (Azmy et al., 2008; Rodrigues et al.,
2012) suggest that upper Vazante strata, including two potential glacial
diamictites, may belong to the late Mesoproterozoic Era (Geboy et al.,
2013). However, data for the lower part of the succession, including
the basal glacial diamictite, indicate Neoproterozoic age.

In this paper we propose a new stratigraphic framework for the
Vazante sequence (previously called the Vazante Group). The strati-
graphic inversion observed results from a thrust fault near the top of
the Rocinha Formation that places older rocks atop younger. This redef-
inition has significant implications for reviewing the metallogenic and
phosphogenic models previously proposed, with important conse-
quences for mineral exploration in both intra-cratonic and passive-
margin Meso- and Neoproterozoic basins of the São Francisco Craton
and other similar geotectonic settings.

2. The geotectonic context of the Brasilia Fold Belt and the Vazante
sequences

The Brasília Fold Belt (BFB) lies on the western border of the São
Francisco Craton and extends for more than 1000 km along an N–S
trend with a width of ~300 km (Fig. 1). The belt is composed of
sedimentary and meta-sedimentary rocks, including the following
mega-units, according to Dardenne (2000): a) the Paleoproterozoic to
Mesoproterozoic Araí and Serra da Mesa groups. The Araí Group is
composed of: (i) continental pre-rift (eolian and fluvial) sediments,
(ii) rift sequence, including conglomerate, breccias and intercalated
volcanic rocks, and (iii) post-rift marine transgressive sediments
(carbonates, quartzite). The Serra da Mesa Group consists of a thick
sequence of quartzite andmicaschist (~1800m) that, although partially
correlated to post-rift sedimentation of the Araí Group, are dominantly
Mesoproterozoic in age; b) the Mesoproterozoic Paranoá and Canastra
groups (northern and southern segments of the BFB, respectively)
consisting of quartzite, pelitic and carbonate rocks metamorphosed in
the greenschist facies; c) the Mesoproterozoic to Neoproterozoic
Araxá, Ibiá and Vazante groups, in the southern segment of the BFB.
The Araxá Group is probably correlated with the Serra da Mesa Group
in the northern segment and is composed of micaceous quartzite and
micaschists, with volcanic rocks associated. The Ibiá Group is composed
essentially of diamictites (basal section), interpreted as glaciogenic,
and of calcshists + calciferous phyllite units in the upper section.
Diamictite beds have been correlated with the Jequitai Formation
of the Neoproterozoic Bambuí Group, and d) the Neoproterozoic
Bambuí Group, composed of glaciogenic diamictites + marine carbon-
ates and phyllites. In addition, the BFB contains igneous intrusions
and volcano-clastic sedimentary rocks of e) the Paleoproterozoic to
Mesoproterozoic Niquelândia, Barro Alto and Canabrava mafic to ultra-
mafic complexes; f) theMesoproterozoic Juscelândia, Palmeirópolis and
Indianópolis volcano-sedimentary sequences, and g) Neoproterozoic
synorogenic, late orogenic, and postorogenic granitic and mafic–
ultramafic bodies, including the Goiás magmatic arc.

Based on the degree of deformation and metamorphism, Dardenne
(1978) and Fuck (1994) have described three geotectonic zones within
the BFB fromwest to east. These zones consist of awestern Internal zone,
which is intensely deformed andmetamorphosed to amphibolite facies,
a central External zone, which is slightly to moderately deformed
and metamorphosed, including the Vazante strata, and an eastern
Cratonic zone, which is only slightly deformed with greenschist to sub-
greenschist facies metamorphism, including the Bambuí Group. On
the other hand, Marini et al. (1984) described a remarkable E–W linea-
ment (Pirineus lineament) dividing the BFB into two segments, includ-
ing a Northern segment in which the sedimentary rocks are well-
preserved and less deformed with very low degrees of metamorphism,
and a Southern segment, with more intense deformation and meta-
morphism, including the rock units of the Vazante strata. In the
southern segment, the Araxá, Canastra, Ibiá, and Vazante groups
were included in a complex imbricated system of nappes and thrusts,
which obstructed the recognition of stratigraphic relationships
between these rock units and, in some cases, even their internal
stratigraphic organization (Dardenne, 1978; Marini et al., 1984).

The seven meta-sedimentary formations of the Vazante Group, as
defined by Dardenne et al. (1998) and Dardenne (2000, 2001) are brief-
ly described in structural order below. Sedimentary structures like tee-
pee, columnar stromatolites and ripple marks suggest a normal
stratigraphic succession of these rock units. Dardenne (2001) suggested
that the total thickness of the Vazante Group was ~5000 m, but thrust
faults from thewest certainly resulted in stratigraphic repetition. There-
fore, the true thickness of these units is only poorly constrained by the
available outcrops and cores and will not be considered here (Fig. 2).
2.1. Santo Antonio do Bonito Formation

This unit contains graded quartzite, conglomerates, and intercalated
slate beds. Diamictites are characterized by faceted and striated clasts of
quartzite, as well as clasts of limestone, dolomite, meta-siltstone and
granitoid, all of variable dimensions and floating in a pelitic matrix,
which is locally rich in phosphate (Coromandel deposit).
2.2. Rocinha Formation

The unit contains rhythmites with white basal carbonate followed
by yellow to reddish slate and meta-siltstone that pass into dark gray,
carbonaceous andpyrite-rich slatewithfine-grained phosphate lamina-
tions and phosphate-rich arenaceous intraclasts. There are two impor-
tant phosphorite deposits in the Rocinha Formation including the
stratigraphically lower Rocinha mine and the overlying Lagamar mine.
Other minor phosphate deposits are also present in the formation.
2.3. Lagamar Formation

Basal beds in this interval consist of alternations of conglomerate,
quartzite and meta-siltstone with dark-gray limestone clasts, known
as the Arrependido conglomerate or Arrependido Member. They are
overlain by laminated, brecciated, oncolitic or stromatolitic limestone
and dolomite at the top. Stromatolites occur as small mounded
bioherms composed of beige to pale pink dolomite, likely constructed
from cyanobacterialmats, and as large columnswith convex and conical
laminations, classified as Conophyton metula and Jacutophyton. The
latter forms were previously used to suggest an age of 1.35 to 0.95 Ga
for this formation (Cloud and Dardenne, 1973; Moeri, 1972).
2.4. Serra do Garrote Formation

This unit contains dark-gray to greenish-gray slate and rhythmite
with carbonaceous, pyrite-rich slate intercalated with fine-grained
quartzite.
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2.5. Serra do Poço Verde Formation

This is a thick and heterogeneous dolomitic succession composed of
(i) oncolitic dolarenites, intra-formational breccia, and dolomitic co-
lumnar stromatolites (lower Morro do Pinheiro Member); (ii) medium
to dark-gray laminated dolostone with laminar stromatolites and bird-
eye structures, with some layers of dolarenites, lamellar breccias and
Fig. 1. Simplified geologicalmapof theBrasilia Fold Belt showing the Paleo-Meso-Neoproterozo
et al., 2004). Zn–Pb deposits: (1) Vazante mine (2) Morro Agudo mine (3) Fagundes deposit a
carbonaceous shale (upper Morro do Pinheiro Member); (iii) gray,
green and purple siltstone intercalated with pink micritic laminated
dolostone with laminar stromatolites and lenses of fine-grained to
coarse-grained (conglomeratic) sandstones. The rich zinc silicate (wil-
lemite) deposits of Vazante (Vazante mine) are associated with this
facies (lower Pamplona Member); and (iv) light gray to pink dolostone
with microbialaminite, intercalated with dolarenite, dolomitic breccia
ic units (modified fromMarini et al., 1984; Dardenne, 2000; Pimentel et al., 2001; Valeriano
nd (3) Ambrosia deposit. Phosphate deposits: (P) Lagamar, Rocinha, Coromandel.



Fig. 2. Schematic diagram summarizing the lithostratigraphic framework of the Vazante Group (after Dardenne, 2001). The stratigraphic levels of Zn–Pb and phosphate (P) deposits are
marked on the figure.
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and columnar stromatolites, along with shale lenses (middle Pamplona
Member).

2.6. Morro do Calcário Formation

This unit was previously the Upper Pamplona Member of the
“Vazante Formation” in an earlier stratigraphic scheme (Dardenne,
1978). It is composed of stromatolitic dolostones and oolitic to oncolitic
dolarenites and dolorudites. Black shale with dropstones and faceted
cobbles (diamictites), previously identified as in the basal section of
the Serra da Lapa Formation, are also present. This unit hosts the impor-
tant Pb–Zn mine of Morro Agudo and similar deposits at Fagundes and
Ambrosia (Fig. 1).
2.7. Serra da Lapa Formation

Theupper interval of theVazanteGroup is composedof carbonaceous
phyllites and meta-siltstones, dolomite, and quartzite (Madalosso and
Valle, 1978). The dolomitic intervals appear as lenses containing laminar



Fig. 3. Stratigraphic section of the Bambuí Group. Not to scale.
Modified after Dardenne (2007).
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and columnar stromatolites and intraformational breccias interdigitated
with pelitic facies.

3. The glaciogenic units of the Vazante strata

The Vazante strata, regardless of its age, contain diamictite layers at
four discrete horizons, and at least three of these contain evidence of
glacial transport. These poorly sorted sedimentary deposits occur in
the Santo Antônio do Bonito, Rocinha, Morro do Calcário, and Serra da
Lapa formations.
Table 1
86Sr/87Sr data of carbonate fluorapatite (francolite) or associated micrite from Lagamar
(LG, F), Rocinha (RO) and Irecê (IR).

Sample No Description 87Sr/86Sr Sr (ppm) Mn (ppm) Mn/Sr

LG 2 Francolite 0.70791 1300 105 0.08
LG AM 10 Francolite 0.70767 2095 ND ND
LG AM 03B Francolite 0.70794 2497 ND ND
F 67 85.2 Francolite 0.70768 ND ND ND
F 70 70.8 Francolite 0.70754 ND ND ND
F 70 75.0 Francolite 0.70759 ND ND ND
F 70 83.95 Francolite 0.70761 ND ND ND
RO F 70 Micrite 0.70760 3840 364 0.09
RO AM 09 Francolite 0.70767 5280 38 0.01
RO AM 20A Francolite 0.70763 6814 ND ND
RO AM 40 Francolite 0.70776 ND ND ND
RO AM 33 Francolite 0.70771 ND ND ND
RO AM 38 Francolite 0.70777 ND ND ND
IR AM 11 Micrite 0.70752 2384 70 0.03

LG and F — Lagamar.
RO — Rocinha.
IR— Irecê.
Samples LG 2, LG AM 10, LG AM 03B, RO F 70, RO AM 09, RO AM 20A and IR AM 11 were
analyzed at Ruhr University, Germany, by J. Veizer (Misi et al., 1997). The other samples
were analyzed at the University of Maryland (USA) by A.J. Kaufman.
The lowermost diamictite, which occurs in the basal Santo Antônio
do Bonito Formation (Fig. 2) is almost certainly glacial given its wide
geographic distribution as well as the heterogeneous composition of
its out-sized clasts, some of which are both faceted and striated, floating
in a fine-grained pelitic matrix that is locally rich in phosphate. This
diamictite is overlain by a thick stromatolitic dolomite and is compara-
ble in composition with diamictites described from the Jequitaí and
Bebedouro formations of the Neoproterozoic epicontinental basins of
the São Francisco Craton (Misi et al., 2011b) (Figs. 1 and 3).

In the upper Rocinha Formation, a poorly-sorted diamictite layer has
been observedwith out-sized clasts composed of quartzite, siltstone, ar-
gillite and carbonate showing varied sizes and shapes, including some
possible faceted stones. No striations have yet been recognized and
these thin horizons are intercalated with meta-siltstone/sandstone or
glauconite schist. At present the evidence for glaciation at this level
should be viewed with caution.

Abundant dropstones and faceted cobbles in black shale of the
Morro do Calcário Formation (previously identified as the basal section
of the Serra da Lapa Formation by Azmy et al., 2006 and Serra do Poço
Verde Formation by Olcott et al., 2005) suggest a glacial origin for this
Fig. 4. Re–Os and U–Pb absolute age estimates of organic-rich shales and sandstones along
with other isotopic data of the Vazante units: Re–Os ages from Geboy et al. (2013) and
Azmy et al. (2008); U–Pb detrital Zr ages, from Azmy et al. (2008) Rodrigues et al. (2008)
and Rodrigues et al. (2012)); 87Sr/86Sr signatures of carbonates, from Azmy et al. (2001)
and of phosphorites (carbonate fluorapatite), from Misi et al. (1997).



Fig. 5. Outcrops visited and phosphorite deposits near the Lagamar fault, plotted on a digital terrain image (DTM) of the Lagamar sheet. See Table 2 for coordinates and description of the
points indicated.

81A. Misi et al. / Ore Geology Reviews 63 (2014) 76–90
unit. The dropstone-laden shale interval, which extends for N100 km,
additionally contains glendonite, a carbonate mineral after ikaite that
only forms in sediments at frigid temperatures. Because this unit is
sandwiched between carbonate breccia, it was originally interpreted
as a syn-glacial deposit (Olcott et al., 2005). Reinvestigation of the
sampled cores indicated that the shale might be instead post-glacial in
origin, and unconformably overlain by a younger ice age deposit associ-
ated with the Lapa Formation (Geboy et al., 2013). Carbon isotope
analyses of bedded carbonates above the Morro do Calcário shale in a
different core indicated moderately negative δ13C values of post-
glacial cap carbonate lithofacies (Azmy et al., 2001).

The basal Lapa Formation contains carbonate breccia, black shale
with dropstones, and quartzite that is Fe-oxide cemented with local
accumulations of iron-formation (cf. Derry et al., 1992; Hoffman et al.,
1998; Kaufman et al., 1997). Additionally, the muddy carbonate overly-
ing these facies with more than 100 m (thickness) preserves a strong
negative δ13C excursion, which is characteristic of post-glacial cap car-
bonates in both the early Paleoproterozoic and Neoproterozoic (and
perhaps now also the late Mesoproterozoic) intervals (Azmy et al.,
2001, 2006; Bekker et al., 2005; Geboy et al., 2013;Hoffman et al., 1998).

4. Correlations

The geotectonic context of the Vazante succession and its correla-
tion with other economically important Proterozoic units in Brazil
and worldwide has long been a matter of debate. Some have consid-
ered the Vazante sequence to be equivalent to the passive margin
Paranoá Group (ca. 1.2 to 0.9 Ga) on the São Francisco Craton (Cloud
and Dardenne, 1973; Dardenne et al., 1976; Moeri, 1972), insofar as
both preserve a basal paraconglomerate, as well as other similar
lithostratigraphic features. Biostratigraphic correlation between the
two successions was proposed by Moeri (1972) as well as Cloud and
Dardenne (1973) based on the presence of similar stromatolites, includ-
ing Conophyton cylindricus Maslov and C. metula Kirichenko. Recently,
Geboy et al. (2013) argued for a direct correlation of these units based
on the similarity of time-series carbon isotope trends in carbonates
(cf. Santos et al., 2000).
On the other hand, different authors (Dardenne, 2000, 2001; Misi,
2001; Misi et al., 2003, 2007; Thomaz-Filho et al., 1998) have suggested
a correlation with the younger Neoproterozoic intracratonic succession
on the São Francisco Craton (Bambuí Group). The Bambuí Group is
floored by glacial diamictites, which are overlain by red cap dolomites
depleted in 13C and two shallowing upward carbonate sequences
(Fig. 3). This correlation is mainly based on similarities between:
(i) the lithology of the Santo Antonio do Bonito (Vazante) and Jequitaí
(Bambuí) diamictites at the base of each succession and (ii) the Sr iso-
tope composition of carbonate fluorapatite and micrites of the Rocinha
Formation (lower Vazante Group) and of the Salitre Formation (Una
Group, correlated to the Bambuí Group) from well-preserved samples
(Misi et al., 2007).

5. New Re–Os ages from the Vazante sequence

Until recently there have been no direct radiometric age con-
straints for the glaciogenic strata of the Vazante sequence, which
have led to conflicting correlations. However, utilizing a relatively
new geochronometer based on the clock-like decay of Re in organic-
rich shale to Os, two recent studies (Azmy et al., 2008; Geboy et al.,
2013) of upper Vazante shale horizons from two separate and indepen-
dent laboratories concluded that at least part of the succession is late
Mesoproterozoic in age. Azmy et al. (2008) provided radiometric age
estimates of the dropstone-laden Morro do Calcário shale in the upper
section of the Vazante Group (previously identified as the Serra da
Lapa shale, see Geboy et al., 2013). Obtained ages are between 993 ±
46 and 1100 ± 77 Ma. The age differences are probably related to iso-
chrons constructed from samples withmoderately enriched concentra-
tions of Re and Os. Similarly, old Re/Os ages are reported by Geboy
(2006) and Geboy et al. (2013) for the pre-glacial Serra do Garrote
(1353 ± 69 Ma) and post-glacial Morro do Calcario (1126 ± 57 Ma)
shales. Although the isochron ages are not high precise, we have consid-
ered other evidences as discussed below and in more detail by Geboy
et al. (2013). On the other hand, we should consider that the Re–Os sys-
tem in organic shale is related to the deposition of the precursor
organic-rich sediments under suboxic to anoxic conditions at which
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seawater Re and Os are highly concentrated in bottom sediments. As
pointed out byGeboy et al. (2013), “hydrothermalfluidflowcan disturb
Re–Os systematics but documented cases of remobilization of Re andOs
under such conditions have resulted in erroneously younger, not older,
ages” (Geboy et al., 2013 p. 210). Therefore, we believe that the upper
interval of the Vazante succession with its glacial strata would be late
Mesoproterozoic in age.

These radiometric constraints are consistent with U–Pb measure-
ments on detrital zircon in sandstones interspersed throughout the
succession (Azmy et al., 2008; Rodrigues et al., 2012). Based on laser
ablation ICP-MS U–Pb analyses of zircons in sandstone from the lower
Vazante succession, Rodrigues et al. (2012) proposed that the deposi-
tion of the original sediments was between 0.78 and 0.94 Ga, i.e., in
the Neoproterozoic. On the other hand, their analyses of sandstones in
the upper Vazante succession show similar patterns with ages in the
Morro do Calcario and Lapa formations ranging between 1.2 (major
peak) and 2.2 Ga. The intervening Serra do Garrote Formation had
Fig. 6. Outcrops near the fault line (Lagamar fault): A) Fault line, with the Lagamar carbonates,
limestones with phosphorite layers of the Rocinha unit, to the East (point 1.4 on Fig. 5); B) Gl
metula, point 1.3); D) conglomerate with faceted clasts (diamictite, point 2.1); and E) fine lam
detrital zirconswith 2.2 Ga ages (major peaks,max. ages for the sources).
These measurements are consistent with a late Mesoproterozoic age for
the upper Vazante strata.

Again consistentwith an older age for the upper Vazante succession,
Pimentel et al. (2001) reported Sm–Nd model ages (TDM) values be-
tween 1.7 and 2.1 Ga for detrital meta-sediments. Notably, model ages
for the Paranoá Group (TDM = 2.0–2.3 Ga) overlap, but may be slightly
older, and those for meta-sediments of the Bambuí Group (TDM = 1.4–
1.9 Ga) are slightly younger. Pimentel et al. (2001) thus suggested that
the Vazante succession holds an intermediate stratigraphic position
between the Paranoá passive margin basin and the intracratonic basin
of the Bambuí Group.

In contrast to the Mesoproterozoic radiometric ages for the middle
and upper sections of the Vazante strata, the lower section (Rocinha
and Santo Antonio do Bonito formations) preserves evidence for a
Neoproterozoic age. In particular, Misi et al. (2007) reported 87Sr/86Sr
values of ca. 0.70767 from carbonate fluorapatite and 0.70760 from
siltstones and conglomerates of the Lagamar Fm. to the West and laminated siltstone and
auconite schists (“verdetes”, point 1.2 on Fig. 5); C) columnar stromatolites (Conophyton
inated beds of phosphorite in pelitic-carbonate lithofacies, Rocinha mine (point P4).
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associated micrite of the Rocinha Formation, with extremely high total
Sr (N1300 ppm) and lowMn/Sr (0.01 to 0.09) in all of the studied sam-
ples, suggesting a high degree of preservation (Table 1). These 87Sr/86Sr
values are highly comparable with those reported for the Bambuí
Group, thus suggesting a possible correlation of these successions. In
addition, U–Pb ages of detrital zircon determinations by Rodrigues
et al. (2012) and Azmy et al. (2008) from the Santo Antonio do Bonito
Formation indicate maximum age of 0.94 Ga. for their source rocks,
clearly reinforcing a Neoproterozoic age for the lower section.

If correct, the stratigraphic inversion of older late Mesoproterozoic
strata above younger Neoproterozoic strata in the Vazante Group
(cf.Dardenne, 2000, 2001; see Fig. 4) is geologically possible only
through the presence of an intervening thrust fault, which we have ob-
served in the field beneath the Conophyton-bearing carbonates of the
Lagamar Formation.
6. A new stratigraphic framework proposed for the
Vazante sequence

The stratigraphic framework of the Vazante sequence has evolved
significantly since Dardenne (1978) proposed a new stratigraphic
mega-unit, called the Vazante Formation, which did not include the
basal Santo Antonio do Bonito and Rocinha intervals because these
units were severely faulted and difficult to define. Some years later
the same author redefined the Vazante Formation as Vazante Group
(Dardenne, 2000, 2001), now incorporating the basal intervals below
the Lagamar fault (see below). What had been members in the upper
section were redefined in ascending order as formations: Lagamar,
Serra do Garrote, Serra do Poço Verde, Morro do Calcário, and Serra da
Lapa (Fig. 2).

The fault near the Lagamar village (Figs. 5 and 6, Table 2) was iden-
tified by Pinho and Dardenne (1994) as a thrust similar to the Vazante
fault to the west. The fault line, aligned approximately N45E and N20E
in the Lagamar quadrangle, is conspicuous in outcrops and marked by
mylonitic foliation (Fig. 6A). A few kilometers to the west, the Lagamar
Formation host columnar stromatolites with convex and conical lami-
nations, classified as Conophytonmetula and Jacutophyton by Moeri
(1972) and Cloud and Dardenne (1973) (Fig. 6B). Glauconite facies
(Fig. 6C) and diamictite with rounded or faceted clasts of quartzite, silt-
stone, argillite and carbonates (Fig. 6D) occur closely to the east of the
fault line.
Table 2
Outcrops visited and descriptions of the points plotted on Fig. 6.

No Coordinates De

x y

0.1 304082 8013511 Va
0.2 299782 8010253 Va
1.2 313123 7987400 Gl
1.3 303470 7990512 Do
1.4 308404 7993307 M
2.1 317782 7985585 Di
2.2 316020 7985542 Pe
2.4 310113 7988523 Di
2.6 308853 7994115 Sil
2.11 284442 7948759 Di
2.12 292938 7952413 Di
P1 303325 7987104 La
P2 301502 7975869 La
P3 293465 7955190 La
P4 296671 7968459 La
P5 292105 7951952 Ph

UTM zone: 23K.
West longitude: 48W.
East latitude: 42W.
Datum: SA 69.
The new Re–Os age constraints discussed above and our refined
stratigraphic framework strongly suggest that the thrust at the contact
between the Rocinha and Lagamar formations is responsible for placing
older Mesoproterozoic strata above late Neoproterozoic counterparts.
Fig. 7 shows a geological section crossing the fault near Lagamar village
(after Dardenne and Freitas-Silva, 1999) modified in view of the new
data.

In summary, we suggest that the earlier stratigraphic order of the
Vazante strata does not follow a normal succession. The upper section
above the thrust fault (Lagamar to Lapa formations) is older than the
lower counterpart (Santo Antonio do Bonito and Rocinha formations),
thus indicating an older sedimentary sequence of late Mesoproterozoic
that thrusts above Neoproterozoic rocks, which can be correlated with
the Neoproterozoic Bambuí Group on the São Francisco Craton (Figs. 4
and 8).
7. Metallogenic and phosphogenic events: discussion

Two important events are preserved in Neoproterozoic strata,which
are well represented on the São Francisco Craton (Misi et al., 2010; Misi
et al., 2011a). These include Zn–Pb mineralization and accumulation of
rich deposits of sedimentary phosphate. These events were likely
caused by major Neoproterozoic geodynamic processes that are well
recognized in equivalent sequences around the world: (i) extensional
movements during the break-up of the Rodinia supercontinent and
(ii) widespread ice age events documented in all Neoproterozoic basins
(i.e., the Snowball Earth hypothesis: Kirschvink, 1992; Hoffman et al.,
1998; Hoffman and Schrag, 2002).
7.1. Zn–Pb mineralization

Zn–Pb deposits are being exploited by Votorantim Metais (VM).
Vazante (26.6 Mt of zinc silicate ore, grading 19.5% Zn, informed by
VM geologists) and Morro Agudo 23.6 (Mt of sulfide ore, grading 4.6%
Zn and 1.9% Pb, idem) and other known deposits like Fagundes and Am-
brosia are hosted by dolarenitic strata restricted to well-defined strati-
graphic intervals of the Serra do Poço Verde Formation (Vazantemine)
and Morro do Calcário Formation (Morro Agudo mine). They were pre-
viously assumed to be Neoproterozoic in age, matching minor Pb–Zn
mineralization in the Bambuí and Una groups. Mineralization is also
controlled by a fault system in these deposits (Misi et al., 2005).
scription

zante fault (thrust fault): Zn mine of Vazante
zante fault extension
auconite schists
lomite with mounded stromatolites classified as Conophyton metula
ylonite: Lagamar fault (thrust fault)
amictite with faceted clasts of quartzites and pelites
lites + siltites with few rounded and unsorted clasts
amictite with faceted clasts + voids of dissolved carbonate clasts (?)
icified siltites and pelites: Lagamar fault zone
amictite w/rounded clasts of quartzite, quartz + voids of dissolved carbonate clasts (?)
amictite w/faceted and striated clasts of quartzites, carbonate, granitoids (Coromandel)
minated phosphorite (L. dos Peixes, Lagamar)
minated phosphorites in pelitic rocks (Fazenda Brejos)
minated phosphorite (Ponte Caida)
minated phosphorite in pelitic and carbonate rocks (Rocinha)
osphorite in pelitic matrix of diamictites (Coromandel)



Fig. 7. Schematic geological section West–East, passing by the Lagamar fault. P1 — Lagamar; P4— Rocinha; P5 —Coromandel.
Modified from Dardenne and Freitas-Silva (1999).
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During the last 15 years, the Zn–Pb deposits in the Vazante strata
have been entirely studied by several researchers, trying to understand
their metallogenic evolution processes by using reliable analytical tools
(see Misi et al., 2005; Monteiro et al., 2006; Monteiro et al., 2007, and
more references therein). The following points are highlighted here
concerning the metallogenic processes: (i) Fault and stratigraphic con-
trols of the mineralization in all the deposits are well demonstrated. In
Morro Agudo for example, the orebodies are clearly related to a normal
fault system; (ii) Pb isotopic data are indicative of upper crustal sources
for themetals (Fig. 9A) and S isotopic results are variable, suggesting the
participation of more than one sulfur source; and (iii) Fluid inclusion
studies indicate between 120 and 250 °C and salinities below
22 wt.% NaCl equiv. for all the Zn–Pb deposits.

More recently, Slezak (2012) and Slezak et al. (2014) presented an
interesting study of the Vazante northern extension silicate zinc de-
posits with new and important analytical data, adding new inputs for
understanding the metallogenic process. Slezak (2012) has pointed
out some questions that are still open for discussion, regarding the de-
velopment of an integrated evolutionmodel. From the six topics related
Fig. 8. Proposed correlation of the lower section of the original Vazante Group with the Ba
(Mesoproterozoic) are thrusted over the Neoproterozoic successions (see Fig. 4).
by the author, we highlight two (p. 102): (i) what are the ages of the
mineralization? and (ii) why the deposits seem to be confined to a spe-
cific geological time (hosted in Neoproterozoic to Cambrian carbonate
rocks)?

In light of the new gechronological constraints, themineralized host
rocks in the Vazante strata are now likely to have been deposited in the
lateMesoproterozoic. Themineralization event, however, is interpreted
to have occurred during the Neoproterozoic according to Pb–Pb model
ages obtained from galenas within these deposits (Cunha et al, 2007)
(Fig 9) and other evidences here discussed. The possibility that an
earlier mineralization event occurred cannot be discounted consid-
ering the presence of (i) mm-scale beds of ultra-fine sphalerite, (ii) sil-
ica nodules that deform sphaleritelaminae, and (iii) sulfide replacing
sulfate nodules in the uppermost Vazante orebody (N ore body at
Morro Agudo mine; see Misi et al., 2005). These observations suggests
a syn-diagenetic mineralization event within this interval, although
vein sets and pods of sulfideminerals are also present at the same strat-
igraphic horizon (More body), probably representing a newhydrother-
mal flux. The other ore bodies observed in lower stratigraphic horizons
mbuí and Una groups (Neoproterozoic), in the São Francisco Craton. The upper strata



Fig. 9. Lead isotope composition of galena samples from the Zn–Pb deposits of the Vazante
successions showing three different populations of data: I — N orebodies at the Morro
Agudo mine; II — M, JKL and GHI orebodies at Morro Agudo mine and at Vazante mine;
and III — Fagundes and Ambrosia deposits. A) Evolution curves of the plumbotectonic
model (Zartman and Doe, 1981). B) Evolution growth curve of Stacey and Kramers
(1975). The area plotted on the figure indicates the range of Pb isotope data of titanites
from mafic dikes at Vazante mine (Babinski et al., 2005). Modified from Cunha et al.
(2007).
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of the Morro Agudo mine consist of massive fine- to coarse-grained
sulfides (mainly sphalerite) replacing oolitic dolostone beds (JKL
orebodies) and of coarse-grained sphalerite and galena cementing
breccias (GHI ore bodies). The Pb isotopic composition obtained from
47 galena samples representative of the main types of mineralization
in Morro Agudo, Vazante, Fagundes and Ambrosia deposits is distrib-
uted in three separate populations (Fig. 9), as demonstrated by
Cunha et al. (2007). Population I is represented by the stratiform
mineralization of the N orebody. Note that the data from the galena
samples of this population (n = 10) “present the less radiogenic Pb
ratios, probably because this galena is older and was formed during
the earlier stages of the mineralization process” (Cunha et al, 2007 p.
392). Accordingly, an earlier work by Freitas-Silva and Dardenne
(1997) presented Pb isotope data of 12 galena samples from the
Morro Agudo mine, placing the samples in two distinct groups, accord-
ing to the authors: the first onewithmodel ages of 1.1 to 1.0 Ga and the
second group showing galena samples withmodel ages between 750 to
650 Ma., interpreted by the authors as formed by remobilization
processes.

In addition, it is important to consider the δ34S values of the sulfides
in the N orebody that are consistently depleted (+2.7 to−8.6‰ VCDT,
n = 12), contrasting with the highly enriched values in M, JKL and GHI
ore bodies (+13.6 to +38.8‰ VCDT, n = 31). δ34S values for barite
sample range from+14.5 to+44.0‰VCDT (n=15) (Misi et al., 2005).

In studying the mafic dikes (metabasites) affected by hydrothermal
alteration processes and associated to the Zn deposits in the Vazante
fault, an important structural control of the mineralization at Vazante
mine, Babinski et al. (2005) have demonstrated that: (i) Zircon crystals
from themetabasites yield U–Pb ages ranging from 2.1 to 2.4 Ga (age of
the Paleoproterozoic basement rocks of the Vazante strata), (ii) titanites
separated from the same metabasites show Pb isotope signatures
indicating model ages in agreement with those determined for the
zinc–lead deposits of the Vazante strata (~700Ma, Fig. 9B). This suggest
“a long lived hydrothermal system related to diagenesis and deforma-
tion of the Vazante strata during the Neoproterozoic” (Babinski et al.,
2005 p. 293).

Notably there is also a Pb–Zn mineralization (Caboclo deposit)
located in the northern border of the Chapada Diamantina, which is
hosted in Mesoproterozoic carbonates (dolostones) of the Caboclo For-
mation (Chapada Diamantina Group) (Franca Rocha and Misi, 1993;
Franca-Rocha, 1995; Misi et al., 1999) and fault-controlled. Muscovite
samples from hydrothermally-altered limestones spatially associated
with the sulfide mineralization have been dated by 40Ar/39Ar tech-
niques. All the muscovite grains yielded very well defined plateau
ages varying from 529 ± 3 to 503 ± 3 Ma (Cunha et al., 2003).

Economically important Zn–Pb mineralization that is fault con-
trolled and carbonate-hosted in Mesoproterozoic carbonate strata of
the Borden Basin (1260 Ma), Canada, is represented by the Nanisivik
deposit (19 Mt with ~10% Zn + Pb) (Turner, 2011). The known sulfide
showings are clearly related with faults, fractures, or mafic dykes origi-
nated from extensional syn-sedimentary and/or reactivated tectonic
events. Olson (1984) reports probable Pb–Pb model ages (galena) of
~700 Ma, approximately coeval with mafic dikes intruding the carbon-
ate strata and Symons et al. (2000) showpaleomagnetic evidences of an
age of 1095 ± 10 Ma for the mineralization-related recrystalization of
dolostone at Nanisivik. In addition, an Ar–Ar Ordovician age (461 ±
2 Ma) has been reported by Sherlock et al. (2004) in orthoclase from
hydrothermal alteration zone on the margin of dikes interpreted to
have formed by the same event that emplaced the sulfides. Even consid-
ering that these ages are uncertain, as pointed out by Turner (2011), a
long term metallogenic event seems to have occurred in the Nanisivik
deposit.

In summary, in view of the new geological and geochronological
constraints, the following considerations are implied: (i) The Zn–Pb
metallogenic event in the intracratonic and passive-margin basins of
the SFC is mainly of Neoproterozoic age and is related to extensional
tectonic events but probably the mineralized event started earlier. The
evolution of these sedimentary basins since the Mesoproterozoic and
mainly during the Neoproterozoic is marked by a complex polycyclic
history during which the extensional events are well represented,
especially during the Cryogenian Period (see Brito-Neves and Fuck,
2013). The prolonged breakup process of the Rodinia supercontinent
has been remarked by Li et al. (2008) and by Condie (2002), who
based this conclusions in well dated sites around the world; (ii) the
Morro Agudo, Vazante, Fagundes and Ambrosia deposits, in the upper
section of the Vazante sequence, although products of a dominant
Neoproterozoic metallogenic event, are hosted by Mesoproterozoic
strata that overthrust Neoproterozoic units. Accordingly, these conclu-
sions require modification of the model proposed by Misi et al. (2005)
to be consistent with the tectonic and geochronological results (Fig. 10).



Fig. 10. Simplified metallogenic evolution model for the Proterozoic sediment-hosted Zn–Pb deposits of the São Francisco Craton.
Modified from Misi et al. (2005).
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7.2. Phosphate mineralization

In the basal section of the Vazante Group (as originally defined
by Dardenne, 2001), there are three phosphorite horizons (Fig. 4):
(i) Lagamar, an old mine (~5 Mt, 35–38% P2O5, Porter Database, 2013)
located in the upper section of the Rocinha Formation, in which the
phosphorite layers are associated with pink slate, meta-siltstone and
clear-gray quartzite; (ii) Rocinha, in exploitation (N250 Mt, 12% P2O5,

Kulaif, 2009), forming centimeter-thick beds intercalated with slate
passing laterally to carbonate and glauconite facies in the mid-section
of the Rocinha Formation (Fig. 5), and (iii) Coromandel, with large
deposits associated with slate of the Santo Antonio do Bonito Fm. or
replacing pelitic matrix of diamictites in the lower section (Rodrigues
et al., 2012).

Studies on stratigraphic correlations and phosphogenesis in the
Neoproterozoic successions of the São Francisco Craton (Dardenne
et al., 1986; Misi, 1992; Misi and Kyle, 1994; Misi et al., 2010; Sanches,
2012; Sial et al., 2009) have indicated a well-defined stratigraphic con-
trol for the recognized phosphate deposits. Fig. 11 shows the distribu-
tion of Neoproterozoic phosphorites in the São Francisco Craton.
Some of these deposits are spatially related to glaciogenic
diamictites, but these relationships are not clearly demonstrated in
others (see Sanches et al., 2007). For example, in the Irecê basin
until now there is no direct evidence of the presence of glacial
diamictites associated with the phosphorite. Nevertheless, a notable
δ13C negative excursion in dolostones of the Unit B1, that hosts the
phosphorite horizons (two samples with −4.3 and −4.6‰ VPDB,
Torquato and Misi, 1977), along with the presence of ex-aragonite sea-
floor precipitates in the unit is likely immediately post-glacial in origin
(cf. Hoffman et al., 1998).

Carbonate fluorapatite or francolite is the main phosphate mineral
associated with the primary phosphorite layers. According to Jarvis
et al. (1994), the chemistry and relative stability of francolite lends itself
to isotope studies (δ13C, δ18O, δ34S and87Sr/86Sr). In this sense, purified
francolites (free from diagenetic carbonate cement) from the Rocinha
and Lagamar deposits and from Irecê deposit of the Una Group
have been analyzed together with associated micrite for 87Sr/86Sr
compositions. The best-preserved samples reveal values varying
between 0.70752 and 0.70791, which are consistent with global
compilations of Sr isotopes from the pre-Marinoan Cryogenian
Period (ca. 680 to 635 Ma) (Table 1). In addition, C isotope studies
by Misi and Kyle (1994) and Sanches et al. (2007) suggest a suboxic
to anoxic environment of phosphorite generation in these deposits,
which clearly occurred during an early diagenetic process. In contrast
with the incorporation of CO2 to calcite in oxic zones of normal marine
environment, which is almost instantaneous and the fractionation is in-
significant, in biogenic phosphates, under reducing conditions (inwhich
free oxygen is absent), CO2 is added during the transition of the hy-
droxyapatite to carbonate fluorapatite by a dissolution–reprecipitation
process (Jarvis et al., 1994; McArthur et al., 1986). In consequence
there is a substantial fractionation of carbon, giving rise to depleted sig-
nals of δ13C (Fig. 12 and Table 3).

Precambrian phosphorites largely occurred after glaciation events
during the Paleoproterozoic and Neoproterozoic eras (Papineau, 2010).
During post-glacial periods, extensive continental areas were exposed
to weathering and erosion, thus providing sources of phosphorus to
the marine environment. A post-glacial pulse of oxygen (Halverson
et al., 2010) could have also produced a large volume of cold, nutrient-
rich water, resulting in a major expansion of organic productivity in
the photic zone (Cook and Shergold, 1986). The “iron-redox model” for
phosphorite generation, also known as “iron-redox pumping”, suggests
that ferric oxy-hydroxides scavenge soluble iron dissolved in seawater,
and PO4

3− is released from organic matter by microbial decomposition
under oxic to suboxic conditions within the top few centimeters of
sediment (Jarvis et al., 1994). Particles of FeOOH·PO4 formed along the
oxic–suboxic interface are subsequently transferred to the suboxic–
anoxic zone where the Eh and pH conditions are adequate to liberate
PO4

3− and to form carbonate fluorapatite (francolite). Glauconite is
also formed during this process where Fe2+-rich pore water com-
bined with Si (OH)4 derived from the dissolution of biogenic opal,
together with K+ and Mg2+ ions from seawater, may form glauco-
nite with the aluminosilicate fraction (Jarvis et al., 1994).

The presence of diamictites with faceted clasts in the Rocinha
Formation, despite the fact that they have not been widely studied
yet, could be an indication of the relationship between glaciation and
phosphogenesis. The occurrence of associated glauconite facies is con-
sistent with the current phosphogenic model and suggest a possible
correlation with the phosphorites of Cedro do Abaeté, in the Serra da
Saudade Formation of the Bambuí Group (Lima et al., 2007) (Figs. 8
and 11).

8. Conclusions

The older (Mesoproterozoic) radiogenic ages consistently measured
from themiddle and upper Vazante strata above the Rocinha Formation
strongly suggest a tectonic contact with the lower section at the base
of the Lagamar Formation. Those strata are overthrusted above the
Neoproterozoic successions correlated with the Bambuí Group,



Fig. 11. Simplified geological map of the São Francisco Craton showing the Neoproterozoic basins and the phosphate deposits. (1) Campos Belo and MonteAlegre (2) Nova Roma
(3) Formosa (4) Cabeceiras (5) Lagamar (6) Rocinha (7) Coromandel (8) Cadro do Abaeté and (9) Irecê.
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Fig. 12. Plot of δ13C and δ18O results from carbonate fluorapatite of Irecê, Rocinha and Lagamar.
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probably with the Serra da Saudade Formation, where also glauco-
nite facies are associated with phosphorites.

Metallogenic and phosphogenic events in the São Francisco Craton
are both of Neoproterozoic age, although the Zn–Pb deposits in the
upper section of the Vazante strata are hosted by Mesoproterozoic
units. If correct, this will open new possibilities for the exploration of
Table 3
Carbon and oxygen isotope data of carbonate fluorapatite from Rocinha, Lagamar and
Irecê deposits.

Sample δ18O
(VPDB)

δ13C
(VPDB)

Description

Irecê:
Misi and Kyle (1994):
18.80 C −6.20 −1.18 Calcite assoc. with fluorapatite
10.92 C −6.57 −4.01 Calcite assoc. with fluorapatite
19.16 Bc −7.11 −8.58 Calcite, Irecê phosphorite (N30% P2O5)
25.65 Bc −4.84 −2.18 Calcite, Irecê phosphorite (N30% P2O5)
18.80 Bc −6.91 −3.47 Calcite, Irecê phosphorite (N30% P2O5)
10.92 Bc −5.49 −12.25 Calcite, Irecê phosphorite (N30% P2O5)
10.92 D −3.01 −2.83 Dolomite, assoc. with fluorapatite, Irecê
19.16 Bd −5.01 −1.51 Dolomite, Irecê phosphorite (N30% P2O5)
25.65 Bd −3.88 −1.28 Dolomite, Irecê phosphorite (N30% P2O5)
10.92 Bd −2.57 −1.76 Dolomite, Irecê phosphorite (N30% P2O5)
AM 8 d −3.48 −0.93 Dolomite, Irecê phosphorite (N30% P2O5)
43.42 d −1.55 0.19 Dolomite, Irecê phosphorite (N30% P2O5)
IL 48-(25.65) −6.20 −5.28 Carbonate fluorapatite
IL 63 (18.80) −6.20 −3.70 Carbonate fluorapatite
Sanches et al. (2007):
IL-108 (26.45) ND −7.18 Carbonate fluorapatite
IL-39 (7.94) ND −6.79 Carbonate fluorapatite
IL-108 (24.20) ND −8.18 Carbonate fluorapatite
IL-39 (8.36) ND −8.54 Carbonate fluorapatite
IL-80 (28.14) ND −4.95 Carbonate fluorapatite
IL-77 (21.95) ND −6.50 Carbonate fluorapatite
IL-39 (6.36) ND −7.35 Carbonate fluorapatite
IL-77 (20.28) ND −7.77 Carbonate fluorapatite
IL-108 (27.89) ND −4.94 Carbonate fluorapatite

Rocinha (RO) and Lagamar (LG):
Sanches et al. (2007):
RO-AM-20A ND −4.59 Carbonate fluorapatite
RO-AM-20B ND −3.71 Carbonate fluorapatite
LG-AM-05 ND −4.16 Carbonate fluorapatite
LG-AM-06 ND −3.58 Carbonate fluorapatite
RO-AM-22 ND −5.18 Carbonate fluorapatite
LG-AM-03A ND −2.26 Carbonate fluorapatite
LG-AM-04 ND −3.13 Carbonate fluorapatite
LG-AM-07 ND −4.11 Carbonate fluorapatite
LG-AM-03B ND −9.61 Carbonate fluorapatite
RO-AM-23 ND −2.70 Carbonate fluorapatite
RO-AM-21 ND −6.18 Carbonate fluorapatite
RO-AM-38 ND −1.03 Carbonate fluorapatite
RO-AM-24 ND −2.99 Carbonate fluorapatite
lead–zinc deposits in other Mesoproterozoic successions of the São
Francisco Craton. Phosphorite generation is suggested to occur immedi-
ately after the glacial events.
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