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ABSTRACT

The Neoproterozoic Sete Lagoas Formation (ca 610 Ma) of the S~ao Francisco

Basin, Brazil, is a succession of siltstone, limestone and phosphorite. Phos-

phorite forms part of a previously unrecognized 150 to 200 m thick, uncon-

formity bounded depositional sequence. Lithofacies stacking patterns

indicate that deposition was punctuated by higher order fluctuations in base

level that produced aggradational parasequences. These shallowing-upward

cycles record the progradation of phosphate-rich intertidal flats over shallow

subtidal deposits as accommodation filled. The presence of mudcracks,

authigenic chert nodules, lack of coarse terrigenous clastics and the abun-

dance of silt with fine, abraded quartz grains suggests accumulation along an

arid coastline with significant aeolian input. Delivery of phosphorus

adsorbed on aeolian Fe-(oxyhydr)oxide and clay is interpreted as having

stimulated phosphogenesis in peritidal environments. Lithofacies associa-

tions indicate that windblown phosphorus promoted the establishment of

cyanobacterial communities along the coast, which produced photosynthetic

oxygen and the suboxic conditions necessary for the precipitation of authi-

genic carbonate fluorapatite. As in other Precambrian phosphatic systems,

nearshore oxygen oases were a prerequisite for phosphorite accumulation

because redox sensitive phosphogenic processes were pushed into the sedi-

ment to concentrate phosphorus. In more distal, anoxic environments phos-

phorite could not form because these biotic and abiotic processes were

suspended in the water column, which cycled phosphorus in sea water

rather than at the sediment–water interface. Such shallow-water phosphorite

is unlike larger, younger Neoproterozoic–Phanerozoic phosphatic deposits

inferred to have formed in deeper-upwelling related environments. The

increasing size of phosphatic deposits through the latest Precambrian is

interpreted as reflecting the progressive ventilation of the oceans during the

Neoproterozoic Oxygenation Event, and resultant expansion of phosphogenic

environments into distal settings. The widespread cycling of bioavailable

phosphorus at the sea floor not only produced the first true phosphorite

giants, but may have also been an important precondition for the evolution

of multicellular animals.
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INTRODUCTION

Phosphorite is a phosphorus-rich biochemical
sedimentary rock that generally forms in associa-
tion with coastal upwelling (e.g. Baturin & Bez-
rukov, 1979; Calvert & Price, 1983; Baturin,
1989; Glenn et al., 1994; Pufahl, 2010). A true
phosphorite contains a minimum of 18 wt%
P2O5, but can have as much as 40 wt% P2O5,
making it an important fertilizer ore (Glenn
et al., 1994; Trappe, 2001; Pufahl, 2010). It is
also the most significant long-term sink for
phosphorus (P), which regulates global biologi-
cal productivity and oxygen production over
geological timescales (F€ollmi, 1996; Delaney,
1998; Filippelli, 2010). Thus, changes in the bio-
geochemical cycling of P that control phospho-
rite deposition also regulate the carbon cycle,
climate and biological evolution (F€ollmi et al.,
1993, 1994; Van Cappellen & Ingall, 1994, 1996;
Wallmann, 2003).
Although the processes leading to the accumu-

lation of phosphorite in the Phanerozoic are
generally well-understood, the nature and signifi-
cance of Precambrian phosphorite remains enig-
matic (e.g. Cook & Shergold, 1990; Brasier, 1992;
Nelson et al., 2010). Traditionally, there has been
little interest in most Precambrian deposits
because they are much smaller and considered
sub-economic. What is now clear, however, is
that many Precambrian phosphorites do not fit
the classic upwelling model, suggesting that they
are very different from most in the Phanerozoic
(Nelson et al., 2010; Pufahl & Hiatt, 2012).
The purpose of this article is to refine what is

known about Precambrian phosphorite by inves-
tigating the sedimentology, stratigraphy and
petrology of phosphorite from the Neoprotero-
zoic Sete Lagoas Formation of central Brazil
(Fig. 1). The Sete Lagoas Formation is ca
610 Myr old (Rodrigues, 2008), and composed of
siliciclastic, carbonate and phosphatic peritidal
and shelf lithofacies. It accumulated during the
onset of the Neoproterozoic–Cambrian Phospho-
genic Episode (Cook & McElhinny, 1979; Cook &
Shergold, 1990; Cook, 1992; Pufahl, 2010; Pufahl
& Hiatt, 2012) which is coincident with the Neo-
proterozoic Oxygenation Event (Shields-Zhou &
Och, 2011; Och & Shields-Zhou, 2012). The

Neoproterozoic–Cambrian Phosphogenic Episode
is the Earth’s second major phosphatic event.
Recent research suggests that it began after the
Marinoan glaciation at ca 635 Ma and continued
through the Ediacaran and Cambrian radiations
of life to ca 510 Ma (Fig. 2; Cook, 1992; Mount
& McDonald, 1992; Narbonne, 2005; Shen et al.,
2008; Xiao & Laflamme, 2009; Maloof et al.,
2010; Pufahl, 2010; Pufahl & Hiatt, 2012). The
Neoproterozoic Oxygenation Event records the
progressive ventilation of the deep ocean that
was crucial for the evolution of multicellular
animals (Narbonne, 1998, 2005, 2010; Canfield
et al., 2007; Shields-Zhou & Och, 2011; Och &
Shields-Zhou, 2012; Zhang et al., 2014).
In addition to containing an early record of

these events, the Sete Lagoas Formation is
important because it holds information about
the nature of the benthic P cycle just prior to
the deposition of the first true phosphorite
giants. Phosphorite giants occur in the latest
Neoproterozoic, but are generally a Phanerozoic
phenomenon; they are interpreted as reflecting
upwelling-related phosphorite deposition in the
full spectrum of shelf environments (Nelson
et al., 2010; Papineau, 2010; Pufahl, 2010;
Pufahl & Hiatt, 2012). The appearance of these
phosphorite giants is thought to signal a transi-
tion in ocean chemistry and circulation that for-
ever changed the biogeochemical cycling of P.
Interpreting the Sete Lagoas Formation in a

sequence stratigraphic framework provides the
depositional and oceanographic context critical
to understanding this change. Such a backdrop
is especially timely given the recent widespread
application of chemical techniques to infer the
depositional setting of Precambrian phosphorite
(Papineau, 2010; Papineau et al., 2013). These
techniques are often done with little regard for
the complex depositional and alteration histo-
ries that affect most Precambrian sedimentary
successions (Pufahl & Hiatt, 2012).

GEOLOGICAL SETTING

The Sete Lagoas Formation is a ca 610 Myr old
(Rodrigues, 2008; Caxito et al., 2012) succession
of siliciclastic, carbonate and phosphatic
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sedimentary rocks (Martins-Neto, 2009). It is ca
350 m thick and is the basal unit of the Bambu�ı
Group, which is part of the S~ao Francisco Super-
group (Figs 1 and 3; Sial et al., 2009). The S~ao
Francisco Supergroup accumulated in the S~ao
Francisco Basin, a dynamic epicratonic basin
with a complex and poorly constrained tectonic
history (Fig. 1; D’el-Rey Silva, 2008; Sial et al.,
2009). Basin fill now covers an area of ca
400 000 km2 over the S~ao Francisco Craton (Cook
& Shergold, 1990; Misi & Veizer, 1998; D’el-Rey
Silva, 1999, 2008; Martins-Neto et al., 2001; Mar-
tins-Neto, 2009; Alkmim & Martins-Neto, 2012).
Sedimentological and structural data suggest

that the S~ao Francisco Basin began as an epeiric
sea that later evolved into a foreland basin dur-
ing the amalgamation of Gondwana (Alkmim
et al., 2001; D’el-Rey Silva, 2008; Sial et al.,
2009; Alkmim & Martins-Neto, 2012). Deforma-
tion associated with amalgamation first occurred
along the south-western margin with the conver-
gence of the Rio de la Plata and S~ao Francisco
cratons between ca 640 Ma and 620 Ma, forming
the southern Brasiliano orogeny (Alkmim et al.,
2001). Cross-cutting relations indicate that the
northern portion of the Brasilia Fold Belt formed

later during convergence of the S~ao Francisco
craton with Amazonia (Alkmim et al., 2001; Sial
et al., 2009) which deformed epeiric sea sedi-
ments of the Sete Lagaos Formation. The timing
of deformation that produced the northern Brasi-
lia belt is thought to have been coeval with the
Arac�ua�ı-West Congo orogeny. The Arac�ua�ı-West
Congo orogeny began on the eastern margin of
the S~ao Francisco craton between ca 625 Ma
and 570 Ma (Alkmim et al., 2001; Eriksson
et al., 2001; Pedrosa-Soares et al., 2001).

Bambu�ı Group stratigraphy

The Neoproterozoic Bambu�ı Group is ca 2000 m
thick and interpreted as having accumulated
during a post-glacial transgression that formed a
warm epeiric sea (Pflug & Renger, 1973; Dar-
denne & Walde, 1979; Dardenne et al., 1986; Sial
et al., 2009). From base to top the Bambu�ı Group
is formed of the Sete Lagoas Formation, the Serre
da Santa Helena Formation, the Lagoa do Jacare
Formation, the Serre da Saudade Formation
and the Três Marias Formation (Fig. 3). These
units have been grouped into three transgres-
sive–regressive ‘megacycles’ (Sial et al., 2009).

Fig. 1. Map of the S~ao Francisco
Craton showing the locations of the
S~ao Francisco Basin, the Irecê and
Una-Utinga sub-basins and fold
belts. Mesoproterozoic and
Neoproterozoic sedimentary rocks
are grouped together to form the
S~ao Francisco Supergroup. Modified
after Sial et al. (2009).
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Megacycle I is a phosphatic siltstone-carbonate
package that corresponds to the Sete Lagoas
Formation. Megacycle II is composed of the
mixed pelitic-carbonate Serra de Santa Helena
Formation and overlying carbonates of the Lagoa

do Jacare Formation. Megacycle III consists of
arkosic sandstones of the Serra da Saudade
Formation and the Três Marias Formation.
It is problematic that megacycles are not true

depositional sequences because they include
numerous, previously unrecognized unconformi-
ties (Alkmim & Martins-Neto, 2012); thus, they
record varied and unrelated depositional condi-
tions over long intervals of time. Nevertheless,
seismic reflection data indicate that megacycles
form an east to west thickening sedimentary
wedge that is interpreted as having been shed
during the Brasiliano orogeny (800 to 550 Ma;
Romeiro Silva, 1997; Martins-Neto et al., 2001;
Martins-Neto, 2009; Alkmim & Martins-Neto,
2012).

Sete Lagoas Formation

The Sete Lagoas Formation is formed of at
least three sequences. The basal sequence is
characterized by folded limestone that rests
unconformably on the Jequita�ı Formation, a
regionally recognized glacial diamictite related
to the Neoproterozoic Marinoan snowball glaci-
ation (Fig. 3; Sial et al., 2009; Caxito et al.,
2012). A less deformed phosphatic siltstone
and sandstone sequence, the focus of research
herein, occurs above this limestone and forms
the middle Sete Lagoas Formation (Fig. 3). The
lack of correlative coarse foreland deposits and
absence of synsedimentary deformation in
these phosphate-rich strata suggests deposition
in an epeiric sea (Cook & Shergold, 1990).
Phosphatic siltstone is interbedded with lime
mudstone that decreases in abundance strati-
graphically upward. As the limestone dimin-
ishes there is a corresponding increase in
sandstone.
This ca 150 to 200 m thick phosphatic succes-

sion is a true depositional sequence (e.g.
Catuneanu et al., 2009, 2011, 2012) with uncon-
formable lower and upper contacts that record
a complete sea-level cycle (Fig. 3). Depending
on location, this succession onlaps Archean–
Proterozoic gneiss, the Jequita�ı Formation or
folded siltstone and limestone at the base of the
Sete Lagoas Formation (Dardenne et al., 1986;
Caxito et al., 2012). Its upper contact erosionally
truncates depositional facies and separates phos-
phatic sedimentary rocks from an overlying
sequence of stromatolitic dolostone of the upper
Sete Lagoas Formation (Fig. 3). Tower karst
developed in this dolostone forms much of the
topography in the region.

Fig. 2. Temporal distribution of phosphorite (tan
curve), based on age, resource estimates and timing of
Earth events in Glenn et al. (1994), Reddy & Evans
(2009), Papineau (2010), Pufahl (2010) and Pufahl &
Hiatt (2012). Events: OP = appearance of oxygenic
photosynthesis; GOE = Great Oxidation Event;
BB = Boring Billion; NOE = Neoproterozoic Oxygena-
tion Event; CE = Cambrian Explosion. Glaciations:
1 = Mesoarchean; 2 = Huronian; 3 = Palaeoprotero-
zoic; 4 = Neoproterozoic ‘snowball’; 5 = Ordovician;
6 = Permian; 7 = Neogene. Modified from Pufahl &
Hiatt (2012).
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The most robust ages of the Sete Lagoas For-
mation are a Pb-Pb isochron age from the basal
limestone and a U-Pb detrital zircon age from
the phosphatic siltstone sequence. A Pb-Pb age
of 740 � 22 Ma (Babinski et al., 2007) places
the deposition of the lower limestone to the

middle Cryogenian and a detrital zircon age
of 610 � 15 Ma (Rodrigues, 2008) suggests
deposition of phosphorite in the Ediacaran.
These age relations support an early Ediacaran
age for the Sete Lagoas Formation (Caxito et al.,
2012) and imply that phosphorite accumulation

Fig. 3. Lithostratigraphic column and nomenclature of the Neoproterozoic S~ao Francisco Supergroup as defined
by Dardenne (2007) and Sial et al. (2009). The Sm-Nd age of Mesoproterozoic Parano�a Group is from Pimentel
et al. (1999). The Pb-Pb age of the lower Sete Lagoas limestone is from Babinski et al. (2007). Youngest detrital
zircon ages for the Jequita�ı Formation and overlying Bambu�ı Group are from Rodrigues (2008).
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occurred at least ca 20 Myr after the Mari-
noan snowball glaciation (Caxito et al., 2012),
indicating that deposition was unrelated to gla-
cial-related changes in the P cycle.

METHODS

Because outcrops of the Sete Lagoas Formation
are rare in this deeply weathered area, strati-
graphic analysis was conducted primarily on
drill cores. The only surface exposures investi-
gated were in abandoned and working open pit
mines operated by the MbAC Fertilizer Corpora-
tion. Outcrops contain information regarding lat-
eral facies relations, whereas drill cores
provided insight into vertical facies trends
required for stratigraphic correlation. Strata are
generally flat lying or gently folded; however,
deformation and faulting become more promi-
nent to the west near the Brasilia Fold Belt.
Sedimentological and stratigraphic interpreta-

tions were based on bed by bed description and
sampling of five outcrop localities and 20 continu-
ously cored drill holes (Fig. 4). Emphasis was
placed on understanding palaeoenvironmental
setting, regional stratigraphic trends and collection
of samples for petrographic analysis. Both
unweathered and weathered samples of lithofacies
were collected to understand paragenesis. Percen-
tages of chemical and clastic grains were estimated
from 52 uncovered thin sections. Modal composi-
tions were determined for grains and minerals
present within each thin section using abundance
indices of rare (1 to 5%), uncommon (6 to 25%),
common (26 to 50%) and abundant (>50%). Thin
sections were analysed using a Nikon Optiphot-
Pol transmitted and reflected light microscope
(Nikon Corporation, Tokyo, Japan).
Twenty thin sections were selected for polish-

ing and additional analysis using a Nikon
Eclipse E400-POL microscope equipped with a
Reliotron III cathodoluminescence (CL) system
(Relion Industries LLC, Bedford, MA, USA).
Cathodoluminescence microfabrics provided
insight into paragenetic relationships not
observed using standard petrographic techniques.
X-ray powder diffraction analysis of fifteen back-
loaded, powdered samples confirmed lithofacies
mineralogy. Samples were analysed on an Xpert-
Pro Philips powder diffractometer (PANalytical
BV, Almelo, The Netherlands) across scattering
angles from 5° to 70° using a cobalt X-ray target
source. Additional compositional information
was obtained from CL spectra collected using an

Ocean Optics QE65000 spectrometer (Ocean
Optics Inc, Dunedin, FL, USA). This information
was integrated with sedimentological and
sequence stratigraphic data to develop a deposi-
tional and oceanographic model of P cycling and
phosphogenesis in the Sete Lagoas Formation.

SEDIMENTOLOGY AND
PALAEOENVIRONMENTS

Seven lithofacies compose the phosphatic
sequence of the Sete Lagoas Formation. Bedding
character and sedimentary structures indicate
accumulation in peritidal to deep subtidal envi-
ronments. Detailed facies descriptions are pre-
sented in Table 1. Like other Precambrian
phosphorites, phosphatic facies are generally
restricted to the palaeocoast (Nelson et al., 2010;
Pufahl & Hiatt, 2012).

Lithofacies

Peritidal lithofacies consist of phosphatic, micro-
bial laminated mud-rich siltstone (Facies F1;
Fig. 5A and B), interbedded intraclastic breccia
(Facies F2; Fig. 5C) and flaser bedded quartz-rich
feldspathic wacke (Facies F3; Fig. 5D). In addi-
tion to phosphate-rich microbialite, desiccation
cracks (Fig. 5E), thin intraclastic grainstones and
chert nodules also characterize Facies F1
(Fig. 5F). The phosphatic mineral in microbial
laminae is now hydroxylapatite (Ca5(PO4)3(OH);
Anthony et al., 2000), which occurs as in situ
peloids that grew displacively in accumulating
sediment (Fig. 5B). Interbedded intraclastic
grainstone beds have sharp erosive bases, are
normally graded, and formed of subrounded,
granule-sized to pebble-sized siltstone and mi-
crobialite intraclasts. Pebble-sized chert nodules
occur as discrete layers in sediment with their
long axis parallel to the plane of bedding.
Facies F2 is similar to the intraclastic grain-

stones in Facies F1, but intraclasts are much
larger, beds are significantly thicker, and phos-
phatic grains are common. Angular, pebble-sized
to cobble-sized intraclasts form erosive breccia
beds that are 50 to 100 cm thick (Fig. 5C).
Abraded hydroxylapatite grains are a common
matrix constituent.
Facies F3 is primarily composed of mud

draped bidirectional current ripples (Fig. 5D).
Flat-topped ripples occur in muddier intervals.
Planar laminated, fine-grained sandstone is com-
mon when this facies is more sand-rich. Fine
quartz grains forming ripples and planar lami-
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Fig. 4. Geological map of the Sete Lagoas Formation showing outcrop and drill core locations. A–A0 is the tran-
sect line for stratigraphic correlation in Fig. 9. ‘Silexite’ in the legend is a general term for silicified siltstone; silt-
stone containing abundant chert horizons and/or pedogenic silcrete.
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nae are subangular, dull and pitted in thin sec-
tion.
Subtidal lithofacies include wavy and parallel

laminated sandy siltstone (Facies F4; Fig. 6A),
parallel and wavy laminated mudstone (Facies
F5; Fig. 6B), parallel and wavy bedded, silt-rich
lime mudstone (Facies F6; Fig. 6C) and hum-
mocky cross-stratified (HCS) sandstone (Facies
F7; Fig. 6D). As in peritidal facies, abraded, sub-
angular, fine-grained quartz grains are ubiquitous
(Fig. 6E and F). Granular phosphorite, current
ripples and chert layers occur in all of these
facies, but are most common in the phosphatic
microbialite of Facies F1 and the HCS sandstone
of Facies F7. Granular phosphorite laminae sepa-
rate rippled layers in HCS bedsets. The tops of
many bedsets are also marked by chert horizons
that are 5 to 10 cm thick and have sharp upper
and diffuse lower contacts.

Interpretations

Peritidal lithofacies are the phosphorite factory.
The microbial laminated siltstone of Facies F1 is
interpreted as pristine phosphorite recording the
precipitation of what was prior to alteration sed-
imentary apatite, or francolite (Ca10-a-bNaaMgb
(PO4)6-x(CO3)x-y-z(CO3.F)x-y-z(SO4)zF2; Jarvis et al.,
1994) in tidal flat deposits. The presence of
mudcracks, flat-topped ripples and chert nod-
ules suggests that aridity and periodic emer-
gence promoted the evaporitic concentration of
silica along the palaeocoast. Sea water was near
silica saturation through most of the Neoprotero-
zoic because of the lack of silica-secreting
eukaryotes (Maliva et al., 2005). Thus, evapora-
tion probably enhanced the precipitation of
opal-A, a hydrated amorphous silica precursor
to chert, in peritidal environments (Maliva
et al., 2005; Pufahl, 2010; Akin et al., 2013).
Interbedded intraclastic breccias characterizing

Facies F2 are interpreted as the product of storm
reworking Facies F1. Abraded hydroxylapatite
grains were also probably derived from the win-
nowing and redeposition of authigenic francolite
peloids from this pristine phosphorite.
The flaser bedded sandstones of Facies F3

record the fluctuating hydraulic conditions of
tides (Reineck & Singh, 1980; Davis & Dalrym-
ple, 2011). Planar laminated intervals probably
reflect deposition on a low energy beach face at
the seaward edge of the tidal flat (Schwartz,
1982; Plint, 2010). The petrographic characteris-
tics of quartz grains composing ripples and lam-
inae infer an aeolian source. Grains are dull andT
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pitted from wind abrasion and more angular
than those deposited subaqueously (Windom,
1975; Mazzullo et al., 1986; Vandenberghe,

2013). The lack of coarse terrigenous clastics fur-
ther implies that wind was the dominant trans-
port agent of the copious fine sediment that

A B

C D

E F

Fig. 5. (A) Pristine phosphorite formed of microbial laminated mud-rich siltstone (Facies F1). (B) In situ franco-
lite peloids (FP) in pristine phosphorite occurring along microbial laminae (Facies F1; CL). (C) Intraclastic breccia
that occurs interbedded with Facies F1 to F6. (D) Flaser and lenticular bedded silty sandstone (Facies F3). (E) Des-
iccation cracks in carbonate-rich layers (Facies 1). (F) Authigenic chert nodule (Facies 1). Compaction of layers
post-dates nodule formation.
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A B

C D

E F

Fig. 6. (A) Wavy and parallel laminated sandy siltstone (Facies F4). Chert hardground is the dark grey layer in the
lower portion of the image. (B) Parallel to wavy laminated silty mudstone (Facies F5) and interbedded wavy and
parallel laminated sandy siltstone (Facies F4). Facies contacts are separated by orange marking tape. (C) Thinly
bedded silty carbonate mudstone (Facies F6). (D) Hummocky cross-stratified (HCS) silty sandstone (F7). Blue lines
delineate chert hardgrounds that formed at the top of HCS bedsets and black lines delineate hummocks and swales.
(E) and (F) Very fine to silt-sized, angular to subrounded quartz grains (Qz; bright blue) in a silt-mud matrix (Facies
3). Feldspar (Fspr) grains are dull brown. Reworked francolite peloids (FP) are bright purple. The fine angular and
pitted nature of quartz grains observed suggest that wind was the predominant transport agent. CL.
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accumulated along this palaeocoast. As in many
peritidal settings, the association of microbialite
(Facies F1) with flaser-bedded sandstone (Facies
F3) suggests that cyanobacterial mats colonized
areas away from tidal currents (Decho, 2000;
Lenton et al., 2014).
Subtidal lithofacies primarily reflect suspen-

sion settling and storm reworking of sediment.
The wavy and parallel laminated siltstone of
Facies F4 is interpreted as reflecting settling of
fine sediment in a calm, shallow environment
above fair weather wave base, whereas the mud-
stone of Facies F5 implies suspension rain in a
slightly deeper subtidal setting. Intervals of silt-
rich lime mudstone of Facies F6 record the pre-
cipitation and suspension settling of lime mud
from carbonate-saturated sea water (Tucker,
1982; Grotzinger & James, 2000; Kendall, 2010),
somewhat removed from the influence of diluting
siliciclastics. The presence of interbedded, cur-
rent-rippled intraclastic grainstone indicates that
tide and storm-generated traction currents peri-
odically reworked a semi-lithified sea floor (Sher-
man et al., 2000; Cozzi et al., 2004; Plint, 2010).
The HCS sandstone of Facies F7 is interpreted

as having accumulated in the deep subtidal of
the middle shelf. Hummocky cross-stratification
results from storm-generated combined flow
between fair weather and storm wave-base (Dott
& Bourgeois, 1982; Dumas & Arnott, 2006; Plint,
2010). Storms transported and reworked wind-
blown sediment and authigenic francolite from
peritidal environments into HCS bedsets. Granu-
lar phosphorite between rippled layers is inter-
preted as thin hydraulically concentrated lags
produced by storm wave winnowing of redepos-
ited sediment.
Chert horizons occurring at the top of HCS bed-

sets probably reflect precipitation of opal-A dur-
ing fair weather conditions. Reduced delivery of
terrigenous clastics between storms is thought to
have allowed opal-A to concentrate and silicify
the sea floor (Behl & Garrison, 1994; Maliva et al.,
2005; Zentmyer et al., 2011). The sharp upper and
diffuse lower contacts of horizons suggest that sil-
ica-saturated sea water percolated down through
the sediment to precipitate opal-A (Zentmyer
et al., 2011) that through later diagenesis was con-
verted to chert (Maliva et al., 2005; Pufahl, 2010).

SEQUENCE STRATIGRAPHY

Lithofacies stacking patterns record a progres-
sive deepening punctuated by higher frequency

fluctuations in relative sea-level. Weathered and
recycled gneiss, chert and limestone clasts from
the underlying Archean–Proterozoic basement,
Jequita�ı diamictite and lower Sete Lagoas For-
mation form a transgressive lag that characte-
rizes the basal sequence boundary. Field
relations combined with recent detrital zircon
data (Rodrigues, 2008; Sial et al., 2009) suggest
that this bounding surface represents a signifi-
cant amount of missing time (Rodrigues, 2008).
The profound difference in depositional style
between the phosphatic siltstone sequence and
overlying stromatolitic dolostones suggests that
the upper bounding surface is an unconformity
of similar duration.
The higher order sea-level cycles that accom-

panied transgression produced four preserved
decametre-scale, aggradational parasequences
(Figs 7 and 8). Parasequences are defined by a
basal flooding surface that is generally overlain
by interbedded carbonate mudstone (Facies F6),
and wavy and parallel-laminated siltstone
(Facies F4) that changes to flaser-bedded sand-
stone (Facies F3) and microbial laminated silt-
stone (Facies F1). These parasequences are
interpreted as reflecting progradation of inter-
tidal mudflats over subtidal deposits as accom-
modation filled.

Lowstand systems tract

The lowstand systems tract is 65 to 140 m thick
and consists of three stacked parasequences.
Parasequences 1, 2 and 3 are interpreted as
recording the progressive flooding and accumu-
lation of peritidal sediments in basement lows
(Figs 7 and 8). Antecedent topography is inter-
preted from the presence or absence of Parase-
quence 1 in drill core that intersects basement
(Fig. 8). Topographic highs are inferred when
Parasequence 1 is absent and lows are implied
when this basal parasequence is present. The
calm conditions in coastal embayments created
by topographic lows favoured the accumulation
of windblown clay as well as the evaporative
precipitation of carbonate mud.
Parasequence 1 (PS1) is 20 to 50 m thick

and carbonate-rich. Carbonate mudstone
(Facies F6) is interbedded with parallel-lami-
nated sandy siltstone (Facies F4) and wavy-
laminated mudstone (Facies F5). These lower
subtidal deposits grade upward into intertidal
microbialites (Facies F1), storm breccias (Facies
F2) and tidally deposited flaser bedded sand-
stones (Facies F3). Lateral facies changes indi-
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cate that flaser bedded sandstones accumulated
between granite and limestone promontories
where tide generated currents were focused
and accentuated.
Parasequence 2 (PS2) is 40 to 50 m thick

and similar to PS1, but contains less limestone

and more wavy and parallel laminated silt-
stone (Facies F4). As in PS1, this shallow sub-
tidal facies changes stratigraphically upward
into intertidal flaser bedded sandstone (Facies
F3) and microbialite (Facies F1). Unlike similar
facies below, they contain pristine and
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reworked phosphorite that records the progra-
dation of phosphatic tidal flats around base-
ment highs.
The increase of fine siliciclastics and the con-

comitant decrease in limestone through PS1 and
PS2 indicate that aeolian-derived sediment
increased through time. Such high terrigenous
clastic sedimentation rates are interpreted as
having diluted accumulating carbonate muds
and rapidly filled available accommodation,
forming expansive intertidal flats. In the early
Ediacaran the S~ao Francisco Craton was well-
positioned in the subtropical high-pressure belt
(Barry & Chorley, 2009) for the persistently arid
conditions necessary for copious windblown
sediment (Alkmim et al., 2001; Powell & Pisa-
revsky, 2002; Li et al., 2004, 2013).
Carbonate facies are rare in Parasequence 3

(PS3), which is 5 to 40 m thick and formed
entirely of subtidal siltstone and mudstone
(Facies F4 and F5). Intertidal facies are missing
because subtidal deposits are truncated by a
well-developed ravinement surface. This surface
is interpreted as the transgression surface of ero-
sion marking the inflection point between the
lowstand and transgressive systems tracts (Catta-
neo & Steel, 2003).

Transgressive systems tract

The transgressive systems tract is formed of one
partially preserved parasequence. Parasequence 4
(PS4; Figs 7 and 8) is 30 to 60 m thick and com-
posed entirely of HCS sandstone (F7). Much of
this storm-generated middle shelf deposit is miss-
ing because of subaerial erosion prior to the depo-
sition of the overlying stromatolitic dolostone.

DEPOSITIONAL MODEL

The Sete Lagoas Formation has traditionally
been interpreted as accumulating in a foreland
basin (Dardenne et al., 1986; Alkmim & Martins-

Neto, 2012). Such a notion, however, is not sup-
ported by stratigraphic and sedimentological
data presented in this article. The unconformity-
bounded sequences comprising the Sete Lagoas
Formation reflect an array of depositional sys-
tems that accumulated over a protracted interval
of time since the Marinoan snowball glaciation
(ca 635 Ma). The dearth of correlative coarse
siliciclastics shed during the collision of Amazo-
nia with the S~ao Francisco Craton, and absence
of syndepositional deformation imply deposition
in a basin with little tectonism. Regional seismic
profiles (Martins-Neto, 2009) support this inter-
pretation and suggest accumulation on an epei-
ric ramp (Burchette & Wright, 1992; Wright &
Burchette, 1998). Lateral facies trends and the
absence of a shelf-slope break in the Sete Lagoas
Formation are consistent with a long-lived ramp
that through at least three sea-level cycles pro-
duced an eastward fining and thickening sedi-
mentary wedge.
The middle phosphatic siltstone sequence, the

focus of research herein, records a phase of ari-
dity that delivered copious aeolian sediment to
the S~ao Francisco Basin. Windblown deposits
were reworked by tides and storms in inner and
middle ramp settings (Fig. 9). The inner ramp is
characterized by peritidal and shallow subtidal
facies that includes intertidal microbial mud-
stone, tidally deposited flaser bedded sandstone
and beach deposits (Facies F1, F2 and F3). Mid-
dle ramp deposits consist of deeper subtidal
facies that accumulated via suspension rain
(Facies F4, F5 and F6) or storm induced com-
bined flow to produce HCS (Facies F7).
Unlike many Phanerozoic phosphatic systems

(Glenn et al., 1994; F€ollmi, 1996; Pufahl, 2010),
phosphogenesis was restricted to peritidal envi-
ronments (Fig. 9). The lack of pristine phosphorite
in deeper water settings is consistent with most
other Precambrian phosphorites where upwelling
was insignificant (Nelson et al., 2010; Pufahl,
2010). In the Sete Lagoas Formation the precipita-

Fig. 7. Composite stratigraphic section of the phosphatic sequence in the Sete Lagoas Formation. Four aggrada-
tional parasequences are recognized. Parasequences 1, 2 and 3 comprise the lowstand systems tract (LST) and
parasequence 4 forms part of the transgressive systems tract (TST). The transgressive surface (TS) is coincident
with a ravinement surface (RS) and flooding surface (FS) between Parasequence 3 and 4. Parasequence 2 is the
main ore horizon because it contains the highest concentration of phosphorite. Lithologies, sedimentary struc-
tures, stratigraphic surfaces and palaeoenvironmental interpretations are also used in Figs 9, 10 and 11.
PS1 = parasequence 1; PS2 = parasequence 2; PS3 = parasequence 3; PS4 = parasequence 4; Cly = clay; Slt = silt;
VF = very fine-grained; F = fine-grained; M = medium-grained; CG = coarse-grained; G = granule; Pbl = pebble; Cbl
= Cobble; B = boulder; Ms = mudstone; Ws = wackestone; Ps; packstone; Gs = grainstone; Fs = floatstone; Rs = rud-
stone; Ba = bafflestone; Bi = bindstone; Fr = framestone.
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tion of francolite in tidal flat deposits (Facies F1)
is interpreted as having been stimulated by
the delivery of P adsorbed onto windblown
Fe-(oxyhydr)oxides and clays (Mills et al., 2004;
B€unemann et al., 2011; Wang et al., 2012). Phos-
phogenesis intensified as aridity and delivery of
wind-derived P increased through time. Phospho-
rite accumulation was greatest in PS2 when ele-
vated aeolian input rapidly filled available
accommodation to create vast intertidal flats,
expanding the locus of phosphogenesis.
Low sedimentation rates and the presence of

microbial mats on these windswept flats were
undoubtedly important factors controlling the
authigenic precipitation of francolite. Low or net
negative sedimentation and the sealing effects of
microbial communities would have stabilized the
zone of phosphogenesis in intertidal sediment,
allowing francolite to concentrate. Sedimentation
rates on modern wind tidal flats vary between 1�5
and 5 cm per 100 years (Miller, 1975), which are
similar to sedimentation rates in Phanerozoic,
upwelling-related phosphogenic systems where
stratigraphic condensation in distal environments
is a prerequisite for phosphorite formation (John
et al., 2002); this is because tide and storm cur-
rents generally carry aeolian sediment offshore
preventing accumulation in windswept coastal

environments. Such bypassing of fine-grained
sediment in the Sete Lagoas Formation is inter-
preted as having reduced sedimentation rates
enough to promote phosphogenesis.
The ubiquitous presence of microbialites

(Facies F1) suggests that tidal flats were colo-
nized by cyanobacterial mats (Decho, 2000; Len-
ton et al., 2014), similar to those characterizing
modern arid intertidal environments (Walker,
1985; Hasegawa et al., 2000). The ability of these
mats and associated infaunal heterotrophic bac-
teria to fix P prevented the escape of PO3�

4 from
the sediment and further stabilized the zone of
phosphogenesis (Brasier & Callow, 2007; Callow
& Brasier, 2009; Brasier et al., 2010).
Also important was the production of photo-

synthetic oxygen by cyanobacteria, which pre-
conditioned coastal waters for phosphogenesis
(Fig. 10). The steady supply of aeolian P to peri-
tidal environments is interpreted as having
fertilized cyanobacteria, creating nearshore oxy-
gen oases in otherwise anoxic sea water. Such
oxygen enrichment would have promoted franco-
lite precipitation by pushing redox sensitive
microbial and abiotic phosphogenic processes
beneath the sediment–water interface (Fig. 11;
Nelson et al., 2010; Pufahl & Hiatt, 2012). On an
anoxic middle ramp these processes would have

Fig. 9. Depositional model for the accumulation of the phosphatic sequence in the Sete Lagoas Formation. Inter-
tidal–supratidal deposits are composed of Facies F1. Upper subtidal deposits are comprised of Facies F3 and F4.
Lower subtidal deposits include Facies F4, F5 and F6. Middle shelf sediments are composed of Facies F7.
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been suspended in the water column to preclude
the concentration of PO3�

4 in sediment (Nelson
et al., 2010; Pufahl & Hiatt, 2012). A sluggish,
anoxic middle ramp with little mixing is implied
by the lack of fair weather traction deposits and
the generally low oxygen conditions that are
believed to have preceded ocean ventilation at
580 Ma (Canfield et al., 2007; Och & Shields-
Zhou, 2012).
Reworking of pristine phosphorite by tides

and storms hydraulically concentrated P in
peritidal environments producing granular
phosphorite. These beds are much thinner and
finer-grained than Phanerozoic phosphatic grain-
stones (e.g. F€ollmi et al., 1991; Grimm, 2000;
Hiatt & Budd, 2001; Pufahl et al., 2003). The
aerially restricted nature of pristine phosphorite
and lack of accommodation on the inner ramp
prevented thick granular phosphorites from
forming. In the Phanerozoic, stratigraphic con-
densation and intense reworking of large areas of
upwelling-related pristine phosphorite on the
middle shelf produces thick amalgamated beds
of granular economic phosphorite.

ECONOMIC PHOSPHORITE

Petrographic analysis of lithofacies reveals that
five paragenetic stages were involved in the

formation of economic phosphorite. These are:
(i) phosphogenesis and hydraulic concentration;
(ii) meteoric and shallow burial diagenesis; (iii)
burial diagenesis and low grade metamorphism;
(iv) hydrothermal alteration and secondary
phosphate mineralization; and (v) lateritization
and phoscrete development (Fig. 12).

Stage 1 – Phosphogenesis and hydraulic
concentration

The microbial laminated siltstone (Facies F1)
is a pristine phosphorite with discontinuous
phosphatic laminae and in situ, fine to medium
sand-size, ellipsoidal peloids. Laminae and
peloids are grey-brown in plane-polarized light
(Fig. 13A). Laminae are concentrated in organic-
rich microbial layers and peloids grew displa-
cively with their long axes parallel to bedding.
The matrix is composed of clay and abundant
aeolian quartz grains (Fig. 6E and F).
Thin, tide and storm-generated granular phos-

phorite beds are also commonly interbedded.
Beds are 1 to 4 cm thick, graded and composed
of reworked phosphatic peloids in a silty
matrix. In some areas storm reworking and
subsequent transport produced thickly bedded
intraclastic breccias (Facies F2). Breccias are
formed of pebble to cobble size siltstone intra-
clasts in a silt-rich matrix with phosphatic

Fig. 10. Interpretation of marine redox conditions that produced peritidal phosphorite in the Sete Lagoas Forma-
tion. Aeolian processes supplied P to the coast that fertilized photosynthetic microbial communities to create oxy-
gen oases. Suboxic conditions along the coast pushed redox sensitive phosphogenic processes (P1) into peritidal
sediments, promoting phosphogenesis (red dashed line). Anoxia in deeper settings is interpreted as having sus-
pended P cycling in the water column (P2), preventing phosphogenesis.
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peloids and aeolian quartz grains. Thin,
storm-produced granular phosphorite beds
also occur in deeper water HCS sandstone
(Facies F7).

Interpretation
The association of microbialite with phosphatic
laminae and in situ peloids suggests that phos-
phogenesis on tidal flats was primarily the
result of microbial hydrolysis of polyphosphate
and respiration of sedimentary organic matter

(Fig. 11; Jarvis et al., 1994; Glenn et al., 2000;
Soudry, 2000; Schulz & Schulz, 2005; Diaz
et al., 2008; Arning et al., 2009a,b; Pufahl,
2010; Crosby & Bailey, 2012; Bailey et al.,
2013; She et al., 2013). Subtle fluctuations in
pore water redox chemistry may have promoted
heterotrophic microbes to hydrolyse polyphos-
phate stored in their cells, which would have
contributed PO3�

4 to saturate pore water (Gold-
hammer et al., 2010; Brock & Schulz-Vogt,
2011; Crosby & Bailey, 2012). Such variability

A

B

Fig. 11. Redox sensitive phosphogenic processes interpreted as having produced pristine phosphorite in peritidal
settings of the Sete Lagoas Formation. The authigenic precipitation of francolite only occurred in nearshore photo-
synthetic oxygen oases where these processes could concentrate P beneath a suboxic sea floor (see text for discus-
sion). (A) Delivery of P adsorbed to aeolian Fe-(oxyhydr)oxides and clays is interpreted as having fertilized
photosynthetic cyanobacterial communities, stimulating oxygen production. Fe-redox cycling and bacterial respira-
tion (bacterial oxidation and bacterial reduction) occurred in the sediment to concentrate P and precipitate authi-
genic francolite. (B) Microbial hydrolysis of polyphosphate (Poly-P). T0, T1 and T2 depict subtle changes in the
suboxic–anoxic redox boundary in the sediment profile through time. Such variability in pore water Eh may have
resulted from differences in photosynthetic oxygen production in overlying sea water or changes in biological oxy-
gen demand during organic matter degradation. During time T0 microbes metabolize organic matter and store P
within their cells as polyphosphate. Fluctuations in pore water Eh during T1 and T2 cause aerobic bacterial hetero-
trophy (AER) and anaerobic bacterial heterotrophy (ANR) to hydrolyse stored Poly-P for energy and release P pore
waters. In modern environments supersaturation of HPO2�

4 leads to the nucleation of francolite directly on bacteria.
Francolite precipitation was probably limited by the diffusion of F� from overlying sea water.
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in pore water Eh could have resulted from
differences in photosynthetic oxygen produc-
tion in overlying sea water or changes in
biological oxygen demand during organic mat-
ter degradation.
Such degradation would have also directly

released P to pore water. Phosphate is liberated
when organic matter is respired through a series
of tiered microbially mediated redox reactions
(Jarvis et al., 1994; Glenn et al., 2000; Soudry,
2000; Arning et al., 2009a,b; Pufahl, 2010; Bailey
et al., 2013; She et al., 2013). Of these Fe-
(oxyhydr)oxide and sulphate reduction were
likely to be the most important (Fig. 11). The bur-
ial, reduction and resultant dissolution of wind-
blown Fe-(oxyhydr)oxide below the Fe redox

interface would have liberated adsorbed P (Heg-
gie et al., 1990; Glenn et al., 1994; Mills et al.,
2004; B€unemann et al., 2011; Wang et al., 2012).
Bacterial sulphate reduction occurs slightly dee-
per in the sediment and is the most efficient
microbial process for releasing P bound in accu-
mulating organic matter under anoxic conditions
(Arning et al., 2009a). Burial of windblown
clays in these anoxic pore waters would have
also liberated adsorbed P for francolite precipita-
tion (Benitez-Nelson, 2000; B€unemann et al.,
2011).
The escape of PO3�

4 from the sediment was
probably prevented through its uptake by grow-
ing microbial communities or re-adsorption onto
Fe-(oxyhydr)oxide just above the Fe redox

Fig. 12. Paragenesis of the phosphatic sequence in the Sete Lagoas Formation. Stage 1 = authigenesis and hydrau-
lic reworking; Stage 2 = meteoric and shallow burial diagenesis; Stage 3 = burial diagenesis and metamorphism;
Stage 4 = hydrothermal; Stage 5 = pedogenesis.

© 2015 The Authors. Sedimentology © 2015 International Association of Sedimentologists, Sedimentology, 62, 1978–2008

1996 J. B. R. Drummond et al.



interface. This cyclic pumping of pore water
PO3�

4 by Fe-(oxyhydr)oxide across the Fe redox
boundary is important in Phanerozoic phospho-
genic systems without upwelling (Heggie et al.,
1990).
Collectively, these processes defined a zone of

phosphogenesis that extended only a few centi-
metres beneath the sea floor. The depth of this
zone was regulated by the limit to which F�, an
essential element for francolite precipitation,
could diffuse into the sediment from overlying
sea water (F€ollmi et al., 1991; Jarvis et al., 1994;
F€ollmi, 1996; Pufahl, 2010).
Once formed, pristine phosphorite was

hydraulically concentrated by tides and storms
to produce granular phosphorite (Facies F1 and
F7). Normally graded beds were produced as

storm conditions waned. The thick breccias
(Facies F2) reflect storm reworking of indurated
peritidal sediments and transport of intraclasts
onto the tidal flat.

Stage 2 – Meteoric and shallow burial
diagenesis

Pristine phosphorite (Facies F1) and associated
peritidal lithofacies (Facies F3 and F6) contain
sucrosic, planar-S and planar-E dolomite (Sibley
& Gregg, 1987; Choquette & Hiatt, 2008). Dolo-
mite is generally microcrystalline, except in
pores where it is medium to coarsely crystalline.
In pristine phosphorite (Facies F1) and flaser
bedded sandstone (Facies F3) dolomite rhombs
have cloudy cores and limpid rims (Fig. 13B).

A B

C D

Fig. 13. (A) Pristine phosphorite composed of authigenic francolite laminae (FL) and in situ francolite peloids (FP;
Facies F1; paragenetic stage 1). Acicular hydrothermal wavellite (WA; clear; paragenetic stage 4) lines hydrothermal
fractures that are also filled with dickite (brown; paragenetic stage 4). PPL. (B) Planar-E and planar–S dolomite dis-
playing cloudy cores (CC) and clear limpid rims (paragenetic stage 2). PPL. (C) Planar-S (matrix) dolomite and pores
occluded with planar-E dolomite (Dol) and blocky calcite (Cal; Facies F6; paragenetic stage 2). CL. (D) Corroded pla-
nar-E dolomite rhomb (Dol) surrounded chlorite (Chl; Paragenetic stage 3). Qz = detrital quartz. XPL.
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Dolomite rhombs in silt-rich lime mudstone
(Facies F6) are entirely clear and fabric destruc-
tive, resulting in a complete recrystallization of
primary carbonate mud. Under CL, cores are
non-luminescent to dully luminescent and
surrounding rims are bright red-pink to red-
orange in colour.
Pores in the lime mudstone (Facies F6) are

rimmed by coarser planar-E dolomite or com-
pletely occluded with later blocky calcite
(Fig. 13C). Blocky calcite crystals are clear under
plane-polarized light and possess a homoge-
neous, bright orange luminescence under CL.

Interpretation
Meteoric and shallow burial diagenetic pro-
cesses are interpreted as including mixing zone
dolomitization and precipitation of pore-occlud-
ing, blocky calcite cement. The petrographic
characteristics of dolomite in clastic lithofacies
(Facies F1 and F3), cloudy cores and limpid
rims with strong CL zonation, are consistent
with mixing zone dolomite precipitated during
meteoric diagenesis (Morad et al., 1992; Boggs,
2006; Choquette & Hiatt, 2008). The entirely
clear, luminescent crystals in lime mudstone
(Facies F6) are characteristic of shallow burial
dolomite cement (Sibley & Gregg, 1987; Cho-
quette & Hiatt, 2008; Maliva et al., 2011).
The homogeneously bright CL characteristics

of pore occluding blocky calcite indicate preci-
pitation in the shallow burial realm where
pores were completely filled with fresh, persis-
tently anoxic water (Choquette & James, 1990;
Boggs, 2006). Precipitation occurred before sig-
nificant compaction preserving undeformed
pores.

Stage 3 – Burial diagenesis and low-grade
metamorphism

X-ray diffraction confirms the presence of chlo-
rite, muscovite 2M1 and illite in all siliciclastic
lithofacies (Facies F1, F2, F3, F4, F5 and F7).
Where these clays are most abundant, dolomite
rhombs and cements are corroded (Fig. 13D). In
the muddier facies (Facies F1, F4 and F5) chlo-
rite replaces detrital biotite (Fig. 14A). Stylolites
related to this paragenetic stage cross-cut all
previous diagenetic fabrics and in rare instances
are healed by chlorite and muscovite.

Interpretation
The co-occurrence of muscovite 2M1 with
chlorite and illite records the breakdown of

metastable detrital clays, such as smectite, mont-
morillonite and kaolinite, as a result of increas-
ing temperature and pressure associated with
burial (Segonzac, 1970; Bourdelle et al., 2013).
The association of stylolites with these clays
confirms precipitation at depth during green-
schist facies metamorphism.

Stage 4 – Hydrothermal alteration and
secondary phosphate mineralization

X-ray powder diffraction analysis indicates that
francolite in pristine (Facies F1) and reworked
facies (Facies F2 and F7) was altered to
hydroxylapatite (Ca5(PO4)3(OH)), which is pur-
ple under CL (Fig. 5B). In the dolomitized lime
mudstone (Facies F6) hydroxylapatite also
occurs in syntaxial quartz veins and along stylo-
lites. Wavellite (Al3(PO4)2(OH,F)3 � 5H2O) is the
primary vein and vug-filling phosphate mineral
in all clastic lithofacies (Fig. 5A). This alumi-
nium hydroxyphosphate occurs as fracture and
pore-lining acicular crystals with dickite
(Al2Si2O5(OH)4, a high temperature polymorph
of kaolinite (Al2Si2O5(OH)4; Ksanda & Barth,
1935). Pores generated during this paragenetic
stage are non-fabric selective and range from a
few millimetres to several metres across
(Fig. 14B).
Saddle dolomite also fills pores and forms

veins, which like those filled with hydroxylapa-
tite and wavellite post-date stylolitization
(Fig. 14C). Under CL, saddle dolomite crystals
are luminescent with a light and dull red zona-
tion (Fig. 14D). Euhedral pyrite is a common
accessory mineral in all veins (Fig. 14D).

Interpretation
This diagenetic stage is characterized by the
formation of late-stage porosity, hydraulic frac-
turing and precipitation of saddle dolomite
and phosphate minerals. These hydrothermal
processes were probably related to regional tec-
tonism associated with the Brasiliano orogeny.
The co-occurrence of hydroxylapatite, saddle
dolomite, syntaxial quartz, chlorite, illite and
muscovite 2M1 indicates high hydrothermal
temperatures between 150°C and 300°C (Gregg,
1983; Choquette & James, 1990; Frimmel,
1997).
The association of pyrite with these minerals

suggests that the composition of hydrothermal
fluids was controlled primarily by thermogenic
methanogenesis and sulphate reduction. Both
processes decrease pore water pH encouraging
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late porosity development and remobilization of
P (Lundegard & Land, 1986; Mazzullo & Harris,
1991; Faure, 1998; Machel, 2001; Esteban &
Taberner, 2003; Dolfing et al., 2007). The occur-
rence of hydroxylapatite veins in limestone
(Facies F6) indicates a concomitant increase in
dissolution-related alkalinity was necessary for
hyrdroxylapatite precipitation. The purple lumi-
nescence of hydroxylapatite-replaced francolite
laminae and peloids implies that hydrothermal
fluids were enriched in Eu2+ and Dy3+ (Boggs,
2006; Mitchell, 2014). The precipitation of wav-
ellite and dickite in clastic lithofacies (Facies
F1, F2, F3, F4, F6 and F7) was probably pro-
moted by the dissolution of clays and detrital
feldspars, which increased the concentration of
Al(OH)3

0 in HPO2�
4 rich pore waters (Vieillard &

Tardy, 1984; Esteban & Taberner, 2003). The
bright CL microfabrics in saddle dolomite indi-
cate that hydrothermal fluids also contained
Mn2+ (Gregg, 1983; Choquette & James, 1990).

Stage 5 – Lateritization and phoscrete
development

Weathering and lateritization have altered the
Sete Lagoas Formation to a depth of ca 100 m
below the surface. Phoscretes only developed
over phosphatic lithofacies (Facies F1, F2 and
F7). A layer of younger soil now covers these
duricrusts.
Phoscrete is composed of detrital quartz and

clay cemented by carbonate fluorapatite, wavel-
lite, and secondary Fe-(oxyhydr)oxides and

A B

C D

Fig. 14. (A) Chloritized detrital biotite (Bt; Chl = chlorite; paragenetic stage 3). PPL. (B) Outcrop image displaying
hydrothermal dissolution cavities (paragenetic stage 4). Vugs contain wavellite stained with manganese oxide
(black). Hammer for scale (34 cm in length). (C) Saddle dolomite (Dol; paragenetic stage 3) filling a dissolution
pore which predates pressure dissolution. Hydroxylapatite (HA) present along stylolite (paragenetic stage 4). CL.
(D) saddle dolomite (Dol) displaying corrosion and dissolution. Dissolution pores are filled with hydroxyl apatite
(HA) and hydrothermal quartz (HQ) as well as minor pyrite (Py; paragenetic stage 4). CL
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quartz. Carbonate fluorapatite is a coarse cavity
filling cement (Fig. 15A) and wavellite lines
vug walls and weathering-related fractures
(Fig. 15B). Blocky quartz cement also fills pores
and fractures.

Interpretation
Uplift and erosion exposed the Sete Lagoas For-
mation to post-burial meteoric diagenesis and
Miocene lateritization (Costa, 2001; Carmo &
Vasconcelos, 2004, 2006). Lateritization resulted
in hydrolysis, oxidation and dissolution of detri-
tal, authigenic, diagenetic and hydrothermal
minerals. Phoscrete is interpreted as having
formed under a semi-arid climate when P was
liberated during the breakdown of hydroxylapa-
tite and wavellite. Rainwater in equilibrium
with the atmosphere and soil gas created mete-

oric waters that dissolved these minerals, libe-
rating Ca2+ and PO3�

4 (de Keyser & Cook, 1972;
Nriagu, 1976). Feldspars broke down, releasing
H4SiO4 and producing stable clay species (Butt
et al., 2000). Evaporative concentration of Ca2+,
HPO2�

4 during lateritization of phosphatic litho-
facies precipitated pedogenic carbonate fluorapa-
tite (Ca5(PO4,CO3)3F), while phosphatization of
clays by P-rich groundwater produced wavellite,
quartz and Fe-(oxyhydr)oxide (Nriagu, 1976;
Vieillard & Tardy, 1984; Solomon & Walkden,
1985; Southgate, 1986).
Quartz cement probably formed from silica

liberated during the hydrolysis of detrital feld-
spars and phosphatolysis of clays (Smale, 1973;
Nriagu, 1976). Pedogenic Fe-(oxyhydr)oxide is
interpreted as having precipitated when ferrous
Fe released during pyrite oxidation, clay mineral
degradation and reduction of sedimentary Fe-
(oxyhydr)oxide was oxidized (Butt et al., 2000).
The ability of Fe-(oxyhydr)oxide to cycle and
concentrate dissolved PO3�

4 in developing late-
rites was also likely to be an important phos-
crete forming process (Nriagu, 1976; Arias et al.,
2006).

Implications

What is clear is that the Sete Lagoas Formation
is paragenetically complex with several different
stages of alteration related to a complicated bur-
ial and tectonic history. Pristine phosphorite
formed when redox sensitive microbial and abi-
otic processes precipitated authigenic francolite
in tidal flat sediments. Hydraulic concentration
by tides and storms produced thin granular
phosphorite beds. These phosphogenic and sedi-
mentological processes produced low-grade
deposits that have post-alteration concentrations
of P2O5 averaging 4 wt%. Economic phosphorite
was produced when P was remobilized from
phosphatic facies by hydrothermal fluids and re-
precipitated as hydroxylapatite and wavellite in
veins and late-stage porosity. Such secondary
precipitation of phosphatic minerals created
high-grade ore with an average P2O5 concentra-
tion of 27 wt%. Further enrichment of P
occurred where phosphatic facies and ore bodies
were exposed to Miocene lateritization. Unfortu-
nately, such a complex paragenesis has probably
rendered the use of most geochemical proxies
routinely employed to correlate Neoproterozoic
sedimentary successions or infer palaeo-sea
water history unusable (Holk et al., 2003; Hiatt
& Kyser, 2007; Pufahl & Hiatt, 2012).

A

B

Fig. 15. (A) Pristine phosphorite intraclast (PF) in
phoscrete with pedogenic carbonate fluorapatite
cement (CFA; paragenetic stage 5). CL. (B) Pedogenic
wavellite (WA; paragenetic stage 5) forming isopa-
chous rinds around clasts of pristine phosphorite
(PF). XPL.
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PRECAMBRIAN PHOSPHORUS CYCLE
AND BIOLOGICAL EVOLUTION

There was only one episode of phosphorite
deposition that occurred completely in the Pre-
cambrian (Cook & McElhinny, 1979; Pufahl,
2010; Pufahl & Hiatt, 2012). The Palaeoprotero-
zoic Phosphogenic Episode occurred between
2�2 Ga and 1�8 Ga, roughly coincident with the
Great Oxidation Event (ca 2�4 to 2�0 Ga) and
post-dating the Huronian glaciation (ca 2�45 to
2�22 Ga; Bekker & Kaufman, 2007). The conspi-
cuous absence of Archean phosphorite (Holland,
2006; Pufahl, 2010) is interpreted as reflecting
anoxic chemical weathering of P-poor primitive
mafic crust (Nelson et al., 2010). Such weather-
ing produced little dissolved P, resulting in sea
water with negligible bioavailable P (Nelson
et al., 2010; Pufahl & Hiatt, 2012). Phosphogene-
sis was further stifled by persistent ocean anoxia
and low concentrations of sea water sulphate.
Of all microbial processes, bacterial sulphate
reduction most efficiently liberates P bound in
accumulating organic matter (Arning et al.,
2009a). In the Archean, this important phospho-
genic process was limited by sulphate concen-
trations (ca 200 lM to 2�4 mM; Habicht et al.,
2002; Poulton et al., 2004) that were orders of
magnitude less than in Phanerozoic sea water
(Nelson et al., 2010).
The appearance of phosphorite in the Palae-

oproterozoic is interpreted as reflecting the
change from mechanical weathering during the
Huronian glaciation to chemical weathering of
continental crust under an oxygenated atmo-
sphere (Nelson et al., 2010; Pufahl, 2010). The
resultant delivery of P to the oceans is thought
to have stimulated high surface ocean producti-
vities, generating oxygen that contributed to the
Great Oxidation Event (Papineau, 2010; Li et al.,
2012; Papineau et al., 2013). Sedimentological
data suggest that phosphogenesis was restricted
to photosynthetically produced nearshore oxy-
gen oases where authigenic francolite precipi-
tated beneath a suboxic sea floor (Nelson et al.,
2010; Pufahl & Hiatt, 2012). Cessation of the
Palaeoproterozoic Phosphogenic Episode is
ostensibly linked to the onset of sulphidic ocean
conditions (Pufahl, 2010). Through the precipi-
tation of pyrite, such a change is interpreted as
having titrated sea water of ferrous Fe (Canfield,
1998; Anbar & Knoll, 2002; Poulton et al., 2004,
2010), interrupting the Fe-redox pumping of P
into sediment (Nelson et al., 2010; Pufahl &
Hiatt, 2012). Concentration of bioavailable P by

bacteria was also likely to be ineffective because
redox sensitive microbial processes would have
operated in the water column and not beneath
the sea floor.
It was not until the Neoproterozoic that wide-

spread euxinia waned (Shields et al., 1999,
2004; Holland, 2006; Canfield et al., 2007)
allowing the Lazarus-like reappearance of phos-
phorite (Cook, 1992; Brasier & Callow, 2007;
Papineau, 2010; Pufahl, 2010). As in the Palaeo-
proterozoic, this Neoproterozoic–Cambrian Phos-
phogenic Event is thought to have been
stimulated by post-glacial P input (Shields,
2007; Papineau, 2010; Planavsky et al., 2010).
Retreat of the snowball glaciers is interpreted as
having increased primary production that con-
tributed photosynthetic oxygen to the Neoprote-
rozoic Oxygenation Event (ca 800 to 550 Ma),
Earth’s second major oxygenation step (Papi-
neau, 2010; Kah & Bartley, 2011; Shields-Zhou
& Och, 2011; Och & Shields-Zhou, 2012; Papi-
neau et al., 2013).
The phosphatic siltstone sequence of the Sete

Lagoas Formation is one of only a few Neoprote-
rozoic phosphorites, and is thus a rare window
into the nature of the P cycle during the onset
of the Neoproterozoic–Cambrian Phosphogenic
Event. It preserves a record of P accumulation
after the Marinoan snowball glaciation, but just
before the ventilation of the deep ocean at ca
580 Ma (Canfield et al., 2007; Shen et al., 2008;
Och & Shields-Zhou, 2012). Similarly aged silt-
rich phosphorite occurs in the Volta Basin of
the West Africa craton (Trompette et al., 1980;
Porter et al., 2004). Slightly older post-Marinoan
phosphorite is found in the Irecê Basin of Brazil,
which is a sub-basin of the S~ao Franciscan Basin
(Misi & Kyle, 1994; Delisle, 2015). Unlike the
phosphatic siltstone sequence of the Sete Lagoas
Formation this stromatolitic phosphorite rests
unconformably directly on Marinoan glacial
diamictites (Misi & Kyle, 1994; Misi et al., 2007;
Delisle, 2015). Much older Tonian to Cryogenian
stromatolite-related phosphorite occurs in the
Tandilia System of Argentina (G�omez-Peral
et al., 2014).
In the Sete Lagoas Formation the accumula-

tion of phosphorite at least one full strati-
graphic sequence above glacial diamictites
suggests that increased P delivery during glacial
retreat was unimportant in stimulating phos-
phogenesis. Instead, presented sedimentological
data indicate that increasing interglacial aridity
gradually raised the flux of aeolian-derived P
enough for phosphorite to form. Although
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stratigraphic relationships in the Irecê Basin
imply a causal link between glaciation and
phosphogenesis, the present work demonstrates
that the P cycle through this critical interval of
Earth history was more complex than previ-
ously surmised.
The occurrence of peritidal phosphorite in the

Sete Lagoas Formation at ca 610 Ma suggests
that the benthic cycling of bioavailable P was
restricted to coastal oxygen oases until the ocean
was fully ventilated. The deepening of the oxy-
gen chemocline at 580 Ma (Canfield et al., 2007;
Shen et al., 2008; Och & Shields-Zhou, 2012)
coincides with increasing size of phosphatic
deposits through the late Neoproterozoic. Such
an expansion of phosphogenic environments
allowed sequestration of upwelling-related P in
the full spectrum of shelf environments, produc-
ing the first true phosphorite giants. The Dou-
shantuo Formation in South China (ca 570 Ma)
and temporally related phosphorite in Siberia,
Kazakhstan and India record this transition
(Ilyin, 1990; Brasier & Callow, 2007; Pufahl &
Hiatt, 2012; Bailey et al., 2013). Phosphatic
lithofacies accumulated in an array of shallow
water as well as in deeper, organic-rich upwell-
ing related settings (Yueyan et al., 1986; Xiao
et al., 1998; Jiang et al., 2011).
This expansion of the locus of phosphogenesis

may have initiated a negative feedback that links
P and oxygen to regulate oceanic oxygen produc-
tion (Van Cappellen & Ingall, 1994, 1996; Wall-
mann, 2003). This oxygen-P coupled response
relies on the ability of Fe-redox cycling to regulate
the concentration of bioavailable P at the sea
floor. Phosphorus that does diffuse into the water
column is important for controlling primary pro-
ductivity and therefore oxygen production in the
surface ocean. Once benthic P-cycling expanded
into the deep ocean, this negative feedback is
interpreted as having stabilized primary produc-
tion and oxygen generation on a global scale.
Such a process may have prevented ‘runaway
anoxia’ during the Neoproterozoic Oxygenation
Event (Van Cappellen & Ingall, 1996; Wallmann,
2003; Kah & Bartley, 2011).
Oxygen levels in the latest Neoproterozoic were

probably fine-tuned through ballasting of organic
matter in zooplankton faecal pellets (Porter &
Robbins, 1981; Butterfield, 1997; Sperling et al.,
2007, 2011). The evolution of zooplankton and
their ability to package C in faecal pellets is inter-
preted as having increased settling velocities and
having reduced the consumption of oxygen in the
surface ocean (Lenton et al., 2014). This shifted

the oxygen demand away from the surface to dee-
per water environments, further concentrating P
in sediment (Brasier & Callow, 2007; Boyle et al.,
2014; Lenton et al., 2014).
The Neoproterozoic Oxygenation Event not

only paved the way for fully aerobic metabo-
lisms but also forever changed the accessibility
of bioavailable P at the sea floor. Prior to the
Neoproterozoic Oxygenation Event, eukaryotic
lineages were restricted to nearshore oxygen
oases (Lenton et al., 2014) where photosynthetic
oxygen and bioavailable P provided a refugium
for their development (Brasier & Callow, 2007;
Nelson et al., 2010). Consequently, the increase
in abundance and diversity of multicellular ani-
mals during the Ediacaran radiation (ca 575 to
542 Ma) not only corresponds to the ventilation
of the deep ocean (Canfield et al., 2007; Shen
et al., 2008; Knoll, 2011; Knoll & Sperling,
2014), but also to the concomitant expansion of
phosphogenic environments. This suggests that
the concentration of P in benthic settings may
have been an important prerequisite for the evo-
lution of some multicellular animals, especially
osmotrophs (Laflamme et al., 2009). Osmotrophs
survived by the passive diffusion of dissolved
organic C and nutrients directly from the water
column (Laflamme et al., 2009; Xiao & Laflam-
me, 2009; Sperling et al., 2011). Thus, evolution
of the Ediacaran biota not only required oxygen,
but probably bottom waters preconditioned with
bioavailable P.

CONCLUSIONS

1 Sedimentological and stratigraphic data indi-
cate that phosphatic sedimentary rocks in the
Sete Lagoas Formation form an unconformity
bounded depositional sequence. Its stratigraphic
position suggests that there is no causal relation-
ship between the Marinoan snowball glaciation
and phosphogenesis.
2 Lithofacies accumulated in peritidal to middle
shelf environments on an arid, evaporitic,
storm-influenced epeiric ramp. Vertical and
lateral stacking patterns of facies indicate that
accommodation was created by an overall mar-
ine transgression punctuated by higher order
fluctuations in relative sea-level. Resultant deca-
metre-scale parasequences shallow-upward and
record the progradation of variably phosphatic
clastic-dominated intertidal and supratidal sedi-
ments over mixed carbonate-clastic subtidal
deposits.
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3 Lowstand sediments consist of three parase-
quences whereas the transgressive systems tract
is composed of one partially preserved aggrada-
tional cycle. Highstand and falling stage depos-
its are missing because of post-depositional
erosion. Parasequences become less carbonate
and more terrigenous clastic-rich stratigraphical-
ly upward.
4 The transition from limestone to silty fine
sandstone up section is interpreted as reflecting
increasing aridity and aeolian input through
time. The absence of upwelling-related facies
and the presence of copious aeolian sediment
suggest that the delivery of wind-derived P stim-
ulated phosphogenesis along the coast.
5 Lithofacies associations indicate that phospho-
genesis occurred in peritidal settings beneath
photosynthetic oxygen oases, where bacterial
processes and Fe-redox cycling concentrated pore
water phosphate to produce pristine phosphorite.
Once formed, pristine phosphorite was reworked
by tides and storms and redistributed across the
ramp to form granular phosphorite.
6 The Sete Lagoas Formation is paragenetically
complex with several stages of alteration related
to a complicated burial and tectonic history.
Economic phosphorite was produced when P
remobilized by hydrothermal fluids re-precipi-
tated as hydroxylapatite and wavellite in late-
stage pores and dissolution cavities.
7 The shallow nature of phosphorite in the Sete
Lagoas Formation is similar to Palaeoproterozoic
examples, but differs from Phanerozoic phos-
phogenic systems. This difference is interpreted
as reflecting the dissimilarity in oxygenation
state of the sea floor. The ventilation of the deep
ocean at ca 580 Ma is thought to have pushed
important redox-sensitive phosphogenic pro-
cesses into progressively deeper shelf sediments,
eventually allowing phosphorite to accumulate
in the full spectrum of shelf environments.
8 This expansion of phosphogenic environ-
ments permitted, for the first time in Earth his-
tory, the concentration of bioavailable P in
distal shelf environments. Such a change in the
benthic P cycle is interpreted as having been an
important precondition for the evolution and
diversification of multicellular animals.
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