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by sedimentological studies and regional implications for the aftermath of the Marinoan
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ABSTRACT. Along the preserved southeast border (i.c., the Sete Lagoas High) of the Bambui basin, the Pedro Leopoldo Member,
basal succession of the Sete Lagoas Formation, unconformably overlies the Archean basement, and mostly includes carbonates with thin
pelite intercalations and rare ruditic deposits. One of these, the so-called Carrancas conglomerate in its type-section, has been considered
one of the lowermost rudite deposits of the Bambui basin, being frequently ascribed to a Neoproterozoic glaciation. However, our
detailed study, based on facies analysis, reveals that the Carrancas conglomerate was deposited by sediment gravity flow currents within
the basal Pedro Leopoldo Member. Two outcrop sections in the Sao José de Lapa and Vespasiano areas, including thirteen abandoned
quarry-cut and cliff outcrops, display eight distinct lithofacies (LF1 to LF8) forming a shallowing-upward carbonate ramp succession.
It is composed, from the base to the top, by a mixed siliciclastic-carbonate outer ramp distally bounded by a slope-outer ramp system
with sediment gravity flow deposits, a deep outer ramp developed below storm-wave base environments, an outer-middle ramp with
aragonite pseudomorph crystal fans developed in a CaCO, oversaturated below storm-wave base environment in suboxic/anoxic
conditions. According to published isotope data correlating 6"*C trends and values in basal carbonates of the Pedro Leopoldo Member
of the Sete Lagoas and Janudria highs, the relatively deep outer-slope ramp mixed siliciclastic-carbonate units of the study area appear
to be coeval in age with the cap dolostone of shallow-water inner ramp of the Januaria High. The absence of a cap dolostone in the Sete
Lagoas High could be explained by lack of accommodation space or a regional erosion due to the tectonically driven forebulge uplift of
the Sete Lagoas High. The Pedro Leopoldo Member in the Sete Lagoas High was accumulated in a brine-seawater bottom waters under
suboxic/anoxic conditions in the relatively deeper portion of the carbonate ramp system, whilst the cap dolostone in the Januaria High
was developed in oxygenated mixed layer and intermediate water near the surface water in the shallower portion of the carbonate ramp
system. Such lateral variations of facies and 8'*C fluctuations are similar to those recorded by the cap carbonate sequences of the basal
Schisto-Calcaire/Lukala (Sub)Group in the West Congo Belt and the basal Araras Group in the Paraguay Belt, which display a similar

wide range of sub-environments like the studied part of the Pedro Leopoldo Member.

KEYWORDS: Carrancas conglomerate, sediment gravity flow, Sete Lagoas Formation, Bambui Group, Brazil.

1. Introduction

For several decades, outcrops showing rudite deposits at the base
of the lowermost carbonate-pelite unit of the Bambui Group,
like those located at km-30 marker of the MG-424 roadway
near Sao José de Lapa (Minas Gerais, eastern Brazil), firstly
described by Costa & Branco (1961) as the type-section of the
rudite-bearing Carrancas Formation, have been associated with
Neoproterozoic glacial events (Martins-Neto et al., 2001; Sgarbi
et al., 2001; Romano & Knauer, 2003; Uhlein et al., 2004, 2012,
2016; Romano, 2007; Ribeiro et al., 2008; Kuchenbecker et al.,
2013, 2016; Babinski et al., 2012; Uhlein, 2014; Reis & Alkmim,
2015). More recently, this unit has been the subject of facies and
stratigraphy analysis from type-sections in the Sete Lagoas High,
southern Bambui basin, which have been newly interpreted as
showing no evidence of glacial Cryogenian activity (Vieira et al.,
2007; Rodrigues, 2008; Tuller et al., 2010). Caxito et al. (2012)
interpreted the conglomeratic unit at these outcrops, as derived
from local reworking of the basal platform of the lowermost
unit of the Sete Lagoas Formation, along with its underlying
basement. Other outcrops in adjacent areas commonly ascribed
to the Carrancas Formation were recently re-interpreted as pre-
glacial units deposited along fault margins (Uhlein et al., 2012,
2016). Recent chemostratigraphic studies on this stratigraphic
interval supported general correlation with the lowermost part of
the Sete Lagoas Formation (Santos et al., 2000; Kuchenbecker,
2011; Caxito et al., 2012; Guacaneme et al., 2017; Paula-Santos
et al., 2017) as similar to those described in Neoproterozoic post-
glacial Marinoan successions worldwide (Hoffman & Schrag,
2002; Halverson et al., 2005).

In this paper, we present a new detailed facies analysis of
the Pedro Leopoldo Member, basal Bambui Group, carried
out along two key sections, one of them close to Sao José da
Lapa, the previously considered type-section of the Carrancas
Formation located at km-30 marker of the MG-424 roadway, and
the other in the surroundings of Vespasiano, in order to clarify the
depositional environments and the sedimentological processes
of a sedimentary succession up to 30 m thick. Our study reveals
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that the rudite facies, previously interpreted as belonging to the
Carrancas Formation, is actually a 40 cm-thick intraformational
conglomerate lens between sandy carbonate layers, bound above
and below by abrupt contacts. Thus, the whole section is here
re-interpreted and considered as part of the Pedro Leopoldo
Member. The Pedro Leopoldo Member in the Sete Lagoas High is
compared with a typical cap carbonate facies in the Januaria High,
northern portion of the Bambui basin. Interbasinal correlations
between the basal Bambui Group and the Schisto-Calcaire/
Lukala (Sub)Group of the West Congo Belt in Central Africa and
the Araras Group of the Paraguay Belt in central-western Brazil,
are also discussed to evaluate possible chrono-correlations. We
also examine their broader depositional setting that probably
has occurred after the Marinoan glaciation, which in turn should
provide constraints for models on the glaciation event.

2. Geological setting

The Bambui basin covers more than 300,000 km? of the Sao
Francisco Craton in eastern Brazil (Dardenne, 1978; Sial et al.,
2009). The eastern and western borders of the Bambui basin
comprise the Brasiliano Araguai and Brasilia orogenic belts,
respectively (Fig. 1A; Trompette, 1994; Cordani et al., 2000;
Martins-Neto et al., 2001). The basin is divided into the Sete
Lagoas Basement High to the south, which is separated from
the Januaria Basement High to the north by the WNW-trending
Pirapora Aulacogen (Fig. 1A; Reis et al., 2016). The entire basin
is covered by a 450 to 1800 m-thick Neoproterozoic to Cambrian
sedimentary succession of the Bambui Group, unconformably
overlying the Archean-Paleoproterozoic basement. According to
Dardenne (1978), the Bambui basin includes seven stratigraphic
units, from the base to the top: (1) the Jequitai Formation,
composed of glaciogenic diamictite, conglomerate, sandstone
and pelite; (2) the Carrancas Formation, considered younger
than the Jequitai Formation (stratigraphic position updated by
Caetano-Filho et al., 2019), mainly comprising rudite, sandstone,
pelite and locally limestone at the top (Uhlein et al., 2012, 2016);
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Figure 1. (A) Simplified geological map of the Bambui basin in the Sdo Francisco Craton (modified from Alkmim et al., 2006) including the Sete Lagoas
Basement High to the south that is separated from the Januaria Basement High to the north by the Pirapora Aulacogen (data based on Bouguer map
published in Reis, 2011). (B) Sketched geological map of north Belo Horizonte including the regional geological repartition of the lowermost part of the
Bambui Group, including Sete Lagoas and Serra de Santa Helena formations (modified after Tuller et al., 2010). Location of outcrop sections at Sao José
da Lapa and Vespasiano. Abbreviations: BH, Belo Horizonte; JA, Januaria; SJL, Sao José da Lapa; VS, Vespasiano.

(3) the Sete Lagoas Formation mainly consisting of limestone and
dolomite, subdivided into the Pedro Leopoldo and Lagoa Santa
members (Ribeiro et al., 1991); (4) the Serra de Santa Helena
Formation composed of siltstone, pelite and rhythmite; (5) the
Lagoa do Jacaré Formation mainly comprising oolitic limestone
and siltstone; (6) the Serra de Saudade Formation mainly
composed of sandstone, siltstone and pelite; and (7) the Trés
Marias Formation mainly consisting of sandstone, conglomerate
and pelite (Fig. 2). Located in the western portion of the basin,
the Samburd Formation, mainly composed of conglomerate,
and the Lagoa Formosa Formation, comprising diamictite,
sandstone, siltstone with lenses of limestone and jaspilite, have
been considered as lateral stratigraphic equivalents of the lower
Sete Lagoas Formation (i.e., the Pedro Leopoldo Member) and
of the Serra de Saudade Formation, respectively (Uhlein et al.,
2011, 2017). The Jaiba Formation or Member, mainly composed
of limestone, is interleaved between the Serra de Saudade and
Trés Marias formations in the north-eastern portion of the basin
(Chiavegatto et al., 2003; Caxito et al., 2016) (Fig. 2).

3. Geochronology

The depositional age of the Bambui Group, especially its lower
part, remains controversial (Fig. 2). A Pb-Pb whole-rock isochron
array of 740 + 22 Ma on the lowermost part of the Sete Lagoas
carbonates at the Sambra quarry, near Sete Lagoas town, has
indicated a probably post-Sturtian age (Babinski et al., 2007), in
agreement with the maximum depositional age (~880 Ma) for the
Jequitai diamictites that were related to the Sturtian glaciation
(Vieira et al., 2007; Rodrigues, 2008; Babinski et al., 2012).
However, Caxito etal. (2012) and Alvarenga et al. (2014) proposed
a post-Marinoan age (> 635 Ma) for the lowermost part of the
Sete Lagoas Formation, according to lithostratigraphic features
(presence of less than 2 m-thick pink dolostone, interpreted as
“cap carbonate”, at the base of the unit, throughout the basin;
see Caxito et al., 2012, 2018), upwards-decreasing carbon isotope

profiles, and ¥’Sr/*Sr signatures (~0.7074 to 0.7080; see Paula-
Santos et al., 2017). The lateral stratigraphic equivalent Sambura
Formation yielded a maximum depositional age of ~630 Ma
based on detrital zircon grains within conglomerate rocks (Uhlein
et al., 2017). More recent geochronological results from the Sete
Lagoas Formation imply a potentially younger Ediacaran age.
Detrital zircons from the Sete Lagoas Formation are as young as
~550 Ma (Babinski et al., 2013), yielding a maximum age peak
at 593 + 17 Ma (Paula-Santos et al., 2015). This is supported by
the occurrence of Cloudina sp. (i.e., considered as a coral-like
cnidarian or a polychaete worm), a terminal Ediacaran index
fossil (~550-541 Ma), recently found in the upper Sete Lagoas
Formation in the Januaria region, northern part of the basin
(Warren et al., 2014). Crockford et al. (2018) recently provided
a post-Marinoan (ca. 630 Ma) age for the cap carbonate rocks of
the Sete Lagoas Formation in the Janudria region, using triple
oxygen and sulphur isotopes analysed on barite layers, which
were coeval with the range of other negative triple oxygen isotope
anomalies of post-Marinoan carbonates in Canada (see Crockford
etal., 2016) and Norway (see Crockford et al., 2018). Those data,
together with K-Ar muscovite ages at 567 + 17 Ma from garnet-
mica-schist and quartzite found in nappes of the external portion
of the Brasilia Orogen (Valeriano et al., 2004), thrusting upon
sedimentary rocks of the basal Bambui Group in the southwestern
part of the basin, constrain the maximum age of the lower Sete
Lagoas Formation between 630 Ma and 560 Ma (Uhlein et al.,
2017).

4. Materials and methods

The study area approximately covers 30 km? between Sdo José
da Lapa and Vespasiano that are located to the NNW Belo
Horizonte, Minas Gerais, eastern Brazil (Fig. 1B). Two sections,
that comprise abandoned quarry-cut and cliffs, were selected for
sedimentary and sequence stratigraphy analyses. The Sao José da
Lapa outcrop section, exposed at the km-30 marker of the MG-
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Figure 2. Composed lithostratigraphic subdivisions coupled with
geochronology and sequence stratigraphy of the Bambui Group (modified
after Uhlein et al., 2017; Caetano-Filho et al., 2019). Geochronology: (1)
Detrital zircon U-Pb age from Rodrigues (2008); (2) Pb-Pb dating from
Babinski et al. (2007); (3) Detrital zircon U-Pb age from Babinski et al.
(2013); (4) Index fossil Cloudina sp. from Warren et al. (2014); (5) Detrital
zircon U-Pb age from Paula-Santos et al. (2015). The box at below shows
the west-east-trending basin distribution of stratigraphic units related
to the foredeep (to the west)-forebulge (to the east) compartmentation
(modified from Uhlein et al., 2017). Sequence stratigraphy is based
on Martins & Lemos (2007). Abbreviations: mfs, maximum flooding
surface; RST, regressive system tract; TST, transgressive system tract.

424 roadway near Sao José da Lapa, occurs as six discontinuous
cliff sections of the lower Pedro Leopoldo Member covered by
soils and dense grass (Fig. 3A-B). In order to aid in outcrop
description, trenches were dug around the main outcrops and
revealed that the Carrancas diamictite-like rudite facies in the
type-section is, in fact, interbedded with calcareous arenite facies
(i.e., the classic Carrancas conglomerate does not lay beneath the
lowest Sete Lagoas carbonates as previously considered in the
literature since the early 1960°s). The Vespasiano outcrop section,

exposed along the MG-010 roadway near east Vespasiano,
comprises five discontinuous cliff sections and one abandoned
quarry-cut crossing the upper part of the Pedro Leopoldo Member
(Fig. 4A). Eight lithofacies (LF1 to LF8) were distinguished
according to their lithology, sedimentary structures, and bed
geometry. To detail the geometry and internal structures of the
beds, drawings from photographic sketches were prepared. The
siliciclastic and carbonate classifications were based upon the size
of the detrital grains published by Folk (1954). The terminology
for carbonate rocks used “calcilutite” and “calcirudite” for
carbonate rocks formed of mud- to silt-sized (<62.5 pm in grain
fraction) and granule- to cobble-sized (>2 mm in grain fraction)
clasts or bioclasts respectively.

The arrangement of clasts within the calcareous conglomerate
(LF4, see above) was measured as a standard quantitative
methodology (see Evans & Benn, 2004) in the analysis of flow
directions and the interpretation of depositional processes. The
spatial arrangement of a clast is defined following three distinct
orthogonal axis (a, b and c), with the principal axis a, being
parallel to the flow direction, and axis ¢ normal to the preferred
plane of the fabric (Evans & Benn, 2004). One hundred thirty-
nine clasts, having a-axis longer than b-axis and with ratios
greater than 1.5:1, in the approximate size range 8—50 mm were
systematically selected in a small area covering less than 2 m>.
The a-axis was measured following the azimuth and dip angle
using a compass-clinometer. The data were presented in a rose
diagram according to procedures in Evans & Benn (2004). The
a-axis measurements were restored to remove the effects of the
regional deformation (bedding oriented 110/30NE) and allowing
the original orientation of planes.

5. Results

The Sdo José da Lapa outcrop section consists of an up 200
m-length N-S oriented incised valley, which is filled by up than
10 m-thick weakly deformed sedimentary rocks uncomfortably
covering migmatitic orthogneisses of the Archean Belo Horizonte
Complex (Plate 1A). Trenches dug around the outcrop of the
classic Carrancas conglomerate have revealed a lens-shaped
intraformational rudite bed bound above and below, in abrupt
contacts, by a calcareous arenite facies. This is solid evidence
that the formerly so-called “classic Carrancas conglomerate” is,
in fact, a rudite facies within the lower Pedro Leopoldo Member,
the lowermost unit of the Sete Lagoas Formation, instead of
being part of a separate formation, the Carrancas Formation as
previously interpreted by Costa & Branco (1961). The Archean
Belo Horizonte Complex lies unconformably beneath the
Bambui Group that consists of less than 1 m-thick weathered red-
coloured diamictitic-like claystone attributed to the Carrancas
Formation (Fig. 3C and Plate 1B). However, the contact between
the Carrancas diamictite and the Pedro Leopoldo Member is
not observed. Weathered diamictite and calcareous mudstone
lithofacies are exposed in discontinuity on the south side of the
MG-424 roadway, while the calcareous arenite, conglomerate,
calcilutite, calcirudite, laminar and massive limestones lithofacies
are located on the north side of the MG-424 roadway (Fig. 3C).
The overall shape of outcrops is lenticular, E-W oriented, for the
calcareous mudstone to calcirudite lithofacies, and tabular for
laminar and massive limestones.

The Vespasiano outcrop section comprises an area of less
than 1 km? area of cliffs (VS1, VS2, VS3, VS5), isolated outcrops
(VS4) and abandoned quarry-cut (VS6), which show 4 to 24
m-thick exposures of weakly deformed sedimentary rocks of the
upper part of the Pedro Leopoldo Member (Fig. 4A-C). From the
base to the top, the outcrops consist of dark green-grey sericitic
lime mudstone (Fig. 4B), locally interbedded by blue-grey
crystalline massive limestone, passing to light to dark blue-grey
fine- to medium-grained crystalline massive limestone, locally
laminar, and blue-grey coarse-grained sandy limestone. The
overall bedding is tabular, but a local lenticular bed is observed at
the VS4 outcrop section.

The Sao José da Lapa and Vespasiano sections show that the
lower and upper parts of the Pedro Leopoldo Member comprise
eight distinct lithofacies that are described hereafter.



F.R.A DeLromMDOR, A.M. ILAMBWETSI, F.A. CaxiTo & A.C. PEDROSA-SOARES

E Clast orientation direction within
the conglomerate (LF4) of the
Pedro Leopoldo Member

North

n=139

East

South

- Gneiss/granite

- Weathered diamictite (LF1)
- Calcareous mudstone (LF2)
|i Calcareous arenite (LF3)

u Calcareous conglomerate (LF4)

B Calcilutite (LFS)

B3 calcirudite (LF6)

- Laminar limestone (LF7)
E Lime mudstone (LF8a)
- Massive limestone (LF8b)

Bambui Group
Sete Lagoas Formation
Pedro Leopoldo Member

Carrancas
Formation

$

NS NN
Belo Horizonte
Complex

SJL3 +SIL4

Figure 3. (A) Sketched geological map of the Sao José da Lapa section area at km-30 marker of the MG-424 roadway near Sao José da Lapa. Location
of the studied outcrops (SJL are the location of outcrops) of the Carrancas Formation and the basal part of the Pedro Leopoldo Member; (B) Photograph
of the N-S outcrop sections with location of outcrops; (C) Stratigraphic logs of the studied outcrops plotted in a N-S profile; (D) Polymodal orientation
directions of the clasts within the conglomerate (LF4; see Section 5.1.). North- to northeast-dominated azimuths of flow direction from 139 measurements.
Abbreviations: ts, transgressive surface; FRST, forced regressive system tract; TST, transgressive system tract.

5.1. Lithofacies and facies associations

Eight lithofacies (LF1 to LF8) are recognized in the Carrancas
Formation and Pedro Leopoldo Member of the Sete Lagoas
Formation. They are grouped into four lithofacies associations,
LFA-1 to LFA-4, according to their lithology, sedimentary
structures, textures, and are interpreted as deposited in several
distinct environments. Lithofacies associations and lithofacies
categories are summarized in Table 1.

5.1.1. Lithofacies association 1 (LFA-1)

LFA-1 includes the diamictite (LF1) and calcareous mudstone
(LF2). LF1 consists of approximately 1 m-thick weathered red-
to orange-coloured mud-supported polymictic diamictite with
unsorted subangular-subrounded millimetre- to decimetre-sized
clasts of crystalline rocks (gneiss and granite) and quartz (Plate

1B). The contacts with the Belo Horizonte Complex and LF2 are
not observed. LF2 consists of successions of irregular alternations
of light grey fine-grained calcareous mudstone beds (centimetre-
to decimetre-thick) and yellow-grey to green shale laminae
(millimetre-thick) (Plate 1C). Rare small-scale continuous planar
to wispy undulated parallel laminae and sand- to pebble-sized
clasts of predominantly limestones are preserved. The overall
shape of beds appears to be lenticular in small-scale outcrop. Its
thickness in outcrop is approximately 20 cm. The lower contact
is not observed. The upper contact with the calcareous arenite
(LF3) is erosional.

5.1.2. Lithofacies association 2 (LFA-2)

LFA-2 includes the calcareous arenite (LF3) and the calcareous
conglomerate (LF4). LF3 consists of medium- to coarse-grained
massive calcareous arenite (Plate 1C). The sand-sized grains
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are predominantly angular and are composed of fragments of
limestone and quartz in roughly equal proportions. Reverse
gradation is locally observed. No sedimentary structures are
observed. The shape of beds varies between lenticular and
tabular. The basal contact is not observed. The upper contact
is sharp. The lithofacies 4 (LF4) consists of one lenticular bed
of conglomerate interbedded between calcareous arenite beds
(LF3) (Plate 1D). Exposure is observed in 40 cm-deep in a
trench at Sdo José da Lapa along the MG424 roadway (km 30).
The lower contact is sharp, but flame-type structures and shears
are apparently truncated by LF4 (Plate 1E). The upper contact
is sharp or slightly undulating with the LF3. LF4 consists of a
blue-grey grain-supported calcareous conglomerate with sand-to
pebble-sized clasts of polymictic limestone, sandstone, quartz,
granite and gneiss. Clasts of limestone predominate. The grains
are subangular to subrounded (Plate 1D). The clasts show a
preferential north to northeast orientation (Fig. 3D, see section
5.2.). Glacial features (e.g., striation on the surface of clasts) are
absent.

5.1.3. Lithofacies association 3 (LFA-3)

LFA-3 consists of a dark grey poorly sorted massive calcilutite
(LF5) and calcirudite (LF6). LF5 consists of blue-grey massive
crystalline lime muddy matrix (Plate 1F-G). No sedimentary
structures are observed. The overall shape of beds is lenticular
in outcrop. Its thickness is estimated around 1 m. The basal
contact is not visible. The upper contact is predominantly sharp
or slightly undulating with local erosion (Plate 1F). LF6 consists
of subangular to subrounded granule- to pebble-sized clasts of
limestone partially supported by calcareous microstylolitic
seams of muddy to silty matrix (Plate 1F and H). Rare clasts of
gneiss are also observed. Several levels exhibit mud-supported
autoclastic brecciated beds surrounded by light grey silty to
sandy matrix (Plate 1J-K). Autoclasts are dominantly composed
of subangular to angular pebble-sized fragments of limestone.
The thicknesses of these beds vary between 10 and 30 cm. The
thickness of overall beds varies between 1 and 2 m. The basal
contact is predominantly sharp or slightly undulating and is
locally erosional. The upper contact is sharp.
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Table 1. Detailed lithofacies and lithofacies association description and environmental interpretation of the Carrancas Formation and
the Pedro Leopoldo Member, basal Sete Lagoas Formation, at the S@o José da Lapa and Vespasiano section areas, north Belo Horizonte.

Lithofacies . . L Depositional
.. Lithofacies General descriptions p
associations environment
1 m-thick weathered red- to orange-coloured mud-supported polymictic
LF1 di?n}ictite with ﬂgating c.last.s. (?lasts z?re unsoﬁed sub?ngular-subrounded Gravity flows
millimetre- to decimetre in size including gneiss, granite and quartz. contacts
with the Belo Horizonte Complex and LF2 are not observed.
LFA-1
. . . . . Below storm
Irregular alternations of centimetre- to decimetre-thick beds of light-grey fine-
. oo . . wave base outer
LF2 grained calcareous mudstone beds and millimetre-thick horizons of yellow-grey . e .
. . . mixed siliciclastic-
to green shales; upper contact with LF3 is erosional.
carbonate ramp
13 Lenticular to tabular beds of medium- to coarse-grained massive calcareous
arenite; reverse grading; upper contact is sharp.
Mixed
LFA2 Up than 40 cm-thick lenticular interbed within LF3; blue-grey grain-supported siliciclastic-
LF4 calcareous conglomerate with sand-to pebble-sized clasts of polymictic carbonate slope
limestone, sandstone, granite and gneiss; prefrential north- to-northeast azimuth P
orientation directions of clasts; lower and upper contacts are sharp and erosive.
. . . . o Below storm
1 m-thick lenticular beds of blue-grey massive crystalline calcilutite; upper
LF5 . . . . . . wave base outer
contact is predominantly sharp or slightly undulating with local erosion.
carbonate ramp
LFA-3 1-2 m-thick beds of calcirudite with granule- to pebble-sized clasts; calcareous
LF6 microstylolithic seams of muddy to silty matrix; autoclastic breccia; basal Slump in an outer
contact is predominantly sharp or slightly undulating, and is locally erosional; carbonate ramp
lower and upper contact are sharp.
Centimetre-thick successions of irregular alternations of light grey crystalline
LF7 limestone and da}rker crystalline limestone with pseudomorphs of aragor}ite Below to above
crystal fans; lenticular to tabular beds; lower contact marked by low-relief
: storm wave base
LFA-4 erosional surfaces; upper contact sharp. outer-midle
Centimetre- to decimetre-thick successions of alternations of light to dark blue- carbonate ramp
LF8 grey coarse-grained crystalline massive limestone and dark green-grey lime

mudstone; lower contact is sharp.

5.1.4. Lithofacies association 4 (LFA-4)

LFA-4 includes the laminar (LF7) and massive (LF8) limestones.
The lithofacies 7 (LF7) consists of centimetre-thick successions
of irregular alternations of light grey crystalline limestone and
darker crystalline limestone with pseudomorphs of aragonite
crystal fans arranged in growth position (Plate 11and J). Aragonite
crystal fans, ranging from 5 mm to 3 cm in size, are dark grey,
clongate, and outwardly and upwardly radiating fans laterally
connected to the light grey crystalline limestone layer (Plate
IL). Contacts between laminae are irregular and undulating.
The aragonite crystals laminae are located in the lowermost part
of the beds (approximately 30-50 cm). Prismatic pyrites are
locally visible. The overall shape of beds appears to be lenticular
in outcrop (Plate 1I). However, the upper part of the beds is
tabular. The thickness of overall beds varies from 30 cm to 1.5
m. Basal contact is predominantly sharp and/or marked by low-
relief erosional surfaces (Plate 1J). The upper contact is sharp or
slightly undulating with the massive limestone beds (LF8) (Plate
11-J). LF8 consists of centimetre- to decimetre-thick successions
of alternations of dark green-grey sericitic lime mudstone (LF8a)
and light to dark blue-grey fine- to medium-grained crystalline
massive limestone (LF8b) (Plate 1M). Atop the Pedro Leopoldo
Member, blue-grey coarse-grained well-sorted sandy limestone
interbeds (LF8c) are observed within the massive limestone beds.
The contact between the mud limestone and massive limestone
is slightly undulating to wavy. The overall shape of beds appears
to be lenticular in outcrop. Thickening-upward beds over
approximately 1 m section are observed at the base. The basal
contact is sharp and the upper contact is not observed.

5.2. Clast orientation

The arrangement of clasts is plotted on a rose diagram using
the a-axis bearings of 139 clast orientations collected from the
calcareous conglomerate lithofacies (LF4) at the base of the
Pedro Leopoldo Member at the Sdo José da Lapa section (Fig.
3D). All data are shown in Table 2. The rose petal is preferentially
oriented to north-northeast in the range 0—45° for 37.8% of the
measured a-axis. Second major arrangements of clasts are
oriented northeast-east in the range 45-90° and north-northwest in
the range 320-360° that represent 25.0% and 20.0% of measured
a-axis respectively. A minor arrangement of clasts is oriented
east-southeast in the range 90—135° for 17.1% of measured a-axis.

5.3. Interpretation

The described re-examination of the formerly classic type-section
of the Carrancas Formation, at the km-30 marker of the MG-424
roadway, allows us to conclude that the section is exclusively
composed of different facies of the Pedro Leopoldo Member, and
does not show any evidence of glacial deposits as suggested in
previous papers (see Martins-Neto et al., 2001; Sgarbi et al., 2001;
Romano & Knauer, 2003; Ribeiro et al., 2008; Reis & Alkmim,
2015). Detailed field descriptions of lithofacies, reported in the
present paper, lead us to re-interpret the depositional environments
along the studied area. The succession of lithofacies records a
shallowing-upward setting in distally steepened or slope ramp
environments to below storm-influenced sediments in outer ramp
environments.

Lithofacies association 1 (LFA-1) includes the diamictite
(LF1) and calcareous mudstone lithofacies (LF2) that record
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Table 2. Measurements of orientation directions of clasts within the conglomerate (LF4) of the Pedro Leopoldo Member at the Sao José

da Lapa area.

Clast Azimuth Clast Azimuth Clast Azimuth Clast Azimuth Clast Azimuth Clast Azimuth
® (W) (W) ® e W)
1 110 25 32 49 29 73 95 97 80 121 330
2 120 26 0 50 125 74 80 98 345 122 5
3 356 27 322 51 25 75 140 99 29 123 75
4 15 28 340 52 76 20 100 35 124 355
5 2 29 109 53 8 77 100 101 85 125 340
6 22 30 322 54 5 78 15 102 50 126 30
7 2 31 84 55 322 79 70 103 320 127 34
8 50 32 65 56 106 80 340 104 93 128 110
9 25 33 70 57 109 81 80 105 85 129 332
10 0 34 23 58 75 82 20 106 90 130 100
11 335 35 0 59 75 83 30 107 45 131 300
12 10 36 15 60 340 84 130 108 130 132 94
13 20 37 350 61 345 85 110 109 325 133 90
14 10 38 355 62 110 86 80 110 320 134 0
15 80 39 8 63 120 87 45 111 350 135 40
16 55 40 82 64 105 88 45 112 90 136 35
17 88 41 0 65 45 89 20 113 135 137 75
18 100 42 90 66 100 90 350 114 25 138 0
19 330 43 55 67 95 91 20 115 65 139 350
20 69 44 55 68 110 92 35 116 0
21 359 45 5 69 350 93 60 117 90
22 119 46 47 70 120 94 60 118 10
23 105 47 12 71 330 95 65 119 15
24 119 48 42 72 355 96 350 120 95
Range Total Range Total Range Total Range Total Range Total Range Total
(W) (%) ©) (%) (W) (%) (W) (%) A (%) A (%)
0-5 7.9 60-65 2.1 120-125 0.7 180-185 0.0 240-245 0.0 300-305 0.0
5-10 5.0 65-70 2.1 125-130 1.4 185-190 0.0 245-250 0.0 305-310 0.0
10-15 3.6 70-75 2.8 130-135 0.7 190-195 0.0 250-255 0.0 310-315 0.0
15-20 3.6 75-80 3.6 135-140 0.0 195-200 0.0 255-260 0.0 315-320 2.1
20-25 5.0 80-85 2.9 140-145 0.0 200-205 0.0 260-265 0.0 320-325 2.1
25-30 2.9 85-90 43 145-150 0.0 205-210 0.0 265-270 0.0 325-330 2.1
30-35 3.6 90-95 2.1 150-155 0.0 210-215 0.0 270-275 1.4 330-335 0.7
35-40 0.7 95-100 2.1 155-160 0.0 215-220 0.0 275-280 0.7 335-340 2.8
40-45 3.6 100-105 1.4 160-165 0.0 220-225 0.0 280-285 0.0 340-345 2.1
45-50 2.1 105-110 5.0 165-170 0.0 225-230 0.0 285-290 0.7 345-350 4.2
50-55 2.1 110-115 0.0 170-175 0.0 230-235 0.0 290-295 0.0 350-355 2.1
55-60 1.4 115-120 3.6 175-180 0.0 235-240 0.0 295-300 0.7 355-360 1.4

sediments deposited at the outer ramp-slope transition (Fig.
5A-B). The nature of deposition of LF1 is hard to interpret due
the lack of exposures and good preservation of the rocks at the
Sdo José da Lapa section. Diamictites found in distinct places
in the southern Bambui basin that have been called the name
Carrancas and the rudite found in the km-30 marker of the MG-
424 roadway, the former classic Carrancas diamictite, were
previously interpreted as glacial in origin (Kuchenbecker et al.,
2013, 2016; Rocha-Campos et al., 2011; Babinski et al., 2012),
gravity flows associated with basement highs and graben-filling
deposits (Uhlein et al., 2012; Tuller et al., 2010), or glacially-
induced fluvial deposits in incised basement valleys (Vieira
et al., 2007). At the Sdo José da Lapa section, it is noteworthy
the absence of glacially-generated diagnostic features typical of
direct ice-contact deposits (i.e., tills) such as boulder pavements,
associated meltwater deposits, and striated and glacially-shaped
clasts. The nature of the matrix, the geometry of the deposits and
the association with LF2 suggests fluvial-induced gravity flows
filling a palaeochannel or canyon that incised on the Archean
basement (Fig. 5A). LF2 is interpreted as lime muds deposited in
relatively quiet environments at the transition between the slope

and the deep-outer ramp, as show the absence of sediment gravity
flows and storm deposits (Fig. 5B). The lithofacies association
successions LFA-2 and LFA-3 are interpreted as the result of
sediment gravity flows through a carbonate-dominated ramp
slope (Fig. 5C-E). Such deposits are confirmed by lenticular
shape of beds, erosional surfaces, poor grading, and a shear zone
(Shanmugan, 2000). Lithofacies associations 2 and 3 (LFA2
to LFA3), comprising calcareous arenite (LF3), conglomerate
(LF4), calcilutite (LF5) and calcirudite (LF6) lithofacies, are
common for the transport of semi-lithified sediments associated
through subaqueous channels or canyons that lead to submarine
fans of debris flows along the passive margin (Shanmugan, 2000).
LF3 comprises grain flow deposits formed by small-scale sliding
along a steepened slope (Fig. 5C). Grain flows are characterized
by massive bedding, sharp top and bottom bedding surfaces, and
presence of reverse grading, as a result of the kinetic sieving
effect (Middleton, 1970). LF4 is related to mass-flow downslope
movements under the influence of gravity on such a steepened
metastable slope (Fig. 5D). The presence of a shear zone at the
base of the conglomerate bed exhibits a high stress accompanied
by an upward decrease in strain intensity. Such deformation
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Lithofacies 1 (LF1) - Lithofacies 2 (LF2) lxterTEm
Sloped ramp

Freshwater (?)__

Seawater

Belo Horizonte

Erosion Complex basement

Glacially-derived debris flow filling a
channel/canyon

Lithofacies 3 (LF3) [D] Lithofacies 4 (LF4)

Sea leve|

Debris flow

»
Z'.! %)

Lithofacies 6 (LF6) Lithofacies 7 (LF7)

Autoclastic breccia
Sediment gravity Outer ramp

CaCo, oversatured
seawater

Ze%

Lithofacies 8 (LF8)

Outer ramp

- Gneiss/granite

- Weathered diamictite (LF1)

- Calcareous mudstone (LF2)

Calcareous arenite (LF3)

SEaEtER u Calcareous conglomerate (LF4)
B cacilutite (LF5)

B=d calcirudite (LF6)

- Laminar limestone (LF7)

E Lime mudstone (LF8a)

- Massive limestone (LF8b)

Figure 5. Reconstruction of depositional environments of the Pedro Leopoldo Member, lowermost unit of the Sete Lagoas Formation. The idealized
3D model illustrates the spatial and vertical distribution of a single regressive sequence, succeeding a marine transgression marked by the deposition
of the mixed siliciclastic-carbonate succession of the basal Pedro Leopoldo Member, in a slope-outer to outer ramp system. No vertical scale intended.
(A) Fluvial-generated sediment gravity flows (LF1) deposited in a N-NE-oriented incised basement valley over the Belo Horizonte Complex during a
regressive system tract. The sea-level fall was related to a possible regional glaciation that accumulated the diamictite of the Carrancas Formation. (B)
Deposition of calcareous mudstone (LF2) in a distal outer ramp system during the initial stage of a sea-level rise. (C) Sediment gravity flow deposits
composed of calcareous arenite (LF3) accumulated above storm wave base deep outer to slope-outer ramp. (D) Debris flow downslope movement
(LF4) under the influence of gravity on slope-outer ramp. (E) Slumping and sliding of semi-lithified calcilutite (LF5), forming autoclastic breccia and
calcirudite (LF6), on the outer ramp of a low-energy deeper carbonate ramp, periodically submitted to storm wave base environments. (F) Lime mudstone
with precipitation of aragonite pseudomorph crystal fans (LF7) in CaCO, oversaturated marine dysoxic/anoxic waters above storm wave base in an outer
carbonate ramp. (G) Lime mudstone and massive limestone (LF8) accumulated in a well-oxygenated low-energy outer-to-middle carbonate ramp (LF8).
Notice that the LF1 to LF6 were deposited in a brine-seawater bottom water under suboxic/anoxic conditions (grey to greenish facies) in the relatively
deeper portion of the carbonate ramp system during a transgressive system tract occurred in the aftermath of the Marinoan glaciation, while the LF7 and
LF8 were formed in well-oxygenated waters during a highstand system tract.
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structures are characteristic of sediment gravity flow deposits,
where the water pressure is in excess of the hydrostatic pressure
and, thus, reduces the shear strength of the material, which may
even be liquefied (Lachniet et al., 2001). LF5 corresponds to a
quiet energy distal outer ramp setting with deposition of lime
muds below storm wave base environments. LF6 is attributed
to slow creep, slumping and sliding of semi-lithified carbonates,
forming autoclastic breccia, on the outer margins of a low-energy
deeper carbonate ramp similar to ancient submarine fans from
northern Appenines (Mutti & Ricci Lucchi, 1978) (Fig. 5E).
Pressure solution processes, occurred by the overloading of
sediment gravity flow currents, are highlighted by microstylolites
around individual nodules.

Lithofacies association 4 (LFA-4) is interpreted as relatively
deep outer ramp deposits (Figs SF, G). LF7 is interpreted as a
result of marine transgression with deposition of lime muds in
calcium carbonate oversaturated marine dysoxic/anoxic waters.
LF7 is marked by the absence of storm-dominated structures,
and the cycle of deposition, which point to quiet energy lime
muds settling below storm wave base environments (Fig. 5F).
Such facies is laterally deposited on moderate energy tide- and
wave-influenced environments along a wide epeiric platform
(Vieira et al., 2015). The occurrence of aragonite pseudomorph
crystal fans points the proximity with deeper water environments
under dysoxic/anoxic waters conditions below storm wave base
environments, marked by the transition between the middle and
outer ramp (Fig. 5F). The lenticular shape suggests that either
the sediments filled a wide depression, which were probably
influenced by local differences in the regional tectonics (Reis &
Suss, 2016), possibly enhanced by glacio-isostatic rebound along
the shoreline (Vieira et al., 2015; Uhlein et al., 2016).

The balance of evidence such as the absence of moderate- to
high-energy sedimentary features, the low-relief erosion at the
base of the LF7 beds, and the pinch out of the lenticular beds on
the overlying beds, suggests relatively deep-water environments
below storm wave base, probably marked by small-scale slumps
from distal outer ramp. The cycles are considered as the results
of local sliding events, followed by calm periods favouring
the lime mud decantation and the precipitation of aragonite
pseudomorph crystal fans under dysoxic/axic waters conditions
(see Crockford et al., 2018). LF8 represents quiet environments

in a distal outer to middle ramp system as show the deposition
of lime mudstone (LF8a) and massive limestone (LF8b), as well
as the lack of sedimentary features (Fig. 5G). The occurrence of
sandy limestone (LF8c¢) is interpreted as subtidal-intertidal sands
seaward reworked to a middle ramp environment.

6. Discussion

6.1. Stratigraphic evolution of the Pedro Leopoldo Member

The basal Bambui Group in the south portion of the Sete Lagoas
High domain has been extensively studied for stratigraphy, facies
and sequence stratigraphy analyses, and depositional conditions
(e.g., Costa & Branco, 1961; Romano & Knauer, 2003; Romano,
2007; Vieira et al., 2007, 2015; Tuller et al., 2010; Kuchenbecker
et al., 2013, 2016; Uhlein et al., 2012, 2016, 2019; Perrella et
al., 2017; Paula-Santos et al., 2018; Caetano-Filho et al., 2019;
Hippert et al., 2019). In Figure 6, six outcrop and core sections
in the Carrancas Formation and Pedro Leopoldo Member strata
were examined in Caué quarry, Mata Grande quarry, Ilcom
quarry, Sambra quarry and Sao José da Lapa, north and northwest
Belo Horizonte, and Arcos, southeast Divinopolis. The strata
succession shows significant lateral variations of facies in ramp
settings, including a wide range of sub-environments. Across
the entire outcrop sections, the lower boundary displays an
unconformity due to an erosion surface between the Archean-
Paleoproterozoic basement and the Bambui Group. Above this
unconformity, the Bambui Group sediments show significant
lateral variations of facies and thickness that is marked by
the non-deposition of the Carrancas diamictite, calcareous
mudstone, calcirudite, calcareous conglomerate and calcilutite
at Caué quarry, Mata Grande quarry, Ilcom quarry and Sambra
quarry. In Arcos and Sdo José da Lapa, the Carrancas Formation
displays less than 1 m-thick diamictite facies that was deposited
as a lodgement tillite (Kuchenbecker et al., 2013, 2016; Rocha-
Campos et al., 2011), evolving laterally to glacio-fluvially-
generated gravity flow sediments filling an incised channel on the
basement. The Carrancas diamictite gradually grades into: (1) in
Arcos, ~9 m-thick impure limestone, composed of poorly sorted
subangular to angular sand- to granule-sized fragments of quartz,
granite, schist and carbonate rocks, interbedded by thin calcilutite

Belo Horizonte
Complex

BAMBUI BASIN  pambuibasn || 4
Brazil S19°]
=] Sete L:
- Mata Grande llcom quarry Arcos .e e Lagoas
Caué quarry quarry Hippert etal. Sambra quarry Kuchenbecker 530 José de Lapa
Vieira et al. (2007) Vieiraetal. (2019) Vieira et al. (2007) okt this study
cd (2007) etal 520° - Belo Horizonte
%% [ Divinopolis |
% §§ = B Belo Horizonte
o uO_ o |Pains Complex
G |2
& g
3 %8‘ [ Neoproterozoic
€ 32 [_] Paleoproterozoic
i b o [ Archean-Paleoproterozoic
koge]
- E Lime mudstone
- Massive limestone
Wé::’::\_\ E’ Calcareous siltstone

- Limestone with aragonite

- Calcilutite
IE‘ Calcirudite

_ Calcareous conglomerate

-—. Calcareous arenite (calcarenite)
- Calcareous mudstone

- Shale
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Figure 6. Depositional profile showing the lateral variation of facies in the lower part of the Pedro Leopoldo Member, south Sete Lagoas Basement
High. Notice the variation of palacobathymetry from shallow facies (Caué quarry, Mata Grande quarry, llcom quarry), that display lime mudstone with
aragonite pseudomorph crystal fans overlain by alternation of lime mudstone and massive limestone unconformably resting on the Belo Horizonte
Complex, and the deeper facies (Sambra quarry, Arcos, Sao José da Lapa), that show distinct lateral variation of facies composed of lenticular beds of
calcareous mudstone, calcirudite (calcareous arenite in the study), calcareous conglomerate, calcilutite and calcirudite. Shallower facies represent middle
ramp, while deeper facies were deposited near or above storm wave base environments in an outer- to outer-slope ramp. Abbreviations: ts, transgressive
surface; mfs, maximum flooding surface; FRST, forced regressive system tract; TST, transgressive system tract; HST, highstand system tract.
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in Arcos (Kuchenbecker et al., 2013, 2016), and (2) in Sao José¢
da Lapa, ~4 m-thick succession of calcareous mudstone at the
base, passing to medium- to coarse-grained calcareous arenite,
composed of angular fragments of limestone and quartz in roughly
equal proportions, interbedded by a ~40 cm-thick lenticular
calcareous conglomerate, composed of subangular to subrounded
sand- to pebble-sized fragments of limestone, sandstone, quartz,
granite and gneiss. Both sections are overlain by a 1 to 8§ m-thick
succession of calcilutite, calcarenite and 1 to 2 m-thick lenticular
calcirudite composed of subangular to subrounded granule- to
pebble-sized fragments of limestone. At Sdo José da Lapa, the
bed geometry shows lenticular shapes for this succession. The
sedimentary succession records a lateral variation of facies that
was marked by an abrupt shift from glacio-fluvial to marine ramp
environments. This transition recorded a retrogradational pattern
of a mixed siliciclastic-carbonate system during a transgressive
system tract that slowly landward progressed on the Sete
Lagoas High, as shown by the erosion surface and the absence
of this sequence in the Caué quarry, Mata Grande quarry, Ilcom
quarry and Sambra quarry. The sequence recorded a middle to
outer ramp system, connected to slope-outer ramp system that
deposited on gravitational flow sediments, oriented N-NE, in
incised valleys. The mixed siliciclastic-carbonate system was
the result of a reorganization of drainage patterns on a carbonate
ramp system that was related to a regional flexure promoted by
reactivation on the Sdo Francisco Craton, generating forebulge
grabens in the basin (Reis & Suss, 2016), possibly coupled with
a glacial-isostatic rebound. Overall sections are marked by the
deposition of 0.3 to 9 m-thick laminar limestone with single to
multiple planar parallel layers of aragonite pseudomorph crystal
fans, overlain by metre-scale alternations of lime mudstone
and massive limestone. The disturbed arrangement of aragonite
pseudomorph crystal fans at Sambra quarry probably recorded
a storm wave base environment in a CaCO, oversaturated deep
middle ramp system under dysoxic/anoxic waters conditions
(Vieira et al., 2007, 2015; Crockford et al., 2018, 2019), which
separated the shallower facies (above storm wave base; middle
ramp) at Caué quarry, Mata Grande and Ilcom quarries from the
deeper facies (below storm wave base; outer ramp) at Arcos and
Sdo Jos¢ da Lapa. However, recent publications proposed that
the aragonite pseudomorph crystal fans were deposited on low
to moderate energy tide- and wave-influenced environments, free
from significant terrigenous supply, along a wide epeiric platform
(Vieira et al., 2015; Okubo et al., 2018). In Arcos, Kuchenbecker
et al. (2013) argued the presence of storm-oscillatory flow
structures in the impure limestone overlying the laminar

limestone that suggest that the carbonate muds were deposited
near storm wave base environments. Similar facies, composed
of thin alternations of lime mudstone and massive limestone,
are observed at Sdo Jos¢ da Lapa. However, no sedimentary
structures related to storm deposits are observed, which indicate
that the sediments were deposited in relatively quiet energy below
storm wave base environment in an outer ramp system. In term
of eustatic sea-level evolution, the marine transgression rapidly
turned off the supply of siliciclastic materials for the production
of carbonate muds on the storm-dominated deep middle and
outer parts of the carbonate ramp system. The maximum flooding
surface was recorded in the shale/mudstone outer ramp facies
in Arcos, that initiated a sea-level highstand stage and the
development of retrogradational-progradational staking patterns
of lime mudstone and massive limestone deposited in a middle
ramp system (Caetano-Filho et al., 2019). At Vespasiano, the
facies succession forms a shallowing-upward sequence, marked
by the deposition of middle ramp sandy limestone that seaward
reworked subtidal-intertidal sands from shallow middle and inner
ramp system.

The sediments at the classic type section of the “Carrancas
Formation” outcrop at km 30 of the MG-424 road at Sdo José
da Lapa are misinterpreted because: (1) the diamictite facies of
the Carrancas Formation is approximately 5 m-thick below the
calcareous conglomerate, which is erroneously interpreted as the
Carrancas Formation, (2) the calcareous conglomerate interbeds
~10 m-thick of sediment gravity flow succession that are semi-
consolidated mixed siliciclastic-carbonate sediments accumulated
on a broad channel or canyon incising the basement — and in
general the envisaged deep-water sedimentary environment,
and (3) the debris flow deposits were occurred during a marine
transgression, which reworked sediments from the proximal
ramp into the basin by sediment gravity flow currents due to the
hydraulic instability created by rapidly increasing water depths.

6.2. Pedro Leopoldo Member: A cap carbonate sequence?

The basal Bambui Group in the Sete Lagoas High shows different
patterns of facies than the carbonate rocks in the Januaria High
(Fig. 7). The basal Bambui Group in the Januaria-Itacarambi
region differs from the facies in the Sete Lagoas High by up
to 100 m-thick tidal flat-like cap carbonate sequence that is
composed, from the base to the top, of 2-5 m-thick massive
to finely laminated pink to white-buff dolostone overlying
by 20-m thick light grey to pinkish-red laminated to peloidal
limestone with single to multiple layers of aragonite crystal fan
pseudomorphs, and 125 m-thick reddish limestone rhythmite

Janudria Basement High

Inner and middle ramp

LST
/

Lime mudstone

HST

Barite
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Polygenic conglomerate
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(diamictite facies)

Sete Lagoas-type cap carbonate sequence
Sete Lagoas Basement High
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l

Figure 7. Idealized cap carbonate
sequence at the Janudria section
area, Januaria Basement High
(data from Caxito et al.,, 2018;
Caetano-Filho et al., 2019)
showing a lateral variation of
facies with the basal Pedro
Leopoldo facies south Sete Lagoas
Basement High. The cap carbonate
sequence shows a deepening-
upward transgressive system tract
formed by tidal flat-like pink-grey
laminated dolostone of shallow
waters, laterally passing to outer-
to-outer-slope ramp calcareous
mudstone and calcareous arenite
in the deeper portion of the basin.
All facies are capped by limestone
with  aragonite  pseudomorph
crystal fans, locally barite, and
laminated limestone accumulated
near a highstand system tract.
Calcarenite and lime mudstone
were accumulated during a sea-
Polygenic conglomerate level highstand. Abbreviations:

(diamictite facies) LST, lowstand system tract; TST,
transgressive system tract; HST,
highstand system tract.
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composed of centimetre-scale calcilutite and marly siltstone,
locally green shale partings, with plane-parallel and crossed
laminations (Fig. 7; Iglesias & Uhlein, 2009; Caxito et al., 2012,
2018; Caetano-Filho et al., 2019). The sequence is capped by
~80 m-thick black laminated calcarenite with chert nodules,
hummocky and crossed laminations (Iglesias & Uhlein, 2009).
The cap carbonate sequence in the Janudria-Itacarambi region
shows a typical carbon isotope signature, with values from -3.8%o
to -4.2%o, that has been interpreted by Caxito et al. (2012) as
an Ediacaran cap dolostone related to the Marinoan glaciation
worldwide. In the Sete Lagoas High, carbon isotope values at
the basal Sete Lagoas Formation displays the same negative
excursion with values close to -4.0%o to -5.5%0 with a recover
to 0%o near the maximum flooding surface (Caetano-Filho et al.,
2019). Regarding the carbon isotope evolution at the base of the
Bambui Group as coeval in age, the cap carbonate sequence in the
Januaria-Itacarambi region displays a lateral variation of facies
in regard to the facies in the north Belo Horizonte region (Fig.
7). In the Sete Lagoas High, the pink dolostone appears to be
missing (no deposition or eroded?), that seaward passes to outer
ramp calcareous mudstone and calcilutite facies. Local gravity
flow sediments developed from the deep outer ramp system
to the toe of a distally steepened slope. Laminated to peloidal
limestone in the Januaria High seaward evolved to storm-
generated middle-outer ramp laminated limestone with single
to multiple layers of aragonite crystal fan pseudomorphs in the
Sete Lagoas High. The pink to red variation of colours probably
reflected the redox conditions in the water column during possible
deglaciation, which occurred stable density stratification with
oxygenated mixed layer and intermediate water near the surface
water and brine-seawater bottom water under suboxic/anoxic
conditions (grey to greenish facies) in the relatively deeper
portion of the carbonate ramp system. The conditions enhanced
the development of barite and aragonite crystal fans in alkaline
oversaturated environments under strong stratified post-glacial
ocean (Crockford et al., 2018, 2019; Okubo et al., 2018). The
transition from sea-level transgressive to highstand sequences was
marked by a maximum flooding surface that recorded the return
of widespread development of carbonate sediments through the
basin. Facies in the Januaria and Sete Lagoas highs appears to be
coeval, and consist of middle to inner ramp laminated limestone,
calcarenite and lime mudstone.

6.3. Interbasinal correlation

The cap carbonate sequence of the basal Bambui Group recorded
a worldwide ultra-greenhouse event that could be correlated
with other basins. In this paper, the basal Bambui Group is
correlated with the post-Marinoan cap carbonate sequences of
the ~635-575 Ma Schisto-Calcaire/Lukala (Sub)Group of the
West Congo Belt in western Central Africa (Gabon, Republic
of Congo or RC, Democratic Republic of the Congo or DRC,
and Angola) (Frimmel et al., 2006; Straathof, 2011; Fullgraf et
al., 2015) and the ~627-570 Ma Araras Group of the Paraguay
Belt in central-western Brazil (Cordani et al., 1978; Babinski
et al., 2006; Romero et al., 2013) (Fig. 8). The West Congo
Belt was connected with the Bambui basin region during the
Neoproterozoic (Pedrosa-Soares et al., 2001, 2008; Alkmim
et al., 2006; Pedrosa-Soares & Alkmim, 2011; Evans et al.,
2016), while the Paraguay Belt was located on the margin of the
Amazonia Craton facing the Kalahari and Congo cratons (Li et
al., 2013). The basal Schisto-Calcaire/Lukala (Sub)Group strata
succession shows significant lateral variations of facies in ramp
settings accumulated during transgressive system tract, including
a wide range of sub-environments such as shallow-water middle
ramp, storm-generated outer ramp, gravity sediment flows and
turbidity currents on steepened slope, and deep water turbidites at
slope toe (Fig. 8A; Alvarez & Maurin, 1991; Alvarez, 1995; Prian
et al., 2009; Thiéblemont et al., 2009; Préat et al., 2011; Mickala
et al., 2015; Delpomdor et al., 2016, 2019). At the base of the
Schisto-Calcaire/Lukala (Sub)Group, a 0 to 15 m-thick pink to
grey, locally buff, thinly laminated peloidal dolostone, similar
to the cap dolostone in the Janudria-Itacarambi region in Brazil,
unconformably rests on the Niari Group conglomerate in Gabon,
which seaward passes to diamictites of the Upper Diamictite
Formation in RC and DRC. In Gabon and RC, the cap dolostone

displays middle to outer ramp facies including stromatolites
and hummocky cross-laminations, giant wave ripples (Préat et
al., 2011; Mickala et al., 2015), while, in DRC, the unit shows
deep-water Bouma-type doloturbidites (Delpomdor et al., 2016,
2019). The transgression ends with the accumulation of outer-
ramp red dolomitic marl to marly siltstone (Prian et al., 2009;
Thiéblemont et al., 2009) and 20 m-thick rust-coloured to
purple deep-water slope-to-outer-ramp rhythmites, composed of
graded muddy dolostone and silty claystone, and Bouma-type
turbidite sequences, composed of graded sandstone and claystone
(Delpomdor et al., 2016), in the proximal and distal portions of
the basin. A sea-level highstand begins with the deposition of 20
to 40 m-thick red-brick silty and dolomitic shale, cross-laminated
pink silty dolostone with thin shale partings, and dolostone with
aragonite pseudomorph crystal fans in Gabon and RC (Prian et
al., 2009; Préat et al., 2011) and up to 100 m-thick red-brick to
green silty and dolomitic shale, siltstone and sandstone that are
capped by brown laminated calcarenite beds with mega-scale
hummocky cross-laminations in DRC (Delpomdor et al., 2016).
In central-western Brazil, the Araras Group shows similar lateral
variations of facies that were accumulated in an inner shelf to
outer shelf, including storm-wave influenced facies, and slope
intraformational breccia during a transgressive system tract
in the aftermath of the Marinoan glacio-marine deposits of the
Puga Formation (Fig. 8B; Sansjofre et al., 2014). A pink to grey
thinly laminated cap dolostone of the Mirassol d’Oeste Formation
including stromatolite, tube-like structures and mega-ripples is
overlain by grey limestone and sandstone of the Guia Formation
comprising multiple layers of aragonite pseudomorph crystal
fans, and dolostone and limestone of the Serra do Quilombo and
Nobres formations respectively (Nogueira et al., 2007; Sansjofre
et al., 2014). Neoproterozoic cap carbonate sequences worldwide
display distinct sedimentological facies such as fine laminations,
tube-like structures, mega-ripples that were accumulated during a
transgressive system tract in the global aftermath of post-glacial
sea-level rise. However, the synchronicity of deposition remains a
matter of debate. Cap carbonates show a lateral variation of carbon
isotope values that vary from place to place. The different °C
variations in the cap carbonates were explained by diachronous
carbonate production related to surface warming, methane release,
and kinetic isotope effects during deglaciation (Hoffman et al.,
2007). Diachroneity was also interpreted as the lateral variation
of depositional environments in a stratified ocean, which higher
83C values occurred in the proximal environment compared to
those in distal settings (Shen et al., 2005; Jiang et al., 2010).
In the Bambui basin, the 33C values in the carbonate sequence
range from -3.8%o to -4.2%o in the tidal flat facies (Caxito et al.,
2012, 2018), from -3.0%o to -6.5%o in the outer ramp facies in the
Januaria High (Caetano-Filho et al., 2019), laterally varying from
-4.0%o to -5.5%o in the deep outer ramp facies in the Sete Lagoas
High, with a recover to 0%o in the middle-inner ramp facies in
the upper portion of the Sete Lagoas Formation in both basement
high domains (Caetano-Filho et al., 2019). In the West Congo
Belt in Central Africa, the cap carbonate sequence of the basal
Schisto-Calcaire/Lukala (Sub)Group shows a similar variation
of 8'°C values related to lateral variation of facies from shallow
to deep environments: (1) from -2.5%o to -4.0%0 in lagoonal
cap carbonate facies from RC (Mickala et al., 2014); (2) from
-2.8%0 to -3.5%0 in storm-generated cap carbonate facies with
a recover to +5.4%o in the middle-inner ramp facies in Gabon
(Préat et al., 2011); (3) from -3.4%o to -5.8%o in the slope-outer
ramp cap carbonate and rhythmite facies with a recover to 0%o in
the inner ramp facies in DRC (Frimmel et al., 2006; Straathof,
2011; Delpomdor & Préat, 2013). In central-western Brazil, the
Araras Group of the Paraguay Belt displays a negative excursion
with 8'3C values close to -10.5%o to -2.7%o and -8.7%o to -4.7%o,
respectively, in the relatively deeper and shallow facies of the
Mirassol d’Oeste Formation (Alvarenga et al., 2004; Font et al.,
2006; Nogueira et al., 2007), that are considered as cap carbonate
deposits, with a recover to 0%o in the tidal flat carbonates of the
Serra do Quilombo and Nobres formations (Nogueira et al., 2007;
Rudnitzki et al., 2016). In regard to these results, the 6"*C values
seem to be dependent of lateral variations of facies and their sub-
environments, which display higher and lower 8"°C values in
the shallower and deeper environments forming a diachronous
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Figure 8. Example of lateral variation of facies in neighbouring basins in the West Congo and Paraguay belts. (A) The basal Schisto-Calcaire/Lukala
(Sub)Group of the West Congo Belt, Central Africa, shows a distinct lateral variation of facies that consists, from the shallower to the deeper portion of
the basin, of storm-generated pink-grey-white laminated dolostone with giant ripples, accumulated on a middle-outer ramp, passing to doloturbidites
and debrites deposited on slope environments. Dolomitic siltstone laterally evolves to deep-water Bouma-type turbidites. (B) The basal Araras Group
of the Paraguay Belt, central-western Brazil, shows similar lateral variations of facies than the Schisto-Calcaire/Lukala (Sub)Group of the West Congo
Belt and the basal Bambui Group. The basal Araras Group were accumulated in an inner shelf to outer shelf, including storm-wave influenced facies,
and slope intraformational breccia during a transgressive system tract in the aftermath of the Marinoan glacio-marine deposits of the Puga Formation.
Abbreviations: ts, transgressive surface; mfs, maximum flooding surface; FRST, forced regressive system tract; TST, transgressive system tract; HST,
highstand system tract. Data for Pengé (Republic of Congo) is referenced in Ackouala, A.-P. & Delpomdor, F., 2014. Mission de terrain dans la région
des boucles du Niari du 13 janvier au 4 février 2014. Communication personnelle. All data are available upon request.
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depositional setting for the cap carbonate sediments.

The basal Bambui Group, represented by the Pedro Leopoldo
Member, recorded relative sea-level fluctuations occurred though
the extensional reactivation of ancient basement structures along
with the tectonically driven forebulge uplift of the Sete Lagoas
High, caused by the compressional movements catalysed by the
Brasilia and Araguai orogenic belts, in the early evolutionary
stages of the Bambui Basin cycle (Alkmim & Martins-Neto,
2001; Martins-Neto et al., 2001; Alkmim et al., 2011; Reis &
Suss, 2016), probably coupled with a glacial-isostatic rebound.
The sea-level rise progressed rapidly, directly after the Marinoan
glaciation, with the deposition of cap carbonate facies on the
shallow portion of the basin, diachronously accumulated with
sediment gravity flows on mixed siliciclastic-carbonate slope-
outer ramp environments as observed at the base of the Pedro
Leopoldo Member at Sdo José da Lapa, then the development
of a CaCO, oversaturated carbonate sedimentation on the basin
margin of the Sete Lagoas High.

7. Conclusions

The Pedro Leopoldo Member, basal unit of the Bambui Group,
in the Sete Lagoas High has been interpreted as shallowing-
upward carbonate sequence that was deposited on a ramp system
probably in the aftermath of the Marinoan glaciation. Our
detailed studies at the Sdo José da Lapa area demonstrates that
the classic Carrancas conglomerate in its type section, located at
km-30 marker of the MG-424 roadway, actually forms a rudite
lens within the basal part of the Pedro Leopoldo Member, instead
of a glaciogenic diamictite deposited before the basal carbonate
sequence of the Bambui Group. Re-examination of the outcrop
section indicates that the succession bears no fabrics typical of
tillites, but represents (possibly post-glacial) redeposited mixed
siliciclastic-carbonate materials on a present-day N-NE-trending
valley or canyon incised on the Archean basement, in submarine
slope-outer ramp environments. In fact, a less than 1 m-thick
diamictite-like facies (in our study LF1), strongly weathered, is
ascribed to the Carrancas Formation, placed beneath the Pedro
Leopoldo Member. This weathered diamictite may be correlated
with similar diamictites located in other places of the southern
Bambui basin, which have been interpreted as lodgement tillite
(Kuchenbecker et al., 2013, 2016; Rocha-Campos et al., 2011)
or gravity flow deposits associated with basement highs and
graben-filling deposits (Tuller et al., 2010; Uhlein et al., 2012).
In our opinion, the Carrancas diamictite of Sdo José da Lapa
was probably formed as a glacially-induced fluvial deposit
in an incised valley on the basement. Overall outcrop sections
in the Pedro Leopoldo Member display a vertical succession
of lithofacies (LF2 to LF8) that records a shallowing-upward
evolution up to 30 m-thick sediment gravity flow succession
(LF2 to LF6) deposited in slope-outer ramp environments at the
base to quiet-energy open marine sediments (LF7 to LF8) below
storm-influenced sediments in an outer ramp environment at the
top. The sediment gravity flow deposits were formed due the
accumulation of instable semi-consolidated clastic sediments
mixed with carbonate muds on the deep outer ramp system, which
produced sliding and sediment gravity flow currents in relatively
deeper waters in a slope ramp system. The sediment gravity flow
deposits observed in our working area in the south Sete Lagoas
High can be laterally correlated to the cap dolostone of shallow-
water origin found in the Januaria High, based on the similarity
of 3"*C trends and values in both basement high domains (from
-4.0%o to -5.5%o in the Sete Lagoas High, and from -3.8%o to
-4.2%o in the Januaria High; see Caxito et al., 2012, 2018; Paula-
Santos et al., 2017; Cactano-Filho et al., 2019). The absence of
a cap dolostone in Sete Lagoas High could be explained by lack
of accommodation space of sediment infill or a regional erosion,
which is due to the tectonically driven forebulge uplift of the
Sete Lagoas High, related to the uplift of the Brasilia and Araguai
belts, initiating the early evolutionary stages of the Bambui basin
cycle (Alkmim & Martins-Neto, 2001; Martins-Neto et al., 2001;
Alkmim et al., 2011; Reis & Suss, 2016), possibly coupled with
a glacial-isostatic rebound. Tectonic movements have initiated
a sea-level rise throughout the basin. The end of the marine
transgression recorded a turn on of the carbonate production with

the deposition of relatively deep-water outer ramp (LF7) and
middle ramp (LF8) environments below storm wave base. The
rate of sea-level rise decrease, followed by calm periods, favoured
the lime mud decantation and the precipitation of aragonite
pseudomorph crystal fans under CaCO, oversaturated dysoxic
waters conditions in a probable stratified post-glacial ocean. A
cap carbonate sequence could show significant lateral variations
of facies, including a wide range of sub-environments that control
the 8"3C variations in shallow- to deep-water carbonate rocks
(Shen et al., 2005; Jiang et al., 2010). According these variations,
the carbonates of the Pedro Leopoldo Member of the southeast
Bambui basin, correlated with the cap carbonate sequences of
the basal Schisto-Calcaire/Lukala (Sub)Group of the West Congo
Belt and the basal Araras Group of the Paraguay Belt, are marked
by a diachronous carbonate production, which displays higher
83C values occurred in the proximal environment, from -3.8%o
to -4.2%o in the tidal flat facies (see Caxito et al., 2012, 2018),
compared to those in distal settings, to -4.0%o to -5.5%o in the deep
outer and slope-outer ramp facies (see Caetano-Filho et al., 2019).
In conclusion, the Pedro Leopoldo Member can be considered
as a part of a cap carbonate sequence that was accumulated in
a brine-seawater bottom waters under anoxic conditions in the
relatively deeper portion of a carbonate ramp system.
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Lithofacies

LF1: Weathered diamictite

LF2: Calcareous mudstone

LF3: Calcareous arenite

LF4: Calcareous conglomerate

LF5: Calcilutite

LF6: Calcirudite

LF7: Laminar limestone

LF8: Massive limestone and
lime mudstone

Plate 1. Lithofacies LF1 to LF8 of the Carrancas Formation and the Pedro Leopoldo Member at the Sdo José da Lapa outcrop section. (A) Orthogneiss
of the Archean Belo Horizonte Complex located few metres above the Sdo José da Lapa outcrop section. (B) Weathered diamictite (LF1) with granitic
clasts of the Carrancas Formation. (C) Undulating contact between calcareous mudstone (LF2) and calcareous arenite (LF3). (D) Up than 40 cm-thick
lenticular conglomeratic interbed (LF4) within the calcareous arenite (LF3). Notice the presence of sand-to pebble-sized clasts of limestone, sandstone,
quartz, granite and gneiss. Orientation directions are discussed in text. (E) Contact between LF3 and LF4 marked by shear zone texture. (F) Photograph
of contacts between the calcilutite (LF5) and calcirudite (LF6), and conformable contact, marked by an erosional surface, between the calcirudite (LF6)
and the laminated limestone (LF7). (G) Blue-grey massive crystalline calcilutite (LF5). (H) Photograph of the conformable contact between LF6 and
LF7. LF6 consists of granule- to pebble-sized clasts of limestone partially supported by calcareous microstylolitic seams of muddy to silty matrix.
(I) Photograph of the SLJ6 outcrop in a N-S profile. (J) Lenticular bed of LF7, and erosive surface at the base with LF6. Sharp to slightly undulating
contact between the laminar limestone (LF7) and lime mudstone-massive limestones (LF8). (K) Autoclastic brecciated level of the LF6 surrounded by
silty to sandy matrix close contact with the massive limestone (LF7). (L) Centimetre-thick successions of irregular alternations of light grey crystalline
limestone and darker crystalline limestone with aragonite pseudomorph crystal fans arranged in growth position (LF7). (M) Centimetre- to decimetre-
thick successions of alternations of coarse-grained crystalline lime mudstone and massive limestone (LFS).





