
Abstract
High-resolution stratigraphic analysis was carried out on tidal microbial carbonates from the middle part of the Lagoa do Jacaré Formation 
from the Ediacaran-Cambrian Bambuí Group in the Ubaí area. In a 41 meter-thick section, sixteen lithofacies and three facies associations 
were interpreted as deposits of supratidal, intertidal, and subtidal settings. The tidal cycles are asymmetric and shallow upward,  the high-res-
olution stratigraphic approach allowed inferences as to short-term and long-term fluctuations of sea level during deposition. The metric tidal 
ranges here described suggest strong tidal currents, which is incompatible with the giant enclosed sea model as an analog for Bambuí deposi-
tion, given that tidal ranges in suc seas are null or less than a few decimeters. Therefore,  we suggest that the Ubaí carbonates were deposited in 
a semi-enclosed epicontinental sea subject to strong tidal forces when the formerly resticted Bambuí Basin reopened probably during depo-
sition of the upper half of the Lagoa do Jacaré Formation, as suggested by previous isotopic data and now reinforced by our sedimentologic 
and stratigraphic field data.
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SPECIAL SESSION

INTRODUCTION
Microbialites are carbonate rocks defined by Burne and 

Moore (1987) as organosedimentary deposits formed from the 
interaction between benthic microbial communities and detrital 
or chemical sediments (Dupraz et al. 2009). Microbialites (or 
microbial mats as their non-lithified equivalent) have high 
chemical gradients, an abundance of phototrophic microor-
ganisms, and stratification of the microbial populations into 
distinct layers (e.g., Van Gemerden 1993, Visscher and Stolz 
2005, Konhauser et al. 2007). These carbonatic rocks have 
been present since the Archean (e.g., Schopf et al. 2007) and 
are common deposits in continental and marine environments 
until today (Myshrall et al. 2010, Vasconcelos and Bahniuk 
2015, Yanez-Montalvo et al. 2020). They are commonly found 
in nearshore environments, often subjected to tidal currents and 
arranged broadly in zones parallel to the coastline. The zona-
tion of microbial mats, stromatolites, and thrombolites has 

generally been related to frequency and intensity of inunda-
tion and desiccation within the littoral zone (e.g., Logan et al. 
1974, Jahnert and Collins 2011).

The purpose of this paper is to analyze the stratigraphic 
record of tidal microbialites and associated carbonatic rocks 
of the Lagoa do Jacaré Formation in the Ubaí area, north of 
Minas Gerais, from a high-resolution systematic approach. 
The deposition of the Lagoa do Jacaré Formation (Bambuí 
Group, Brazil) either occurred in the last million years of the 
Ediacaran Period, near the Ediacaran — Cambrian boundary, 
a time with unprecedented and definitive changes in every 
superficial layer of the Earth (Canfield et al. 2007, Meert and 
Lieberman 2008, Gaucher et al. 2009, Erwin et al. 2011, Och 
and Shields-Zhou 2012, Na and Kiessling 2015, Zhu et al. 
2017). These changes were related to the decreased number 
of microbialite record during the Ediacaran-Cambrian tran-
sition (e.g. Awramik 1971, Riding 2006). This particularity is 
noticed in different sedimentary basins (e.g. Li et al. 2021). It is 
also present in the Bambuí Basin where there was a vast num-
ber of occurrences and of microbialites morphotypes at the 
base when compared to other younger carbonate formations 
of Bambuí Group (Fairchild and Sanchez 2015).

In the last few years, a rise in the number of studies involving 
the Lagoa do Jacaré Formation occurred (Uhlein et al. 2019, 
Cui et al. 2020, Caetano-Filho et al. 2021, Freitas et al. 2021), 
mainly due to the growing attention in highly positive δ13C 
carbonates in Ediacaran successions worldwide (Kaufman 
et al. 2009, Moynihan et al. 2019). This unit registers a highly 
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positive δ13Ccarb excursion with values between +8‰ to +16‰, 
which is associated with the Middle Bambuí positive iso-
tope Excursion (MIBE; Uhlein et al. 2019, Cui et al. 2020). 
The MIBE event is possibly related to the restriction of the 
basin water caused by the advance and uplifting of marginal 
Neoproterozoic-early Paleozoic orogens, as suggested by iso-
topic and elemental data, U-Pb ages and paleotectonic recon-
structions (Reis et al. 2017, Uhlein et al. 2019, Cui et al. 2020, 
Caetano-Filho et al. 2021, Caxito et al. 2021). Despite the 
intensive studies on the Bambuí Group, the origins of the 
MIBE and a putative reopening of the basin to global oceans 
remain unanswered.

Earlier studies on the study area were made on a regional 
scale, therefore, the data presented in this paper is novel in 
terms of high-resolution stratigraphy and cyclicity definition 
of microbial carbonates and associated lithofacies from the 
Lagoa do Jacaré Formation. Therefore, we bring a new point 
of view on the sequence stratigraphic aspects and paleoenvi-
ronmental evolution of tidal microbialites as well as the Lagoa 
do Jacaré Formation. 

GEOLOGICAL SETTING
The Bambuí Group records an extensive foreland basin, 

initiated in response to the diachronic lithospheric overbur-
den experienced by the São Francisco plate caused by the uplift 
of the Brasília (west) and Araçuaí (east) fold belts, during the 
Ediacaran and Cambrian Periods. The basin covers hundreds 
of thousands of square kilometers in the states of Minas Gerais, 
Bahia, Goiás, and Tocantins, in east-central Brazil (Alkmim 

and Martins-Neto 2001, Martins-Neto 2009, Sial et al. 2009, 
Uhlein 2017). The stratigraphic organization in a foreland 
basin is remarkably different according to the distance from 
the fold belts, so the Bambuí Group may be divided roughly 
into three sectors: west, central, and east (Uhlein et al. 2017).

The study area is located on the Januária high-land base-
ment in the east sector, which comprises a mixed carbonate-si-
liciclastic sedimentary succession deposited under conditions 
of low subsidence rates and strong eustatic control (Castro and 
Dardenne 2000, Martins-Neto and Alkmim 2001, Martins and 
Lemos 2007, Reis et al. 2016, Uhlein et al. 2019). In this area, 
the Bambuí Group, is composed from the bottom to the top of 
the Sete Lagoas Formation (limestone and dolomite), Serra de 
Santa Helena Formation, (siltstone and carbonate), Lagoa de 
Jacaré Formation, (reworked carbonate rocks and some micro-
bialite), Serra da Saudade Formation (siltstone, sandstone, and 
carbonate of the Jaíba Member), and Três Marias Formation, 
(arkose and conglomerate) (Uhlein et al. 2019). It is import-
ant to highlight that the basement structures of the Bambuí 
basin performed an important control during the deposition 
of the homonymous group. These are named Januária high-
land basement, Sete Lagoas high-land basement, and Pirapora 
aulacogen, which were identified based on geophysical, field, 
and borehole data. (Magalhães 1989, Alkmim and Martins-
Neto 2001, Zalán and Romeiro-Silva 2007, Hercos et al. 2008, 
Reis et al. 2017; Fig. 1).

U-Pb detrital zircons and chemostratigraphic data sug-
gest that the deposition of the Bambuí Group occurred in 
the Ediacaran (Pimentel et al. 2011, Caxito et al. 2012, Paula-
Santos et al. 2015). Moreover, the occurrence of biomineralized 

Source: geologic maps based on Misi (2001), Heineck et al. (2003), Uhlein et al. (2014), and Reis et al. (2017).
Figure 1. Geological setting and location of the study area in the Ubaí area, north of Minas Gerais state. 
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metazoans most likely associated with Cloudina sp. in the mid-
dle of the Sete Lagoas Formation, strongly suggests a depo-
sition at the end of the Ediacaran Period (Warren et al. 2014, 
Uhlein et al. 2019). More recently, zircon grains from a tuff layer 
in the Serra da Saudade Formation (Moreira et al. 2020) and 
Treptichnus pedum occurrences in the Três Marias Formation 
(Sanchez et al. 2021) extended the depositional history of the 
upper Bambuí Group into the Cambrian Period. 

The Lagoa do Jacaré Formation presumably formed  near the 
transition interval between the Ediacaran and Cambrian periods. 
It is described as reworked black carbonate, from grainstone to 
mudstone and rare shale, often presenting well-preserved ooids, 
that were deposited on inner to outer shelf environment (e.g., 
Dardenne 1978, Misi et al. 2007, Freitas et al. 2021). The Lagoa 
do Jacaré Formation is mainly famous for its carbonatic rocks 
with positive values of δ13C, as high as +16‰, regardless of the 
studied section. This interval of highly positive carbon isotope 
values was named MIBE (Middle Bambuí Excursion) and extends 
for around 350 m along the Bambuí Group (Uhlein et al. 2019). 
Recently, Cui et al. (2020) and Caetano-Filho et al. (2021) 
explored the MIBE using a diverse set of geochemical tools 
and, among other hypotheses, they interpreted a methanogenic 

and highly restricted basin during the deposition of the Lagoa 
do Jacaré Formation. There are few microbialite occurrences in 
the Lagoa do Jacaré Formation (Ribeiro et al. 2008, Iglesias and 
Uhlein 2009, Signorelli 2009, Kuchenbecker and Pedrosa-Soares 
2010, Atman 2011, Fragoso et al. 2011). The morphotypes sug-
gest a relation with a small barrier reef and a wave-protected per-
itidal environment (Santos et al. 2018) formed during the end of 
a regional regression trend (Uhlein et al. 2019). On the Januária 
high basement, the Bambuí Group may be subdivided into five 
transgressive-regressive 2nd-order sequences. The second-order 
maximum regression surface is positioned in the middle of the 
Lagoa do Jacaré Formation, where microbialites and other tidal 
like lithofacies dominate and overlaid, there is the beginning of 
a new transgression trend (Uhlein et al. 2019). 

MATERIALS AND METHODS
The sedimentologic and stratigraphic data presented in this 

paper are composed of 27 outcrops located in an area close to the 
Ubaí town, north of Minas Gerais, Brazil (Fig. 1). The dimen-
sions of the study area are 3 km in the east-west direction and 
4,5 km in the north-south direction (Fig. 2). The stratigraphic 

Figure 2. The study area and the location of the 27 outcrops described.

Coordinates UTM zone 23K
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survey scale is 1:20. Due to the vertical continuity, only 25 
vertical profiles were selected to make up the 41 m-thick 
interval of the Lagoa do Jacaré Formation. Lithofacies were 
classified according to the classic works of Dunham (1962), 
Folk (1962), Embry and Klovan (1971), Demicco and Hardie 
(1994); and Riding (2000, 2011). The characteristics of the 
carbonate microfabric observed under the microscope were 
important for the classification of facies. The facies codes are 
similar to the codes proposed by Miall (1977) for river sys-
tems, in which the texture of the lithofacies is presented in 
capital letters and small letters designate the main structure 
present or an important feature. 

According to Embry (1993, 1995) the definition of the 
transgressive and regressive (T-R) cycles allow us to identify 
cycles with different orders in the study’s sedimentary record. 
The regional Bambuí stratigraphic context (e.g., Uhlein et al. 
2019) and classic works in high-resolution stratigraphy (e.g., 
Read and Goldhammer 1988, Goldhammer et al. 1990, Osleger 
and Read 1991) were used for sequence stratigraphic inter-
pretations and basin correlations. The interpretation of the 
stratigraphic cycle was based on general concepts pointed out 
by Catuneanu (2019), but specific works on sequence stra-
tigraphy of phanerozoic tidal plains (e.g., Spence and Tucker 
2007) allowed an assertive interpretation of the sequence’s 
orders. Pratt (2010) points out that, in general, the thickness 
of the tide cycle is proportional to sea-level variations and this 
was crucial to understand the limits of the higher-order cycles 
as well as interpreting short and long-term sea level changes.

PERITIDAL RECORD OF THE LAGOA DO 
JACARÉ FORMATION IN UBAÍ AREA

Lithofacies and depositional processes
Proceeding the detailed description of the outcrops, six-

teen lithofacies were identified (Tab. 1; Figs. 3 and 4) and 
classified into five textural groups: organosedimentary car-
bonates, mud carbonates, heterolithic carbonates, sandy car-
bonates, and conglomeratic carbonates. These groups do not 
correspond to the lithofacies association and they exist just to 
simplify the description process.

Four lithofacies constitute the organosedimentary carbon-
ate group: microbial laminite (ML; Fig. 3A), microbial laminite 
with boudin-like structure (MLb; Fig. 3B), mudstone interlay-
ered with microbial laminite (MML), and thrombolite (TB; 
Fig. 3C). The genesis of this group of carbonates (microbial-
ites) results mainly from the process of organomineralization 
(microbially induced and influenced mineralization) (Dupraz 
et al. 2009). It is related to the metabolic activity of the syner-
gistic associations of a microbial mat, and the complex interac-
tions between these biofilms and their surrounding environ-
ment can result in the production of microbialites lithofacies 
(Riding 2011, Bosak et al. 2013, Vasconcelos et al. 2014). 

The ML and MLb facies are characterized by their inter-
calated light and dark layers. The lightest colored layers are 
mainly made up of mudstone and rarely wackestone or grain-
stone, with peloids as the main component. The dark layers 

have a relatively larger amount of clay minerals, micas, quartz, 
and carbonaceous matter. Framboidal pyrite and calcite-filled 
birds-eye structure (Figs. 5A and 5B) are common features 
of the ML and MLb facies, that are most likely the result of 
metabolic activities of microbial mats, responsible for organic 
matter remineralization, pyrite formation, and CaCO3 precip-
itation, among many other processes, (e.g., Visscher and Stolz 
2005, Konhauser et al. 2007). 

The MLb lithofacies stands out due to the sedimentary 
boudinage structure, the result of differential compaction of 
patchy carbonate deposits. These deposits form irregular, closely 
spaced structures caused by a disruption of layers by stretching. 
Therefore, we can observe microfractures, microfaults, dom-
ino-like features, and lateral discontinuities (Fig. 5A) on thin 
sections. It is important to highlight that they are often asso-
ciated with tepee and likely evaporite pseudomorphs (Fig. 6). 
Therefore, these microfabric aspects could also be related to 
salt precipitation. 

The mud carbonates group consists of massive mudstone 
(MUD), mudstone with shrinkage cracks (MUDdc), and 
mudstone with syneresis cracks (MUDsc). The mud carbon-
ates contain a small portion of allochems, which can reach up 
to 5%, but their distribution is not restricted to preferential 
levels. Peloids have diameters ranging from 0.03 to 0.1 mm, 
and the frequent presence of framboidal pyrite and fenestrae 
filled with sparry calcite shows a plausible organosedimentary 
influence on the deposition of mudstones.

The group of heterolytic carbonates consists of carbonates 
with lenticular bedding (Hlb; Fig. 4B), as well as low angle 
cross-lamination (Hcl; Fig. 4D). The lenticular bedding struc-
ture is formed by the intercalation of peloidal (diameters from 
0.03 to 0.1 mm) sand carbonate interspersed with mudstone. 
The low-angle cross-lamination structure of some heterolytic 
carbonates is formed by the alternation between layers pre-
dominantly composed of calcitic mud and others with idio-
topic mosaic of euhedral dolomite rhombs. The dolomitized 
levels were fundamental for demarking a primary sedimentary 
structure. However, it is not possible to identify the primary 
attributes of that level, so it is unknown whether the dolo-
mitized levels would be wackestone, packstone, or grainstone 
and which allochems compose these levels.

Five facies constitute the sandy carbonate group: mas-
sive packstone (PCK), packstone with horizontal lamination 
(PCKhl; Fig. 4A), packstone with low-angle cross-lamination 
(PCKcl; Fig. 4C), packstone with current ripple (PCKcr), and 
packstone with swaley cross-stratification (PCKscs; Fig. 4F). 
The sandy carbonates contain 50 to 60% of allochems com-
posed mainly of peloids with diameters ranging from 0.06 to 
0.2 mm dispersed in a locally micritic recrystallized matrix. 
In bedded packstones intercalations of packstone and wacke-
stone layers often occur (Fig. 5C). The wackestone layers are 
characterized by 15 to 25% of peloids with diameters ranging 
from 0.3 to 0.13 mm, dispersed in a micrite matrix.

The group of conglomeratic carbonates is composed of 
floatstone (FLT; Fig. 4E) and rudstone (RUD), all showing 
a lenticular geometry. On the thin sections, these lithofacies 
are mainly composed of fine peloid grains. The coarse sand to 
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pebble-sized grains and clasts are compound by poorly pre-
served ooids (Fig. 5F), intraclasts of mudstone, packstone 
(Fig. 5D), and microbial laminite (Fig. 5E). The intergranular 
part is filled mainly by micrite matrix and in some portions, 
by sparry cement. 

Lithofacies successions
The Lagoa do Jacaré Formation deposits in the Ubaí area, 

are composed of vertically-stacked microbial laminite, mud 
carbonate, packstone, heterotithic carbonate, and carbonatic 
conglomerate. All of these could occur in different propor-
tions through the succession, and may show different facies 

relationships between them. As a result, an array of different 
possible facies stacking patterns can be observed, which have 
been analyzed thoroughly in the 25 detailed columnar sec-
tions measured in the best exposed stratigraphic interval of 
the study area (Fig. 7).

The peritidal carbonate environment of the Lagoa do 
Jacaré Formation in the Ubaí area was a mud flat with spread 
microbial mats. Tidal channels and related deposits composed 
of packstone, floatstone and rudstone occur across this envi-
ronment. These related deposits are formed when a stream 
breaks its natural or artificial levees and deposit sediments 
in this mud tidal plain. Therefore, this record can be divided 

Table 1. Lithofacies: Macroscopic characterization and Interpretation.

Facies 
Code Lithofacies Sedimentary 

structure Petrographic Characterization Depositional processes

ML Microbial Laminite Laminated or 
thinly bedded Mudstone and microbial mat intercalation organomineralization, trapping 

and binding

MLb
Microbial Laminite 
with boudin-like 
structure

Laminated or 
thinly bedded 
with sedimentary 
boudinage

Mudstone and microbial mat intercalation with 
boudin-like structure some layers

organomineralization, trapping 
binding, desiccation, and 
differential compaction of 
patchy deposits

MML
Mudstone 
interlayered with 
Microbial laminite

Laminated with 
little lateral 
continuity

Thick and discontinuos laminated microbial 
mat in mudstone

organomineralization, trapping 
and binding

MUD Mudstone _ Massive gray mudstone organomineralization and 
carbonate mud precipitation

TB Thrombolite Clotted texture Microbialite with clotted texture organomineralization, trapping 
and binding

MUDdc Mudstone with 
desiccation crack Shrinkage crack Mudstone with shrinkage cracks that is filled 

with carbonate sand or microbial mat

organomineralization, 
carbonate mud precipitation 
and desiccation

MUDsc Mudstone with 
syneresis crack Syneresis crack Mudstone with incomplete polygonal pattern 

and with either bird’s foot or spindle shape
Salinity changes and osmotic 
effects

HClb
Heterolithic 
carbonate with 
lenticular bedding

Lenticular 
bedding

Light gray mudstone with dark fine gray 
carbonate sand lenses

Fluctuations in sediment 
supply or intensity of current 
activity

HCcl
Heterolithic 
carbonate with 
cross-lamination

Low-angle cross-
lamination

Heterolytic mudstone and dolomite preserving 
the cross-laminations

subaqueous currents in lower 
flow regime in waning flood 
deposits

PCK Massive packstone _ Dark gray carbonate composed of fine-grained 
sand Pseudoplastic debris flow

PCKcl Packstone with 
cross-lamination

Low angle Cross-
lamination

Dark gray carbonate sand with interleaving 
between very fine and fine grains

subaqueous currents in lower 
flow regime

PCKhl
Packstone with 
horizontal 
lamination

Horizontal 
lamination

Dark gray carbonate with interleaving between 
fine- and medium-grained sand layers

subaqueous currents in lower 
flow regime

PCKcr Packstone with 
current ripple

Linguoid current 
ripple

Dark gray carbonate sand composed of very fine 
and fine grains

subaqueous currents in lower 
flow regime

PCKscs
Packstone with 
swaley cross-
stratification

Swaley cross-
stratification

Dark gray carbonate sand composed of very fine 
and fine grains Result of storm waves

FLT Floatstone
Massive and 
lenticular 
geometry

Matrix supported, massive carbonate gravel. The 
matrix is composed of fine gravel and the coarse 
fraction is composed by rounded granules and 
pebbles. Although some may be angular

Pseudoplastic debris flow (low 
strenght, viscous)

RUD Rudstone
Massive and 
lenticular 
geometry

Clast-supported carbonate gravel. The matrix is 
composed of fine gravel and the coarse fraction 
is composed mainly by rounded granules and 
pebbles.

Pseudoplastic debris flow 
(inertial bedload, turbulent 
flow) 
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Figure 3. Lithofacies of the Lagoa do Jacaré Formation; (A) microbial laminite (ML); (B) microbial laminite with boudin-like structure 
(MLb); (C) thrombolite (TB); (D) mudstone with desiccation crack (MUDdc); 

Figure 4. Lithofacies of the Lagoa do Jacaré Formation; (A) packstone with horizontal lamination (PCKhl); (B) heterolitic carbonate with 
lenticular bedding (Hlb); (C) packstone with low angle cross-lamination (PCKcl); (D) heterolithic carbonate with very low angle cross-lamination 
(Hcl); (E) floatstone with angular granules and pebbles (FLT); (F) packstone with swaley cross-stratification (PCKscs) below syneresis cracks.
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Figure 5. Carbonate microfacies of Lagoa do Jacaré Formation. (A) Domino microstructure probable associated with salt precipitation or the 
result of differential compaction of patchy deposits of carbonate. (Lithofacies MLb); (B) Fenestras or birds-eye filled by two generations of 
sparry calcite and framboidal pyrite in a mudstone interlayered by two organic-rich layers (Lithofacies LM and LMb); (C) The sedimentary 
structure of packstones formed by the intercalation of wackestone (in the lower part) layer and packstone (in the upper part) layer ( PCKcs 
and PCKhl); (D) The framework of FLT lithofacies is filled by sparry cement where a packstone intraclast and some peloids are seen (E) 
Microbial laminite intraclast immersed in peloids. (PCK and FLT) (F) Poorly preserved ooid (RUD and FLT).

Figure 6. MLb facies. (A) Occurrence of tepees in the microbial laminites; (B) large calcite crystals probable after evaporite minerals adjoined 
by microbial laminite below and above.
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Figure 7. The stratigraphic panel was made with data collected in the field. It shows the east-west distribution of the stratigraphic survey. 
On the left, the sections are between 573 to 593 meters (the bottom record of the studied interval). On the right, they are between 593 to 
614 meters (the top record of the Lagoa do Jacaré Formation in the Ubaí area). The colored vertical bar on the right of the panels shows the 
lithofacies successions interpretation related to supratidal, intertidal, and subtidal zones.

in subtidal, where the sedimentary processes are subaqueous; 
intertidal, where subaqueous and subaerial processes occur; 
and supratidal, where subaerial processes occur almost exclu-
sively (Tucker and Wright 1990). Although this subdivision is 
definitive in terms of sediment-water interaction, a challenge 

to be surpassed is that the same facies can occur in different 
tidal zones (Fig. 8). After all, there are sedimentary processes 
that can occur in more than one of these sub-environments 
( Jimenez de Cisneros and Vera 1993, Haas et al. 2007, Quijada 
et al. 2020). To aid this type of study, Pratt (2010) developed 
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Figure 8. Facies determined in the field and their occurrence in the different settings of a peritidal environment.

a table-guide to identify sedimentary features and their distri-
bution in the three zones of the aforementioned tidal environ-
ment. Based on this guide, it is possible to create a similar table 
using the lithofacies presented in the current research (Fig. 8). 

There are some diagnostic facies associations that can be 
used to properly identify the tidal settings. The occurrence of 
MLb with MUDdc indicates the supratidal zone, since these 
structures form through desiccation on exposure (subaer-
ial process). The co-occurrence of TB, Hlb, and MUDsc are 
indicative of subtidal zones. The MUDsc form through sedi-
ments dewatering, subaqueous, often resulting from salinity 
changes. The Hlb form through variations of sediment supply 
or intensity of currents in subaqueous environments. The nat-
ural duality presented in the intertidal zone (i.e., subaerial and 
subaqueous processes) makes this zone of arduous identifica-
tion (Tucker 2003), thus the use of a proper stratigraphic panel 
from detailed stratigraphic descriptions is crucial. 

The vertical and lateral relationships of the Lagoa do Jacaré 
lithofacies (Fig. 7) helped to define the intervals of each facies 
association and its repetition through the studied section. 
The repetitive vertical patterns are cyclicity expressions that 
respond to allogenetic mechanisms. On the other hand, the 
patchy lateral facies distribution suggests some variation that 
is most likely linked with autogenic mechanisms related to 
hydraulic factors. These variations occur according to the envi-
ronment’s divisions, and thus the facies arrangement produces 
a vertical succession of facies that can be subdivided into shal-
lowing-upward, decimeter to meter-thick cycles (Pratt 2010, 
Yang et al. 2014, Zhang et al. 2015). Identifying the boundary 

of these shallowing upward cycles was not an easy task, since 
there were a lot of surfaces in the supratidal zone and they are 
related to subaerial exposure. Therefore, in order to evaluate 
the allogenic meaning of these surfaces, we need to analyze 
their lateral continuity and the overlap by facies related to sub-
aqueous processes.

DISCUSSION

Analysis of stratigraphic ciclicity
The stacking pattern of the Lagoa do Jacaré Formation in 

the Ubaí area indicates that the sediments accumulated during 
a marine transgression punctuate higher-order fluctuation in 
relative sea-level (Fig. 9). The minor fluctuations produced 
m-scale cycles is interpreted as peritidal carbonatic cycles in 
shallow, low angle, carbonate ramps ( James 1984, Jimenez de 
Cisneros and Vera 1993, Pratt 2010). 

The peritidal cycles reflected allogenic mechanisms 
that led to the episodic creation of accommodation filled 
by regional progradation, retrogradation or aggradation. 
Spencer and Tucker (2007) show that phanerozoic tidal cycles 
are of the fourth or fifth order. All over the geologic time, the 
overall characteristics of these cycles are similar, as we can 
see in the Mesoproterozoic (Wright and Burchette 1996); 
Ediacaran (Drummond et al. 2015, Caird et al. 2017); Late 
Cambrian (Osleger and Read 1991); Ordovician (Hersi and 
Dix 1999); Early Jurassic (Bosence et al. 2000); and Middle 
Triassic (Peterhänsel and Egenhoff 2008). Catuneanu (2019) 
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Figure 9. Stratigraphic section of the Lagoa do Jacaré Formation in Ubaí area. Facies associations, stratigraphic cycles, and fluctuations in sea 
level during its deposition.

proposes a solution to determine cycle orders without fossil 
content or other evidence indicating a more precise deposi-
tional age. The thickness of the sedimentary package can be 
related with the order of the cycle (Spencer and Tucker 2007). 
Therefore, it was possible to identify one second order hemi-
cycle, two third order hemicycles, three fourth order cycles, 

and seven fifth order or peritidal cycles in the Lagoa do Jacaré 
Formation (Fig. 7).

Fifth order: asymmetrical tidal cycle
From a detailed facies analysis and defining tidal zones for 

each facies association, we identified seven shallowing-upward 
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tidal cycles. A theoretical and ideal tidal cycle (Fig. 10) in 
higher sea level fluctuation (c.Xhf) begins with conglomer-
atic and sandy carbonates interspersed by MUDsc, Hlb, ML, 
MML, and TB from the subtidal zone. Above this cycle, a shift 
is observed as more frequent beds of microbialite, mudstone 
and some subaerial exposure surfaces appear, while conglom-
eratic and sandy carbonate become less frequent. This shift is 
interpreted as a shallowing trend from sandy subtidal to muddy 
intertidal deposits. Finally, the theoretical tidal cycle culminates 
in a progressive and significant increase in the abundance of 
microbialite beds, mudstones and subaerial surfaces deposited 
in a supratidal zone (lithofacies MUD, MUDdc, MML, ML, 
MLb and some thin sandy bodies). The other idealized tidal 
cycle formed during lower sea level fluctuation (c.Xlf)  is sim-
ilar to c.Xhf with the exception of not recording the subtidal 
zone and its lithofacies associations. The largest content of 
organosedimentary lithofacies could be related to less rework-
ing of these lithofacies and the most suitable conditions for 
the action of organo-sedimentary processes. 

The fifth order cycles identified in this work show that 
the supratidal lithofacies association from a previous cycle 
often abruptly gives place to the subtidal zone of the following 
cycle (and no facies changes clearly demonstrate a progressive 
drowning) (Fig. 9) Therefore, the transgressive events were 
considered as non-recorded due to either fast reworking or 
non-deposition. Thus, we interpret the tidal cycles as asym-
metric. The thicknesses of each fifth order cycle were used to 
estimate the sea-level fluctuations, that could theoretically yield 
an approximate measure of the tidal range when the eustatic 
level suffers only small changes (Masse et al. 2003, Pratt 2010). 
Thus, even without the transgressive record, the short-term 
sea-level fluctuations can be inferred (Fig. 9).

c.X: an idealized tidal cycle; C.Xhf: idealized cycle in higher sea level fluctuation; c.Xlf: idealized cycle in lower sea level fluctuation.
Figure 10. Idealized tidal cycles based on the lithofacies identified in the field and their distribution in the different sub-environments. 

Each fifth-order tidal cycle in Fig. 9 is named with a low-
ercase “c” added to a number from 1 to 7. The seven identified 
shallowing upward tidal cycles have thicknesses ranging from 
8 to 4 meters and as mentioned, due to the constant stack-
ing of regressive intervals without intermediate transgressive 
trend, the tidal cycles are bounded between each other by 
amalgamated maximum regressive and maximum flooding 
surfaces. To simplify, we chose to designate these boundaries 
as regressive surfaces. 

Fourth order T-R cycles
There are three fourth-order cycles. To name and iden-

tify each fourth-order T-R cycle, we use the lowercase “c” 
and a roman number from I to III (Fig. 9). The fourth-order 
cycles respond to longer-term fluctuations in sealevel and 
must be analyzed from a critical evaluation of the fifth-order 
tidal cycles. The thinning of the c1, c2, and c3 tidal cycles, the 
clear increase in the number of microbial laminite beds, and 
subaerial exposure surfaces toward the c2 and mainly the c3 
cycles, are likely the result of a normal regression and progra-
dation, which reduces the accommodation and proportionally 
increases the occurrence of facies related to inter and supratidal 
zones. From the upper c3 to the upper c5, the tidal cycles are 
arranged in a thickening-upward profile corresponding to a 
fourth-order transgression. The fact that c5 records the thick-
est tidal cycle and with a thick subtidal zone that was absent 
in c4 and c3 is noteworthy. The termination of the c5 is also 
marked by the absence of once common mud cracks and the 
low number of microbialite beds, suggesting an end to the tidal 
cycle in a slightly deeper environment than the previous ones. 
The consequence is the coincidence of a fourth-order maxi-
mum flooding surface (end of c.II) with the culmination of the 
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c5 tidal cycle.  The tidal range (i.e., cycle thickness) from c5 
to c6 decreases, and the upper c6 is marked by thick beds of 
MLb, other microbial laminites, a high number of beds with 
mud cracks, and evaporite pseudomorphs. Thus, a fourth-or-
der regressive cycle is coincident with the fifth-order tidal cycle 
of c6. The c7 is an incomplete cycle, but the thicker subtidal 
zone and the greater occurrence of conglomeratic carbonates 
and packstones suggests that a new transgression initiates 
after the last fourth-order regression. Therefore, c1, c2, and c3 
cycles were deposited during a higher-order regression (c.I), 
while c4, c5, and c6 record a complete transgressive-regres-
sive fourth-order sequence (c.II). The c.III cycle is probably 
the initiation of a new upward transgression trend (Fig. 9).

Third and second order hemicycles
The Lagoa do Jacaré Formation in the Ubaí area has a 

clear general transgressive trend. Thick intervals of supra to 
intertidal zones at the base progressively shorten towards 
the top as the subtidal zones thicken. From the base to the 
top, microbial laminites and subaerial exposure surfaces are 
superseded by a higher amount of conglomeratic carbonates 
and packstones. This general transgressive trend is also sup-
ported by two outcrops above the studied interval and close 
to the 620 meters high that denote sedimentation in deeper 
water (upper shoreface; Fig. 11) than the peritidal carbonates. 
The higher-order transgression can be further subdivided into 
two lower order hemicycles, with a maximum regressive sur-
face positioned, where microbial laminites become more fre-
quent (top of the fifth-order c.3 and fourth-order c.I cycles). 
Thus, the general transgressive trend is interpreted as a sec-
ond-order hemicycle subdivided into third-order regressive 
and transgressive hemicycles.

Paleoenvironmental evolution
From the analysis of the different cycle orders, it is con-

ceived that the Lagoa do Jacaré Formation in the Ubaí area 
was a mud flat with spread microbial mats interbedded by tidal 
channel and sand carbonates deposits. The record suggests a 
dynamic coastal environment in terms of shoreline shifts and 
sea level fluctuations. The predominance of delicate microbial 

laminite, mudstone, and the low number of beds reworked by 
currents or waves, suggest peritidal carbonates from a low-an-
gle ramp likely protected by oolitic shoals and microbial reefs. 
Thus, the lithofacies associations may be efficient paleobathy-
metric indicators (Masse et al. 2003). In general, as seen in 
the second-order hemicycle, the entire studied section was 
deposited during a sea level rise. Acording to Uhlein et al. 
(2019), in the Januária area, located 100 Km NE from the 
studied area, the Lagoa do Jacaré Formation initially yields a 
progradation and then a retrogradation of facies. The apex of 
regression is in the middle Lagoa do Jacaré Formation, which 
is marked by the first appearance of microbialite beds and tid-
al-related structures before the deepening of the basin (Uhlein 
et al. 2019). Other studied sections, such as the  KM7-14 of 
Cui et al. (2020) or the Bom Despacho section from Santos 
et al. (2018) present low resolution stratigraphic data in a 
basin scale, and both are located in the southern basin approx-
imately 600 km far south from Ubaí area. Therefore, we are 
able to tentatively correlate the Ubaí section with the begin-
ning of the retrogradation tendency described by Uhlein et al. 
(2019) on the Januária paleo-high. In light of this, the Ubaí 
carbonates likely occur in the middle portion of the Lagoa 
do Jacaré Formation and record the beginning of the sea level 
rise that culminates in the deposition of shales from the Serra 
da Saudade Formation.

Internally to its regional transgression, the third-order shifts 
of the shoreline were seaward and then landward. These are 
responses to the fourth-order change, which in turn is com-
posed of elemental fifth-order tidal cycles variation (Fig. 12). 
A direct correlation is made between the tidal cycle’s thick-
nesses and shoreline shifts. The shortening or lengthening of 
the fifth-order cycles towards the top are related to a seaward 
or landward shoreline shift, respectively. Therefore, during 
the c.1 to c.3 cycles, the shoreline migrates seawards, and the 
tidal current has lower energy. Therefore, we observe a rise in 
organic and mud facies in the carbonate record. On the other 
hand, in c.4 and c.5 the shoreline migrates toward the conti-
nent, and the allochem-rich facies becomes frequent. Similar 
behavior happens in c.6 that migrates seaward, and with c.7 
that migrates toward land (Fig. 12).

Figure 11. Grainstones that occur above the 620-meter height. On the left, in red, the hummocky stratification is highlighted. On the right, 
massive grainstones with weathering features.
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Figure 12. A schematic block diagram showing the paleoenvironmental evolution in a carbonate mud peritidal depositional system. 
Represented in this diagram are the progradations and retrogradations caused by the stratigraphic cycles and the distribution of the main 
lithofacies.

Tidal records in a restricted  
sea: how to reconcile?

The tidal cycles described in the Lagoa do Jacaré Formation 
in the Ubaí area bring the opportunity to discuss former interpre-
tations of a restricted basin setting during much of the Bambuí 
Group deposition (e.g., Martins and Lemos 2007, Martins-Neto 
2009, Uhlein et al. 2019, Cui et al. 2020, Caetano-Filho et al. 
2021). Modern analogs of hundreds of thousands of square 
km enclosed seas, such as the Baltic, Caspian, and Black Sea, 
present strikingly small tidal ranges of less than 23 cm high 
(Levyant et al. 1994, Kulikov and Medvedev 2013, Medvedev 
et al. 2016). Although comprising huge areas on continents, 
these epicontinental seas have much smaller water masses than 
oceans and thus the effects of gravitational forces between Earth, 
Moon, and Sun are almost inexpressive. Stratigraphic analysis 
of ancient restricted basins suggests microtidal influence that 
in some cases are considered virtually non-tidal (Tucker and 
Wright 1990, Pratt 2010, James and Jones 2016). The thick-
nesses of each tide cycle here described are from 4 to 8 meters 
high (average = 6.4 m, n = 5). Thus, the tidal range recorded 
in the Lagoa do Jacaré carbonates in the Ubaí area is dozens 
of times higher than major modern enclosed seas. It is known 
that Precambrian oceans were likely subjected to stronger tidal 
forces due to a shorter distance between the Earth and the 
Moon (Williams 2000, Coughenour et al. 2009). Based on 
different possible Lunar recession rates, by the late Ediacaran, 
the Earth-Moon distance was the equivalent of 56 to 59 Earth 
radii (Williams 1994, 2000, Rodrigues et al. 2019). Once the 
current distance is approximately 60 Earth radii, the mini-
mum and maximum ratios of the past to the present Earth-
Moon distance ranges from 0.933 to 0.983 (6.7 to 1.7% dif-
ference) during the late Ediacaran, which gives increments of 
1.04 to 1.16 times the modern gravitational force responsible 

for Earth tides. By these simple calculations, it is clear that an 
increase in the tidal forces due to a greater proximity between 
Earth and Moon is insufficient to explain macrotides in the 
late Ediacaran restricted basins.

Uhlein et al. (2019) showed a consistent trend of decreas-
ing δ13C values towards the top, from +15 to +6‰, in the 
120 m-thick carbonates of the Lagoa do Jacaré Formation on 
the Januária paleo- high. Such a continuous isotopic shift is 
presumably linked to a progressive change in the basin’s geo-
graphic and/or biochemical scenario towards more open 
ocean conditions (Cui et al. 2020). After a long period of 
basin restriction initiated at the upper Sete Lagoas Formation 
(Paula-Santos et al. 2017), our data suggest that the timing of 
a likely reopening of the Bambuí basin most likely occurred in 
the upper half of the Lagoa do Jacaré Formation. This hypoth-
esis is based on isotopic data from the lower Serra da Saudade 
Formation, yielding lower δ13Ccarb, δ

13Corg, δ34Spyrite and higher 
87Sr/86Sr signals compared with the lower half of the Lagoa do 
Jacaré Formation (Cui et al. 2020). Our novel sedimentologic 
and stratigraphic data reinforce these notions by suggesting a 
likely low-angle carbonate shelf developed on a semi-enclosed 
epicontinental sea, where due to funneling of the water flow, 
strong tidal currents and high tidal ranges act at the shore. 
The recovery from a restricted and highly methanogenic basin 
to a likely more open and oxidant sea water (see the young-
est Bambuí carbonates in Uhlein et al. 2017, 2019, 2021) was 
likely slow and intermittent, with a duration of hundreds of 
thousands to a few million years.

CONCLUSIONS
Due to its particular geochemical dataset and recent inter-

pretations of depositional settings and biogeochemical scenarios, 
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the Lagoa do Jacaré Formation is likely the most enigmatic 
stratigraphic unit of the basin. In this paper, we expanded the 
knowledge of the Lagoa do Jacaré formation by applying a 
high-resolution stratigraphic approach on 41 meters of micro-
bialites and associated carbonatic rocks in Ubaí area, north of 
Minas Gerais. Sixteen lithofacies were grouped into subtidal, 
intertidal, and supratidal depozones of a peritidal environ-
ment and had their stratigraphic arrangement of second-or-
der to fifth-order cycles unveiled and interpreted in terms of 
short and long-term sea level fluctuations. Seven asymmetri-
cal tidal cycles (fifth-order cycles) with an average thickness 
of 6.4 meters were deposited during a regional transgres-
sion (second-order cycle). A correlation between tidal cycle 

thicknesses and tidal ranges on an ancient basin shore is fea-
sible. Thus, the upper Lagoa do Jacaré Formation in Ubaí area 
was likely deposited during a time of strong tidal currents act-
ing on the shore, which is only possible if the Bambuí basin 
was at least partially connected to the global ocean. We inter-
pret a semi-enclosed epicontinental sea for part of the upper 
Lagoa do Jacaré Formation and suggest that a partial reopening 
of the Bambuí basin may have started in the upper Lagoa do 
Jacaré Formation. Our data reinforce the need for high-reso-
lution sedimentologic and stratigraphic field data in order to 
properly understand the unique nature of the middle Bambuí 
units and the geotectonic framework of the basin during late 
Ediacaran and early Cambrian.
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