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A B S T R A C T   

Records of shallow-marine ramps with the mixing of carbonate and siliciclastic sediments are common 
throughout the geological time. All these records have pure carbonate and pure siliciclastic deposits as end 
members, occurring contemporaneously in distinct depositional regions along the ramp, and transitional hybrid 
facies between them. The two end member can mix in different scales and can alternate in time due to climatic 
changes and regressions and transgressions. This work presents a detailed reconstruction of a Mesoproterozoic 
storm-dominated mixed carbonate-siliciclastic ramp composed of hybrid sediments and whithout the presence of 
pure siliciclastic or carbonate deposits, a rare example in the geological record. Based on a high resolution logged 
section (in 1:20 scale) and qualitative thin sections, eleven lithofacies were identified and grouped into three 
lithofacies associations (offshore, offshore transition and shoreface), which are stacked vertically forming a 
transgressive–regressive cycle. This faciological distribution indicates a low relief ramp with wide microbial 
colonization from shallow to relatively deep waters (below storm-wave base level). In offshore low-energy distal 
areas, microbial mats spread laterally over large distances with little or no interference from currents, while in 
the offshore transition the morphology of the bioherms is shaped by currents induced by waves. In turn, the high 
wave energy in the shoreface inhibits the formation of stromatolites, restricting their occurrence to thin layers of 
microbial carpets or intraclastic lags. The mixing occurs in compositional scale and is relatively homogeneous 
along the whole logged interval, independent of the shifts in lithofacies or lithofacies associations. This 
compositional homogeneity is linked to the wide distribution and regularity in the input of siliciclastic sediments 
during the sedimentary accumulation. Strong currents induced by storms allow the transport and mixing of 
siliciclastic sediments with carbonate grains generated in the basin during fair-weather periods.   

1. Introduction 

Mixed carbonate-siliciclastic shallow-marine systems are quite com
mon throughout the geological history. These environments display var
iable mixing and resultant heterogeneity of different scales (stratigraphic, 
stratic and compositional - Mount, 1984; Chiarella et al., 2017). The re
ported examples cover several ages (e.g., Neoproterozoic – Haines, 1988; 
Saylor, 2003; Dibenedetto and Grotzinger, 2005; Paleozoic – Barnaby and 

Ward, 2007; Gomez and Astini, 2015; Labaj and Pratt, 2016; Mesozoic – 
Spalletti et al., 2000; Sanders and Höfling, 2000; Schwarz et al., 2016; 
Cenozoic – Tucker, 2003; Scheibner et al., 2003; Thrana and Talbot, 
2006). The major characteristic shared with all the examples is repre
sented by the presence of pure carbonate and pure siliciclastic end 
member deposits occurring contemporaneously in distinct depositional 
environments of the ramp, and the hybrid sedimentation (Zuffa, 1980) 
dominating in a transitional zone between the two end members (Schwarz 
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et al., 2018). The sedimentary composition of the mixed system is inti
mately associated to the processes responsible for carbonate production 
(skeletal and non-skeletal) and the source area of siliciclastic input in the 
basin. The mixture depends on the hydrodynamic processes acting on the 
coast and how the sediments are distributed. 

The microbialites are common in Proterozoic successions. Their dis
tribution and spatial evolution are influenced by detrital input and the 
depositional settings. Although several studies have illustrated the wide
spread occurrence of stromatolites (Logan et al., 1964; Walter, 1977; 
Awramik and Riding, 1988; Riding, 1991, 2000; Frantz et al., 2015), few 
studies demonstrate how the influx of different sediments (i.e., siliciclastic 
or carbonate) and sedimentary process related to normal and/or storm 
waves control the morphology, distribution and preservation of stromat
olites in Proterozoic mixed carbonate-siliclastic ramp (Hoffman, 1974; 
Beukes, 1987; Haines, 1988; Saylor, 2003). 

This study focuses on a portion of the Caboclo Formation, Meso
proterozoic of Chapada Diamantina, Brazil. Based on a high-resolution 
section (logged in 1:20 scale), and on the qualitative thin section, a 
mixed carbonate-siliciclastic system with a wide distribution of stro
matolites was possibly classified via petrographic analysis. The mixing 
occurs in compositional scale and is relatively homogeneous along the 
whole logged interval, independent of the shifts in lithofacies or lith
ofacies associations. This makes the Caboclo Formation a rather unique 
example in the geological record, since, in most cases, the degree of 
mixing of carbonate and siliciclastic grains is usually considered to vary 
laterally within the same depositional context (Schwarz et al., 2018). 

This paper provide a detailed reconstruction of a Mesoproterozoic 
mixed carbonate-siliciclastic storm-dominated ramp composed entirely 
of hybrid sediments. The specific goals include (i) to define the different 

processes controlling the ramp morphology and the stromatolite distri
bution; (ii) to classify the relationship between the distribution of car
bonate and siliciclastic grains and the process of mixing; (iii) to 
construct a depositional model. 

2. Geological setting 

The Mesoproterozoic Stenian Caboclo Formation, part of Espinhaço 
Supergroup, crops out in central-northern region of São Francisco 
Craton, in physiographic region of Chapada Diamantina Domain on 
Paramirim Aulacogen (Fig. 1A). During Arquean and Paleoproterozoic, 
São Francisco Craton and Congo Craton belonged to the Rodinia Su
percontinent (Brito Neves et al, 1999; Campos Neto, 2000). The Espin
haço Supergroup was deposited after the amalgamation of these two 
cratons at 1.8 Ga and before partial break-up at 0.9 Ga, and is inter
preted as being formed in intracontinental rift-sag basins (Brito Neves 
et al., 1979; Chemale et al., 1993; Martins-Neto, 2000; Alkmim and 
Martins-Neto, 2012; Guadagnin et al., 2015). During the Neoproterozoic 
Brasiliano event, the basin suffered a partial inversion, leading to the 
development of a series of NNW-trending folds and thrust faults 
(Marshak and Alkmim, 1989; Cruz and Alkmim, 2006). 

According to Chemale et al. (2012) and Guadagnin et al. (2015), the 
Espinhaço Supergroup is divided into three 1st-order megasequences, i. 
e., Lower, Middle and Upper Espinhaço (Fig. 1A). Of these, the Upper 
Espinhaço (1.19 to 0.9 Ga) consists of the Caboclo Formation and Morro 
do Chapéu Formation at Chapada Diamantina domain. The Caboclo 
Formation, unconformably overlain by the Morro do Chapéu Formation, 
is paraconformably underlain by alluvial/aeolian deposits of Tombador 
Formation (Middle Espinhaço megasequence). Thus, the Caboclo and 

Fig. 1. (A) Simplified geological map 
based on data from Brazilian Geological 
Survey (CPRM) and key chart with the 
stratigraphy of Chapada Diamantina 
modified from from Guadagnin et al. 
(2015). The map shows the location of 
Morro do Chapéu town and Cristal Cave 
outcrop. The inset shows location of São 
Francisco Craton in Brazil (in black). (B) 
Inside the cave. The lower portion of the 
outcrop. (C) Scarp where the upper 
portion of the outcrop was logged. In B 
and C it’s possible to observe the tabular 
geometry of the sedimentary packages.   
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Morro do Chapéu formations are distinct 2nd-order sequences nested in 
the Upper 1st-order megasequence (Guadagnin et al., 2015). 

The Mesoproterozoic Caboclo Formation was interpreted as a mixed 
siliciclastic-carbonate storm-dominated ramp (Branner, 1910; Pedreira, 
1994) situated at low latitude (Pesonen et al., 2012; Pisarevsky et al., 
2014). This formation consists mainly of siliciclastic (mudstones and 
sandstones) and carbonate to siliciclastic-carbonate deposits named as 
Jacuipe Flint by Branner (1910) and classified as the carbonate interval 

of Caboclo Formation by various authors (e.g., Srivastava, 1988; Rocha 
et al., 1992; Babinski et al., 1993; Souza et al., 2021). Depositional age of 
Caboclo Formation carbonates was dated by radiometric Pb-Pb method 
at 1140 ± 140 Ma (Babinski et al., 1993). 

3. Study area and methods 
The Cristal Cave section is one key natural outcrop that was analyzed in 

detail in this paper, in which the Caboclo Formation presents an excellent 

Fig. 2. Cristal Cave log section with stratigraphic interpretation. The base interval of the section represents the transgressive systems tract (TST), followed by a long 
regressive systems tract (RST), separated by a maximum flood interval. 
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Table 1 
Lithofacies summary.  

Facies Code Description Interpretation 

Massive hybrid 
conglomerate/ 
rudstone 

Gm Matrix- or clast- 
supported, poorly 
sorted, massive 
intraformational sandy 
conglomerate to 
conglomerate. Sandy 
matrix composed of 
fine- to medium- 
grained allochemic 
grains and subangular 
to subrounded, very 
fine- to fine-grained 
siliciclastic particles. 
Intraclasts vary from 
granule to cobble (<10 
cm), subangular to 
rounded, usually with 
elongated tabular 
shape. Oncolites up to 
10 cm. The beds are 
continuous or 
lenticular, < 30 cm 
thick, sometimes with 
normal gradation and 
erosive base (Fig. 4A 
and B). 

Rapid sedimentation of 
coarse sediments from 
turbulent flows. Hyper- 
concentrated gravity 
flows. Post-depositional 
fluidization processes 
obliterating the 
depositional 
stratification. 

Trough cross- 
stratified 
hybrid 
conglomerate/ 
rudstone 

Gt Matrix- or clast- 
supported, poorly 
sorted, trough cross- 
stratified, 
intraformational, sandy 
conglomerate. Sandy 
matrix composed of 
fine- to medium- 
grained allochemic 
grains and subangular 
to subrounded, very 
fine- to fine-grained 
siliciclastic particles. 
Trough cross- 
stratification forming 
sets ranging from 20 to 
30 cm. Intraclasts vary 
from granule to cobble 
(<15 cm), subangular 
to rounded, usually 
with elongated tabular 
shape oriented parallel 
to stratification, 
sometimes imbricated. 
The beds have 
lenticular geometry and 
erosive base (Fig. 4A 
and C). 

Migration of subaqueous, 
sinuous-crested gravel 
dunes under 
unidirectional flow. 

Massive hybrid 
arenite 

Sm Fine- to coarse-grained, 
moderate to poorly 
sorted, massive arenite. 
Granules and pebbles 
are frequent,occurring 
sparsely or 
concentrated at the 
base of the bed. 
Allochemics are fine- to 
coarse-grained and 
siliciclastics are 
subangular to rounded, 
very fine- to fine- 
grained. Tabular or 
lenticular bed < 30 cm 
thick (Fig. 4D). 

Deposition from 
subaqueous hyper- 
concentrated gravity 
flows or resulting from 
post-depositional 
fluidization, obliterating 
the primary depositional 
structure. 

Low angle 
laminated 
hybrid arenite 

Sl Fine- to medium- 
grained, moderately 
sorted arenite, with low 
angle lamination 

Migration of attenuated 
bedforms under the 
influence of critical 
unidirectional currents  

Table 1 (continued ) 

Facies Code Description Interpretation 

(<15◦). Medium- 
grained allochemic 
grains and very fine- to 
fine-grained, 
subangular to rounded 
siliciclastic grains. 
Intraclasts are common. 
Sets < 15 cm, with 
erosive base and flat to 
slightly undulated top ( 
Fig. 4G and H). 

associated with 
oscillatory flows 
(combined flow regime). 

Trough cross- 
stratified 
hybrid arenite 

St Fine- to medium- 
grained, moderate to 
poorly sorted, small- 
scale trough cross- 
stratified arenite. 
Medium-grained 
allochemic grains and 
very fine- to fine- 
grained, subangular to 
rounded, siliciclastic 
grains. Amalgamated 
sets (5 – 30 cm thick) 
with flat to slightly 
undulated top (Fig. 4E). 

Migration of sinuous- 
crested subaqueous 
bedforms under 
unidirectional to 
combined flow regime. 

Ripple cross- 
laminated 
hybrid arenite 

Sr Very fine- to fine- 
grained, moderately 
sorted arenite, with 
small-scale asymmetric 
ripple cross-lamination 
(<4 cm). The climbing 
angle vary from 
subcritical to critical ( 
Fig. 4F). 

Migration of ripples under 
unidirectional lower flow 
regime. 

Swaley cross- 
stratified 
hybrid arenite 

Sscs Very fine- to medium- 
grained, moderately to 
poorly sorted arenite. 
Allochemic grains are 
fine- to medium- 
grained and 
siliciclastics are 
subangular to rounded, 
very fine- to fine- 
grained. Cut and fill 
structures with 
undulated edges, filled 
by small-scale sets 
(<20 cm) of 
accretionary undulated 
lamination, low angle 
lamination and/or 
trough/sigmoidal cross- 
stratification. 
Intraclasts are common 
at the base of the sets ( 
Fig. 4H). 

Migration of symmetric 
bedforms, isotropic to 
anisotropic, with high 
wavelength/amplitude 
ratio in conditions of 
combined flows regime. 
High-intensity storm 
conditions. 

Hummocky cross- 
stratified 
hybrid arenite 

Shcs Fine- to medium- 
grained, moderately to 
poorly sorted arenite. 
Allochemic particles 
are fine- to coarse- 
grained and siliciclastic 
grains are very fine- to 
fine grained. The beds 
vary from 10 to 40 cm 
thick and the thickness 
varies laterally. Top 
surfaces are undulated 
(wavelength from 0.4 to 
2 m). Internally the 
lamination can be 
isotropic undulated, 
scour and drape or 
anisotropic trough cross 
stratification. Wave 
ripples occur at 

Symmetric bedforms, 
isotropic to anisotropic 
with a high wavelength/ 
amplitude ratio under 
high intensity oscillatory 
to combined flow. Wave 
ripples represent the 
attenuation of the flow. 

(continued on next page) 
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exposure. The section is located approximately 30 km SW from Morro do 
Chapéu city in a region with many dolines and caves (Fig. 1A). The lower 
half of the outcrop is inside the cave and the upper half is a scarp on the 
surface (Fig. 1B and C). A 47 m thick sedimentological log (Fig. 2) was 
measured and described bed-by-bed at 1:20 scale. The lithofacies were 
identified via the classical methods of facies analysis (Walker and James, 
1992), according to their texture, sedimentary structures, set geometry and 
lateral transitions. The lithofacies code was based on grain-size (capital 
letters; i.e., sand ‘S’, gravel ‘G’) and sedimentary structures (small letters; i. 
e., massive ‘m’, low angle ‘l’, wave ripples ‘w’), following the scheme 
propoused by Miall (1996). To code the stromatolites was used ‘ST’, fol
lowed by ‘b’ if they are bioherms or ‘h’ if they are horizontally laminated. 
Genetically related lithofacies are grouped into lithofacies associations (or 
belts) that represent sub-environments of a depositional system. 

Sixteen thin sections were prepared from representative samples of the 
lithofacies associations in order to characterize the main features (sedi
mentary structure, texture, fabric, primary and diagenetic composition) 
(Fig. 2). In exception, the sampling of conglomerates not represent the 
heterogeneous composition observed in the entire layer. Since they pre
sent normal grading that command the grain size and composition vari
ations. The thin sections were impregnated with blue dyed epoxy and 
stained with a solution of Alizarin Red S and potassium ferricyanide to 
distinguish the carbonate species (Dickson, 1965). Qualitative petrog
raphy analysis was performed using a Zeiss AXIO Imager 2 microscope 
and the photomicrographs were taken using the ZEN 2012 program. The 
modal composition of arenites was qualitatively measured with compar
ative visual charts and was plotted in a first order diagram following the 
concepts of Zuffa (1980) to define which samples are siliciclastic, hybrid 
or carbonates. The carbonate samples were classified according to Dun
ham (1962) and Embry and Klovan (1971). 

Stromatolites analysis was made in macro-, meso and micro-scale 
(Hofmann, 1973; Awramik, 1991). Field description was based on chart 
of stromatolites structures proposed by Preiss (1976). Petrological de
scriptions were applied to define a detailed genetic classification for 
stromatolites and thrombolites (Riding, 2011). 

4. Lithofacies 

Eleven lithofacies were recognized for the studied interval (Table 1; 
Figs. 3 and 4). The carbonate-siliciclastic compositions of the lithofacies 
were determined by qualitative petrographic descriptions. Composi
tional mixing is present in all lilthological groups, with slightly variable 
siliciclastic/carbonate concentrations. Siliciclastic grains occur as: (i) 
nuclei for oolites; (ii) particles trapped by microorganisms; (iii) free in 
the rock fabric; (iv) constituent of intraclasts (Fig. 3). The lithofacies are 
represented by three different compositions: (i) stromatolites; (ii) hybrid 
arenites; (iii) intraformational hybrid conglomerates and rudstones. The 
main petrographic characteristics of each lithology are detailed below. 

4.1. Stromatolites 

The stromatolites are represented by two lithofacies: bioherms (STb) 
and horizontally laminated stromatolites (STh) (non-columnar stro
matolites sensu Preiss, 1976). They both have carbonate-siliciclastic 
compositions and similar textures in optical microscopy, being better 
distinguished by macroscopical morphology, as can be seen in the lith
ofacies description (Table 1). 

The horizontally laminated stromatolites (Fig. 3A and B) are formed 
by millimetric to centimetric laminations composed mainly of carbonate 
peloids (coalescing to form a clotted texture), siliciclastics, hybrid and 
carbonate intraclasts (oolitic – peloidal grainstones and dolomitized 
mudstones), and rare carbonate ooids. Together with sparry crust 
(Fig. 3B), these laminations create incipient columnar forms, within 
which clotted micrite ghosts are locally present. The siliciclastic phases 
are comprised of monocrystalline quartz, microcline, orthoclase, rare 
undifferentiated rock fragments (low-grade metamorphic rocks or 
chert), tourmaline, muscovite and epidote. Stylolites generally develop 
where the siliciclastic content is relatively high (Fig. 3B) and bordering 
the sparry crusts. The main diagenetic processes include overgrowth of 
continuous and discontinuous quartz and K-feldspar, replacement of 
ooids and carbonate intraclasts by microcrystalline silica, pervasive 
dolomitization modifying primary and diagenetic constituents, as well 
as the cementation of intergranular pores and replacement of heavy 
minerals by diagenetic titanium oxides. According to Dunham (1962) 
and Embry and Klovan (1971), these stromatolites can be classified as 
boundstones. According to Riding (2011), the horizontal stromatolites 
can be classified as sparry crust with grains. In contrast to horizontal 
stromatolites, the bioherms present a pervasive replacement of primary 
phases by dolomite and microcrystalline silica, obliterating the original 
fabric. Parallel and wavy lamina (Fig. 3C and D), delineated by 

Table 1 (continued ) 

Facies Code Description Interpretation 

bedforms limits ( 
Fig. 4I). 

Wave ripple 
cross-laminated 
hybrid arenite 

Sw Fine- to medium- 
grained, moderately 
sorted arenite with 
small scale symmetrical 
to asymmetrical wave 
ripple cross-lamination. 
Sets < 5 cm and 
wavelength from 5 to 
30 cm (Fig. 4G). 

Migration of wave ripples 
under oscillatory to 
combined oscillatory- 
unidirectional flow. 

Bioherm STb Isolated bodies, 0.1 to 
1.3 m thick and up to 3 
m wide, with domal or 
columnar morphology. 
Internally the 
lamination is 
millimetric, smooth and 
continuous to wrinkled 
and disrupted. Internal 
structures of bioherms 
are laterally 
continuous, with simple 
and/or branched 
columns up to 10 cm 
high. Microfabric 
composed of carbonate 
peloids, oolites and 
sparry crusts, and very 
fine- to fine-grained 
siliciclastic grains. 
Intraclasts are common 
at the bases of the 
bioherms, between 
domes or columns ( 
Fig. 4J, K, L and N). 

Organosedimentary 
deposits formed from 
benthic microbial 
trapping and bidding of 
siliciclastic and carbonate 
particles; and from 
bioinduced carbonate 
precipitation. Crusts are 
formed by inorganic 
precipitation. The 
morphology of bioherms 
suggests deposition in a 
relatively high energy 
environment and high 
water column. 

Horizontally 
laminated 
stromatolite 

STh Centimetric to metric 
layers, laterally 
continuous 
(biostromes) and 
horizontally laminated. 
Sparse small domes (<5 
cm) can occur. Smooth 
to wrinkle millimetric 
lamination. In thin 
section, crudely to well- 
defined micro 
lamination 
characterized by the 
alternation of sparry 
crusts, fine-grained 
allochemic paticles and 
very fine- to fine- 
grained siliciclastic 
grains. Intraclasts are 
common (Fig. 4M). 

Organosedimentary 
deposits formed from 
benthic microbial 
trapping and bidding of 
siliciclastic and carbonate 
particles; and of 
bioinduced carbonate 
precipitation. Crusts are 
formed by inorganic 
precipitation.  
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horizontal stylolites and associated sulfides, are composed by silici
clastic (quartz, orthoclase, microcline and muscovite) and undifferen
tiated constituents intensely replaced by dolomite. 

4.2. Hybrid arenites 

The hybrid arenites comprise the Sm, Sl, St, Sr, Sscs, Shcs and Sw 
lithofacies. The arenites are very fine- to fine-grained (Fig. 3E, F, G and 
H), moderately to poorly-sorted, with a grain-supported texture and a 
normal packing pattern. The visualization of the original roundness of 
the siliciclastics (subangular to subrounded) is hindered by the contin
uous and discontinuous quartz and K-feldspar overgrowths (Fig. 3H). 
The primary constituents are composed of carbonate ooid (with quartz 
as nuclei) and peloids, carbonate and hybrid intraclasts, monocrystalline 
quartz, orthoclase, microcline and plagioclase. In contrast, heavy min
erals such as tourmaline, monazite, epidote, rutile, staurolite, zircon and 
titanite, and undifferentiated rock fragments (chert and low-grade 
metamorphic rocks) are rare in the analyzed samples. The proportion 
of primary constituents varies from 30 to 70% of siliciclastics when 
compared to carbonate particles. According to Zuffa (1980), these per
centages allow to classify the samples as hybrid arenites. The main 
diagenetic processes are the overgrowth of quartz and K-feldspar, 
pervasive dolomitization and later silicification that replaces the pri
mary constituents and fills the primary and secondary porosity (Fig. 3H). 

Selective dissolution in the ooids, horizontal discontinuous stylolites 
with blocky pyrite and titanium diagenetic mineral replacing heavy 
minerals are rare. 

4.3. Intraformational hybrid conglomerates and rudstones 

The intraformational hybrid conglomerates and rudstones compose 
the Gm and Gt lithofacies (Fig. 3I, J, K and L). These lithotypes are very 
poorly sorted, with grain- to cement-supported textures and highly 
variable composition, ranging from 2 to 60% of siliciclastics compared 
to carbonate sediments. In some samples, the dominance of carbonate 
and hybrid intraclasts does not represent the heterogeneous composition 
observed in the entire layer. The intraclasts range in size from very 
coarse sand to pebble, rounded, and compositionally consist of oolitic 
grainstones, laminated or massive hybrid arenites, sparry crust and 
microbial in texture. Sometimes, the intraclasts are fractured, replaced 
by dolomite and/or bordered by stylolites. The arenaceous portion of the 
conglomerates are composed of mono- and polycrystalline quartz, 
orthoclase, microcline, plagioclase, chert fragments, rutile, zircon, 
tourmaline, monazite, epidote, biotite, and carbonate ooid and peloid. 
The siliciclastic grains are very fine- to fine-grained and subangular to 
subrounded. As in the case of the hybrid arenites, continuous and 
discontinuous quartz and K-feldspar overgrowths make it difficult to 
visualize the original roundness of the grains. Carbonate ooids (Fig. 3J) 

Fig. 3. Textural characteristics, primary constitu
ents and diagenetic aspects of the main lithological 
groups. (A) Laminations composed by segregated 
levels of carbonate peloids, ooids, hybrid and car
bonate intraclasts, siliciclastics and sparry crusts in 
the horizontal stromatolites. (B) Sparry crust 
(arrow) is overlap by a subsequent siliciclastic level 
with stylolites. Carbonate intraclasts and peloids are 
concentrated in levels with minor dispersed silici
clastic content. (C - D) Parallel and wavy lamina
tions preserved in the bioherms. (E) Very fine to 
fine-grained hybrid arenites, moderated sorted, 
composed mainly by quartz, feldspar and carbonate 
ooids. (F) Slightly deformed carbonate ooids are 
replaced by microcrystalline dolomite. Siliciclastic 
grains are partially replaced by macrocrystalline 
dolomite in the hybrid arenites. (G) Incipient hori
zontal lamination is marked by carbonate and 
hybrid intraclasts orientation in the oolitic hybrid 
arenites. (H) Discontinuous quartz overgrowths 
covering detrital quartz grains (arrow) are common. 
Siliciclastic and carbonate grains are intensely 
replaced by blocky dolomite (dol) and microcrys
talline silica (ms). (I) and (J) Sparry crust and 
micritic intraclasts, carbonate ooids and siliciclastics 
are the main components of hybrid conglomerates 
and intraclastic rudstone. Siliciclastic grains also 
occur as ooid nucleus (arrow). (K) and (L) Granules 
and pebbles of oolitic, micritic and hybrid intra
clasts, and carbonate ooids are the main compo
nents in the hybrid conglomerates and intraclastic 
rudstone. Sub-rounded siliciclastic grains (mainly 
quartz and feldspars) occur dispersed in the fabric 
and inside the intraclasts. All photomicrographs are 
taken in parallel-polarized light, except D and H.   
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and peloids are fine to medium-grained in size, intensely recrystallized 
and replaced by dolomite. 

The diagenetic processes and products are very similar to the hybrid 
arenites, consisting of quartz and K-feldspar overgrowths, intense 
dolomitization and silicification that replaced primary and diagenetic 
constituents and filled pores. Stylolites without preferential orientation 
is common, bordering carbonate and hybrid intraclasts and being 
replaced by blocky pyrite. 

5. Lithofacies associations 

The Caboclo Formation in the study area comprises three lithofacies 
associations identified by distinct proportions between lithofacies 
(Fig. 5): (1) Offshore; (2) Offshore transition and (3) Shoreface. 

5.1. Offshore 

Facies (Fig. 5) – STh (86%); Gm (10%); Sm (3%); Gt (1%). 

5.1.1. Description 
This lithofacies association forms tabular packages up to 5 m thick 

(Fig. 6A and B). It is composed mainly of horizontally laminated stro
matolite (STh), and subordinately of massive hybrid conglomerates 
(Gm), massive hybrid arenites (Sm) or cross-stratification hybrid con
glomerates (Gt). The conglomerates and arenites beds are lenticular and 

0.1 to 0.3 m thick. They intercalate with stromatolites and locally fill 
small erosive structures (Fig. 6C, D, E and F). 

5.1.2. Interpretation 
The dominant presence of horizontally laminated stromatolites 

formed by the trapping of very fine to fine-grained siliciclastic particles 
and sparry crusts with great lateral continuity indicates a low energy 
condition, probably below the storm-weather wave-base, at a depth 
corresponding to the offshore (Reading and Collinson, 1996) or the 
external ramp (Burchette and Wright, 1992). Under fair-weather con
ditions (Fig. 7A and C), microbial mats dominated the seabed. Proximal 
areas were occasionally affected by storm waves (Fig. 7B and D) 
generating resuspension and transport of sediment to the distal portion 
(Aigner, 1982; Tucker, 1982; Myrow and Southard, 1996; Bádenas and 
Aurell, 2001; Myrow et al., 2002; Basilici et al., 2012; Pérez-López and 
Pérez-Valera, 2012; Brady and Bowie, 2017; Collins et al., 2017). 
Lenticular beds of massive arenites and/or massive conglomerates (Sm 
and Gm) are related to hyperconcentrated gravitational flows (storm- 
generated turbidity currents). Besides, storm surge flows carry larger 
volumes of sediments, generating conglomerates bedforms (Gt) under 
combined to unidirectional tractive high-velocity flows (Myrow et al., 
2002; Brady and Bowie, 2017). The alternation between periods of fair- 
weather and storm events (Fig. 7) resulted in the deposition of different 
lithofacies in the offshore sub-environment. Horizontally laminated 
stromatolites accumulated in low-energy periods interspersed with 

Fig. 3. (continued). 
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reworked sediments deposited by high-energy storm-induced currents. 
The absence of sub-aerial exposure features in horizontal stromatolites, 
such as karstic features and paleosols, is indicative of a permanently 
submerged area, reinforcing the interpretation of an offshore context. 

5.2. Offshore transition 

Facies (Fig. 5) – STb (31%); STh (25%); Sw (14%); Sm (11%); Shcs 
(9%); Gm (7%); Gt (2%). 

5.2.1. Description 
This lithofacies association consists of tabular packages up to 2 m thick 

(Figs. 8 and 9). It is composed of bioherms (STb), horizontally laminated 
stromatolites (STh), hybrid arenites with hummocky cross-stratification 
(Shcs), wave ripples (Sw) or massive (Sm), massive hybrid conglomer
ates (Gm) and with trough cross-stratification (Gt). Arenite beds with 
wave ripple lamination usually occurs overlying trough cross-bedded 

conglomerates or hummocky cross-stratified arenites. Sw lithofacies can 
also occur intercalated with horizontally laminated stromatolites. Some 
layers of conglomerates and arenites have great lateral continuity, and can 
be traced for more than a dozen of meters. 

Bioherms are exclusive to this lithofacies association, making up 
columns and domes from 0.1 to 1.3 m thick and lateral extension<3 m, 
which are built from horizontally laminated stromatolite pavement. 
Morphologically they are simple domes with laterally continuous 
lamination or with more complex shapes composed of branched or not- 
branched columnar structures. Internally to bioherms, concentration of 
intraclasts are common (Fig. 8F). The bioherms occur as isolated con
structions (Fig. 8G) or as laterally connected domes, wich are built from 
the same depositional horizon (Fig. 8B, C, D and E). The interdome areas 
were filled by hybrid conglomerates (Gm and Gt) and/or arenites (Sw, 
Sm and Shcs) separated by millimetric or centimetric levels of horizontal 
stromatolites (STh). In some cases, horizontal stromatolites are eroded, 
forming millimetric levels of microbial intraclasts at the base of arenites 

Fig. 4. Examples of lithofacies (see Table 1). (A) 
Gm - massive hybrid conglomerate with normal 
gradation; Gt - Trough cross-stratified hybrid 
conglomerate. (B) Gm - massive hybrid conglom
erate; rounded and tabular shaped intraclasts, 
internally laminated, composing a chaotic fabric. 
(C) Gt - Trough cross-stratified hybrid conglom
erate; stratification marked by the axis orientation 
of the intraclasts (white lines). (D) Sm - massive 
hybrid arenite with sparse and chaotic intraclasts. 
(E) St - two sets of trough cross-stratified hybrid 
arenite. (F) Sr - Ripple cross-laminated hybrid are
nite; note the critical angle of climb. (G) Sl - low 
angle laminated hybrid arenite; Sw - wave ripple 
cross-laminated hybrid arenite. (H) Sscs - Swaley 
cross-stratified hybrid arenite; Sl - low angle lami
nated hybrid arenite. (I) Shcs - hummocky cross- 
stratified hybrid arenite. (J) STb - columnar and 
dome-shaped bioherms. (K) STb - detail of small 
branched columns composing a bioherm. (L) STb - 
small dome-shaped bioherms with laterally 
continuous lamination; massive conglomerate 
filling the inter-bioherms zone and burying them. 
(M) STh - horizontally laminated stromatolite. To
ward the top lamination becomes wavy. (N) STb - 
detail of a small, simple bioherm column; note on 
the left side of the column the disrupted lamination 
and the intraclasts.   
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and conglomerates. Typically, arenites and conglomerates fill the inter- 
bioherms depressions zone, burying the stromatolite buildups and flat
tening the relief (Fig. 8B, C, D and E). 

5.2.2. Interpretation 
This lithofacies association is typical of a context in which rapid and 

intense variations in energy occur in the system. This alternation of 
energetic periods suggests that these deposits were formed in the 
offshore transition (Dott and Bourgeois, 1982; Reading and Collinson, 
1996) or middle ramp (Burchette and Wright, 1992), between the fair- 
weather wave-base and the storm-weather wave-base. 

Hybrid arenites and conglomerates were deposited by storm-related 
flows. The aggradational, isotropic to anisotropic hummocky arenite 
beds (Shcs) are related to oscillatory to combined flow, while trough 
cross-stratified conglomerates (Gt) are deposited as a result of strong 
unidirectional currents developed during storm events (Dott and Bour
geois, 1982; Molina et al., 1997; Dumas and Arnott, 2006; Chen, 2014). 
The massive hybrid conglomerates and arenites deposits (Gm and Sm 
respectively) are related to hyperconcentrated gravitational flows, 
interpreted as storm-generated turbidity currents (Aigner, 1982; Myrow 
and Southard, 1996; Bádenas and Aurell, 2001; Myrow et al., 2002; 
Brady and Bowie, 2017). 

The arenites with wave ripples cross-lamination (Sw) overlying 
trough cross-stratified conglomerates (Gt) and hummocky arenite (Shcs) 

deposits represent the attenuation of the intensity of the storm. The 
storm’s peak energy generates unidirectional or combined flows, 
resuspending sandy sediments, rip-up and transporting clasts from the 
(semi)consolidated substrate, generating erosive surfaces. The decrease 
in storm intensity results in pure oscillatory to slightly combined flows, 
initially depositing Gt or Shcs followed by Sw, representing the waning 
flow stage of a storm (Collins et al., 2017). 

The development of bioherms responds to the dynamics of shallow 
marine depositional processes, growing in a context of relatively high 
water depth and moderate to high wave energy (Andres and Reid, 
2006). In the present case, the bioherms were established over a hard
ground formed by horizontal stromatolites developed during relatively 
long fair-weather periods (Fig. 10A and B). During storm events 
(Fig. 10C and E), the oscillatory flows and storm-induced currents shape 
the stromatolitic morphology and increase the grain availability to be 
trapped by the microbial colony (Logan et al., 1964; Gebelein, 1969; 
Hofmann, 1973; Walter, 1977; Grotzinger and Knoll, 1999; Andres and 
Reid, 2006; Dupraz et al., 2006). The relief between the bioherms was 
filled during storm events until the sedimentation rate exceeds the mi
crobial accretion rate, burying the bioconstructions (Fig. 10E). The 
burial of bioherms can occur by a single storm event or by the stacking of 
multiples events. In cases of multi-events (Fig. 10), periods of fair- 
weather are recorded by the development of thin levels of horizontally 
laminated stromatolites, which separate layers of hybrid arenites and 

Fig. 4. (continued). 
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conglomerates deposited during storm events (Shcs, Sw, Sm, Gm and 
Gt). STh layers were often eroded during the early stages of storm 
events, leaving only intraclastic lags. These multiple events are recorded 
in the bioherms as internal erosive surfaces covered by clastic sediments 
and intraclasts added to the colony and by the disruption and defor
mation of the laminations. 

When the storms were very intense and/or frequent, there was no 
time and conditions to establish a stable substrate through the early 
cementation of microbial mats (hardground), and consequently, bio
herms do not form. Therefore, in these periods, the offshore transition 
was formed by the high-frequency intercalations of hybrid arenites, 
conglomerates and thin layers of horizontally laminated stromatolite 
(Fig. 9). The presence of STh layers with maximum thickness of 0.15 m 
suggests periods of a few years between storm events (Dibenedetto and 
Grotzinger, 2005). The occurrence of bioherms could also be linked to 
open or sheltered areas on the coast. In sheltered portions, the intensity 
with which storms hit the coast was lower compared to open areas. This 
energy difference could result in offshore transition sheltered zones with 
bioherms and open areas without bioherms coexisting laterally. 

5.3. Shoreface 

Facies (Fig. 5) – Sscs (28%); St (22%); Sl (18%); Gt (12%); Sw (8%); 
Sm (6%); Sr (3%); Gm (2%); STh (1%). 

5.3.1. Description 
This lithofacies association forms tabular packages up to 2 m thick 

(Fig. 11), composed of amalgamated sets (<0.3 m thick) of hybrid are
nites with through cross-stratification (St), low angle cross-stratification 
(Sl), swaley cross-stratification (Sscs), wave ripples (Sw) and, less 
frequently, current ripples (Sr). Massive hybrid arenites and conglom
erates (Sm and Gm) are subordinated, and in most cases, it is possible to 
identify an indistinct lamination (faint lamination). Horizontally lami
nated stromatolites (STh), up to 4 cm thick, can occur interlayered with 

hybrid arenites and conglomerate lithofacies (Fig. 11D and E). However, 
stromatolitic levels may have been partially or totally eroded, being 
incorporated as intraclasts at the base of the overlapping layers of are
nites and conglomerates. 

5.3.2. Interpretation 
The occurrence of amalgamated arenite beds composed mainly of 

oscillatory and combined flows structures suggests a high energy 
shoreface or inner ramp environment, above the fair-weather wave-base 
(Dott and Bourgeois, 1982; Burchette and Wright, 1992; Reading and 
Collinson, 1996). Swaley cross-stratification arenites (Sscs) are related 
to storm-generated combined flows in nearshore areas (Dumas and 
Arnott, 2006). However, relatively permanent subcritical to supercriti
cal unidirectional currents occured in the surf zone, forming subaqueous 
dunes (St and Sl) probably associated to rip or longshore currents 
(Fig. 12A and C) (Dott and Bourgeois, 1982; Leckie and Walker, 1982). 
In periods of low energy, microbial carpets colonized the seabed. Ac
cording to Bose et al. (2012), microbial mats can develop in short pe
riods of time (8–12 h), probably linked to intervals of low intensity of 
fair-whether waves (Fig. 12B and D). Increasing the intensity of fair- 
whether waves or during storm events these microbial deposits could 
be partially or totally eroded. 

6. Stratigraphyc cycles 

A large-scale transgressive–regressive cycle was identified in the 
Caboclo Formation in the study area (TR - Johnson and Murphy, 1984; 
Catuneanu et al., 2009), which is characterized by a retrogradational 
stacking pattern at the base and a progradational stacking pattern to the 
top (Fig. 2). The retrogradational trend is represented by an upward 
increase in the proportion of lithologic packages of offshore transition 
and offshore lithofacies associations relative to the shoreface lithofacies 
associations; whereas, the reverse trend occurs in the progradational 
part. The maximum flooding surface (MFS - Posamentier and Vail, 1988) 

Fig. 5. Diagrams showing the percentage of lithofacies in each lithofacies association.  
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is marked by a 3-meter-thick aggradational interval that consists 
essentially of offshore deposits. Although the precise position of MFS is 
not defined, the interval display the inversion of retrogradational to 
progradational stacking pattern. 

In the log section intervals between 0 and 9.5 m and 25 – 34 m 
(Fig. 2), the large T-R cycle can be subdivided into 10 high-frequency 
meter-scale cycles. The high-frequency sequences are composed essen
tially by progradational asymmetrical cycles, with gradual or abrupt 
stacking of lithofacies and bounded by maximum regression surfaces 
(MRS). In this study, the MRS are consistently defined as those that 
represent an abrupt flooding, marked by a vertical shift of lithofacies 
associations from shoreface to offshore or offshore transition and from 
offshore transition to offshore. In cases in which progradational cycles 
are stacked, the MFS coincides with the MRS. Eight of the ten high- 
frequency sequences record a gradual lithofacies successions, consist
ing of 1 to 3 m thick cycles characterized by the overlying of laterally 
adjacent lithofacies associations. Two complete cycle record the shal
lowing from offshore to shoreface. However, incomplete cycles showing 
vertical transition from offshore transition to shoreface or offshore to 
offshore transition may also occur. Two high-frequence sequences, up to 
1.5 m thick, document abrupt lithofacies successions. These cycles are 
composed by the overlying of lithofacies associations that are not 
laterally adjacent, passing sharply from offshore to shoreface deposits, 

without the offshore transition deposits between them. 
The presence of different scales of transgressive–regressive cycles in 

the Caboclo Formation indicates that, similarly to the Phanerozoic, the 
Proterozoic record is also organized in different stratigraphic orders 
(Magalhães et al., 2015). The large-scale transgressive–regressive cycle 
represents long-term variation of the accomodation/sediment supply 
(A/S) ratio, generating a symmetric sequence with equivalent develop
ment of retrogradational and progradational interval. High-frequency 
cycles respond to high-frequency variations in the A/S ratio (Zecchin, 
2007; Catuneanu et al., 2009; Catuneanu and Zecchin, 2013; Magalhães 
et al., 2015). Gradual, high-frequency progradational sequences occur in 
periods of relative sea-level rise or stabilization (normal regression), 
when the A/S ratio is positive, between 0 and 1. Incomplete and abrupt, 
high-frequency progradational sequences, took place in periods when 
the coastline regression occurred in response to a drop in relative sea 
level (forced regression), when A/S ratio < 0. The asymmetric anatomy 
of the cycles, essentially composed of regressive intervals, indicates a 
low-gradient topography of the Caboclo ramp associated with the rela
tively low sedimentary supply during transgressive phases (Cattaneo 
and Steel, 2003; Zecchin, 2007; Catuneanu and Zecchin, 2013). This 
interpretation based on the anatomy of the cycles is compatible with the 
depositional model of the mixed storm-dominated ramp proposed for 
the Caboclo Formation, which will be discussed in detail in Section 7.2. 

Fig. 6. (A) Typical stacking pattern of the 
offshore lithofacies association. (B) Outcrop 
showing the stacking of offshore layers; note the 
lateral continuity of the STh layers and the 
lenticular geometry of the arenites and con
glomerates. (C - D) Photograph and interpretation 
of an interval in which occurs the overlap of 
horizontally laminated stromatolites (STh) with 
small domes, and trough cross-stratified 
conglomerate (Gt). (E - F) Photograph and inter
pretation showing the overlap of horizontally 
laminated stromatolites (STh) and massive are
nites (Sm).   
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7. Discussion 

7.1. Carbonate-Siliciclastic mixing 

The hybrid deposits of the Caboclo Formation present compositional 
mixing that occurs in all layers, with slightly variable siliciclastic/car
bonate concentrations. Siliciclastic sediments occur as: (i) nuclei for 
oolites; (ii) particles trapped by microorganisms; (iii) free in the rock 
fabric; (iv) constituent of intraclasts (Fig. 3). The persistent and homo
geneous composition of the sediments indicates that the terrigenous 
input was relatively constant and that the carbonate precipitation 
occurred simultaneously or almost simultaneously with the continental 
input. Faciological analysis (Fig. 2 and Table 1) suggests fair-weather 
waves and storm events as the dominant processes during deposition. 

The lack of records of continental and coastal deposits does not allow 
the construction of the precise source of the siliciclastic sedimentary 
supply to the basin. However, sedimentological features (sorting and 
roundness of terrigenous grains) allow some inferences about the supply 
of terrigenous sediments (Folk and Ward, 1957; Flemming, 2007, 2017). 
The siliciclastic grains are well-sorted and sub-angular to rounded (Fig. 3), 
indicating selective transport and reworking during long distances. These 
characteristics suggest a sedimentary supply from terminal portions of 

alluvial systems. Siliciclastic input can be linked to transport processes in 
storm periods. Through these events, two mechanisms can contribute to 
the terrigenous sediment input: (i) alluvial and (ii) storm-surge ebb. 
During storms, alluvial systems would have higher discharge, increasing 
the sedimentary supply at the river mouth along the coastline. In addition, 
with the increase in the coastal setup, the siliciclastic sediments accu
mulated in the river mouths were reworked and transported to offshore 
zones. 

During fair-weather periods, siliciclastic grains served as nuclei for 
the formation of ooids and oncoids, under moderate and constant action 
of normal waves. During storms, these allochems were mixed with new 
siliciclastic sediments added to the shoreface, generating hybrid de
posits by the mixture of siliciclastic and carbonate grains. It is important 
to observe that in the studied deposits the size of siliciclastic grains is 
always one or two granulometric classes smaller than the carbonate 
allochems. These deposits with different grain sizes, under the same 
hydrodynamic regime, can be explained by the difference in the density 
of the particles (Allen, 1984; Flemming, 2017; Garzanti, 2017). In the 
hybrid arenites from the Caboclo Formation, the grain size difference is 
promoted by the difference in density between the denser siliciclastic 
sediments with silt to fine sand size and less denser, fine to coarse sand 
size carbonate ooids and oncoids. The lower density of the carbonate 

Fig. 7. Successions of events (A to D) showing the alternation of fair- and storm-weather periods and its associated deposits in the offshore zone.  
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sediments is linked to their microporosity (Flügel, 2004; Hashim and 
Kaczmarek, 2019). According to Sellwood and Beckett (1991), micro
porosity within ooids can vary from 30% (pristine radial) to 50% 
(micritized). This caused the deposition of coarser carbonate particles 
together with finer siliciclastic grains. A clear grain-size segregation is 
recorded only with the gravel fraction (intraclasts), which presents a 
significantly larger weight than the siliciclastic, ooid and oncoid grains, 
concentrating at the base of the normally-graded beds. This does not 
apply to sediments deposited by non-selective processes (i.e. hyper
concentrated flows), in which grain segregation cannot occur. 

7.2. Depositional model 

The absence of rimmed shelves deposits (e.g., carbonate sand shoal 
or reefs and fore-reef talus) and the well-defined offshore, offshore 
transition and shoreface lithofacies associations, indicates that the 
studied interval can be interpreted as a very low-gradient ramp with 
carbonate-siliciclastic sedimentation (Fig. 13). The offshore distal areas 
are represented mainly by horizontally laminated stromatolites (Figs. 6 
and 7). Offshore transition deposits are characterized by the presence of 
bioherms and horizontal stromatolites intercalated with hybrid lith
ofacies generated by the action of storm waves (Figs. 8, 9 and 10). In 
turn, the shoreface portion consists of amalgamated hybrid arenites, 
with combined flow structures, intercalated with thin and discontinuous 

Fig. 8. (A) Typical stacking pattern of the 
offshore transition with bioherms. (B – C) 
Photograph and interpretation. Interval with 
overlap of trough cross-stratified conglomerate 
(Gt), horizontally laminated stromatolites (STh), 
massive arenites (Sm) and bioherms (STb). The 
lateral transition of detrital and microbial lith
ofacies indicates contemporaneous deposition 
between them. (D – E) Photograph and interpre
tation. Bioherms (STb – 1) and the space between 
them (2) filled by horizontally laminated stro
matolites (STh) and arenites (dotted layers) with 
wave ripples (Sw) and hummocky cross- 
stratification (Shcs). (F) Detail of the concentra
tion of intraclasts within a bioherm. (G) Isolated 
dome-shaped bioherm.   
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layers of horizontal stromatolites (Figs. 11 and 12). This faciological 
distribution indicates a storm-dominated carbonate-siliciclastic ramp, 
with wide microbial colonization from shallow to relatively deep waters 
(below storm-wave base level). 

The ramp morphology of the Caboclo Formation is the result of the 
balance between the growth and development of stromatolites and the 
input and distribution of sediments. Stromatolites growth generates 
morphological differences of the substrate, forming millimetric rough
ness at lamina scale and bioherms at macro-scale. In both situations, 
these irregularities are smoothed due to the high rate of sediment 
mobility induced by normal and storm waves, redistributing the sedi
ments along the coast. The intense wave actions inhibit the development 
of a platform edge and prevent the ramp from evolving into a rimmed 
shelf (Dibenedetto and Grotzinger, 2005). 

Stromatolites occur from the shoreface to the offshore zones of the 
mixed carbonate-siliciclastic Caboclo ramp (Fig. 13). The wide distribu
tion and abundance of stromatolites seems to be a feature of the Pre
cambrian (Hofmann, 1973; Knoll and Semikhatov, 1998; Grotzinger and 
Knoll, 1999; Grotzinger and James, 2000; Riding, 2000; Allwood et al., 
2006). The occurrence of stromatolitic deposits of the Caboclo Formation 
is similar to the Early Proterozoic stromatolitic carbonate platform of 
Campbellrand subgroup (Beukes, 1987), the Lower Proterozoic Pethei 
Group carbonate platform (Hoffman, 1974) and the 2.72 Ga stromatolite 
biofacies of Tumbiana Formation (Coffey et al., 2013). In these units 
stromatolitic deposits form thick successions (1,500 m in Campbellrand 
Subgroup; 350 m in Pethei Group) across the entire carbonate platform, 
from shallower to deeper waters environments. In the Phanerozoic, stro
matolites had a more restricted living environment, were less abundant 
and had less diversity of morphological types (Yancey, 1991; Gomez and 
Astini, 2015; Brady and Bowie, 2017). Modern stromatolites are present in 
extreme environments (i.e., springs, hotsprings, hypersaline lagoons, 
alkaline lakes). Exuma Cays in Bahamas is the only current example 
analogous to the Precambrian coast stromatolites, whereas they are 
restricted to a proximal narrow belt of the platform (Reid et al., 1995; Reid 
et al., 2000, 2003; Dupraz et al., 2009; Reid et al., 2011; Bowlin et al., 
2012). 

The large microbial amount and wide distribution observed in 
Caboclo Formation (Fig. 13), as well as in other Proterozoic successions, 

can be linked to two interconnected factors: (i) detrital mud and (ii) 
predators. The absence of mud reduces water turbidity and increases the 
luminosity, generating optimal conditions for the substrate colonization 
by microbial even in relatively deep waters. In addition, microbes were 
the only life in the middle Proterozoic, with no predators that could 
inhibit the development of microbial colonies, allowing the stromatolite 
to occur in different depositional zones of the ramp, as long as there was 
mineral matter and enough light for photosynthesis (Hofmann, 1973; 
Walter, 1977; Awramik, 1991; Riding, 2000, 2011). 

The characteristic morphologies of stromatolites present in each 
lithofacies association in the detailed section of the Caboclo Formation 
are controlled by specific physical parameters (water column, currents - 
e.g., Logan et al., 1964; Walter, 1977; Andres and Reid, 2006; Dupraz 
et al., 2006; Varejão et al., 2019). In offshore low-energy distal areas, 
microbial mats spread laterally over large distances with little or no 
interference from currents (Fig. 7). In the offshore transition, the 
morphology of the bioherms is shaped by currents induced by waves 
(Fig. 10). In times of low energy microbial carpets were established, 
while during storm events these carpets were disrupted and moulded for 
tens to hundreds of years, forming isolated buildings. In turn, the con
stant wave energy on the shoreface inhibits the formation of stromato
lites, restricting their occurrence to thin layers of microbial carpets, 
which in most cases were broken, being incorporated as intraclasts in 
arenites and conglomerates (Fig. 12). 

7.3. Compositional homogeneity in stratigraphic succession 

Mixed carbonate-siliciclastic ramp models indicate variations in the 
degree of mixing in facies scale or on specific facies associations, coex
isting laterally with purely carbonate or siliciclastic deposits (e.g., Mount, 
1984; Sanders and Höfling, 2000; Chiarella et al., 2017; Gomez and Astini, 
2015; Labaj and Pratt, 2016; Schwarz et al., 2018). This variation in the 
degree of mixing reflects a set of controlling factors related to the pro
cesses responsible for the production and deposition of carbonate grains 
and to the processes linked to the input of siliciclastic sediments. These 
processes are variable not only in the dip direction, but also in the strike 
direction, generating depositional models with different trends of spatial 
distribution of facies (Coffey and Sunde, 2014; Labaj and Pratt, 2016; 

Fig. 9. (A) Stacking pattern of the offshore transi
tion without the developmento of bioherms. (B) 
Outcrop showing the stacking of offshore transition 
deposits; note the abrupt transition of a high- 
frequence intercalation of small wave ripples (Sw) 
and horizontally laminated stromatolites (STh) to a 
hummocky (Shcs). (C) Detail of the high-frequency 
intercalations of wave ripples cross-laminated are
nite (Sw – white lines) and horizontally laminated 
stromatolites (STh). (D) Anisotropic hummocky 
cross-stratification arenite (Shcs) transitioning 
laterally to wave ripples arenites (Sw) and over
lapped by massive conglomerate (Gm) with wave 
ripples (Sw) on the top. Sw/STh - High-frequency 
intercalations of wave ripples cross-laminated are
nite and horizontally laminated stromatolites.   
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Schwarz et al., 2016, 2018). The Caboclo Formation in the study area 
differs from other recent and ancient carbonate-siliciclastic ramps, being 
characterized by the homogeneity of hybrid deposits throughout the 
stratigraphic succession (Fig. 2). This compositional homogeneity is 
linked to the wide distribution an regularity of the siliciclastic input 
during the sedimentary accumulation. That is, during the interval studied 
the Caboclo Formation coastal region is characterized by wide alluvial 
plain with multiple poins of sedimentary input that allowed a homoge
neous distribution of sandy siliciclastic sediments. During storms there is 
an increasing in fluvial discharge and, consequently, in sediment load 
transported to the coast. In addition, strong currents induced by storms 
allow the transport and mixing of siliciclastic sediments stored in the river 

mouth bars with carbonate grains generated in the basin during fair- 
weather periods. The very limited presence of silt and clay particles 
allowed carbonate production was not interrupted in different sectors of 
the ramp. That is, a high sedimentary supply, mobility and distribution of 
siliciclastic sandy sediments on a ramp with contemporary carbonate 
production generates the indiscriminate mixture of sediments, making the 
deposit homogeneously hybrid. 

8. Conclusions  

• Eleven lithofacies are grouped in three lithofacies associations: 
offshore, offshore transition and shoreface. All lithofacies are 

Fig. 10. Successions of events (A to E) showing the alternation of fair- and storm-weather periods and its associated deposits in the offshore transition zone 
with bioherms. 
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Fig. 11. (A) Typical stacking pattern of the 
shoreface lithofacies association. (B - C) Photo
graph and interpretation of an interval with 
overlapping of massive conglomerate (Gm), rip
ples cross-lamination arenite (Sr) and swaley 
cross-stratification arenites (Sscs). Note the irreg
ular contact between lithofacies, and the change 
in the agle of climb of the ripples (Sr) from 
subcritical to critical. (D – E) Photograph and 
interpretation of an interval with ripple cross- 
lamination arenite (Sr), horizontally laminated 
stromatolites (STh), massive arenites (Sm) and 
trough cross-stratified conglomerate (Gt). Erosive 
structure (1) filled with massive arenite. (F – G) 
Ripple cross-lamination arenite (Sr) passing up
ward to trough cross-stratification arenite (St). 
Horizontally laminated stromatolite (STh). (H) 
Interval showing shoreface stacking layers.   
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Fig. 12. Successions of events (A to D) representing the alternation of fair-/storm-weather periods and low intensity of fair-weather waves; and its associated 
deposits in the shoreface zone. 
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compositionally carbonate-siliciclastic and stromatolites occur in all 
lithofacies associations.  

• The faciological analysis indicates a low gradient carbonate- 
siliciclastic ramp dominated by the action of normal and storm 
waves, with wide microbial colonization from shallow to relatively 
deep waters environments.  

• The siliciclastic input does not inhibit the carbonate precipitation. 
The terrigenous input and the carbonate precipitation occurred 
simultaneously or almost simultaneously.  

• The large microbial amount and wide distribution is associated with 
the absence of detrital mud and the absence of predators. The 
absence of mud would have reduced the turbidity of water column 
and increased the luminosity, generating optimal conditions for the 
substrate colonization even in the deepest portions of the system. In 
addition, the absence of predators would have allowed the stro
matolite to occur in different depositional zones of the ramp without 
competition. 
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