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Abstract

The Neoproterozoic Schisto-Calcaire Group (630 @0 %80 Ma) was deposited on an extensive
carbonate shelf in the margin of the Congo Cratotné Niari-Nyanga and Comba subbasins (Gabon
and Republic of the Congo). It consists of threda@aate-dominated subgroups (SCI to SCIII, up to
1300 m-thick) recording relative sea-level chanddse SCJFormation, at the upper part of the SCI
Subgroup, is a carbonate succession of meter-shallwing-upward cycles, composed of a standard
sequence of 7 facies grouped in 5 facies assoasatiecording the evolution of a marine ramp from

distal carbonate muds and giant stromatolitic hioise(F1-F2) and extensive ooid shoals (F3), to
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proximal settings submitted to evaporation near abklsa (F7). Fifth-order ‘meter-scale’ (or
elementary parasequences) packages are groupedourtb-order sequences (parasequence sets),
which are not correlative in the whole basin. Tvedegories of fifth-order elementary parasequences
are recognized, on the basis of physical boundinéases: (i) subtidal cycles bounded by marine
flooding surfaces across which subfacies deeped; (an peritidal cycles bounded by subaerial
exposure surfaces. These cycles are the resulteointerplay of relative sea-level changes due to
eustatic variations related to periodic extensideetonic events affecting the whole basin. TheiNia
Nyanga and Comba subbasins experienced basin ietonthe general context of the rifting of
Rodinia creating changes of relative sea-levehin different parts of the shelf. The $Cycles are
enclosed into a third-order sequence with two méjansgressive-regressive phases, related to the
deposition of the SCI Subgroup. The most typicdireentologic feature of the SCFormation is the
deposition of giant stromatolitic bioherms (stackgpdto 20 m) topped by ooid shoals (up to 75 meters
thick) deposited during high systems tract progrgdind forced regressive systems tract phases that
ended with a lowstand systems tract phase withazitappand karstic conditions at the top of the SCI
Formation. The elementary parasequences and pasaseg sets are probably the result of the
migration of lateral environments related to theiation of the energy in relation to tectonic gwiti

As a result, a regional sea-level increase isHerfirst time highlighted in transgressive systeérast
phase (composed of microbial induced sedimentangctsires Facies) in the lower part of the SCI
Formation. The third-order succession can be falbwnore than 100 km in the Republic of the
Congo and several hundred meters from South of Gabahe Lower Congo in the Democratic
Republic of the Congo. Tentative detailed sequestigraphy correlations between both Congo’s

highlight the role of tectonics affecting both aea
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1. Introduction

The Neoproterozoic Era (~1000-540 Ma) was markeddweral catastrophic Snowball Earth-type ice
ages involving short-lived global climate and etistavents (Kirchvink, 1992; Hoffman et al., 1998;
Hoffman and Schrag, 2002). At least three long-INeoproterozoic glacioeras (~715-660 Ma
Sturtian, ~655-635 Ma Marinoan, and ~583-581 Makigas events were widely identified (Young,
1995; Wang and Li, 2003; Allen et al., 2004; Deyxetial., 2006; Hoffman and Li, 2009; Hoffman et
al., 2017). Each event was marked by the depositibrdiamictites, widely distributed on all
continents. The diamictites are commonly overlainai sharp contact by a cap carbonate unit,
interpreted as the result of a sudden switch bagkgreenhouse (Hoffman and Schrag, 2002) climate
related to increase of atmospheric carbon dioxige w volcanic degassing (Hoffman and Schrag,
2002). This latter event caused a rapid post-glan&ine transgression, and the turning on of the
carbonate factory.

However, other works have cautioned that diamietiiee not unambiguous glacial indicators, but
could represent tectonostratigraphic successiomaeid in tectonically-active rift basins as Rodinia
broke apart, thereby demanding caution in direictigrring glacially controlled climatic and eustati
interpretations from such successions (Direen ag,J2008; Eyles and Januszczak, 2004; Arnaud
and Eyles, 2006; Carto and Eyles, 2012; Delpomda.e 2016). In western-central Africa, recent
publications have argued that the post-Marinoaba@ate successions record a marine transgression,
interconnected with diachronous and regional tectqmocesses related to the onset of the pre-
collisional magmatic arc in the Araguai-West Co@ogen, dated around 630 Ma, with an orogenic

climax around 585-560 Ma (Delpomdor et al., 2018,& 2019).
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The aim of our paper is to contribute to the delmtethe deposition of carbonate successions in
western-central Africa, recording a marine transgian after the Marinoan glaciation event. We
propose (1) to re-interpret the deposition of th&.3-ormation in the Niari-Nyanga and Comba
subbasins of the Neoproterozoic West Congo BasW@B), located in the Republic of the Congo,
and (2) to describe the vertical thickness vanegion the cycles and their organization into défer
sequence orders as a result of tectonic and eustethanisms. A particular interest concerns the
hummocky cross-stratification or « HCS » in theitomkhoals, which is reported for the first tinre i
this stratigraphic unit. It should also be notedttthe oolitic shoals are recently intensively ubgd

the cement industry.

2. Geological Setting

The research area concerns exposures along 1,308f Kme western margin of the Congo Craton,
from southwestern Gabon across the Republic of Gobago (RC) to the western part of the
Democratic Republic of the Congo (DRC) to northangola (Fig. 1). The Pan-African West Congo
Belt (WCB) is part of the Aracuai-West Congo Orod@&iMvCO) formed during the Gondwanaland
amalgamation (ca. 550 Ma; Pedrosa-Soares et d8)20n RC, the WCB is subdivided into the
aulacogen foreland and the Mayombe thrust-and#feltt domains, which differ in deformation style
and metamorphic grade. The foreland domain is ceeghaf weakly to unmetamorphosed rocks
unlike those of the thrust-and-fold belt domain.eTVCB comprises several Neoproterozoic
sedimentary subbasins (Tait et al., 2011; Delponashat Préat, 2013; Préat et al., 2011, 2018), here
unified as the NWCB, which is now divided from roiio south into the Niari-Nyanga, Comba,

Lower Congo and North Angola subbasins (Fig. 1)e Niari-Nyanga and Comba subbasins in RC
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are filled with volcano-sedimentary successionshef West Congolian Supergroup (WCS) (Dadet,
1969; Alvarez and Maurin, 1991; Thiéblemont et 2009; Charles et al., 2015; Affaton et al., 2016;
Préat et al., 2018). In RC, the lithostratigrapieianinology of the WCS has been recently modified
by Charles et al. (2015) with, from base to toptl{e rift-related volcano-sedimentary Sounda Group
correlated to the ~1000-930 Ma Nzadi and ~920-9 0 Tdhela/Senke Banza groups (including the
Inga-Lufu- and Gangila-type bimodal magmatism) iR® (Baudet et al., 2013), (ii) the passive-
margin Mayombe Group, stratigraphic equivalentht® Sansikwa and Haut-Shiloango subgroups in
DRC, (iii) the Niari Group formerly called the “Upp Diamictite”, (iv) the shallow marine Schisto-

Calcaire Group, stratigraphic equivalent to the dlakSubgroup in DRC, including a carbonate outer
shelf with nearshore barriers and evaporitic lagoamnd (v) the late-orogenic Mpioka Group (Fig. 2).
The Sounda Group is subdivided into the Nemba, Kaléka and Mvouti subgroups; the Mayombe
Group includes the Mossouva, Lower Diamictite awodila/Bouenza subgroups; the Schisto-Calcaire
Group comprises the SCI, SCIl and SCIIl subgroupadet, 1969; Alvarez and Maurin, 1991,

Alvarez, 1995; Préat et al., 2018; Fig. 2).

3. Geochronology

The absolute age of the WCB is relatively well d¢omised. In DRC, the Sansikwa Subgroup, a
stratigraphic equivalent to the Mossouva Subgrouthe Mayombe Group in RC, is younger than
920-910 Ma (Tack et al., 2001). The Sansikwa Sulqgis intruded by the Sumbi-type dolerite feeder
sills and dykes (De Paepe et al., 1975; Kampunal.ei991). U-Pb determinations on baddeleyite
single-grains from a dolerite sill yielded a cryistation age of 694 + 4 Ma (Straathof, 2011), @e a

younger than the formerly accepted Sturtian agee Tpper Diamictite Formation in DRC
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(stratigraphic equivalent with the Niari Group i€Ris interlayered with basalts of tholeiitic affin
including the Kimbungu pillows and hyaloclastic tec®s. In Gabon, zircons from a tuff in the
metasedimentary Louila/Bouenza Subgroup yielded -BbUSHRIMP age ok 713 + 49 Ma
(Thiéblemont et al., 2009). Detrital zircon geoctology and provenance analysis of the Lower
Diamictite Formation from DRC gave a maximum deposal age of ~700 Ma (Muanza-Kant et al.,
2016) constraining the episodic extensional agtivétcorded on the present-day African side of the
AWCO. Detrital U-Pb single-zircon analysis from thasal contact of the upper formation of the
Haut-Shiloango Subgroup in DRC, stratigraphicalijuigalent with the Louila/Bouenza Subgroup,
points to a maximum depositional age of ~650 Mainffrel et al., 2006). Carbonates of the
uppermost Haut-Shiloango Subgroup were probablysiegrl around 645 Ma, according to near-
primary #Srf®Sr ratios which are similar to carbonates depositeddwide during this time interval
(Frimmel et al., 2006; Poidevin, 2007). Similatarbonates of the Cll unit of the Lukala Subgraup i
DRC, stratigraphic equivalent with the SCII Schi€talcaire Group, were deposited around ~575 Ma
(Poidevin, 2007). Regional metamorphism of the WE€Bonstrained by an Ar-Ar age of 566 + 42 Ma
(Frimmel et al., 2006) in good agreement with tl85-560 Ma orogenic climax of the AWCO in
Brazil (Pedrosa-Soares et al., 2011). Late Parcadritectonics are constrained by an Ar-Ar age of
524.6 £ 4.6 Ma on riebeckite in quartz vein in DRIGckK et al., 2018) and an K-Ar age of 499 + 19
Ma on illite crystallinity analysis from micas itné Mpioka Group (Fullgraf et al., 2015), that is
coeval with 540-490 Ma ages obtained in Angola (Mat al., 2012).

The SC} has never been dated but is younger than the Miewup that is overlain by the cap
carbonates (S@I and is older than the carbonates of the SCligBuip of the Schisto-Calcaire

Group (Fig. 2).



140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

4. M ethodology

Twenty-seven stratigraphic sections were selectatie SCJ Formation from outcrops along roads,
rivers and in the savanna in two key areas of tlzi{Nlyanga and Comba subbasins of the NWCB
(Fig. 3). The thinnest section is 2 meter-thick dimel thickest is 57 meter-thick. Since the sections
have been logged and described close to each stiragtimes in places without localities, it has not
been possible to name them systematically accondirthe geographical locations. The 27 sections
are named from B to Y (Ackouala Mfere, 2017) wittobaMAD8016, MAD8018 and MAD8019. The
sections A and E belonging to the §Giltstones (Table 1) are not considered herejosectG and
MAD®8018 are located in active quarries (Sonocc @itété), section MAD1016 is located in Bitoto,
section MAD8017 is located in an active quarry {&quarry, near Nkayi), and section MAD8019 is
located near the locality of Zanzo (Fig. 3). Therclinates of the outcrops are summarized in Table 1
Up to 500 samples were collected for petrograpldytaim section analysis in order to describe facies
associations. The carbonate classification terrogies of Dunham (1962), Embry and Klovan
(1972), Sibley and Gregg (1987) were employed far tlescription of components, matrix and
cements. The non-skeletal grains (ooids, intraslgstloids, aggregate grains, vadoids), sedimentary

textures and structures were systematically quedtif

5. Facies association and depositional model
The carbonates of the Schisto-Calcaire Group (SCI| and SCIII Subgroups) were described by
Préat et al. (2018). In this paper, we focus onSf§ Formation that we describe and interpret in

terms of depositional environments and sequences.
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The SC{ succession contains five facies associations(lEARAS) that are composed of seven facies
(F1 to F7) defined by their lithologies, sedimenptatructures, textures, fossil contents (microbial
mats) and interpreted as deposited in differenbsiéipnal environments. Facies 3 (F3) is divide in

4 sub-types (F3a,b,c,d) due to the presence osanithe mentioned sub-types. These largely marine
facies associations are described from the deepdabe shallowest settings and are summarized in
Table 2. In this paper, ramp terminology was adbftem Burchette and Wright (1992) with (1) the
outer-ramp below the storm wave base (SWB) in tif€hore; (2) the mid-ramp between the SWB
and the fair-weather wave base (FWWB) in the slaaeetransition and (3) the inner-ramp above the
FWWSB including either high energy shoreface envments and back-shoal infratidal to supratidal

environments (e.g., muddy lagoon, tidal flats, sys)ynn the backshore.

Outer-ramp

5.1. Facies association 1 (FA1)

Description

FALl is represented by homogeneous clayey and lansiftg mudstone (F1) (Figs. 4A,C). The
laminae consist of a subhorizontal, slightly untatg alternation of light and darker layers ofyeg
carbonate siltstones and microbial dome-like (<fith) or microlenticular (up to 2.5 mm) mudstones

respectively (Figs. 4A-C).

Interpretation

FA1 represents Microbial Induced Sedimentary Stmest (MISS;sensuNoffke, 2010). The absence

of ripple marks, hummocky cross-stratification (HC&rosional remnants, mat chips, mat curls, true



184 fenestral fabrics, desiccation cracks and gas deuggests a quiet and deep environment (40-60 m?)
185 in the photic zone. The environment is typical lné ffshore below SWB as for example on the
186  Ordovician continental shelf of the Montagne Nokeance (Noffke, 2000).

187
188 Mid-Ramp

189 5.2. Facies association 2 (FA2)

190 FA2 includes giant reefal stromatolites with stréoetast floatstones (F2) and ooid
191  grainstones (F3a with HCS).

192

193  Description

194  F2 displays a variety of domes, columns and coagesth morphologies forming bioherms
195  and/or biostromes (Figs. 5A-B and D). Reefs, ragmgm sizes from 1 m up to 10 m, are
196 exposed as isolated bodies or stacked in large lesieg Narrow inter-reef areas between the
197 domes, and more commonly between the columns,ileé With stromatoclast floatstones
198  with centimetric-sized and elongated fragments recdias. F3a consists of grey colored
199  oolite grainstones/packstones overlying F2. HCSh wiéntly curved and low angle cross-
200 Ilaminations (< 10°) and swaley cross-stratificasi¢8CS) are associated with F3a (Figs. 6D-
201 G). The oolites, ranging between 4@ and 65Qum in diameter, are spherical, concentric or
202  composite. Monocrystalline calcite or rosettes afrfer sulphate minerals often replace the

203 nuclei.

204 Interpretation
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The giant dome- and cone-shaped stromatolites fbresbaqueously in mid-ramp settings
(Kromkamp et al., 2007; Perkins et al., 2007). @atoclasts suggest wave- and storm-
dominated environments. F2 is locally interstratifiand overlain by cross-stratified oolite
grainstones of facies 3a (see below, Fig. 6H). iHCiBe oolite grainstones (details in section
6.2.) confirms sedimentation between the SWB ard®WWB. Oolites originally formed in
shallow water more likely around 2 m deep (Keitld auppann, 1993) have been later
removed from inner-ramp to the mid-ramp by waveéoactConcentrically laminated oolites
attest high-energy shoals. HCS are the resultasfrstiction (Walker and Plint, 1992) in the
shoreface transition region between SWB and FWWWBdersen, 1985; Bose and Chaudhuri,

1990).

I nner-ramp

5.3. Facies association 3 (FA3)
FA3 includes oolite grainstones/packstones (F3dowit HCS), floatstones/packstones (F3b) and

(dolo)wackestones/(dolo)packstones-grainstones) (F3c

Description

F3a consists of oolitic grainstones/packstones. (FAg overlying or interfering with the bioherms3 F
shows planar stratifications, low-angle to tabudawss-beddings, asymmetrical current ripples and
herringbone cross-beddings (Figs. 6A-B). The oslimre commonly spherical and concentric,
between 40@um and 65Qum in diameter, associated with larger ones (asymienadrtex) up to 2 mm.

Rosettes of sulphate minerals and bipyramidal gquaytstals are present within the oolites.

10



227  F3b includes aggregates (infra-mm to cm lumps aagesgtones; Figs. 7D-F), intraclasts and oolites
228 floating in a microsparitic matrix. Intraclasts agéongated fragments of mudstones or microbial
229 laminites. Oolites are spherical to subsphericgranetric, micritic, and range from 5@@n to 1.5

230  mm in diameter.

231  F3c consists of homogeneous mudstones (Fig. 5petwidal laminar wackestones to grainstones
232  (Fig. 5F) with peloids, oolites or proto-oolitesngular, planar, cross-stratifications and herringbo
233  cross-beddings are common. The mudstone contairite,ppseudomorphs of sulphate minerals,
234  organic matter fragments, detrital quartz, feldspand micas. Replaced acicular rods and nodules of

235  sulphate (anhydrite relics) are present.

236 Interpretation

237  F3a likely formed between 1 to 6 m in water depill enore likely around 2 m-deep (Keith
238 and Zuppann, 1993) in high-energy shoals as attdstehe occurrence of concentric oolites.
239  The shoals were later shortly exposed, as indidayetie presence of large asymmetric ooids
240  or vadoids (Beukes, 1983). Evaporite reflux or higpkne conditions are shown by the
241 growth of sulphate crystals and bipyramidal quavtich are similar to those described by
242  Shukla and Friedman (1981) and by Mamet and P2815). The sedimentary structures in
243  F3a point to waves and tidal currents reworkingtssted by cross-beddings, herringbones
244  and asymmetrical ripples (Chakraborty, 2004; Boalya010).

245  F3b-c were deposited in low- to moderate-energii@hiavaters located behind oolitic barrier
246  complexes (Bathurst, 1971) in the subtidal, intladtiand supratidal lagoonal environments,
247  locally disturbed by storms (Enos, 1983; Tuckealgt1990). The sediments were submitted
248  to hypersaline conditions as shown by the pseudoingoof evaporitic minerals.

11
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5.4. Facies association 4 (FA4)
FAA4 consists of pisoid floatstones (F3d), intrafational conglomerates (F4), laminar detrital

mudstones (F5) and stratiform stromatolites (F6).

Description

F3d consists of pisoid floatstones with asymmetoas (1.5 to 2 mm in diameter), peloids

and remains of microbial mats (Figs. 9A,D). Theojs (2 mm to 5 cm in diameter) are
irregular, elongate or oval (Figs. 9B-C). Desicoatcracks, keystone vugs, pseudomorphs

after anhydrite (even in the pisoid nucleus) amammon. Meniscus and pendular cementation

are observed, pointing to the presence of typieath-rock. Intensive fragmentation formed a
breccia (F4).

F4 is a stratified conglomerate including micrdied centimetric intraclasts with rare ‘ghosts’

of ooids giving a characteristic “puzzle” textur&piny and half moonlike oolites are
common. Desiccation cracks, calcitized laths or uhesl of anhydrite and authigenic
bipyramidal quartz crystals are regularly observed.

F5 is laminar clayey detrital mudstones (Fig. 1@hwletrital content up to 30% (dominant quartz and
feldspars) with alternations of light-colored lamn (silty fine sand to fine silt) and dark-colored
laminae (dominant pyrite). Desiccation-cracks arghnic matter fragments are also associated.

F6 consists of gently wavy, flat-laminations withntld structures (Figs. 5E-F). Laminae consist of
alternation of darker organic-rich (with pyrite inhoids) and lighter organic-poor layers. The matrix

contains dispersed idiotopic dolomite rhombs (up@oum). The laminae are sometimes slightly

12
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slumped and lenticular, deformed by crystallizatainsulphate minerals occurring as microtepees.
Fenestral and crinkled fabrics, and near horizastiakt-cracks associated with vertical mud-craek ar

common.

Interpretation

FA4, including F3d to F6, represents peritidal emvinents submitted to periodic emersions.
F3d is indicative of vadose conditions on high-ggeshoals with development of asymmetric
ooids, pendular and meniscus cements during emerstus environment is similar to the
hypersaline supratidal zone in the Persian Gulfadtarized by abundant pseudomorphs of
anhydrite (Scholle and Kinsman, 1974). F4 represeniow-energy shallow-water upper
intertidal to supratidal environments overprinteg dpisodic subaerial and marine-vadose
diagenesis. Such sediments were sporadically sulojevaporation in hypersaline conditions
as recorded by the precipitation of sulphates (@haa, 1963; Kinsmann, 1969), spiny and
half-moon ooids (Fligel, 2004). Laminae associat@td mud-cracks in F5 point to a low-
energy tidal flat environment in an upper intertida supratidal setting (Hardie, 1977;
Sellwood, 1986; Clough and Goldhammer, 2000). F@tisrpreted as evaporitic-dominated
low ‘algal’ marshes fringing ponds of channeledtfekimilar with the Andros Island,
particularly along the backslope of the levees #rel beach-ridge washovers (Hardie and

Ginsburg, 1977).

5.5. Facies association 5 (FA5)

Description
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FA5 includes only clayey silty carbonates and daldstones (F7). It consists of stratified darkish

microparitized dolomicrite matrix with remnants oficrobial mats (Figs. 11A-C). Slumping and

small-scale folding are observed. Sulphate (antg/dgiypsum and polyhalite?) minerals are common

and consist of lath-shaped and rosette-like agtgegérigs. 11D-E), enterolithic nodules, veins,

collapse breccias and castellated cryssdaguClark, 1980).

Interpretation

FA5points to an evaporitic peritidal environmeimtértidal, temporarily emerged in the

supratidal zone), analogous to the recent littagbons or sabkhas formed under warm semi-

arid conditions, along the Persian Gulf and the isecnean Coast (Patterson and Kinsman,

1981).

5.6. Interpretation of depositional settings (Fi&)

The SC} Formation was deposited in a shallow ramp setgemsuBurchette and Wright, 1992). It

exhibits clayey mudstones, microbial silty muds®reuter-ramp), stromatolite biohermal, HCS

cross-bedded oolitic packstones/grainstones (migpyaand vadose oolitic grainstones with

homogeneous wackestones and laminar microbial tainds, capped by evaporate dolomudstones

(inner-ramp). The sediments were submitted to sglere conditions as shown by the abundant

pseudomorphs of evaporitic minerals.

The outer-ramp was a site of accumulation of tenis clay, silt and carbonate mud with microbial

MISS colonization in the quiet waters of the upp#shore at a depth of around 50 meters (FA1). The

most common mid-ramp facies are typical of shoeefaansition environments with storm-wave
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deposition of HCS oolitic series and giant strorfite® development with inter-reefal stromatoclast
accumulations (FA2). The inner-ramp facies are rbgeneous with high-energy environments in
oolitic sandy shoals, forming a nearshore variadfigctive barrier with lenticular units and low

energy environments in lagoonal settings behindotireier. The inner-ramp facies are located above
the fair-weather wave base from the high-energywlkaod the low energy back-shoal (FA3) to inter-
and supratidal high energy beach proximal backstemeironments with vadose cementation
(meniscus and pendant cements) and planar micraiméé (FA4) passing laterally to the sabkha

environments with hypersaline dolomudstones (FA5).

6. Sequence Stratigr aphy

6.1. Analysis of high-frequency cycles

Sequence stratigraphy based on the recognitionedimentary facies and unconformity surface
relationships have provided a predictive frameworkthe evolutionary history of the SElormation.
The 27 sections (2 m to 57 m-thick) show the réjpetiof complete and incomplete cm to m-scale
sequences. The cyclicity is pervasive throughoait3&8) Formation and generally easy to identify in
the field. Five ‘ideal’ high-frequency shallowing-wcycles (8 order) are recognized in the SCI
Formation (Fig. 13 and Table 3); they are groupetivio main categories: (i) D-cycles (with D for
‘deep’) bounded by marine flooding surfaces, acwiseh facies deepen and (ii) S-cycles (with S for
‘shallow’) bounded by subaerial exposures.

D cycles (2 m to 20 m-thick) are recognized from lkithological curve when a reset of F1 and/or F2
occurs while S cycles do not contain F1 and/orTFi& D cycles are homogeneous, displaying mainly

F1 and F2, their thicknesses are highly variabf@edding of the growth of the stromatolites up to 20
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meters (F2). Evidence for major drowning unconféyrm the SCJ succession is provided by the clay
sedimentation associated with the MISS facies &k, above) and by the development of giant
stromatolites initiating D1 and D2 cycles. The uppart of D-cycles is related to F6 with or without
typical products related to emersion or erosion.

S-cycles are centimetric-decimetric to 5-7 m-thaid show a shallowing-upward evolution, when
complete, near subaerial exposure conditions aaded at their tops. They show evolution from an
oolite shoal to exposure surface associated wsidbha environment: (i) the S1 cycle or ‘ooliteaho
cycle’ starts with F3a-b, (ii) the S2 cycle or ‘taapal cycle’ starts with F3c and (iii) the S3 cyole
peritidal cycle starts with F3d. They contain selsurfaces that can be erosive due to the scoafing
oolite shoals by currents, frequent in shallow-wat@bonates (Tucker and Wright, 1990; Strasser,
2016). The S cycles are rather thinner and hetesmge with a great variability in their facies
composition recording a shallow-water sedimentasiometimes with non-deposition in the supratidal
settings exhibiting numerous ‘hiatal’ surfaces. iftlseiccession records high-frequency relative sea-
level changes in the upper part of the shallowfshel

The stacking pattern of the shallowing-upward D &adn-scale cycles led to the recognition of
deepening and shallowing up parasequence setshforder, see below). Two typical sections (Saris
and D sections) are presented here as they allbowfog the successions of a few cycles (Figs. 14-
15; Table 4; Ackouala Mfere, 2017).

The parasequence sets (fourth-order) of both sectjand all others in Ackouala Mfere, 2017) are
aggradational and progradational.

The parasequence set package, deduced from thd Baais section, is also recognized in many other

sections in the Niari-Comba subbasins of the NW@BnfZanzo at the East to Soulou at the West,
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over more than 80 km (Fig. 3). As in Loutété (Sanquarry, Préat et al., 2018), it also consisthef

succession of the S1, S2 and S3 elementary cyalesg shallowing-upward packages.

6.2. Sedimentary belts, Flooding (F) vs Forced Rsgion (FR) surfaces

On the basis of the facies associations, we rezegdatileast three major successions which areypartl
or not entirely, superimposed as their preciseesgion cannot be specified due to the small thikne
of each of the studied sections (< 60 m, averafys-20 m). Each succession is characteristic ofra pa
of the ramp system and shows the succession oésfaas follows (Fig. 16): ORS (outer-ramp
succession) with FA1, MRS (mid-ramp successionh W2, IRS (inner-ramp succession) with FA3-
4-5. Each succession is formed by the stacking eterrscale shallowing-upward™®rder or high-
frequency cycles (Ackouala Mfere, 2017). ORS sugioes(from W to E; example with sections O, F,
D) is generally thin-bedded and grades up into fessive stromatolitic bioherms of the MRS
succession (from W to E; sections T, N, P, F, KBHgnd MAD8019). MRS succession, comprising
the massive stromatolitic bioherms (e.g., from WEtcsections T, Q) shows oolitic units with HCS.
IRS succession consists of thin- to thick-beddddioanits (0.5 to 5 m thick) with trough, planand
herringbone cross-laminations and homogeneous tagamits (from W to E, mainly in sections
MADS8016, O, M, F, H, D, B, MAS8018, MAD8019). Lowngle clinoforms are present suggesting
prograding washover oolitic deposits on the strafitat bioherms (sections P and Q). The
interdigitation (not frequent) and the sharp (comincontacts observed in these two profiles between
the oolites and the massive bioherms indicatettiegabolitic sands migrated partly during, and mainl

after, the biohermal growth.
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Based on the different sections, IRS successitimeishickest (up to 55 m) and the ORS the thinnest.
The latter is probably thicker because, as beindenw clays, it is easily weathered and thus good
outcrops are rare. The oolitic shoal has varyincktiesses of a few meters up to about a minimum of
30 m (section Q).

Lateral relationships between the three successindsheir & and %' order packages can be deduced
from sections T, N, P, Q?, F, K, H, D, B, MAD8019 al these sections exhibit a marine flooding
surface, despite the packages they form, are metd¢onstrained:

(i) most of the above mentioned profiles (F, K,4,B, MAD8019) have a similar stacking pattern
with alternation of meter-scale FA3/FA4. Lateraickmess variations cannot be established as the
sections are limited to the outcrop exposure, bseems that for the thicker sections, the general
FA3/FA4 successions exhibit a similar thicknes0(28 m) except in MAD8016 /MAD8018 with the
thickest thicknesses (at least twice or more if garad with the other sections). These alternatmas
mostly composed of"5order shallowing-upward S2 and S3-cycles with gaddiagenesis in the
pisoid grainstones (see sub-chapter 5.1), theskescyare grouped in"™4order parasequence sets
(Ackouala Mfere, 2017);

(i) thick stacks (at least 30 m, section Q) ofadgamated packstone/grainstone shoal complexes
(FA3 pro partg separating distally downdip biohermal stromag¢sli{FA2pro partg. The dominantly

5™ order progradational cycles (S1 cycles) are raiaglty preserved due to the wedge-shaped cross-
beddings with planar and trough bedforms up to thick and numerous inclined discontinuities
representing reactivation surfaces during stormidatad processes (including HCS);

(iif) thin stacks (2-10 m-thick, sections T, F, B, MAD8018) of deeper facies assemblages (FA1 and

FA2 pro parte with a few D aggradational cycles (subchapte}.6.1
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In the different field sections, we recognized ttypes of erosional surfaces: marine flooding and

forced regression surfaces. Marine flooding sudaf€&’ surfaces) are characterized by a sharp

deepening upward in the depositional environmenais finner to outer ramp deposits (from W to E;

sections T, N, P, Q?, F, D, B, MADS8019, in thigdatsection three repeated flooding surfaces are

present; Fig. 16). One of them, being the only iomaius surface, correlates laterally over long

distances, is interpreted as a transgressive suffé® surface). Forced regression surface (FRe)rfa

is also recognized in most places. It is markedmyabrupt passage from offshore facies of the outer

ramp (FA1) to the shallow-water inner-ramp faciea4) (from W to E; sections O and F) with no

evidence of extensive subaerial exposure. In masep, the FR surface underlines prograding oolitic

shoal deposits. This surface originates from anfglstage of the base level from the offshore ® th

proximal backshore, which in our succession remssa sea-level fall of a few tens of meters as

facies FAL (£ 40-50m deep) is directly covered &gids FA4 (0-10 m deep).

From the detailed analysis of the 27 sections, wepgse an ‘ideal’ or ‘virtual’ synthetic SCI

succession. It starts with section MAD8019 (withethflooding surfaces), overlain by section Q with

the thickest oolite shoal above a FR surface (E&).and covered by section MAD8018 (with the

thickest peritidal facies and silty evaporiteshet SCII boundary). The oolite shoals and reefaldsd

are parallel and accumulated along a W-E 100 krg-l@gional axis bordering the Archean Congo

Craton located in the North. Based on the recesthsed geological map and personal information of

BRGM (pers. communication, Y. Callec, BRGM) the thidf the oolite shoal is about 30-60 km.

7. Discussion

7.1. Distribution of stromatolites in the Niari-Nyga and Comba subbasins of the NWCB
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424  Giant stromatolitic bioherms are more developetheneastern part of the studied area while
425 they are rare and thin (less than 1 m) in the wegtart (Fig. 16) reflecting probably the
426  variation of the accommodation space.

427 Growth of the main reef builders is affected by @titude of environmental factors, such as
428  temperature, illumination, turbidity, substratedamtrients levels. Many of these factors vary
429  systematically with depth, and this has led to gadtion of reefal depth-related zonations in
430 the Phanerozoic rocks (James and Bourque, 1998)jmathe early Neoproterozoic series
431 (Bertrand-Sarfati and Moussine-Pouchkine, 1985k&amland Bose, 1992). Alvarez and
432  Maurin (1991) described a NE deepening of the bagth the development of giant
433  stromatolitic bioherms located at the “junction”tween the Niari-Nyanga and Comba
434  subbasins of the NWCB (Bertrand-Sarfati and Vid#i87; Trompette and Boudzoumou,
435 1988). Variation of the accommodation space hagraled the shape and the vertical
436  development of the reefs in the $SEbrmation. Giant stromatolitic bioherms grew dgri
437  relative high sea-level where light and oxygen weuficient to promote the activity of
438 cyanobacteria as shown previously with the stadkisodies up to 20 m in height. On the
439  contrary, the flat and laminar stromatolites wittmadl domes (< 80 cm) recorded a
440  progradational phase, most likely because limitedommodation space did not permit
441  development of giant stromatolites.

4472

443 7.2. Evidence of storm events in the carbonatéseo6CJ Formation

444  The oolitic grainstones-packstones show unduldiiedding referred to as HCS (Dott and Bourgeois,

445 1982; Duke, 1985; Morsilli and Pomar, 2012), intlieaof storm events in the shoreface transition as
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the greatest potential preservation of these sirestis between the fair weather- and storm-wave
bases, that is a few to several tens of meterst @ut Bourgeois, 1982; Dumas and Arnott, 2006).
These high-energy conditions bring a large amofisediment into suspension near the sea floor and
the mixture of sediment and water oscillates bauk @rth from shallow to deep waters. Although
most oolites form in wave-dominated shallow wateoads (commonly about 2 m), these grains are
readily dispersed by storm return currents in degjager settings.

The general successions exposed in the oolite shisaklly reveal an upward transition from HCS to
low-angle tabular cross-bedding. This transitioftec#s an increase in water hydrodynamics and a
shallowing up trend from shoreface to beachfacaremments. Prograding sequences have been
documented in many successions with storm effew&ating an upward decrease in water depth
(Dott et Bourgeois, 1982), as in an Indian Neopazeic ramp (Chakraborty, 2004) and in the
Neoproterozoic Bambui basin of central-easterniBnahich lays on top of the same craton with the
West Congo units on the other slide of the Atla(itlblein et al., 2019).

In the SC{ Formation, high-energy events are also attestetidglongated stromaclasts (up

to 5 cm in length) accumulated in inter-reef arbastveen the stromatolites. These high-

energy events were probably related to episodiorstdhat formed the HCS in the oolite

shoals.

7.3. Development of systems tracts
In the absence of time constraints on sequencéigsaghy hierarchy, the key physical
bounding surfaces (flooding and forced regressamg) the stacking pattern analysis of high

frequency cycles (8s D) help in deciphering the stratigraphic pattgrthe basin. The SCI
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is interpreted as a single third-order transgressigressive sequence which includes a
transgressive systems tract (TST) and a highstgsidras tract (HST) after the post-Marinoan
deglaciation event (Alvarez, 1995). We here intetine SCI Subgroup as two transgressive-
regressive third-order sequences (Fig. 17). Infitilse sequence, TST sedimentation started
with deposition of the 10-12 m-thick cap carbonat8€L) and about 10-15 m-thick of
siliciclastic deposits (lower S¢)I This latter is followed by an HST phase (upp€i,Sabout
135 m-thick) above a maximum flooding surface (MAB)Ythe second sequence starting with
the SCI, a lowstand systems tract (LST) is initiated witery shallow water deposits
characterized by the alternation of FA3/FA4 witluatbant S2 cycles. The LST is overlain by
a TS leading to the development of the ‘deep’ Mi&Ses (TST). The MFS above the TST is
followed by a HST (giant stromatolites). Favoraktesironmental conditions helped by high
accommodation rates after deposition of mud ancddstic layers (MISS facies in our case)
resulted in growth of giant stromatolites as démtiin the Proterozoic ramp of Australia
(Sami et al., 2000). Stromatolite growth was sureigble to keep pace with initial sea-level
rise, resulting in the deposition of mud-dominasediments (MISS facies), which probably
represents a “condensed” interval.

The HST is marked by complete or incomplete agdrada shallowing-upward cycles as
shown in Zanzo, B, D, H, K and F sections (Fig..1l&terally, the giant stromatolites
interfinger with hummocky cross-bedded oolitic gstbnes.

In most places, the giant stromatolites are shabpisied by trough cross-bedded oolitic
grainstones (S1 cycles) in a forced regressioresystract (FRST) evolving to subtidal and

peritidal facies near emersion (S2 and S3 cycledlen reduced accommodation rates
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490 facilitated the accumulation of the shallowest éaciln some sections, interdigitation with
491 lateral pinch-outs between the giant columnar sttotites (F2) and the oolite shoals (F3) has
492  been observed. They can be followed laterally avainimum of a few meters, depending on
493 the size of the outcrops. This interdigitation ex@nts a lateral facies change from giant
494  columnar stromatolites to oolite shoals, which alserlay the stromatolites. Thick oolite
495  shoal stacking units, above the FR surface (settosecT, Q) shows that progradation
496  accelerated with time during the FRST probably thua net fall of sea-level. Sea-level fall
497 could also be recorded in section Q with exposexhsarof carbonate sediments, which
498  produced oolite dunes or large-sized lenses (sec@@and R) as a result of tidal processes.
499 At the transition to SCII, the succession is marksgddeposition of silty evaporites and
500 dolomites at the top of MAD8018 section (Fig. 1Bhese silty evaporites and dolomites
501 represent a LST of the next sequence in the S@dsdFig. 17).

502

503 7.4. Facies correlations between the Niari-Nyanga £omba subbasins in RC to the Lower Congo
504  subbasins in DRC

505 The C3 Formation (S€kquivalent in Lower Congo, DRC) about 240 m-thid&minantly contains
506 light-grey limestones with greenish-grey shalesa(@Bmber), and massive to crossed-bedded light
507 grey to whitish oolitic and pisoid limestones within layers of greenish shales and intraformational
508 conglomerates (C3b Member) (Lepersonne, 1974; éiailiet al., 2015; Delpomdor et al., 2015,
509 2019). The standard sequence starts with open enarinironments and oolitic shoals passing to
510 restricted peritidal/sabhka environments behind dbéte shoals in a mid- to inner-ramp setting

511 (Delpomdor et al., 2015, 2019). Due to the longadise (around 150 km between the sections in RC
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and DRC) and the absence of globally-correlativekeralevels in these unfossiliferous series, the
current correlation of Sgland SCJ with respectively C2 and C3 series is a quite Estip useful
interpretation; see Fig. 17. For example, the lomest part of the Sgkeries consisting of marls and
marly limestones, locally limestones in the loogle# Niari river (Dadet, 1969), could be coevalhwit
the lowermost part of the C2 Formation (e.g., G2&C2c members; stratigraphic correlation after
Cahen, 1978), while the uppermost part of the O2n&tion (e.g., C2d to C2e members) consisting of
calcareous shales, sandy and muddy limestones amestbnes (Delhaye and Sluys, 1923;
Lepersonne, 1974; Cailteux et al., 2015; Delponedal., 2015) could be coeval with the upper part
of the SCJ Formation, which is mainly constituted of marlgnéstones and limestones (Dadet, 1969).
The lowermost member of the SGEries (e.g., SE€iMember) could be laterally coeval with the C2f
to C2g members of the C2 Formation, which condistatcareous shales, sandstones and limestones.
The C3 Formation, divided into C3a and C3b memb@adlteux et al., 2015) is proposed in this study
as coeval with the lower and upper part of the .Sf@ries respectively. Correlation from these
shallow-water series with multiple shoaling evet¢sluced from the lithologic patterns is therefore
difficult and could be improved by using the seqeestratigraphy data of our work in RC and the
study of Delpomdor et al. (2015) in DRC. These marideposits formed in extensive near shore
environments during a global transgression relaadtie probable deglaciation at the end of Snowball
Earth. In both areas, the shelf was block-faulted structured into highs and shallow depressions,
creating complex morphologies as suggested by Alvand Maurin (1991) in the Niari-Comba area.
Our detailed stratigraphic sequence analysis oCihaba aulacogen combined with paleobathymetric
data allows correlation of third-order sequencevben the two areas (RC and RDC) (Fig. 17). This

reveals that the SCis partly related to a TST phase (§@hd lower SGlin RC or C2a-b membeirs

24



534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

DRC) and an HST phase (upper S@IRC or C2c-e members in DRC). The extreme uppstrpart

of the C2 formation, e.g., C2f to Ce2h members;eolmtion by Sikorski, 1958) in DRC could
laterally correspond to facies recording a LST @, Rnd the C3a Member to TST and HST recorded
in the lowermost part of the SCéeries in RC, if we consider that the giant strmfites never
described in DRC are included in this formationteAthe lowstand to highstand sequence, the oolite
shoals (C3b Member) or the uppermost part of thi S@ewly reinterpreted as FRST marked by the
progradation of oolite shoals evolving to peritifities near emersion atop of the Series and C3
Formation, when reduced accommodation rates fatgtit the accumulation of shallowest facies. As
suggested by Delpomdor et al. (2015), the top ®GB Formation has been exposed to erosion/and or
karstification suggesting a regional-scale turn i carbonate factory. In this context, the silty
evaporates at the transition SCI-SCII are integatets a LST in the next sequence (SCIlI Formation in
RC or C4 in DRC).

However, we interpret the three positive jumpshaf Fischer plot present in the C3a2 to C3b2 units
(Delpomdor et al., 2015) as probably related tetreations of the block-faulting observed in thelSC
Formation, in this case related by flooding surfafeig. 16). Both areas experienced basin tectonics
in the general context of a pre-collisional phasmting changes in relative sea-level by reactivati

of pre-existing faults. This implies that the pa@sence packages are strongly controlled by texdoni
and are diachronous on the scale of the whole b@sinsequence stratigraphic analysis allows fer th
first time tentative correlation in the Schisto-Gate Group and Lukala Subgroup in RC and DRC
respectively. Giant stromatolites observed in RCewidentified in the lowermost part of the SCic
series, while stromatolitic reefs (10 m long antew meters width), associated with breccias and

oolitic limestones have been found in the C3b MenfBahen, 1950). Recently, microbial mats have
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been identified in the C3a Member in DRC (Delpomdoml., 2015). As shown previously, water
depth is the first-order control on reef growth amwrphology. Deep water is essential for
development of giant stromatolites but cyanobaateged also fine grained sand substrate for best
development, as shown previously with the MISShef 1 (Noffke, 2010). Giant domal stromatolites
commonly form in deep water settings (Bertrand-&adnd Moussine-Pouchkine, 1985; Dill et al.,
1986; Glumac and Walker, 2000) while flat morphddsgoccur in shallow water settings (Arenas and
Pomar, 2010; Glumac and Walker, 2000). Water degth probably higher in the sedimentary areas
located in RC than in the DRC as a result of tinecstration of this area by tectonic effects during
sedimentation. Although the geometry of deposithefSC{ Formation is seen as continuous on the
southern edge of the Chaillu Massif, Chorowitzle{E990) concluded that the Lower Congo/Sangha
aulacogen, extended to the Comba aulacogen, showplm pull-apart-type tectonic areas
constituted of elongated WNW-ESE tilted blocks defi by NE-SW faults. Therefore, the
sedimentation records the development of oolitelshd@ he development of a cordon of oolitic sands
of the C3 Formation in DRC, similar to the $€brmation of RC, may also be inferred on the NW
edge of the Kasai block. The oolitic shoals seellmyfmass the NW Kasai block by the thickening of

oolitic limestones (100-200 m in thickness) in AlgySchermerhorn and Stanton, 1963).

7.5. Origin of cyclicity

Facies analysis led to the recognition of a cypldtern in the SGlsedimentation. Generally, the
recognized cycles exhibit a shallowing-upward treasl suggested by the vertical facies evolution
along the standard sequence. Autocyclic and allacyoechanisms can both lead to shallowing-

upward cycles (Strasser, 1991). While autocyclacpsses operate within the sedimentary basin with
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progradation of tidal flat or lateral migration bflal channels (Satterley, 1996), allocyclic cohtro
mechanisms are independent of the depositionakpses and include eustatic sea-level fluctuations
(Elrick, 1995) or repeated synsedimentary tectoddsvnfaulting events, e.g., tectonics model
proposed by Cisne (1986). Subsidence does not appdemve been constant during deposition of
SCl. Formation over the whole studied area as the t8iCknesses show important variations; rather
it was affected by periodic changes. On the otlaerdh SCJ cyclic deposition (fourth-order) is not
harmonious, and the cycles are difficult to cotelaetween neighboring sections (less than a few
kilometers) despite the overall regressive depwwdi trend of the stratigraphic interval and the
consistent shallowing-upward parasequence trerfdrtibe sections.

There are a variable number of elementary parasegsd(fifth-order) at each locality suggesting that
most are probably the result of migration of loeavironments due to multiple shoaling events. ia th
context, these parasequences seem to be autod@ilisburg, 1971) and represent the typical
evolution (migration, erosion, non deposition) aficb dunes controlled by currents and sea-level
fluctuations at very shallow depths. Moreover, agalation rate variations and diagenesis could also
modified the final shapes of the SQitratigraphical data sets. Additionally, severabaerial
exposures of the investigated sections and erdsimuadaries suggest periodical drops of the radati
sea-level followed by renewed transgressions.

Assuming that the autocyclic mechanism originateenfaggradational/progradational trends during
deposition of the SGIFormation, this process suggests a particulaofaftecting the Niari-Nyanga
and Comba subbasins of the NWCB to drive the clamgdhe accommodation space. A tectonic
control with reactivation of pre-existing fault®dlding to multiple episodes of accommodation space

changes) may play a role in the origin of thesées/(see below, 6.6.)
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The fact that D1 cycles are directly overlain bgpgradational facies suggests that there was no true
drowning and they were not associated with a tustatic sea-level increase. They have been related
to local interference by tectonic movement or aytbc processes. The lateral and vertical
variabilities of thickness of the elementary pagasmces could be attributed not only to the vagiabl
potential of sediment accumulation in the differenvironments (shoal, back-shoal, tidal channels,
lagoon, shoreface) but also to the tectonic contiext created the Niari-Comba subbasins of the
NWCB. As a result, random processes dominated amced the low-amplitude sea-level signal, and
the resulting sedimentary records will differ degheg on their location in the basin (Strasser, 2016
The sedimentary environments were generally sha#ioeugh to record the several relative sea-level
fluctuations (1-5 m) and produced the common olexeS-cycles. As no order or regularity in the
cycle pattern is observed, as could be expectedbifal forcing was the dominant mechanism, it is
highly probable that autocyclic processes (helpddferred by tectonics) were dominant, in a gehera

tectonic setting with both constant and differdragigbsidence along various faulted blocks.

7.6. Tectonic significance and regional implication

All of the high-order cycles identified in the SGlormation were deposited under conditions of sea-
level fluctuations driven by tectono-eustasy, whidminated the late Neoproterozoic.

During Neoproterozoic times, several distinct egienal tectonic episodes affected the Sé&o
Francisco-Congo Craton in the area related to theeldpment of the AWCO (Pedrosa-Soares and
Alkmin, 2011). After 660 Ma, a passive margin depsld in the WCB with deposition of the
Bouenza-Louila Subgroup in RC, the stratigraphiciesent Haut-Shiloango Subgroup in DRC,

followed by respectively the Upper Diamictite Fotioa and the Lukala Subgroup (Frimmel et al.,
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2006; Poidevin, 2007). These movements in the hafiected pre-Marinoan extensional events (see
Pedrosa-Soares and Alkmin, 2011), enhancing teetastatic fluctuations during the pre-, syn- and
post-sedimentary deposition (Delpomdor et al.,, 204316, 2019). Under these passive margin
conditions, the relative eustatic variations in 8@l Formation are the consequence of short-time
extensional tectonic activities in the whole basicluding several sub-events in Central Africa and
recorded through the fifth-order D- and S-cyclesepening occurred when relative sea-level and/or
accommodation space increased due to short-timengwhal tectonic activities leading to the
drowning of the former inner-ramp areas.

The same cyclicities have been recognized in thé&@#ation in Lower Congo (Delpomdor et al.,
2015, 2019). The tectonics was probably relatecth® breakup of Rodinia which influenced
sedimentary processes through tectonic subsidamteeadiment supply in a similar way as occurred
along opposing paleo-Atlantic and paleo-Pacificgives of Laurentia (Eyles and Januszczak, 2004).
Even if the timing of the series is poorly constesl in order to establish detailed correlationsvbeh

the lower part of the Schisto-Calcaire Group in &abon (Préat et al., 2010), Lower Congo region
(Delpomdor and Préat, 2013) and our studied ateappears that the SCboverlying the reddish
calcareous marls and marls (§Edrmation) is coeval with the Nsclc (Préat et2011, 2018), and
probably the top of the C2 Formation and with th& Ebrmation in Lower Congo region (DRC;
Delpomdor et al., 2015). As shown by Delpomdor kt(a015, 2019) and in our study, this
sedimentation exposes mainly shallowing-upward ey/@h response to tectono-eustasy occurring in
the late Neoproterozoic (Tack et al., 2001; Lilet2008; Delpomdor and Préat, 2013). In RC, gdnera
sea-level rise did not occur in one continuous elasshighlighted by the recurrence of the D1 cycles

in (D, H, Zanzo, F and T sections; Fig. 16), busweobably triggered by the reactivation of reglona
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block-faulting (see Strasser, 2016 for general idemation) with extensional faults related to the
rifting evolution of the Comba aulacogen (see alpoVee lateral variability in the thickness of the
elementary parasequences (Ackouala Mfere, 201Meefore attributed not only to the variable

potential of sediment accumulation in the differentironments but also to synsedimentary tectonics.

8. Conclusions

The SC} Formation was formed in a paleoramp setting franetgwater in the outer-ramp (FA1) to
very shallow water under hypersaline conditionghi@ inner-ramp (FA5). Storm events have been
recognized by HCS in the oolitic series and by géte stromaclasts (up to 5 cm in length)
accumulated in inter-reef areas between the staiti@bioherms (FA2). The SgFormation records
LST, TST, HST and FRST successions (Fig. 17) linkethe reactivation of regional block-faulting
and is also marked by a regional TS (Fig. 16). Thand S-cycles or elementary parasequences
(meter-scale from 0.1 to 20 meters in thickness)vall developed in the carbonate ramp from outer-
to inner-settings with dominant S1 cycles in higlergy settings and lagoonal S2 cycles in low energy
settings. The magnitude of the sea-level changemeessly small (except during the transgression and
the forced regression), less than a few meterga@discgd from the average of the tidal cycle tickegss
(1-3 m-thick). This produced a random stack of @etary parasequences, as for example where
shoals migrated out of main transport path. The li$The SCJ Formation is represented by the
maximum of progradation of the whole SCI Subgrowjih decreasing circulation and fluctuating
salinities, reflected by development of a sabkhairenment with dolomudstones and abundant
sulphate pseudomorphs (FA5), also pointing to @alte climate change from semi-arid to arid

setting. The SGCI Formation records high-frequency shallowing-upwasetles generated by an
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autocyclic mechanism that is likely controlled legtbnic syn-sedimentary extensional faults related
to the rifting of the basin. On a broader scale, récurrent generation of accommodation space was
triggered by short-time extensional tectonic atfivelated to several sub-events in Central Africa.
The cyclic succession of the fourth-order paraseces in the SGIFormation has been correlated
between the studied sections following the gentrmald. In detail, each section shows a specific
evolution, as for example the FR observed in twetiees. The stratigraphic package of the SCI
Formation can be subdivided into two broaBto#der sequential units: the first one comprises
packages of the laminar clayey silty mudstones @M&cies) and stromatolite bioherms, the second
starts with ooid shoals and is terminated by ewapa dolomudstones. This ‘binome’ formed of
packages of elementary parasequences can be temreds the whole shelf, even while it is
impossible to trace the individual parasequencekaturs over more than 100 km reflecting the
sedimentary filling of the basin, which is probabdgtonically driven. The elementary parasequences
and their grouping are diachronic, they do not poeda clear stacking pattern, and cannot be used fo
chronostratigraphy. Their distribution is related the amount of accommodation space available,
which is primarily controlled by differential sublgince among the faulted-blocks. The best correlatio

across the basin (from Gabon to Angola) is sutaiyrécognition of this ‘binome’.
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Table 3 Cycle features of SEFormation in the studied area.

Table 4 Detailed description of D and Saris sections

Figure 1 Location map of the Neoproterozoic West Congo B&IWCB) divided into Niari-Nyanga,
Comba, Lower Congo and North Angola (NA) subbasiie Niari-Nyanga, Lower Congo and North
Angola subbasins record sedimentation on a passivgin of the Congo Craton, and the Comba

subbasin belongs to the SE margin of the Sanglazaggn.

Figure 2 Comparative lithostratigraphy between the Westgoban Supergroup in RC and the West
Congo Supergroup in DRC. In RC, the stratigraphthefWest Congolian Supergroup has been
recently revised by Charles et al. (2015). In DR, Lukala Subgroup, formerly Schisto-Calcaire
Subgroup, is divided into five formations (C1 to)Ckhich are stratigraphically equivalent with the
SCI Formation — correlated with the C1 to C3 foriorad of Lower Congo subbasin, SCIl Formation —

correlated with the C4 Formation of Lower Congolsagin, and SCIll Formation — correlated with

the C5 Formation of Lower Congo subbasin. Sr ietham worIdwideS7Sr/86Sr composition of

seawater during the Neoproterozoic (1000-542 Ma) Er

Figure 3 Simplified geological map showing location of ibdentified outcrops (L1, U and T to

Zanzo, V, W and X from East to West). No sectioagehbeen described for A, E, L1, U, V, W, X and

Y in this study. See Fig. 16 for description of leaection.
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Figure 4 Field and thin-section photographs of homogenetay®yg mudstones and laminar silty
mudstones (F1) in the SGormation(A) Alternations of darker and purplish layers comsisof
clayey silty carbonates and microbial mudstoneslawveby a domal stromatolite (in the background).
The domal stromatolite represents the lower paat @mplex zone of giant stromatolites (15-20 m in
height), section D(B, C, D) Planar and undulating platy limestones (3-5 crakihshowing
alternations of homogeneous carbonate muds ardlgligminar silty mudstones identified as MISS
(Microbial Induced Sedimentary Structures) by pgtaphic description, D and O sectio(is)

Microbial mats (dark laminations or MISS undulatiegels)within a fine microsparitic matrix.

Quartz, feldspars and pyrite are recognized witfnmatrix or overlie the microbial mats, section D

(F) Dark bacterial filament in a microsparitic matreection D.

Figure5 Field photographs of the stromatolitic facies @@ F6) in the SGFormation.(A) Upper
part of a giant domal stromatolite with 4-5 m irditi, section H(B) Columnar stromatolite with
parallel columns, section EC) Centimetric alternations of grey planar microlrglts and
accumulations of coarse-grained stromatoclastsifgymadial-bundles, section ) Giant “cigare”
or coned-shaped stromatolite (10- 15 m in lengtbgtion F (E) Wavy and planar microbial mats,
section M (F) Small domal stromatolite overlying or laterallyayed by planar microbial mats,
section D(G) Succession of domal stromatolites in the top df@satolitic bioherm (15-20 min

height), section H.

Figure 6 Sedimentary features of the oolite grainstoneakenSC} Formation(A) Bidirectional low-

angle planar laminations with low-angle truncatigection 1.(B) Sets of trough-stratifications,
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section 1.(C) Mega-ripples, cross-laminations showing herringbsinatifications, section (D)
Mega-ripples showing hummocks and swales with logi@laminations, section (E) Mega-ripples
with hummocks (see arrow) showing SCS when thetdpe hummocks has been eroded. Stylolites
(lower part of the picture) are well developed haiigh amplitude, as is generally the case inhall t
oolitic grainstones, section(F, G) HCS with furrows showing flat (less) and hollowqira) bottoms
passing in the upper part to mega-ripples (crasédations), section §H) Oolite grainstones (F3a)
overlying columnar stromatolites (F2), irregulantact between F3a and F2 with thick oolite beds

overlying giant stromatolite, section T.

Figure 7 Thin-section and field photographs of the oolgrainstones-floatstones (F3a and F3b) in the
SCl, Formation (A) Grainstone showing well-sorted spherical ooliteé3ajFwith both concentric and
radial structures. Cementation consists of isopastemellar calcite and blocky calcite, section
MAD8017.(B) Well represented cementation filling the intergrdan porosity in an oolite grainstone
(F3a). As described later, the cementation consfssopachous lamellar calcite and a blocky calcit
section MAD8018(C) Asymmetric oolite with a concentric cortex and seagrained slightly
rosette-like nuclei, section (D) Greyish floatstone with dominant aggregates, Bgéof facies
description, section MAD8018E) Part of centimetric grapestone in a floatstonel-@ggregate

(F3b), the grapestone consists of micritized obmisnded together by a microsparitic matrix, section
I. (F) Millimetric aggregates in a floatstone or ‘falsadstone, see (D) for the field photograph,
section 1.(G) Asymmetric oolites (see black arrows) in a grainstwith equant calcite, section
MAD8017.(H) Asymmetric oolite (see black arrow) in a grapestdrhe asymmetric oolite appears

to be reworked before bounded with other oolitelsuitd the grapestone, as shown by the orientation,
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section MAD8017.

Figure 8 Thin-section and field photographs of lagoonaida¢F3c) and intraformational
conglomerate (F4) in the S(Hormation.(A) Peloidal grainstone-packstone with micritic oditnd
relics of larger oolites exhibiting a fine concénstructure in the outer part of the cortex, setti
MADS8018. (B) Peloidal packstone without micritic oolites orgar concentric oolites as described
previously section MAD8018(C and E) Homogeneous mudstone with pyrite and oxidized dogan
matter relics (see arrow in C), section MAD80@®B) Succession of centimetric beds of greyish
homogeneous mudstones, section MADS@EY Peloidal grainstone showing herringbone cross-
stratifications, top of Saris Section (MAD801{}) Intraformational conglomerate showing

elongated mud-clasts and oolites relics with vasgessentation, section BH) Intraformational
conglomerate with plurimillimetric and inframilliniic mud-clasts. The larger ones are elongated and

affected by vertical cracks, section MAD8017.

Figure 9 Thin-section and field photographs of peritidaliés (F3d, F4 and F6) in the SCI
Formation.(A) Reddish floatstone with abundant pisoids, Sonectian. See (B) and (C) for the
microfacies descriptior{B, C) Plurimillimetric pisoids showing a fine concentsicucture, the
nucleus is micritic and partly replaced by a coaedeite (B) and consists of oolites ({Ip)

Millimetric asymmetric oolites oriented in oppositigections in a pisoid floatstone. The asymmetric
oolites show a concentric cortex with a coarse @earcalcite nucleus, Sonocc secti¢f)
Inframillimetric alternations of planar microbialats and peloid packstone. Note that peloids (in the

lower part) show circular cracks, Sonocc sect{bh.Calcitized anhydrite rosette in a peloidal
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1097  bindstone, MAD8017 sectiofiG) Parts of centimetric mud-clasts interlayered bgrobial mats

1098 relics, MAD8017 sectionH) Spiny (left) and half-moon oolites (right) in aditstone

1099 intraformational conglomerate with abundant micrablites, MAD8017 section.

1100

1101  Figure 10 Thin-section and field photographs of the fine-geal laminar detrital mudstones (F5) in
1102  the SC} Formation(A) Pluricentimetric alternations of grey-light oolgeainstones (F3a) and fine-
1103  grained laminar detrital mudstones (F5), sectioiiB).Fine-grained laminar detrital mudstones (F5)
1104 topped by a brecciated bindstone microbial mat$ §féwing random stromatoclasts building slightly
1105 radial bundles structures, sectiorf@) Thin low-angle light-colored laminae (silty finargd to fine
1106 silt) interlayered by dark-colored laminae. Ligltared laminae are enriched in quartz, feldspars,
1107  clays minerals, calcite and dolomite crystals (8keDark-colored laminae display a pyrite-rich
1108 homogeneous mudstone, section(B) Quartz, feldspars, clinochlore (greenish crystafyite and
1109  xeno-to hypidiotopic calcite and dolomite crystals light-colored laminae of F5, section F.

1110

1111 Figure 11 Thin section and field photographs of the evapegatolomudstones (F7) in the SCI
1112  Formation.(A, B and C) Reddish and yellowish dolomudstone with abundasgttes and laths of
1113  evaporative minerals, top of Sonocc section. Sge. IB) to G for the microfacies descripti¢b and
1114 E) Rosettes and laths of anhydrite now calcitized ptlagrix is a slightly microsparitized

1115  dolomudstone(F) Nodule of well-preserved anhydrite partly silicdfi€G) Evaporative

1116  dolomudstone showing abundant fenestrae testifyampse conditions.

1117
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1118  Figure 12 Revised sedimentary model of the SEdrmation in the Niari-Nyanga and Comba
1119  sections of the NWCB in RC from outer-ramp with EBIS-A1) to supratidal sabkha (FA5).

1120 Facies associations (FAL1 to FA5) represent thedatansequence of the studied formation
1121 (see Table 2 for explanation). The previous sediargmrmodel has been described in Préat et
1122  al. (2018).

1123

1124  Figure 13 Types of cycles (Dvs S) with their facies (F1-F7) successions in thd.SC

1125 Formation, showing shallowing upward trends.'D4fds ‘Deep cyles’, ‘'S’ is for Shallow

1126 cycles'. See Table 3 for explanation

1127

1128  Figure 14 Stratigraphic section of the active Saris (MAD8PGdarry exposing the SCFormation,
1129  showing sample location (8017-1 to 8017-22), litlydt curve (from F1 to F7 facies),

1130 sedimentological features and stacking patternglagations in text, for location see Fig. 1. FAS=
1131 facies successions, PSQ= parasequence, PSQS=cpemase set, Prog. = progradation, Aggr. =
1132  aggradation. M = mudstone, W = wackestone, P =gtank, G = grainstone, R = rudstone, B =
1133  boundstone.

1134

1135  Figure 15 Stratigraphic section of the inactive D quarry @sipg the SGIFormation, sample location
1136 (D1 to D85), lithologic curve (from F1 to F7 facjesedimentological features and stacking patterns.
1137  Explanations in text, for location see Fig. 1. FA&eies successions, PSQ= parasequence, PSQS=
1138  parasequence set, Prog. = progradation, Aggr. radggion. M = mudstone, W = wackestone, P =

1139  packstone, G = grainstone, R = rudstone, B = bdonds
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Figure 16 Stratigraphic correlation of the studied sectibased on the stratigraphic key surfaces (TS
and MFS) and the lithofacies associations. See Rilgol for location of sections T to MAD8019
(Zanzo). Sections U to Y are not represented here.

TS = transgressive surface represented by a heshlime, MFS = maximum flooding surface
represented by a heavy dark line. Filled and wdilarrows represent respectively complete and
uncomplete aggradational phases in TST (transgeessystem tract) sedimentation. TS =
transgressive surface, MFS = maximum flooding swfeSee text and Fig. 17 for details. Dark

arrows= aggradation (sections K, H, D, B and Zanzo)

Figure 17 Tentative sequence stratigraphic correlation of the SCI Sulggrbetween the

Niari-Nyanga and Comba subbasins (RC) and LowergG@osubbasin (RDC) with two

transgressive-regressive third-order sequences. TBe sedimentation is recorded in the
SCla and the lower SCIb in RC, and in the C1 Foionaand C2a and C2b members in DRC.
The SCIb in RC, and its stratigraphic coeval C2€fe members in DRC is marked by a
HST phase. The SCIb-SClc transition is charactdrizg a LST sedimentation of shallow
water deposits (FA3/FA4, with abundant S2 cycles)ich is also recorded in the C2f to C2h
members in DRC. The LST phase is topped by a trassiye surface (TS) leading to TST
sedimentation (‘deep’ MISS facies) until the maximélooding surface (MFS) initiating the

HST sedimentation with giant stromatolites, which eoeval with the C3a Member in DRC.

The top of the SG) and its stratigraphic equivalent C3b Member in@Rs marked by
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1163

1164

1165

1166

1167

deposition of silty evaporites (LST) at the trasitSCI-SCII. TS, MFS and SB (sequence
boundaries) are indicated respectively by heavk dad red lines. LST = lowstand system
tract, TST = transgressive system tract, HST = dimghd system tract, FRST= Forced

regression system tract.
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LOG (EPSG:4326 WGS 84) Latitude Longitude Elevation
A S04°06.687' E013°54.922' 265m
B S04°06.621' E013°54.251' 341m
C S04°10.824' E013°51.076' 215m
D S04°06.436' E013°52.951' 321m
E S04°06.874' E013°51.875' 241m
F S04°08.285' E013°51.181" 242m
G S04°14.720" E013°54861' 230m
H S04°06.517' E013°52.372' 297m
I S04°08.150' E013°31.619' 196m
J S04°04.922' E013°30.908' 262m
K S04°09.470" E013°51.901' 215m
L1 S04°03.170" E013°06.155' 202m
M S04°09.271' E013°39.792’ 138m
N S04°08.965' E013°39.493’ 140m
(0] S04°08.973' E013°39.504' 140m
P S04°08.557’ E013°40.295’ 190m
Q S04°08.266’ E013°40.397’ 201m
R S04°09.180’ E013°40.121’ 153m
S S04°09.252’ E013°40.090’ 144m
T S04°03.540' E013°06.225' 198m
U S04°03.119' E013°06.282' 236m
Vv S04°03.931' E013°58.601’ 446m
w S04°03.933' E013°58.561’ 446m
X S04°05.066' E013°58.548' 395m
Y S04°05.600" E013°56.229' 371m
MADS8016 (Bitoto) S04°04.672' E013°31.278' 268m
MADS8019 (Zanzo) S04°04.944' E013°58.648' 370m
MADS8018 (Sonocc) S04°14.720' E013°54.861' 230m
MADS8017 (Saris) S04°09.433' E013°34.348' 164m



Type

Cyclefeatures

Thiscycleisrelatively rare and less than 1.5 m-thick. The succession consists of
pisoidic grainstone/floatstone, intraformational conglomerate, laminar detrital
mudstone overlain by laminar microbial mats and evaporitive mudstone with
abundant pseudomorphs after sulphates. Meniscus and pendular cements,
keystone vugs, desiccation cracks are present. Beds are sometimes lenticul ar.

This cycle isthe most common, with thickness from afew cmto 7 m. Itisa
homogeneous mudstone overlain by an intraformational conglomerate, laminar
detrital mudstone and topped by stratiform stromatolites, brecciated or not.
Desiccation cracks, vadose cements, pseudomorphs of evaporative crystals are
common. Beds are lenticular or not.
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#Thickness varies from 0.8 mto 5 m with variable internal composition. The cycles
isasuccession of ooid grainstone/packstone, floatstone/packstone with abundant !
aggregates, peloidal grainstone/packstone, intraformational conglomerate, laminary
detrital mudstone topped by stratiform stromatolites. Vadose cementation occurs.!

Beds must be lenticular.

D2

The cycle variesfrom 2 m to 10 m. The base of the cycle isabiohermal

mudstone, intraformational conglomerate, laminar detrital and by stratiform
stromatolites in the top. Stromatolites show no evidence of exposure.
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Type

Cyclefeatures

Thiscycleisrelatively rare and less than 1.5 m-thick. The succession consists of
pisoidic grainstone/floatstone, intraformational conglomerate, laminar detrital
mudstone overlain by laminar microbial mats and evaporitive mudstone with
abundant pseudomorphs after sulphates. Meniscus and pendular cements,
keystone vugs, desiccation cracks are present. Beds are sometimes lenticul ar.

This cycle isthe most common, with thickness from afew cmto 7 m. Itisa
homogeneous mudstone overlain by an intraformational conglomerate, laminar
detrital mudstone and topped by stratiform stromatolites, brecciated or not.
Desiccation cracks, vadose cements, pseudomorphs of evaporative crystals are
common. Beds are lenticular or not.
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#Thickness varies from 0.8 mto 5 m with variable internal composition. The cycles
isasuccession of ooid grainstone/packstone, floatstone/packstone with abundant !
aggregates, peloidal grainstone/packstone, intraformational conglomerate, laminary
detrital mudstone topped by stratiform stromatolites. Vadose cementation occurs.!

Beds must be lenticular.

D2

The cycle variesfrom 2 m to 10 m. The base of the cycle isabiohermal

mudstone, intraformational conglomerate, laminar detrital and by stratiform
stromatolites in the top. Stromatolites show no evidence of exposure.
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Saris section
The Saris section (Fig. 14) shows well-developeaygZes in the lower part with dominant S1 cycieshe upper
part. It consists of 11 meter- to plurimeter-saafeles with a pronounced thickening-upward trenthatfourth-
order. The mean thickness is 0.85 m for the S2esy@tanging from 0.4-1.3 m) and is 6.5 m (randnogn 3.0-
11.5 m) for the S1 cycles.
Two parasequences sets are present, the first aheS& cycles is aggradational and the second dtie $1

cycles is strongly progradational.

D section

The D section (Fig. 15) shows dominated S2 parasemps overlain by open marine D1 parasequences.
composed of centimeter- to meter-scale facies ddages with 73 elementary S2 parasequences aitd,lpper
part two plurimetric D1.

Four parasequence sets are recognized (i) aggvadhfi (minimum 4.2 m-thick) with very thin S2 cgslwithout
thickness evolution, (ii) progradational 2 (at k&6.8 m-thick with 5 metric S2 cycles, averaging zn and
ranging from 0.6-4 m), (iii) aggradational 3 withl@ast six S2 cycles (9.9 m-thick, averaging 1)Awmhout clear
thickness evolution, (iii) aggradational 3 (at le@s3 m-thick) and (iv) progradational 4 (x 25 niet) with at

least two D1 cycles showing a pronounced thickewipgyard evolution.

t



Highlights

1. The SClc Formation records the evolution of a marine ramp
2. ltisacarbonate succession of meter-scale shallowing-upward cycles
3. Thecyclesaretheresult of the interplay of relative sea-level changes

4. The SCI, cycles are enclosed into athird-order sequence related to the deposition of the SCI

Subgroup
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