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ABSTRACT. The Upper Diamictite Formation of the West Congo Supergroup is a diamictite-dominated succession variously 
interpreted as a continental tillite, glaciomarinite, and glacially-influenced or non-glacial debrite. This paper presents a detailed macro- 
and microscale analysis of soft-sediment deformation structures in order (1) to resolve the long-standing debate on the genetic origin 
of the Upper Diamictite Formation, and (2) to constrain the paleoenvironmental conditions during the Marinoan global event. The 
predominance of ductile and brittle deformations and grain-to-grain compression, considered as evidence of high strain rates and local 
high stress conditions, indicate that the diamictites were deposited as mass flows. The presence of probable pelagic clays, lonestones, 
and the absence of direct ice-contact deposits point to a subaqueous gravity flow origin. These diamictites were deposited along the 
margin or at the foot of the basin slope. They were probably triggered by oversteepening and/or tectonic shocks in the Araçuaí-West 
Congo Orogen between 630 and 660 Ma. The Upper Diamictite Formation provides no support for the postulated global Marinoan 
glaciation at this time and underscores the importance of a local tectonic control on the sedimentation. 
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1. Introduction

Since over a decade, numerous studies have postulated that 
extremely low global temperatures (-50 °C) existed during 
successive separate glaciations in the Cryogenian period (770–
580 Ma). This would explain not only the presence of ice at 
sea level near the equator, but also an icy cover on all oceans 
(Snowball Earth Hypothesis; Kirschvink, 1992; Hoffman et 
al., 1998; Hoffman & Schrag, 2002). The original suggestion 
of a “global” glaciation in the Neoproterozoic by Harland 
(1964) was partly based on paleomagnetic data (Harland & 
Bidgood, 1959) pointing to low paleolatitudes for these glacial 
deposits. The latter, widely distributed on all continents, are 
sharply overlain by a cap carbonate unit, interpreted as the 
result of a sudden switch back to a greenhouse climate related 
to the increase of atmospheric carbon dioxide due to volcanic 
degassing (Hoffman & Schrag, 2002). Despite the absence 
of many typical “glacial” features (e.g., faceted and striated 
clasts, dropstones, etc.), most Neoproterozoic diamictites were 
considered as glacial or periglacial deposits. However, not all 
reported Neoproterozoic diamictites were interpreted in this 
way, but also as the result of syntectonic sediment gravity flows 
(Eyles & Januszczak, 2004, 2007) associated with widespread 
rifting of the Rodinia Supercontinent.

In this paper, we present a new macro- and microscale 
structural analysis of the Upper Diamictite Formation (UDF) 
in the West Congo Supergroup (WCS) of the Democratic 
Republic of Congo (DRC). This study highlights the non-
glaciogenic but rather tectonic-controlled origin of the UDF 
– previously generally ascribed to the Marinoan global event – 
and provides constraints on models developed on the African 
side of the “Adamastor” Basin, which separated the São 
Francisco and Congo cratons.

2. Regional context

The research area encompasses some 1400 km of exposures 
along the western margin of the Congo Craton extending 
from southwestern Gabon, across the Republic of Congo 
(RC) to the western part of the DRC and to northern Angola 
(Fig. 1). The Pan-African West Congo Belt (WCB) is part of 
the Araçuaí-West Congo Orogen (AWCO) formed during 
Gondwana amalgamation (~550 Ma) (Pedrosa-Soares et al., 
2008), and is subdivided into the aulacogen foreland and 
thrust-and-fold belt domains, that differ in deformation style 
and metamorphic grade (Tack et al., 2001, 2016). The foreland 
domain is composed of subtabular unmetamorphosed rocks 

and reaches its maximum width of approximately 300 km 
around 5°S in the Lower Congo region. Correspondingly, it is 
the reference area for the description of sedimentary strata of 
the belt (e.g., Frimmel et al., 2006). To the west, in contrast, 
series of the thrust-and-fold belt domain are metamorphosed 
(Frimmel et al., 2006). In the DRC, the lithostratigraphic 
terminology of the WCS has been recently redefined. It is 
subdivided, from oldest to youngest, into the sedimentary and/
or magmatic ~1000–930 Ma Matadi and the ~920–910 Ma 
Tshela/Seke Banza (including the Inga/Lufu- and Gangila-
type bimodal magmatism) and the predominantly sedimentary 
~910–560 Ma Cataractes groups (Baudet et al., 2013) (Fig. 2). 
Correlation of the new and previous terminology (respectively 
Zadinian, Mayumbian and West Congolian groups) falls 
out of the scope of this paper but is briefly discussed in 
Kant-Kabalu et al. (2016). The rocks collectively record a 
long-lived initial rift episode followed by a passive margin 
system with carbonate platform deposits. The Cataractes 
Group (CG) is informally subdivided into the Sansikwa, 
Haut-Shiloango, Lukala and Mpioka subgroups (Kant-
Kabalu et al., 2016) (Fig. 2). Two poorly-sorted diamictites, 
i.e., the Lower Diamictite Formation (LDF) and the Upper
Diamictite Formation (UDF) (Fig. 2) form the upper parts 
of respectively the Sansikwa and Haut-Shiloango subgroups. 
Both formations have been interpreted as glaciogenic tillite 
(Cahen, 1948, 1950, 1963, 1978; Lepersonne, 1951; Kröner & 
Correia, 1973; Cahen & Lepersonne, 1976) or as submarine 
mudflow deposits (Schermerhorn & Stanton, 1963; Wagner & 
Wilhelm, 1971; Schermerhorn, 1981; Vellutini & Vicat, 1983). 
Recently, the UDF was re-interpreted as sediment gravity flows 
with possible but only limited glaciogenic influence (Tack et 
al., 2006; Delpomdor et al., 2016). For the LDF of the WCB, 
recent sedimentological observations indicate gravity mass 
deposit characteristics (Muanza-Kant et al., 2016).

3. Geochronology

The absolute age of the WCB is relatively well constrained 
(Fig. 2). The Sansikwa Subgroup is younger than 920-910 
Ma (Tack et al., 2001). Basalts with tholeiitic affinity – 
including the Kimbungu pillows and hyaloclastic breccias – 
are interlayered in the LDF whereas the Sansikwa Subgroup 
is intruded by the Sumbi-type dolerite feeder sills and dykes 
(De Paepe et al., 1975; Kampunzu et al., 1991). One U-Pb 
age on baddeleyite single-grains from a dolerite sill yielded 
a crystallization age of <694 ± 4 Ma (Straathof, 2011), a 
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younger age than the formerly accepted Sturtian age. In 
Gabon, zircons of an isolated occurrence of a tuffaceous 
rock from the metasedimentary Louila Formation (to be 
correlated with the Haut-Shiloango Subgroup of the DRC) 
yielded a U-Pb SHRIMP age of <713 ± 49 Ma (Thiéblemont 
et al., 2009a, 2009b). Both macroscopic and microscopic re-
examination of the dated sample (Tack, L., Royal Museum 
for Central Africa, pers. comm.) showed that, in fact, it is 
reminiscent of clast-poor facies of the underlying LDF, as 
described in De Paepe et al. (1975). Because these LDF facies 
are not readily distinguishable from siliciclastic rocks from the 
Louila Formation, it is suggested that the 713 Ma age may 
well apply to the LDF rather than to the Louila Formation. 
Detrital zircon geochronology and provenance analysis of the 
LDF gave a maximum depositional age of ~700 Ma (Muanza-

Kant et al., 2016). These obtained ages on the LDF constrain 
the episodic extensional activity recorded on the present-
day African side of the AWCO (loosely dated 735–675 Ma 
“E6” rifting event; Pedrosa-Soares & Alkmin, 2011). Detrital 
U-Pb single-zircon dating of the bottom contact of the upper 
formation of the Haut-Shiloango Subgroup (Sh6) points to 
a probably most reliable maximum depositional age of ~650 
Ma (Frimmel et al., 2006). Carbonates of the uppermost 
Haut-Shiloango Subgroup (Sh8) were dated at ~645 Ma by 
near-primary 87Sr/86Sr ratios (Frimmel et al., 2006; Poidevin, 
2007). Two samples of the equivalent Louila Formation only 
gave a major 900-1100 Ma peak (Affaton et al., 2016), which 
is thus not relevant in terms of constraining the depositional 
age of this formation. Detrital U-Pb single-zircon grains from 
the overlying UDF yielded a maximum age of <707 ± 23 Ma 

Figure 1. Regional geological map of the West Congo Belt and regional geographic repartition of the Upper Diamictite Formation (modified 
after Dadet, 1969). Location of studied outcrops (red stars) in the Lower Congo region from the Democratic Republic of Congo (modified after 
Lepersonne, 1973).
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(Straathof, 2011) and a small peak of 600-800 Ma (Affaton 
et al., 2016). Carbonates of the Schisto-Calcaire Subgroup 
(C4) – overlying the UDF – were dated at ~575 Ma by near-
primary 87Sr/86Sr ratios (Poidevin, 2007). A <607 ± 16 Ma 
maximum age of detrital zircons for the Mpioka Subgroup 
is given by Straathof (2011) whereas 500–800 Ma peaks 
for detrital zircon dating are given by Affaton et al. (2016). 
Regional metamorphism of the WCB gave an Ar-Ar age of 
566 Ma (Fig. 2; Frimmel et al., 2006), in good agreement with 
the ~585–560 Ma orogenic climax of the AWCO in Brazil 
(Pedrosa-Soares et al., 2011). 

4. Materials and methods

Three sections, exposed along N1 Highway about 200 km 
southwestern of Kinshasa in the Lower Congo region were 
sampled for petrographical analyses. They crop out in two 
well-preserved quarries (Safricas, Nsussu) and in a poorly 
exposed cliff  section covered by dense savanna grass near 
the SNEL electric station. Samples for thin sectioning were 
collected in the Safricas quarry, SNEL electric station and 
Nsussu quarry (Figs 1 and 3). The facies of these UDF series 
were described in the field using the terminology of Eyles et al. 
(1983). Ten oriented samples within the UDF were collected 
with half-meter vertical intervals for analyses of macro- and 
microstructures. Thin sections were studied with a standard 
polarizing microscope at 10X and 25X magnification, using 
the microstructure and microfabric terminology of van der 
Meer (1987, 1993) and Menzies (2000). 

The structural analysis of the thin sections is based 
on the discrimination of two components: (1) those with 
particles <25–30 μm in size are termed “plasma”, and (2) 
those with particles >35 μm in size, are termed “skeleton 
grains”, and consist of individually visible mineral or 
organic particles. The combinations of both plasma and 
skeleton grains (S-matrix) can be differentiated on the basis 
of brittle or ductile deformations, mixed brittle and ductile 
(polyphased) deformation, pore water influenced or induced 
structures, and plasmic fabrics (van der Meer, 1997; Menzies, 
2000; van der Meer & Menzies, 2011). For example, planar 
features (e.g., lineations, pressure shadows) are indicative of 
brittle deformations, whilst the rotational structures (e.g., 
galaxy structures, pebbles) reveal ductile deformations. 
Other structures, such water escapes provide an indication 
of effective stress and pore water conditions of the sediment 
being deformed (Benn & Evans, 2010). According to Baroni 
& Fasano (2006), cutans, pendants, neoformed minerals and 
translocations are considered as “secondary features”. The 
plasma microfabric consists of the re-orientation of the finest 
(<2 mm) components caused by the application of stress 
during sedimentation. This microfabric may be subdivided 
into rotational plasmic fabrics, that are marked by the rolling 
of the particles and the re-orientation of the finest components 
at the surface of larger grains, and planar plasmic fabrics, that 
reflect either the pervasive or discrete failure of the sediment 
along shear planes (Benn & Evans, 2010). The abundance 
of microstructures and plasma microfabrics is quantitatively 
determined by their frequency under the microscope. Rare/
poorly developed, common/moderately developed, and 
abundant/well developed are showed by one, two and three 
dots respectively (Table 1).

5. Facies descriptions

5.1. SNEL electric station

Macroscale description: The diamictites display ~10 m-thick 
discontinuous beds of unsorted and ungraded matrix-
supported conglomerates (Figs 3-A and 4-A). According to 
the terminology of Eyles et al. (1983), these beds are massive 
matrix-supported diamictites (Dmm: Diamictite, matrix-
supported, massive). The clasts are randomly oriented, except 
rare clasts aligned along the SSE-NNW directions following 
their long a-axis. They are lithologically heterogeneous, 
dominantly composed of quartzites, phyllites, gneisses, 
granites, with only a few carbonate rocks (Fig. 4-B). One 
quartzite pebble displays subparallel fractures with in situ 
recementation of the fragments. Their grain size ranges from 
sand to pebble. Clasts smaller than 2 cm are generally angular, 
while those greater than 2 cm commonly display a higher 
degree of roundness. No striations are observed on their 
surface. The matrix is composed of homogeneous pale green 
colored muds (Fig. 4-B). The basal and upper bed contacts 
are not visible.

Microscale description: Skeleton grain-size distribution 
ranges up than 50 µm, with an average of around 200 µm (Fig. 

Figure 2. Updated lithostratigraphic subdivisions coupled with 
geochronology of the West Congo Supergroup in the Lower Congo 
region (modified after Kant-Kabalu et al., 2016) in combination with 
tectono-magmatic and orogenic events defined by Pedrosa-Soares 
& Alkmin (2011). The former stratigraphic terminology is added in 
parenthesis.
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5-A; Table 1). The <200 µm grain-size fraction is subangular 
to angular, and the >200 µm fraction is subrounded. 
Quartz is dominant. Lithic fragments having magmatic 
(granites), metamorphic (quartzites, phyllades, gneisses) and 
sedimentary origins (shales, sandstones) are widely present 
while K-feldspars and plagioclases are rare. The distribution 
of skeleton grains is homogeneous, and the grains are very 
poorly sorted (Fig. 5-A). The matrix comprises smaller grains 
(<4 µm) consisting mainly of pale green colored clays. The 
matrix does not react with cold diluted HCl. The ratio between 
skeletal and plasmic grains is 1:5. 

Primary voids and sedimentary structures are absent. Discrete 
planar shear deformations are common and show linear 
features with preferred fabric orientations and alignments 
of the skeletal grains (Fig. 5-B). Most deformations are 
rotational with circular alignments with or without “core 
stone”, galaxy structures and discrete asymmetric pressure 
shadows (Fig. 5-B). Clasts in grain-to-grain contacts exhibit 
pressure shadows marked by finer material resulting from 
grain crushing process. Isolated well-rounded aggregates of 
homogeneous material of clay or quartz grains (pebble-type 
III structure; van der Meer, 1993), often rimmed by circular 

Figure 3. Detailed logged sections coupled with facies using the terminology of Eyles et al. (1983). (A) SNEL Station (S05°37.143/E014°15.638); 
(B) Nsussu quarry (S05°37.659/E014°14.958); (C,D) Safricas quarry (S05°34.110/E014°25.138). Terminology: Dmm: diamictite, matrix-
supported, massive; Dml: diamictite, matrix-supported, laminated; Fl(d): silts and clays, fine lamination with dropstones; Fm/l(d): silts and clays, 
massive or laminated; Gfu: gravels, upward-fining; GRfu: granules, upward-fining. 
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Table 1. Summary of microscale soft-
sediment deformation structures 
within the Upper Diamictite 
Formation. The abundancy of 
the microstructures and plasma 
microfabrics is quantitatively 
determined by the frequency of 
these features observed with the 
microscope. Rare/poorly developed, 
common/moderately developed, 
and abundant/well developed are 
showed by one, two and three 
dots respectively. Abbreviations: 
A, angular; SA, subangular, SR, 
subrounded.
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alignments of small grains, constitute the largest clasts in 
size observed in thin sections. The plasmic fabric is skelsepic 
(Brewer, 1976), but pervasive shear lines with omnisepic 
plasmic fabrics are also observed (Fig. 5-B). 

5.2. Nsussu quarry

Macroscale description: The diamictites exhibit ~25 m-thick 
continuous beds showing E-W stacking due to local 
deformations (Fig. 6-A). The UDF displays ~1 m-thick 
individual beds of poorly sorted predominantly wine-
red and more exceptionally pale green massive matrix-
supported diamictites (Dmm) (Figs 3-B and 6-B). The clasts 

are dominantly grey-green phyllites, pale yellow quartzites, 
wine-red quartzophyllades and cherts with almost no dark 
limestones from the underlying Haut-Shiloango Subgroup. 
Moreover, magmatic and metamorphic rocks, including 
amphibolites, granites, charnockites and gneisses, are also 
quite abundant. The grain size of clasts ranges from sand to 
pebble. Clasts smaller than 2 cm are generally angular, while 
clasts greater than 2 cm commonly display a higher degree of 
roundness. None of the diamictite beds exhibits any grading. 
No internal structures are visible, except for several 5-10 cm-
thick lenses forming a linear stone line, with upward-fining 
gravels and granules (Gfu + GRfu: Gravels and Granules, 

Figure 4. SNEL station – (A) Stack beds of unsorted and ungraded matrix-supported diamictites (Dmm) submitted to regional fracturing related 
to the West Congo Belt; (B) Pale green colored muddy matrix with granules and pebbles of quartzite, phyllite and gneiss.

Figure 5. Paired thin-section 
photographs and interpretation of soft-
sediment deformation structures within 
the Upper Diamictite Formation – (A,B) 
Discrete planar shear and rotational 
deformations in skelsepic fabrics. SNEL 
station, sample BP13; (C,D) Discrete 
planar shear deformations and strong 
pressure shadows in skelsepic fabrics. 
Nsussu quarry, sample BCR1; (E,F) 
Poorly sorted silty to sandy-size grain 
distributions in calcareous muddy 
matrix showing many rotational 
structures with circular alignments with 
or without galaxy structures and discrete 
asymmetric pressure shadows. Safricas 
quarry, sample BCJ15. The direction of 
long a-axis is indicative of planar shear 
and rotational structures. Planar shear 
structure in green, rotational structure 
in red, galaxy structure in blue.
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upward-fining) in a sandy matrix (Fig. 6-C). These horizons 
have a loaded contact with the diamictites. The basal and 
upper contacts of the UDF are not observed. 

Microscale description: Skeleton grain-sizes range from 
20-500 µm, with an average grain size of 250 µm (Fig. 5-C; 
Table 1). The grain-size fractions smaller than 200 µm are 
subangular to angular, while those greater than 200 µm are 
surrounded. Quartz grains are dominant, while K-feldspars 
and plagioclases are rare. Lithic fragments are dominantly 
phyllites and quartzophyllades. The skeleton grains are poorly 
sorted (Fig. 5-C). The matrix does not react with cold diluted 
HCl. The ratio between skeletal and plasmic grains varies 
between 1:2 and 1:3. 

Primary voids and sedimentary structures are not visible. 
Discrete planar shear deformations consist of microclasts 
arranged into linear features (Fig. 5-D). Rotational structures 
composed of circular alignments with or without “core 
stone”, are common (Fig. 5-D). Grain-to-grain contacts 
between clasts exhibit pressure shadows marked by finer 
material resulting from grain crushing processes. Plasmic 
fabric is principally latti-skelsepic, where plasmic particules 
are preferentially oriented around skeleton grains, with 
randomly oriented minor diffuse arrangements of the finest 
components (<2 mm) (Fig. 5-D). 

5.3. Safricas quarry

Macroscale description: Facies within the UDF consist of 
0.5-1 m-thick massive beds of pale green colored laminated 
(Dml: Diamictites, matrix-supported, laminated) and massive 
(Dmm) matrix-supported diamictites with rounded to 
subrounded clasts ranging in size from silt to gravel (Figs 3-C, 
D and 7-A to D). Limestone-derived clasts from the underlying 
Haut-Shiloango Subgroup are dominant with a few phyllites, 
quartzites, dolerites, felsic lavas, granites and gneisses. The 
clasts are subangular to subrounded, with rare randomly 
oriented straight striations on their surface. One quartzite 

pebble displays close subparallel fractures. The dominant 
orientation of clasts is NNW–SSE. The basal contact of the 
diamictite beds is slightly erosional and scoured. Beds can 
be traced along outcrops for some 50-100 m, appearing as 
lenticular channel fills, up to 5 m-thick, and include to brown 
colored calcareous mudstones (Figs 7-A, B). Mudstone facies 
show floating rounded lonestones (isolated clasts) (Fl(d): Silts 
and clays, fine lamination with dropstones), similar in shape 
to glacial dropstones, dominantly composed of limestones 
ranging in size from sands to boulders from the underlying 
Haut-Shiloango Subgroup (Figs 7-A, C). 

Microscale description: The grain-size fractions smaller than 
200 µm are angular, while those greater than 200 µm are rounded 
(Fig. 5-E; Table 1). Quartz is dominant and K-feldspars and 
plagioclases are rare. Lithic clasts of limestones, e.g., lime 
mudstones and oolitic grainstones, from the underlying 
Haut-Shiloango Subgroup are ubiquitous, while phyllites, 
quartzophyllades and subordinate granites are rare. The matrix 
reacts with cold diluted HCl. No distinct voids were observed 
except vugs resulting from the chloritization and sericitization 
of K-feldspars and plagioclases. Microstructural fabrics are 
dominantly rotational with occasional galaxy-like structures 
and discrete asymmetric pressure shadows (Fig. 5-F). Grain-
to-grain contacts exhibit pressure shadows of finer material 
created by grain crushing. The samples show a weakly-
developed pebble type III structure (van der Meer, 1993) 
of in situ rounded pebbles with or without internal plasmic 
fabric (orientation of colloidal particles smaller than 20 µm 
based on the optical properties of aligned plasma particles) 
(Fig. 5-F). Pebbles without internally plasmic fabric, named 
“rolling ball structures” (Baroni & Fasano, 2006), are present. 
Samples display diffuse arrangement of the finest components 
(<4 µm) throughout the matrix. The plasmic fabric displays 
dominantly rotational plasmic fabrics (skelsepic, lattisepic 
and omnisepic) (Fig. 5-F and Table 1). Some samples present 
coatings of clay around silty and sandy grains. 

Figure 6. Nsussu quarry – (A) General view of E-W oriented outcrop with stacked beds of diamictites; (B) Wine-red massive matrix-supported 
diamictites (Dmm) with clasts of quartzite, wine-red quartzophyllade, chert, granite and gneiss; (C) 5-10 cm-thick lense, forming a linear stone 
line, with upward-fining gravels (Gfu) and granules (GRfu) in sandy matrix within a mud-supported matrix (Dmm).
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6. Interpretation and discussion: glacial or non-glacial in
origin

6.1. Micromorphological features

Thin-section analysis highlights that the UDF is linked to 
soft-sediment deformations (SSD), indicative of specific 
sedimentological conditions during and immediately after 
deposition. Such deformations can be produced in a broad 
range of environments from volcanic to glacial as well as in 
subaerial and subaqueous settings (van der Meer, 1987, 1993, 
1997; Menzies, 1998; Menzies & Maltman 1992; Menzies et 
al., 1997, 2006; Eyles & Januszczak, 2004; Evans et al., 2006). 
Syndepositional pervasive SSD are evidenced by the clast 
alignments, pervasive tectonic laminations, unidirectional 
folding and shears (simple shear), rotational structures, 
pressure shadows and water escape structures (Lachniet et 
al., 2001; Baroni & Fasano, 2006; Phillips, 2006). The clast 
alignments in the UDF are the result of remobilization of 

the source sediment, which overprinted the sedimentary 
processes, which were active during the flow and deposition 
of the overriding ice or the debris flows. Pervasive tectonic 
laminations, unidirectional folding and water escape structures 
are absent in the UDF. These deformations are indicative 
of relatively high strain ductile deformation, facilitated by 
elevated pore water pressures, which succeed in the decrease 
of the effective stress in the sediment (Menzies, 2000; Busfield 
& Le Heron, 2013). Unidirectional shear is characteristic of a 
matrix realignment under the ductile and relatively high strain 
brittle deformations with fracturing and faulting, during 
and immediately after deposition. Shear is symptomatic of 
high effective stress (Maltman, 1988; Menzies et al., 2006), 
and is common in both subglacially deformed materials and 
gravity flows (van der Wateren, 1995). Rotational deformation 
structures are dominant in the UDF and are the product of 
shearing within a deforming bed (van der Meer, 1993, 1997), 
whereby stress is accommodated around a rotating nucleus, 
leading to the preferential alignment of smaller clasts at the 

Figure 7. Safricas quarry – (A) View of the Kongo dia Kati anticline showing the lower and upper contacts of the UDF (marked with triangles) 
with the Haut-Shiloango and Lukala subgroups (former Schisto-Calcaire Subgroup) respectively. The basal contact is slightly erosional and beds 
can be traced along outcrops for some 50-100 m, appearing as lenticular channel fills inset into brown coloured calcareous mudstones (Fl(d)). 
Rose diagram giving a unimodal SSE paleocurent direction of the clasts in the sediment gravity flow; (B) View of the Kongo dia Kati anticline. 
Calcareous mudstone facies with floating rounded lonestones (Fl(d)) present at base and the top of the diamictites; (C) Massive matrix-supported 
diamictites (Dmm) embedded in laminated mudstones (Fl(d)) with abundant reworked carbonate clasts from the underlying Haut-Shiloango 
Subgroup; (D) Basal erosional contact between the calcareous mudstones with lonestones of the Upper Diamictite Formation (Dml) and the 
autoclastic breccia of the upper Haut-Shiloango Subgroup (Delpomdor et al., 2014, 2016). Note the sharp upper contact between the Upper 
Diamictite Formation and the Lukala Subgroup.
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nucleus periphery, possibly associated with re-orienting and 
turbulent flow in the matrix (Busfield & Le Heron, 2013). The 
remobilization of the matrix forms skelsepic, lattisepic and 
omnisepic plasmic fabrics or combinations of these, as present 
in the UDF. The skelsepic plasmic fabric is dominant and 
suggests re-orienting domains parallel to the surface of large 
grains (Menzies et al., 2006). The lattisepic plasmic fabric 
reveals a stress from two perpendicularly different directions, 
or that the re-orienting single high stress application event was 
imprinted in the narrow of former single shear plane (Menzies 
et al., 2006). These rotational features may be encountered in 
both subglacial settings (van der Meer, 1993, 1997; Menzies, 
1998, 2000; Khatwa & Tulaczyk, 2001) and sediment gravity 
flows (Lachniet et al., 1999; Lachniet et al., 2001; Phillips, 
2006). Rotational deformation structures share a common 
mechanical origin and are therefore not environmentally 
diagnostic. Additional rotational deformations are evidenced 
by the occurrence of soft intraclast pebbles with or without 
internal plasmic fabrics and pressure shadows. In the UDF, 
the pebbles are attributed to fine-grained pebble type-III, 
which is the result of reworking of the host sediment under 
ductile deformation. Fine-grained skeleton particles may be 
oriented parallel to the surface of the large skeleton grains, 
forming the core stone (Sitler, 1968) or a galaxy structure (van 
der Meer, 1993). Pressure shadow is indicative of a rotation 

due to shearing (Hanmer & Passcheir, 1991). Other minor 
deformational structures are caused by edge-to-edge grain 
crushing (Harker & Giegengack, 1989; Harker, 1993; Hiemstra 
& van der Meer, 1997; van der Meer, 1997) highlighting a 
cataclastic flow (Hiemstra & van der Meer, 1997; Menzies et 
al., 2006). 

The combination of microscale SSD structures in the 
UDF points to an environment with relatively high strain 
rates in absence of pore water pressures. These deformational 
features reveal that the UDF has dominantly been subject to 
ductile flows and deformations, as evidenced by the rotational 
structures. Our SSD observations within the UDF suggest 
that these deformational structures share mechanical features 
related common to both sediment gravity flows and subglacial 
deposits. Therefore, they are not diagnostic of the depositional 
environment.

6.2. Macroscale features

As only micromorphological features do not unambiguously 
discriminate the depositional environment, macroscale 
observations have also to be taken into account. Diagnostic 
subglacial settings develop under high strain pore water 
pressure by high overburden pressure of ice and basal 
meltwater supply. They include flow noses, tiles structures, 
glaciotectonic laminations, unidirectional foldings, clast 

Figure 8. Reconstruction of depositional environments of the West Congolian ramp. The idealized 3D model illustrates the spatial and vertical 
distribution of deep marine and alluvial fan system including steepened ramp of the Haut-Shiloango Subgroup, glacially-influenced sediment 
gravity flows of the Upper Diamictite Formation, and deep-water turbidites at the base of the Lukala Subgroup (former Schisto-Calcaire 
Subgroup) in the Democratic Republic of Congo (after Delpomdor et al., 2016). No vertical scale intended.
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dispersion tails and fracturing at the base of the diamictite. 
All these features are absent in the studied sections. Derivation 
of the UDF by subglacial deposition is therefore rejected. 
Additional evidences of non-subglacial deposits are the 
absence of diagnostic features typical of direct ice-contact 
deposits (i.e., tills) such as boulder pavements, associated 
meltwater deposits, and common presence of striated and 
glacially-shaped clasts. Striated and dislodged pebbles of 
quartzites were found to the north of the Sansikwa massif  
(Cahen, 1963), and the latter rocks are therefore interpreted 
as the result of interparticular shocks which are formed by the 
gravitational flowage of sediment-water mixtures. Less than 
1% of clasts are striated, and no striations are present on the 
fine-grained lithologies such as the limestones, phyllites and 
dolerites (Tack, L., Royal Museum for Central Africa, pers. 
comm.). Striation is encountered in both subglacial settings 
and sediment gravity flows by friction during an active flow. 
Their exceptional occurrence – particularly in the proximal 
facies along the Congo craton in Gabon – suggests that the 
UDF does not result from a continental glacial accumulation 
(Delpomdor et al., 2016). At the Safricas quarry, a shear zone 
at the base of the Dml facies exhibits a high stress accompanied 
by an upward decrease in strain intensity, as evidenced by the 
deposition of Dmm facies. Such deformation structures are 
characteristic of sediment gravity flow deposits, where the 
water pressure is in excess of the hydrostatic pressure and thus 
reduces the shear strength of this material, which may even 
be liquefied (Lachniet et al., 2001). Rare load structures with 
normal grading including gravels and granules (Gfu + GRfu) 
in a sandy matrix are indicative of small plug-flow channels. 
However, no evidence of vertical to subvertical water escape 
structures has been encountered, thus pointing to sediment 
gravity flow deposition (Bertran et al., 1995; Bertran & Texier, 
1999; Lachniet et al., 2001; Menzies & Zaniewski, 2003: 
Phillips, 2006). Gravity flow deposits can produce erosional 
features, such as scours at the contact with the Haut-Shiloango 
carbonates, in the form of broad channels. The calcareous 
mudstones (Fl) embedding the diamictite are interpreted 
as contemporaneous pelagic clays expelled from the tops 
of the muddy gravity flows or as deposit of muddy gravity 
flows with floating clasts as evidenced by the lonestones. The 
emplacement of the lonestones in the mass flow dominated 
successions is related to the transport of clasts having settled 
down from subsequent hyperconcentrated flows (Mutti, 1992). 
The absence of clear evidence of dropstones, of till pellets and 
conglomeratic lenses (see Drewry, 1986) is at variance with 
deposition of ice-rafted debris. Subaqueous mass flows as 
slumps, debris flows and turbidites can be indicative of glacial 
affinity, especially during periods of rapid retreat of ice and 
abundant sediment input or via the subglacial flow in the edge 
of slope (Van Vliet-Lanoë, 2005), but have in no way to be 
necessarily linked to a cold climate. 

In view of our micro- and macroscale observations the 
UDF is therefore interpreted as the result of subaqueous 
gravity flow deposits (debrites) because of (1) the combination 
of ductile deformation, brittle deformation and grain-to-
grain compression, considered as evidence of high strain 
rates and local high stress conditions, typical of mass flow in 
a subaqueous environment; (2) the contemporaneous pelagic 
clays expelled from the tops of the muddy gravity flows, and (3) 
the absence of diagnostic features typical of direct ice-contact 
deposits (i.e., tills) such as glaciotectonic deformations, 
boulder pavements, associated meltwater deposits, common 
striated and glacially-shaped clasts. 

7. A model of subaqueous sediment gravity flow for the
UDF

Deposition of the UDF is thus here interpreted as subaqueous 
sediment gravity flows (debrites), with only limited glacial 
influence. It is linked to deep-water submarine to alluvial 
fan systems along the unstable margins of a carbonate ramp, 
perhaps at the foot of the basin slope (Delpomdor et al., 
2016) (Fig. 8). This is in line with uplift of the Chaillu massif  
of Gabon and the Republic of Congo (located to the NW 

of the UDF) acting as source region for most of the UDF 
clasts (Wagner & Wilhelm, 1971), including also our observed 
charnockites and felsic rocks. Gravity driven sedimentation 
was followed by the progradation of an alluvial fan and a 
deep-water submarine fan system towards the south and the 
west, i.e., from what is now northern Angola. Subaqueous 
gravity flow deposits were frequent especially during periods 
of rapid marine transgression in the basin (Delpomdor et 
al., 2016). The envisaged deep-water environment already 
preceded and followed UDF deposition. Indeed, it is recorded 
in respectively the upper part of the Haut-Shiloango Subgroup 
and lower part of the Lukala Subgroup (Delpomdor et al., 
2016). Debris flow deposits developing broad channels – and 
in general the envisaged deep-water sedimentary environment 
– were probably triggered by over steepening and/or tectonic
shock events. The latter can tentavily be related to the 
extensional tectonic movements associated with the 660 Ma 
oceanic spreading in the central-southern Macaúbas Basin 
(now located in present-day Brazil) preceding the onset of 
the 630 Ma pre-collisional magmatic arc of the Araçuaí-West 
Congo Orogen (Pedrosa-Soares et al., 2011). In line with the 
E1-E6 terminology of Pedrosa-Soares & Alkmin (2011) to 
describe successive rifting events preceding the AWCO, we 
suggest to name our new evidence of extensional tectonic 
movement on the African side as the “E7” event (660–630 
Ma). No anomalous or abrupt climatic or eustatic events 
such as proposed by the Snowball Earth ice age model are 
thus recorded in the UDF. On the contrary, our envisaged 
deep-water environment reflects an overriding, long-term 
and diachronous tectonic control on sedimentation along the 
western margin of the Congo Craton during regional extension 
induced by the break-up of the Rodinia supercontinent.

8. Conclusions

The Upper Diamictite Formation (UDF) of the West Congo 
Supergroup has hitherto often been considered as a record 
of a glacial-interglacial transition related to the Snowball 
Earth-type Marinoan event because it was considered to be 
a true tillite. Our paper shows that the UDF corresponds to 
subaqueous sediment gravity flows deposited along the margins 
of a basin. Any substantial glacial influence is not readily 
identifiable. The deep-water sedimentary facies reported 
here primarily record mass flow processes. No catastrophic 
climatic events (i.e., Snowball Earth) can thus be identified in 
the UDF. On the contrary, the deep-water facies – not only 
recorded in the UDF (this paper) but also in respectively the 
underlying upper part of the Haut-Shiloango Subgroup and 
lower part of the Lukala Subgroup – reflect a strong regional 
tectonic control. Extensional movements preceding the 
Araçuaí-West Congo Orogen (660–630 Ma) are suggested to 
control long-term and diachronous sedimentation along the 
western margin of the Congo Craton. In line with the E1-E6 
terminology of Pedrosa-Soares & Alkmin (2011), we suggest 
to name this new evidence of rifting event on the African side 
the “E7” event (660–630 Ma).
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