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The evaporites of the Aptian Loémé Formation occur along the stable structural domain of onshore Congo as hor-
izontally well-stratified depositional halite interbedded with Mg-poor potash minerals including carnallite,
bischofite, tachyhydrite and sylvite. Eleven correlative depositional recharge-to-evaporation cycles are com-
posed of suites of organic-prone shale followed by primary halite and carnallite beds, sometimes punctuated
by a bischofite-tachyhydrite end-member.
A sedimentological and petrographical analysis performedon cores and thin sections allowed an interpretation of
nine facies associations, named as FA1 to FA9, relying upon the occurrence of bands of fluid inclusions, grain-size,
dissolution features, detrital sediments, minute inclusions and sedimentary structures. A depositional model rec-
onciles the spatial distribution of primary textures, hydrology, brine saturation and palaeo-depth during a stan-
dard regressive evaporation cycle. Shallow burial eo-diagenesis led to compaction-driven dissolution and
recrystallization into fine-grained halite and carnallite laminites but poorly affected the overall preservation of
primary deposits.
Measurements and profile analysis of bromine trace element concentrations reveal a palaeo-salinity increase of
the parent brine for cycle II to base IX caused by a relative brine level fall and a gradual confinement of the salt
basin, likely associated with an excess of saline elements inflow from hydrothermal vents. Similar depositional
textures and bromine concentration variations are observed in the lower cycles of the Aptian evaporites from
the counter-part Sergipe Basin in the northern part of the Brazilianmargin, testifying of a progressive brine salin-
ity rise due to a palaeogeographic confinement along the northern segment of the South Atlantic Ocean.
In Congo, the sylvite displays horizontal “pseudo-stratifications” that unconformably overlay the crests of anti-
clines and propagate along flanks as a sharp-based caprock. The flushing and transformation of depositional car-
nallite – halite into secondary sylvite – halite is interpreted as having been caused by down-stepping incremental
dissolutions sourcedby younger pervasive connate to phreaticwaters. In Sergipe, the sylvite is interpreted as sec-
ondary but further results from syndepositional dissolution of carnallite and tachyhydrite due to a regional North
Atlantic Ocean ingression.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Understanding the origin and distribution of evaporites along the
South Atlantic margins of Africa and South America is important for de-
fining the salt palaeogeography during the Aptian rift-to-drift evolution.
Several studies propose large-scale palinspastic and climatic scenarios
anu).
to describe the connectivity of Aptian salt basins (Dias, 2005; Rouchy
and Blanc-Valleron, 2006; Davison, 2007; Torsvik et al., 2009; Moulin
et al., 2010; Chaboureau et al., 2012) but the relationships between pri-
mary evaporite textures, parent brine hydrology and depositional
palaeo-bathymetry have not been thoroughly described. Moreover, al-
though the role of hydrothermal activity in the occurrence of Ca-rich
potash is of growing scientific interest (Hovland et al., 2006; Cheng
et al., 2019; Debure et al., 2019; Fernandez et al., 2020), the issue of
the palaeo-salinity evolution with respect to relative brine level varia-
tions, brine composition and basin confinement in time is unresolved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.sedgeo.2021.106038&domain=pdf
https://doi.org/10.1016/j.sedgeo.2021.106038
mailto:laurent_gindre@yahoo.fr
https://doi.org/10.1016/j.sedgeo.2021.106038
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/sedgeo


L. Gindre-Chanu, A. Pichat, V. Delhaye-Prat et al. Sedimentary Geology 427 (2022) 106038
Recent work performed on the Iburamember of the Sergipe Basin in
the North-East Brazil (Szatmari et al., 2021) has shed some light on the
mode of formation of the Aptian evaporites along the northern segment
of the South Atlantic, by showing geochemical relationships between
primary fabrics and a parent brine possibly enriched with calcium
by hydrothermal inflow. There, the sylvite is diagenetic, resulting
from the early leaching of depositional carnallite and tachyhydrite,
caused by a northern ingression of Central Atlantic Ocean seawater
during the Lower Albian (110.64 ± 0.34 M.y.), therefore indicating a
palaeogeographic change at the end of evaporite deposition.

The potash-bearing evaporites of the Loémé Formation that exten-
sively occur along the stable structural domain of onshore Congo and
South Gabon are interpreted as a counterpart to the Brazilian Ibura
Member. The Loémé Fm consists of horizontally bedded primary halite
with interbedded carnallite and bischofite-tachyhydrite that has con-
served their original depositional fabrics without being affected by
halokinesis or meso- to telogenetic dissolution (Belmonte et al., 1965;
Fig. 1. Locationmap of the studied area in the South Kouilou region of onshore Republic of Cong
by Reyre (1984). K1, K2, K34, K40, and EK29 are borehole locations.
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De Ruiter, 1979; Teisserenc and Villemin, 1990; Hirlemann, 1993;
Hirlemann and Jaillard, 1993).

The lithostratigraphy of the Loémé Fm has been established during
several decades of muriate mining operations (SRK Consulting, 2011,
2012; Pedley et al., 2016; Van Der Klauw et al., 2019). Few geochemical
studies that quantify the Aptian brine composition and palaeo-
temperature are available (Timofeeff et al., 2006; Zhang et al., 2017),
and no studies have been made on the depositional textures of halite
and carnallite that reconcile lateral facies changes, brine salinity and
palaeo-depth. Most of the research in the region has focused on the
mined sylvinite (mixture of the minerals sylvite and halite) because of
its K2O content, which is among the highest in the World. As in Brazil
(Szatmari et al., 2009, 2021), the sylvite is considered to be the second-
ary by-product of carnallite, but its mechanism and timing of formation
are poorly constrained. This lack of knowledge induced pitfalls in the in-
terpretation of original composition and salinity of the Aptian brine in
the northern part of the Atlantic margin.
o. The historical Hollemine and Kola prospect are located along the stable domain defined
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The Mines de Potasses d'Alsace (MDPA) acquired a substantial
amount of subsurface data in the Kouilou region of Congo between
the 1960's and the closure of the Holle mine in 1977. The mine was
closed after complete flooding by fresh water seeping downward. The
MDPA rock repository archives preserved the halite, carnallite and syl-
vite of the Loémé Fm, although bischofite-tachyhydrite is too soluble
to have been preserved. We use sedimentological, petrographical and
geochemical analyses to (1) establish a depositional model that synthe-
sizes primary fabrics, brine hydrology and palaeo-bathymetry of
depositional halite and carnallite of the Aptian Loémé evaporites,
(2) evaluate the palaeo-salinity evolution of the parent brine and (3) re-
fine the model of formation of secondary sylvite. The question of
whether themother brine composition and salinity among the different
Aptian salt sub-basins along the South AtlanticMargin are similar is cru-
cial for establishing the Aptian post-break-up palaeogeography. We
compare primary and diagenetic facies of the Loémé Fm with its
counter-part evaporites in Brazil, known in the Sergipe Basin, to provide
somekey elements to re-examine the connectivity of hypersaline brines
in the northern part of the South Atlantic Margin.

2. Geographical and geological background

The present-day distribution and lateral continuity of the Aptian
evaporites along the western African margin represents a single giant
salt basin extending from north Gabon to south Angola (Dias, 2005;
Rouchy and Blanc-Valleron, 2006; Davison, 2007). The northern bound-
ary of the basin is located near the Ascension Fracture Zone, north of the
Gabon Basin (Davison, 2007), while the southern boundary is assumed
to be the north of the Walvis Ridge, where Aptian mounded platform
carbonates have been identified (Coterill et al., 2002). Along strike, the
stable domain of onshore Congo and the southern part of Gabon
shows few effects of halokinesis for more than 200 km (Reyre, 1984).
The Loémé Fm displays a regional layered-cake configuration with hor-
izontally stratified potash-bearing evaporites (Belmonte et al., 1965; De
Ruiter, 1979; Teisserenc and Villemin, 1990). Westward, the complete
original lithostratigraphy and depositional facies of the evaporites are
destroyed due to significant roll-over, salt gliding and diapirism. In on-
shore Congo, the Kouilou region palaeogeographically corresponds to
the easternmost coastal margin of the West African salt basin
(Davison, 2007) (Fig. 1). In the subsurface, evaporites abut the
faulted-bounded Proterozoic Mayombe basement by onlap (Pedley
et al., 2016).

The study area is located onshore between the northern Kouilou and
southern Loémé rivers in the Prefecture of Kouilou, in the southern part
of the Republic of the Congo. The Hollemine is situated approximatively
40 km north-eastward of Pointe-Noire and about 10 km from surface
exposures of Mayombe basement (Fig. 1).

3. Evaporite stratigraphy

The evaporites of theAptian Loémé Fm that occur onshore Congo are
among the most heterogeneous Cretaceous saline successions in the
world (Warren, 2006). They are only known from subsurface data and
mainly consist of halite (NaCl) with interbedded Mg-poor potash
deposits including carnallite (KMgCl3, 6H2O), bischofite (MgCl2),
tachyhydrite (CaCl2, 2MgCl2, 12H2O) and sylvite (KCl) (Fig. 2)
(Lambert, 1967; De Ruiter, 1979; Teisserenc and Villemin, 1990; SRK
Consulting, 2011, 2012; Pedley et al., 2016; Van Der Klauw et al.,
2019;). Anhydrite is strikingly rare, only occurring as metre-thick cap
rocks and in thin seams scattered within the succession (Belmonte
et al., 1965; De Ruiter, 1979). Carnallite and bischofite-tachyhydrite de-
posits, are interpreted as primary, while sylvite is considered as second-
ary mineral formed from the dissociation of carnallite by penetrative
less saline fluids (Wardlaw and Nicholls, 1972; Pedley et al., 2016).
The overall thickness of the Loémé Fm along the onshore Congomargin
varies between less than 50 m and about 950 m, depending on the
3

eastward thinning related to the coastal onlap and per descensum disso-
lutions by post-salt phreatic waters (Belmonte et al., 1965; Pedley et al.,
2016).

When they are poorly affected by dissolution, the Loémé evaporites
are composed of 11 correlative depositional cycles, named I through XI,
interpreted as solar-driven evaporation cycles, from 15 m to 130 m
thick (Belmonte et al., 1965; Lambert, 1967; Brink, 1974; De Ruiter,
1979) (Figs. 2, 3). Each cycle is typified by a mineralogical succession
consisting of basal dolomitic and bituminous shale, followed by halite,
then a series of carnallite and halite beds (Belmonte et al., 1965; De
Ruiter, 1979). A mixture of bischofite/tachyhydrite end-members ter-
minate the tops of Cycles V, VI, VII and X (Hirlemann and Jaillard,
1993) (Fig. 2). Basal bituminous shales have been reported as being re-
gional stratigraphical surfaces for correlations (Lambert, 1967). Potash
seams are named using the historic nomenclature of MDPA, referring
to the cycles within which they occur (e.g. cycle II, IV, IX, etc.)
(Hirlemann and Jaillard, 1993; Pedley et al., 2016). Sylvite is commonly
preserved at the top of anticlines, just below the anhydrite caprock
(Fig. 3).

Post-salt sediments consist of Albian anhydrite and dolomitic lime-
stones, followed by Cenomanian to Turonian interbedded dolomitized
sands and shales (Fig. 2). Massive Maastrichtian conglomerates and Ce-
nozoic sands account for the youngest sediments of the study area. At
Holle, the shallowest post-salt aquifer consists of phreatic groundwater
that flows towards Pointe-Noire through Maastrichtian and Cenozoic
sands (Moukolo, 1992; Moukandi Nkaya et al., 2014), whereas the
deepest one is made up of stagnant weakly saline phreatic water
trapped in the Albian anhydritic carbonates (B.R.G.M., 1982). Some con-
nate waters were also identified in the deeper aquifer (Pedley et al.,
2016; SRK Consulting, 2012).

4. Age of the evaporites

The evaporites of the Loémé Fm are commonly dated between
Upper Aptian to Lower Albian (Poropat and Colin, 2012). These ages
are based on ostracod and pollen assemblages discovered in the upper-
most pre-salt strata of Gabon and Cabinda (Grosdidier et al., 1996;
Braccini et al., 1997; Bate, 1999; Bate et al., 2001) and planktonic fora-
minifera (i.e. Hedbergella sp; Leopoldina cabri) found just above the salt
in the offshore Benguela Basin (Caron, 1978; Davison, 2007).

Field investigations of the Pre-Salt Vembo shales of the Chela Fm
cropping out along the escarpments beside the Mayombe basement in
the coastal plain of Congo have reported a significant density of pollens,
ostracods, insects and dinoflagellates, typical of the AS12 biozone of
Grosdidier et al. (1996). This confirms a Lower Aptian age for the sedi-
mentary precursors prior to evaporites deposition (Delhaye-Prat et al.,
2016). In onshore Gabon, the discovery of Deshayesites consobrinoïdes
(Hourcq and Devigne, 1950) at the base of the Madiela Fm (equivalent
of the Congolese post-salt series argilo-dolomitiques) indicates the
overburden is from the Upper Aptian. Based on all biological elements
inventoried from Angola to Gabon from the literature, the Loémé Fm
seems best attributed to the Middle to Upper Aptian.

5. Data and methods

We constructed a complete sedimentological section from cycle II to
the top of cycle IX from slabbed cores of theK1borehole,with additional
observations made from core samples of the K39, K54 and K55 bore-
holes. Halite, carnallite and sylvite fractionswere examined petrograph-
ically relying on an analysis of 50 thin sections, and details of the
carnallite textures were observed using a scanning electronmicroscope
equipped with a Brucker Quantax EDS detector (SEM-Quantax, TOTAL
CSTJF Laboratory). Chemical compositions were analysed by high accu-
racy μ-EDSat with a resolution of 2–3 μm/pixel. The evaporites from the
lowermost cycle I, the uppermost cycle X, and the anhydrite caprock
could not be examined because of the lack of cores.



Fig. 2. Regional stratigraphy of the onshore South Congo and detailed lithofacies section of the Aptian Loémé evaporites. The regional correlative depositional cycles of MDPA are labelled I
to XI. The synthetic section of the subsurface potash-bearing Loémé evaporites is a composite of K1, K44 and PN2 boreholes to discard secondary sylvite occurrence at the top of the For-
mation.
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Total bromine wasmeasured for 561 samples from bulk rocks of the
borehole K40 between the base of the cycle II and the top of the cycle IX.
Samples were cleaned with distilled water at ambient temperature in
laboratory. The bromine analysis was carried out by X-ray fluorescence.
4

All measurements are expressed in ppm with a standard deviation of
<5%. Bulk rockmeasurements account for the total bromine concentra-
tion of salt samples, including bromine content incorporated by each
chloride fraction that composes the salt rock, fluid inclusions and



Fig. 3. Northwest-southeast (NW-SE) borehole correlation section (see Fig. 1 for location).
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recrystallised textures. In order to determine the bromine content of the
prevalent chloridemineral, respective proportions of halite and carnall-
ite were calculated for each sample. Total bromine trace element con-
centrations respectively measured for halite and carnallite fractions
were corrected from lithological proportions relative to each sampled
bed. According to Wardlaw and Schwerdtner (1966), Moretto (1988)
and Cathro et al. (1992), we have estimated that the bromine content
entrapped into fluid inclusions and paragenetic textures can reach in
zoned halite between 19% to 41% of bulk samples measurements, de-
pending on fluid inclusions density and the rate of remobilised bromine
elements into recrystallised cements.
6. Facies associations

Nine facies associationswithin the shale, halite, carnallite and sylvite
have been distinguished. Themain characteristics and interpretations of
facies associations (FAs) are highlighted as followings:
6.1. FA1: black organic-rich shale

Centimetre to decimetre thick, very black shales with varying or-
ganic matter content occur at the base of each MDPA depositional
cycle (Fig. 3), either above a disconformable surface capping the potash
of the previous cycle or above thinly halite overlaying the basal surface
(Fig. 4A). Shales are thinly-laminated and transition upwards into fine
or coarse-grained halite. A fish fossil, approximately 8 cm long, belong-
ing to the Pleuropholidae grouphas been found at the base cycle III in the
K26 well (Fig. 4B).

The shales are interpreted as having settled during major brine re-
charges enabling the subsequent saturation sequences. Recharges are
interpreted as less salinewater flooding, leading to a progressive return
of adequate trophic conditions for the invasion of halophile organisms
(Evans and Kirkland, 1988). The recharges led to relative rises
of water column that probably became density-stratified. Anoxic
5

conditions prevailed at shallow brine bottom favouring preservation
of the organic matter preservation (Warren, 1986).

6.2. FA2: very coarse-grained clear bottom-growth halite - zoned
cumulates

White to brown centimetre across halite cubes form cm-thick blan-
kets of bottom-growth crystals conformably followed by medium to
very coarse-grained, cm-thick halite cumulate layers (Fig. 4C, D). Basal
halite grows freely as euhedral crystals devoid offluid inclusions. Cumu-
lates, made up of millimetre across hoppers and rafts, enclose large al-
ternating bands of whitish, milky halite that ranges from rich to poor
influid inclusions (Fig. 4D, E). Cuboids and cumulates facies associations
form centimetre to decimetre thick repetitive couplets that stack to
formmetre-thick bands of pure halite without interbedded dolomicritic
or shaly laminae and without dissolution surfaces. Cumulates stack to
form a granoblastic texture with mostly sutured grain to grain contacts
(Fig. 4F). FA2 is commonly observed above the shales at the base of
MDPA cycles.

Abundant stripes of fluid inclusions in fine-grained cumulates were
formed by the daily warming and cooling alternation of brine (Benison
and Goldstein, 1999), whereas the coarser inclusions-free chevrons and
cuboids indicate growth in a thermally stable brine body, less influenced
by temperature fluctuations (Cathro et al., 1992; Benison and Goldstein,
2000; Hovorka et al., 2007). The elongate bottom-growth halite of FA2
gradually passes upwards into zoned cumulate beds without an ero-
sional surface or dolomicrite/mud draping, suggesting that crystal nu-
cleation operated from the brine floor in subaqueous conditions
sheltered from dissolution, freshening, and detrital influxes (Schreiber,
1988; Hovorka et al., 2007). The coupletsmarked by bottom-growth ha-
lite and draping milky cumulates record a progressive salinity rise of a
brine that probably evolved from low to high halite saturation
(Schreiber and El Tabakh, 2000). According to Sirota et al. (2017,
2018), the low-to high halite saturation might may be related to sea-
sonal variations of brine temperature.



Fig. 4. Photographs ofmacro- andmicro-facies of shale, anhydrite andhalite fabrics (FA1 and FA2). A)Organicmatter rich shale (Sh, FA1) overlaying veryfine-grained halite (mHa,K1well,
690.80m, base cycle II). B) Fossilizedfish (Pleuropholidae group) preserved in black shale (FA1) (K16well, base cycle III). C) Clear very coarse bottom-growth cuboid halite (cub) and coarse
zoned cumulates (cu) (FA2) (K1well, 668.20m, cycle III). D) Clear chevrons (ch) conformably overlain by zoned cumulates - rafts (cu) (K1well, 667.35m, cycle III). E)Granoblastic texture
made up of zoned rafts accumulation (K1 well, 667.35 m, cycle III). F) Details of zoned (zo) rafts-to-rafts suture (black arrow).
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6.3. FA3: medium-grained zoned bottom-growth halite - dolomicrite -
halite laminites

FA3 comprises three different types of facies: (i) basal millimetric to
centimetric bottom-growth and cloudy halite crystals, (ii) very thin
dolomicrite/shale laminae and (iii) fine to medium-grained halite cu-
mulates (Fig. 5A, B, C, D, E).
6

FA3 is subdivided in two groups: FA3a and FA3b which respectively
differ in the lack or the occurrence of discrete planar to undulose disso-
lution surfaces that may occur at the contact between the top of coarse
to fine-grained halite and the base of dolomicrite (Fig. 5C, E). In FA3a,
coarse skeletal halite and cumulates are equally preserved (Fig. 5A).
Bottom-growth halite crystals grow freely on dolomicrite, forming
coarsely crystalline layers with a rough serrated top.
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Basal coarse to very coarse cloudy halite crystals are made up of
elongated vertically grown banded chevrons and cornets that form
crystalline bouquetswith either pointing orwidening crests and narrow
intergrowth space respectively (Fig. 5A). Cuboid clusters show masses
of chaotically organised crystals, locally displacing surrounding layers
(Fig. 5A). In thin section, both FA3 fabrics display euhedral zoned crys-
tals that enclose alternating stripes parallel to crystal faces that are
rich or poor in fluid inclusions (Fig. 5B). Edges of bottom-growth halite
Fig. 5. Photographs of facies and micro-facies of FA3. A) Coarse-grained bottom-nucleate
microcrystalline zoned cumulates (cu) (FA3a) (K1 well, 654 m, cycle IV). B) Zoned chevrons
well, 336.58 m, base cycle IX). C) Coarse-grained zoned cuboids (cub), chevron (ch) and fine
dolomicrite laminae (dol) (FA3b) (K1 well, 632 m, cycle IV). D) Close-up of a zoned halite
truncating halite cumulate and draped by dolomicrite (dol) (FA3b) (K1 well, 629 m, cycle IV).

7

and adjacent inter-crystalline spaces are commonly cemented by clear
displacive halite (Fig. 5B).

Grey to yellowish thinly laminated dolomicrite and shale, either
gradually drapes the pointing crests of coarse halite crystals in FA3a
(Fig. 5A) or unconformably relies on a planar dissolution surface in
FA3b (Fig. 5C, E).

Millimetre up to 1 cm across zoned halite cumulates gradually over-
lay dolomicrite layers, forming a granoblastic well-sorted texture.
d zoned halite chevrons (ch) and cuboids (cub), dolomicritic laminae sets (dol) and
(ch) truncated by a dissolution surface overlain by clear halite cement (cl) (FA3a) (K54
grained halite cumulates (cu) bounded by planar dissolution surfaces (black arrows) and
hopper (zo) and overgrowth (ov). E) Close-up of a dissolution surface (black arrow)
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Crystals are euhedral, with well-preserved inclusions banding and
fringed by clear syntaxial overgrowth (Fig. 5D). Zoned hoppers com-
monly show re-entrants and voids subsequently filled by clear halite.

FA3a differs from FA2 because it contains zoned bottom-growth
crystals conformably draped by dolomicrite and shale laminae, indicat-
ing that the original brine underwent (1) temperature variations during
halite crystallisation at pond floor and (2) was episodically diluted by
under-saturated inflows responsible for thin detrital deposition.

Brine ponding facilitated the syn-crystallisation of clustering halite
cubes within a still porous laminated halite host, as testified by the oc-
currence of displacive nodular structures in deformed laminites. In
FA3b, the planation surfaces, reduction of bottom-growth halite thick-
ness at the expense of laminites, and the larger abundance of solution
voids and re-entrants all indicate a brine environment further marked
by freshening episodes and dissolution as compared to FA3a
(Shearman, 1970; Lowenstein and Hardie, 1985; Casas and
Lowenstein, 1989; Schubel and Lowenstein, 1997; Sirota et al., 2020).

6.4. FA4: fine-grained zoned bottom-growth halite – dolomicrite – halite
laminites

The FA4 mainly consists of well-sorted horizontal to undulating
laminites made up of (i) basal mm-thick dolomicrite, (ii) anhydrite
seams gradually overlain by (iii) centimetric laminae of very fine to
fine-grained halite crystals (Fig. 6A, B). Millimetric displacive nodules
randomly crystallised into the laminated halite host. Fine halite and
dolomicrite lamina sets form “varves”. FA4 fabrics are subdivided into
two distinct fabrics, respectively showing conformable and parallel cou-
plets (FA4a) or symmetrical wave-ripple structures with local discon-
formities (Fig. 6B). Both fabrics systematically alternate with thick
carnallitic beds in the upper part of the MDPA cycles.

In thin section, dolomicrite encloses abundant subhedral to euhedral
isolated halite cubes, hoppers or platy flakes, with average crystal sizes
ranging from20 to 50mm(Figs. 6C, 7A),whereas the anhydrite laminae
show tiny anhydrite laths and needles. Centimetre-thick halite
laminites are composed of euhedral to subhedral, cloudy or clear crys-
tals, with grain sizes ranging from 10 to 400 μm across, displaying a mi-
crocrystalline well-sorted granoblastic texture.

Cloudy halite grains occur in both FA4a and FA4b fabrics and consist
of closely-packed skeletal hoppers and platyflakes that individually dis-
play alternated bands that are rich- and poor- influid inclusions (Fig. 7B,
Fig. 6. Photographs of facies association FA4. A) Thinly-laminated clearmicrocrystalline halite al
that locally deform layers (K1 well, 629.50 m, cycle V). B)Wave-rippled microcrystalline halite
illustrated in the panel A (F4b).
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C). Overgrowth commonly occurs as syntaxial halite spar that is poor in
fluid inclusions. Zoned halite and overgrowths show smoothed U-
shaped re-entrants and voids filled by sparry clear halite without resi-
due, mud or anhydrite coating (Fig. 7C). The contacts between halite
crystals vary from curved to sharp bevel-like sutures, accounting for
local dissolution surfaces.

FA4a may display clear euhedral to anhedral halite grains devoid
of bands of fluid inclusions and overgrowth. They form sutures with
abundantminutemineral inclusions including (i) floating pelletoidal
to stellate polyhalite (Fig. 7D), (ii) altered anhydrite laths, (iii)
quartz grains (Fig. 7E) or (iv) polyhedral dull dolomite crystals
with cubic nuclei (Fig. 7F). Inclusions are either poïkilotopically
cemented by halite or positioned at grain boundaries, filling the
inter-crystalline space.

Dolomicrite and anhydrite laminae accumulated during short-lived
freshening episodes, whereas banded halite hoppers, plates and rafts
formed at a quiet brine-air interface or within the upper brine column
when the degree of brine saturation increased. Fine-grained zoned ha-
lite laminites commonly result from periodic influxes of fresher water
followed by hypersaline concentration of a standing brine body where
daily temperature variations are recorded (Warren, 2006), whereas
clear halite cumulates would rather precipitate in a deeper brine body
where daily temperature variations show less contrasts (Rosell Ortiz
and Ortí Cabo, 1981-1982). Before sinking to the floor by gravity, cumu-
lates grow, may merge to form rafts and episodically undergo minor
surficial freshening, leading to local dissolution of still floating zoned
textures. FA4a indicates halite accumulation upon a hypolimnetic or
mixed brine floor, unaffected by waves, storm reworking or dissolution
by freshening events.

FA4b deposits were further controlled by an epilimnetic or stratified
brine, as testified by the flat dissolution surfaces at the base of couplets.
Moreover, wave-rippled structures indicate that halite crystalswere de-
posited above the fair-weatherwave base (seeDellwig and Evans, 1969;
Weiler et al., 1974; Gornitz and Schreiber, 1981).

FA4b is similar to wavy laminites deposited in the Dead Sea during
2012–2013, when poorly consolidated fine-grained halite and detrital
mud were mobilised by wave action in shallow epilimnetic stratified
brine (Sirota et al., 2017, 2020). However, the abundance of enclosed
polyhedral dolomite, quartz and anhydrite needles in both FA4a and
FA4b fabrics reveal detrital input related to fresh waters inflows into a
shallow water environment and to land proximity.
ternatingwith dolomicritic and anhydritic laminae (FA4a). Note the displacive halite cubes
laminites (FA4b). C) Details of dolomicrite – anhydrite –clear microcrystalline halite suite



Fig. 7. Photographs of FA4 micro-facies. A) Dolomicrite laminae with enclosed clear halite cube. B) Granoblastic mosaic of zoned hoppers (ho) with clear halite (cl). (K34 well, 301.42 m,
cycle). C) Aggregates of zoned hoppers (zo) with overgrowth (ov) truncated by clear halite (cl). Black arrows underline dissolution surfaces (K39 well, 297.03 m, cycle IX). D) Stellate
polyhalite enclosed into fine-grained halite cumulates. E) Poorly-sorted aggregates of anhydrite needles and quartz grains cemented by halite. F) Polyhedral dolomite crystals floating
into microcrystalline halite.
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Burial-related compactional features readily occurred in fine to
coarse-grained laminites, where pressure-solution and subsequent
recrystallisation probably led to the formation of strained grain-to-
grain sutures and clear displacive halite in inter-crystalline pore
spaces (Fig. 7A, B). Similar sharp solutional contacts and clear halite
cement were interpreted as early diagenetic features operating into
a formerly porous halite host during shallow burial, prior to reaching
a depth of 40 m (Casas and Lowenstein, 1989). In addition, density-
driven reflux may have also induced clear halite crystallisation in
pore spaces but would have remained effective in shallow burial
until salt beds got completely occulted by compaction (Spencer
et al., 1990).

6.5. FA5: red bottom-growth carnallite – halite laminites

This facies consists of very red to orange bottom-nucleated un-
twinned crystals of carnallite that freely grew on fine-grained halite
laminites as centimetre-long, upright bi-pyramidal crystals (Fig. 8A).
Crystal boundaries are well defined, linear to regular without abrasion
features. Additionally, small fine to very coarse-grained displacive car-
nallite nodules are commonly seen enclosed in the laminated halite
9

host. Individual crystals may group to form larger porphyroblasts,
displacing the halite matrix outwards.

In thin section, bottom-growth carnallite crystals form large tinted
individual porphyroblasts, whereas nodular carnallite textures consist
of sparry cements that may enclose laminated dolomicritic or even ha-
lite crystals. Crystals are tinted in red by randomly dispersed hematite
inclusions either within crystals or along cleavage planes.

Similar elongate pyramidal carnallite crystals perpendicular to and
draped by halite laminites have been described in the Aptian Iburamem-
ber along the conjugate Brazilian margin by Wardlaw (1972) and
Szatmari et al. (2009), and also along halite shorelines of artificial ponds
of the southern Dead Sea (see https://www.saltworkconsultants.com/
quaternary-potash/).

These textures have been interpreted as primary depositional carnall-
ite fabrics resulting from highly concentrated parent brine that reached
the carnallite saturation threshold. Crystals are intact, unaltered by disso-
lution or physical reworking and are free of detritalmuddraping, suggest-
ing crystallisation at the pond floor under hypolimnic conditions,
sheltered from wave to wind and terrestrial inflows. Appositively, halite
cumulates formed at or nearby surface during subsequent brine freshen-
ing, before sinking by gravity conformably on bottom-growth carnallite.

https://www.saltworkconsultants.com/quaternary-potash/
https://www.saltworkconsultants.com/quaternary-potash/


Fig. 8. Photographs of FA5 and FA6 facies and micro-facies. A) Depositional bottom-growth carnallite (K1 well, 686 m, cycle II). B) Deformed primary bottom-growth carnallite (K1 well,
675.67 m, cycle II). C) Nodular “brecchoid” carnallite (K1 well, 660 m, cycle II). D) Sutured nodular carnallite (ca) (polarized light) (K50 well, 654.29 m, cycle II). E) Weathered sparry
carnallite rimmed at crystal boundary by sylvite cubes and dolomicrite (K54 well, 336.41 m, cycle IX). F) & G) SEM photographs displaying displacive halite infilling re-entrant in
carnallite nodule and fringing sylvite cube (K50 well, 654.29 m, cycle II).
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6.6. FA6: red nodular mosaic carnallite (“brecchoid”) – halite laminites

FA6 consists of layered red to orangemillimetre to centimetre diam-
eter nodular carnallite enclosed and draped by thinmicrocrystalline ha-
lite. Carnallite crystals show a large spectrum of fabrics, ranging from
spherical to ovoid, imparting a “brecchoid” fabric that conspicuously
10
mimic primary bottom-growth carnallite crystals of FA5 (Fig. 8A, B, C).
In thin section, carnallite forms large, rounded to ovoid, cm to 500 μm
across tinted spars that are highly birefringent and present a sharp ex-
tinction under polarized light (Fig. 8D).

Like bottom-growth crystals, the nodular carnallite is coloured by
red hematite inclusions, often lined up along cleavage planes (Fig. 8E).
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Grain-to-grain contact varies from sutural to curvy, with concavo-
convex shapes, straight, or even crenulated with localised deep re-
entrants (Fig. 8E, F). Crenulated rims are locally underlined by tiny
clear replacive sylvite cubes, while the pronounced re-entrants arefilled
by displacive halite (Fig. 8F, G). Less tinted anhedral carnallite crystals
up to 30 μm across, or dolomicrite mesh, locally occur in the inter-
crystalline space, where the carnallite contacts are not completely su-
tured (Fig. 8D).

FA6 form centimetre to decimetre thick parallel and layered
thinning-upwards sequence sets that commonly occur at the base of
the carnallitic units in the MDPA cycles (Fig. 3).

The “brecchoid” aspect of bedded nodular carnallite is documented
in the literature but rarely interpreted (Szatmari et al., 1979, 2009,
2021; El Tabakh et al., 1999; Qiu et al., 2017). Although a minority of
small displacive carnallitic nodules hosted in halite laminites indicates
inter-crystalline growth by brine ponding, the coarser crystals resemble
bottom-growth textures (Fig. 8A, B, C). Compared to FA5, the large crys-
tals of FA6 are highly altered and display dissolution features (numer-
ous solutional re-entrants and voids) that impart to the euhedral
crystals a more rounded aspect. Accordingly, the edges of bottom-
nucleated carnallite crystals have been smoothed by dissolution caused
by less-saturated brine inflows. The brine dissolution also induced the
deposition of anhydrite mesh and displacive clear halite linings, as
with primary halite fabrics (see Shearman, 1970 and references
therein). The dissolution led to the surficial decomposition of carnallite
and subsequent in situ recrystallisation into sylvite cubes.We do not see
evidence of carnallite recrystallisation as reported by Szatmari et al.
(2021), but we do see fringing dissolution and deformation of crystals
that led to the merger of crystals to form bedded nodular layers.
Recrystallisation would have led to the loss or a change of hematite
arrays alignment (Urai and Boland, 1985). Carnallite becomes geochem-
ically unstable with burial-related temperature and pressure increases
(Koeler et al., 1990; Koeler, 1997) and becomes mechanically weaker
than halite (Urai et al., 2008), causing slight deformation prior to
breakdown and incongruent dissolution into sylvite. Accordingly, the
nodules of carnallite probably formed from primary bottom-growth
crystals as a combined effect of syn-depositional alteration by freshen-
ing events followed by shallow burial-deformation without secondary
recrystallisation.

6.7. FA7: red to white very fine-grained carnallite mosaic

FA7 consists of centimetre- to millimetre-thick horizontal
laminites composed of very fine-grained well-sorted euhedral to
subhedral red carnallite and microcrystalline zoned halite (Fig. 9A).
The carnallite crystals have an average grain sizes of ca 100 μm, dis-
playing polygonal to hexagonal shapes with grain-to-grain contacts
ranging from straight to concavo-convex (Fig. 9B, C). Under natural
light, the grains are tinted by abundant reddish to brownish iron ox-
ides inclusions, varying from rounded to polygonal grains and very
thin needles 100 μm or smaller in size (Fig. 9D). They nucleate
from crystal centres as small structureless masses that progressively
radiate towards the edges of the crystals with diverging alignments
(Fig. 9E). 1 to 10 μm size clear carnallite crystals, devoid of hematite,
commonly occur between the coarser tinted crystals as incipient
grains, either isolated or arranged in clusters.

White translucid to pale red medium-grained carnallite layers are
locally interbedded with the red carnallitic laminites (Fig. 9F). These
layers display a patchwork of medium- to coarse-grained glomerular
carnallite porphyroblasts, between 10 and 200 μm across (Fig. 9G).
The crystals are commonly horizontal elongated and display irregular
concavo-convex curved boundary. Nuclei form red-coloured patches,
whereas crystal rims are lightly tinted.

FA7 forms centimetre- to decimetre-thick, horizontally-layered,
fining-upwards sets that commonly occur at the top of carnallitic units
of the MDPA cycles (Fig. 2).
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The euhedral morphology of crystals, the small grain-size homoge-
neity and sorting, the distribution of prevalent red iron oxides (hema-
tite) along crystalline growth planes suggest a depositional origin of
carnallite cumulates (Rosell and Pueyo, 1997; Szatmari et al., 2009;
Pueyo et al., 2017).

Carnallite precipitated in a highly saturated brine body as a dense
“rain” of fine-grained crystals before accumulating at the floor by grav-
ity. Although this carnallite does not show dissolution surfaces, detrital
mud deposits or wave ripples, the carnallitemay have been periodically
subjected to dilution caused by rainfall, leading to the in situ dissolution
of red cumulates, the redistribution of iron oxides, and the subsequent
recrystallisation into more translucid to white porphyroblasts (Fig. 9F,
G). Any freshening with concomitant detrital deposits would have
been recorded by an erosional disconformity between both red to
translucid layers and draping by preservation of thin mud.

As with FA4, the grain-to-grain sutures and adjacent clear carnallite
sub-grains between red euhedral crystals indicate compaction-derived
pressure-solution, with subsequent recrystallisation into inter-
crystalline pores during shallow burial.

6.8. FA8: white translucid to red coarse-grained carnallite and zoned halite

FA8 occurs in the upper part of the cycle VIII, denoting a significant
contrast with prevalent FA5, FA6 and FA7 in the lower cycles. It consists
of a structureless coarse to very coarse white to slightly red mosaic car-
nallite mixed with accessory zoned to clear halite crystals (Fig. 10A).
The red carnallite forms localised patches in a prevalent mixed clear
translucid carnallite and halite fabric.

In thin section, clear carnallite crystals form a mosaic arrangement of
coarse birefringent porphyroblasts over 100 μm across, characterised by
sharp extinction (Fig. 10B). They poikilotopically cement smaller zoned
halite crystals that display sharp truncated boundaries. Carnallite sutures
are mostly sharp and irregular, often marked by smaller clear euhedral
halite sub-grains and insoluble linings. Carnallite is translucid because
the crystals contain few iron oxides inclusions, often remotely dispersed
(Fig. 10C). No replacement, pipes or epikarstic features were observed.

Unbedded coarse euhedral and clear carnallite crystals enclosingpri-
mary zoned halite have been described in recent lacustrine Qaidam
evaporites in China as eodiagenetic void-filling cement resulting from
the subsurface cooling of highly concentrated interstitial brine in the
upper 14 m of a porous halite and muddy host, below the brine-
sediment interface (Casas et al., 1990; Zhiqiang and Parnell, 1993).

The loss of iron oxide inclusions and the accumulation of residue at
crystal junctions of the translucid carnallite of FA8 suggest a displacive
origin. Depositional zoned halite crystals were partially dissolved be-
cause of a newly intrusive brine saturatedwith respect to carnallite. Car-
nallite crystals probably formed by direct precipitation on the pond
floor, then were subsequently leached and removed downward into
the inter-crystalline pore space of a halite substrate (Casas and
Lowenstein, 1989).

The hydrological processes responsible for carnallite dissolution, per
descendummigration, and recrystallisation into the halite host can occur
either from interstitial brine with subsequent cooling in a phreatic zone
(Casas and Lowenstein, 1989; Spencer et al., 1990; Casas et al., 1990;
Zhiqiang and Parnell, 1993; Duan and Hu, 2001) or capillary evapora-
tion in a vadose zone above the water table (Powers and Hassinger,
1985; Holt and Powers, 1990, 2011). An interstitial brine ponding to
coolingmechanism is favoured to explain the formation of FA8 because
no syn-sedimentary dissolution pipes, pits or karstified surface, sub-
aerial exposures with clastics, breccia and massive insoluble residue
layers have been observed.

6.9. FA9: coarse to fine-grained bedded sylvinite

The sylvinitic rocks largely occur in the uppermost part of the Loémé
Fm as flat-bedded strata ranging from several metres up to 50 m thick,



Fig. 9. Photographs of FA7 facies and micro-facies. A) Microcrystalline red carnallite cumulates and interbedded halite laminites (K1 well, 647.47 m, cycle IV). B) and C) Granoblastic
equigranular fine-grained red carnallite texture, respectively under natural and polarized light (K55 well, 675.67 m, Top cycle IV). D) and E) Details of tinted fine-grained carnallite
cumulates of B) (natural light). F) Example of white translucid to red medium-grained carnallite interlayered with red carnallitic laminites (natural light) (K55 well, 675.67 m, Top
cycle IV). G) Detail of white to red medium-grained carnallite texture illustrated in F) (natural light).
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in the vicinity of the anhydrite caprock (Fig. 3). Exposures in the Holle
mine indicate thatmost of the sylvinite layers are horizontally stratified
and lie unconformably on tilted carnallite-bearing beds of cycle IX, at
12
the crests of anticlinal folds (Fig. 11). Isolated centimetre across carnall-
ite lenses were also described entrapped into the sylvinite beds at Holle
and Kola prospects (Pedley et al., 2016). FA9 consists of white faintly



Fig. 10. Photographs of FA8 facies and micro-facies. A) Example of unbedded coarse-grained white to reddish carnallite fabrics. B) Granoblastic mosaic of translucid carnallite
porphyroblasts and banded halite crystals. Note that, locally, carnallite poïkilotopically cements zoned halite. C) Remotely dispersed iron oxides inclusions with carnallite.
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layered halite that grades upward into thin anhydritic seams and
sharp-based massive sylvite (Fig. 12A, B, C). At bed scales, the sylvite
may truncate or pass laterally into the carnallitic FA7 or FA6 along
the down-verged anticline flanks. Locally, some pockets filled by
centimetre-scale euhedral sylvite cubes are preserved underneath
the unconformities.

Sylvite to sylvinitic micro-facies display a broad range of co-existing
crystalline forms from translucid to lie-de-vin, red to blue euhedral cube
aggregates and anhedral displacive spar (Fig. 13A, B, C). Displacive crys-
tals form cements that commonly display randomly oriented iron-oxide
inclusions. The crystals poikilotopically enclose smaller rectangular,
hexagonal to polygonal euhedral crystals, as well as perfect cubes
of clear translucid sylvite. The rims of the sylvitic sparry cement
show curved, amoeboidal to crenulated shape, lined up by iron oxide
concentrations.

When associated with carnallite, sylvite is typified by millimetre-
sized cubes preferentially occurring along the crystalline cleavage
planes, at grain boundaries, from crystal host centres, or even along
solutional re-entrants (Fig. 13D). Locally, sylvite entirely replaces car-
nallite or euhedral halite crystals (Fig. 13E). The dull andwhite halite as-
sociated with anhydrite seams displays recrystallised interlocking
texture with abundant residual dolomicritic mud at the sutural contacts
of sparry crystals (Fig. 13F).

The erosional unconformity that separates folded carnallitic and
massive sylvinite beds represents the last diagenetic front that accounts
13
for the transformation of depositional carnallite into secondary sylvite.
The horizontal beds of FA9 represent “pseudo-stratifications” resulting
from the incremental dissolution and replacement of carnallite caused
by the downward migration and leaching of a pervasive flat-lying phre-
atic water table. In situ recrystallised halite and sylvite occur at each
down-stepping flushing episode, following the bedding of the dissolved
primary halite-carnallite couplets. Horizontally layered sylvinite is de-
scribed in the Oligocene evaporites of the Upper Rhine Graben in the
north-east of France (Blanc-Valleron and Gannat, 1985; Blanc-Valleron,
1990) and in the Cretaceous Maha Sarakham Fm along the western mar-
gin of the Khorat Plateau in Thailand (El Tabakh et al., 1999; Warren,
2006). Both are preserved as conformable and correlative bottom-
growth halite and sylvite beds without carnallite relics within subsiding
syncline ponds, testifying of primary depositional deposits.

Residual anhydrite and insoluble minerals have accumulated at dia-
genetic halite-sylvite boundaries as a result of the complete leaching of
impure carnallite that pushed the enclosed less soluble inclusions out-
wards. Dissolving fresh waters locally created small voids along or at
the top of carnallitic beds in which secondary sylvite cubes could freely
nucleate. The carnallite-sylvite replacement could be partial and oper-
ated along weakness zones of carnallite crystals (i.e. along cleavage
planes or crystal boundaries) where sylvine cubes nucleated. Sylvine
could also entirely replace euhedral halite zoned cubes. Similar relation-
ships in the potash layers in the Prairie Fm of the Saskatchewan Basin
are described by McIntosh and Wardlaw (1968).



Fig. 11. Panoramic view of the carnallite – sylvinite transformation front of cycle IX at the vicinity of the K1 borehole within the Hollemine (Courtesy of the KalivieMuseum, photographs
taken by J.-M. Schlund, 1976).
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The transformation was complete where flushing was entirely per-
vasive, resulting in newly formed displacive tinted sylvite spar that
grew in all directions as testified by thewidespread crystalline distribu-
tion of iron oxides at crystal boundary. A last generation of secondary
euhedral clear sylvine crystals grew freely into the sparry cement until
the potassium saturation of the stagnant perched brine is depleted.

7. Bromine trace element variations

Bromine trace elements (Br) have the ability to incorporate chloride
minerals when they crystallise from salinewaters by replacement of Cl-
ions by Br- (Garrett, 1970). With an ionic radius of 1.96 Å, it easily sub-
stitutes for chlorine (whose ionic radius is 1.81 Å) within the chloride
salt lattice (Moretto, 1988). The concentration of Br in solid depositional
salts is usually proportional to the Br concentration, composition and
temperature of the evaporating parenthood brine (Valyashko, 1956;
Braitsch and Herrmann, 1964; Holser, 1966), When the effects
of trapped fluid inclusions, recrystallisation and replacement are
Fig. 12. Photographs of FA9 facies association. A) Reddish to “lie-de-vin” very coarse-grained sy
halite and “lie-de-vin” secondary sylvine. Note the grey anhydrite seam at the halite-sylvite bo
disseminated anhydrite seams (K1 well, 293 m, cycle IX).
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eliminated (Moretto, 1988; Cathro et al., 1992), the bromine content
is commonly employed for approaching the marine or non-marine ori-
gin of brine chemistry (Hardie, 1984; Rosell and Pueyo, 1997). It also
represents an indicator for chloride saturation degree and, by extent,
evaluate the relative palaeosalinity (Wardlaw and Schwerdtner,
1966). The use of shape analysis of bromine profiles usually helps in in-
terpreting parenthood brine rhythmic fluctuations in time and identify
diagenetic textures related to recycling or dissolution/recrystallisation
events (Raup and Hite, 1978; Fontes et al., 1991; Hovorka et al., 1993;
Risacher and Fritz, 2000).

The vertical distribution of the bromine content for the halite frac-
tion varies between 80 and 700 ppm, with most of the values between
200 and 400 ppm from cycle II to IX (Fig. 14). The bromine content of
carnallite varies between 1940 and 6230 ppm, with most values be-
tween 2000 and 4000 ppm.

The overall vertical evolution of bromine concentration for halite ac-
counts for a long-term bromine curve that can be divided intomedium-
termbromine profiles that in turn are composed of stacked shorter term
lvite (K1well, 292m, cycle IX). B) Detail of stratigraphic contact betweenwhite secondary
undary (K1 well, 290 m, cycle IX). C) Details of flushed secondary halite of FA9 with thin



Fig. 13. Photographs of sylvinite FA9 micro-facies (K54 well, 336.41 m, cycle IX). A) Perfect euhedral clear sylvite crystals cemented by amoeboid displacive sylvite spar. B) Free-grown
euhedral clear sylvite cubes and laths cemented by “lie-de-vin” displacive sylvite spar. C) Detail of carnallite-sylvite contact. Sylvite cubes progressively replace carnallite by nucleating
along cleavage planes and peripheral boundary of nodular carnallite porphyroblasts. D) Detail of partial carnallite replacement by secondary sylvite along cleavage planes. E) Detail of
gradual replacement of zoned halite cube by sylvite. F) Detail of interlocking anhedral recrystallised halite texture.
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motifs. The long-term bromine content for the halite fraction increases
from base cycle II to base cycle IX. It displays, however, a significant de-
pletion in the upper part of cycle IXwhere sylvinite occurs. Likewise, the
overall bromine concentration of carnallite increases from cycle II to the
top of cycle VIII.

From cycle II to the top of cycle VI, the bromine concentration of ha-
lite progressively increases from 70 to 500 ppm (Fig. S1). The short-
term patterns display asymmetrical bell-shapes, characterised by a
short gradual decrease at the base of the MDPA cycles, followed by a
thicker regular increase of bromide values. Carnallite shows similar
medium-term rising trends, ranging from 2000 to 4000 ppm.

From cycle VII to cycle IX, themedium-term distribution of bromine
concentration for both halite and carnallite increases with strong irreg-
ularities. The base of cycle VII is characterised by a significant shift of ha-
lite bromine content, followed by an irregular bell-shaped motif
displaying high magnitude variations of bromine content. The cycle
VIII also reveals a strong irregular bromine profile, starting with a
basal negative shift followed by an upwards increase, which in turn is
marked by a longer depletion. The vertical distribution of bromine
15
concentration for carnallite shows a cylinder-shape profile standing
around 3100 ppm in average at the top of cycle VII, whereas it presents
further irregularities for cycle VIII ranging from 3500 to 6100 ppm.

The sylvinite of cycle IX shows bromine contents ranging from 520
to 1160 ppm (Fig. 14). Aswith cycle VIII, it is marked by a basal bromine
depletion, followed by a subsequent rise that rapidly displays a newly
funnel-shape motif. The recrystallised white halite of FA9 is
characterised by lower bromine content with respect to primary halite
of FA2 to FA4, ranging from 300 to 450 ppm (Fig. 13F). The trace ele-
ments composition of the sylvinite is consistent with the facies descrip-
tion of FA9, suggesting stratified alternation of recrystallised halite and
sylvite separated by anhydrite seams (Fig. S2).

8. Discussion

8.1. Depositional facies model

Detailed examination of evaporites facies throughout cycles II to
base IX of the Loémé Fm enabled us to define eight depositional facies



Fig. 14. Relationships between the bromine profiles, respectively calculated for halite, carnallite, bischofite and sylvite fraction, and the evolution of the interpreted hydrology and brine
palaeo-salinity from cycle II to base cycle X, compiled from the K40 borehole. Note that sylvinitisation front appears at the base of cycle IX. A profile of borehole temperatures is also
displayed in depth.

L. Gindre-Chanu, A. Pichat, V. Delhaye-Prat et al. Sedimentary Geology 427 (2022) 106038
associations, named as FA1 to FA8, which successively respond to salin-
ity, brine saturation and water level variations during recharge-to-
evaporation cycles. We propose a depositional model that reconciles
the spatial distribution of facies associations with respect to multi-
stepped increasing brine saturation and shallowing (Fig. 15). A
depositional sequence can be described as a series of hydrological stages
as a response to decreasing water depth, characterised by a brine
16
progressively saturated with respect to halite (stages 1 to 2) then car-
nallite (stages 3 to 4). The sequences II to VII show facies associations at-
tributed to stages 1, 2 and 3, while the sequences VIII and IX reach the
stage 4.

The differences between all facies associations reside in the preser-
vation or absence of several features that account for the hydrological
conditions under which evaporites had crystallised. To describe the
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bathymetric zonation along a depositional profile at any stage of salinity
and brine saturation, we focus on the following features:

1. Fluid inclusions banding in crystals that is usually driven by varia-
tions of crystallisation rates that relate to variations of halite satura-
tion degree at brine-air interface or along shallow margins (Hardie
et al., 1985; Roberts and Spencer, 1995; Benison and Goldstein,
1999, 2000). Their occurrence indicate whether crystals (bottom-
growth, cumulates) form in a water column that underwent daily
temperature variations or not. Zoned crystals can be inherently re-
lated to thermally-influenced shallow environments, whereas clear
crystals commonly precipitated in a deeper environment that inher-
ently records less daily temperature contrast,

2. The grain-sizes of crystals testifying to (i) the brine saturation degree
(Kiro et al., 2015; Pueyo et al., 2017; Sirota et al., 2017) and (ii) the
parent brine stability and crystallisation duration,

3. Dissolution features or surfaces as diagnostic of periods of thermally-
driven brine under-saturation, freshening or emergence (Shearman,
1970; Casas and Lowenstein, 1989; Schubel and Lowenstein, 1997;
Hovorka et al., 2007; Sirota et al., 2020),

4. Laminated or enclosed carbonate, sulphate and detrital mud depos-
ited from terrigenous inflows or brine recharges (Lowenstein and
Hardie, 1985; Schubel and Lowenstein, 1997),

5. The net thickness ratio between bottom-growth layers and laminites
which indirectly accounts for the precipitation rate and salt accumu-
lation interruption (Hovorka et al., 2007; Sirota et al., 2020), and

6. Sedimentary structures preservation (Weiler et al., 1974; Gornitz
and Schreiber, 1981; Schreiber and El Tabakh, 2000).

During the Stage 1, bottom-growth halite may have developed at
any depth of the coastal domain as brine initially became saturated
with respect to halite. Fluid inclusions were entrapped in skeletal halite
chevrons and hoppers that form in shallow brines or at the brine-air
surface as daily temperatures varied. Clear halite cement and planar dis-
solution surfaces were common along shallow margins because of
freshening (FA3b), compared to deeper settings where the impact of
under-saturated brine was less effective (FA3a and FA2) (Shearman,
1970; Lowenstein and Hardie, 1985; Schreiber, 1988; Sirota et al.,
2016, 2017, 2020). Continental water inflows and subsequent ephem-
eral brine under-saturation also caused the deposition of thin
dolomicrite, anhydrite and detrital mud layers in shallow environments
(FA3a and FA3b).With increasedwater depth, clear chevrons and zoned
cumulates freely grew and accumulated without interruption by detri-
tal mud, with brine being protected from continental influxes (FA2).

During the Stage 2, the halite saturation reached its maximum be-
cause of continuing evaporation. As brine level fell with salinity increase,
zoned cumulates increased relative to coarsely bottom-growth halite. The
cumulates crystal size of FA4 is in average less than the ones of FA3, tra-
ducing a higher degree of halite saturation in comparison with the Stage
1 (Sirota et al., 2017). In shallow settings, continental inflows caused
ephemeral brine stratification, resulting in halite laminites with frequent
planar dissolution surfaces and enclosed polyhedral dolomite and anhy-
drite inclusions (FA4b). The freshening impeded the full crystallisation
of cumulates, and these cumulates underwent partial dissolution and
lead to dolomicrite and anhydrite draping at the pond floor. Fair-
weather waves reworking also indicates subaqueous shallow conditions
(Schreiber and El Tabakh, 2000). Deeper domains were sheltered from
freshening episodes and brine agitation, leading to the accumulation of
flat and conformable pure halite laminites (FA4a).

When the parent brine reaches carnallite saturation during the Stage 3,
dense and interstitial brine ponding occurred first, inducing the
crystallisation of carnallite nodules into still porous laminated halite host.
With increasing salinity, carnallite bottom-growth crystals freely nucle-
ated at pond floor in subaqueous residual brine (FA5). It is still unclear
why some bedded bottom-nucleated carnallite textures remained intact
and others evolved into nodular “brecchoid” fabrics during burial (F6).
17
During the Stage 4, free nucleation of carnallite “rain” and subse-
quent deposition of laminites (FA7) prevailed because of a residual
brine saturation that reaches its maximum (as with the halite formed
during Stage 2). Because the brine was so concentrated, freshening in-
duces halite laminites interbedded with fine-grained carnallite, instead
of dolomicrite or anhydrite drapes. Brine ponding operated near the
sediment-brine interface along shores where the water table dropped
sufficiently. Subaqueous dissolution of the halite host and downwards
migration of carnallite-saturated interstitial brine led to the formation
of FA8. The coexistence of altered zoned halite crystals cemented by
clear translucid carnallite indicates very shallow water conditions.

Early diagenesis linked to shallow burial affected primary textures
but it had a limited effect on halite and fine-grained carnallite, in
which compaction-derived pressure-dissolution led to minor solutional
sutures and inter-crystalline clear crystals. Because of its rheological
weakness caused by inherent hydromorphic properties (Koeler et al.,
1990; Koeler, 1997; Urai et al., 2008), the coarse bottom-growth carnall-
ite underwent further physical changes during burial, resulting in bed-
ded nodular fabrics.

By comparison with the others salt basin of the South Atlantic mar-
gin, sulphates deposits remain relatively poorly represented though the
Loémé Fm of Congo, only typified by anhydrite caprock, millimetre-
thick seams and minute inclusions into halite. In the southern Santos
Basin and the northern Serguipe Basin of Brazil, centimetre to metre
thick interbedded depositional anhydrite and dolomitic carbonates al-
ternate with halite (Borchert, 1977; Szatmari et al., 1979, 2021; De
Freitas, 2006; Rodriguez et al., 2017). In contrast, along the onshore Na-
mibe Basin of South Angola, exposed secondary gypsum of the Bambata
Fm is interpreted as represented the final residual product of fractional
dissolution and recrystallisation of the halite mass but not depositional
textures (Gindre-Chanu et al., 2016). This variation of occurrence, thick-
ness and origin of depositional sulphates along strike either reveals a
palaeogeographic segmentation of the Aptian salt giant with a hydro-
logical disconnection of sub-basins (Davison, 2007) or indicates a posi-
tion nearby or away from seawater entry points (Rodriguez et al., 2017;
Szatmari et al., 2021). A hydrological remoteness of thewestern African
salt basins from recharge points can be proposed to explain the defi-
ciency of sulphates deposits, while the percolation of seawater through
mafic rocks of the southern proto-Rio Grande Rise – Walvis Ridge bar-
rier would have favoured their deposition along shallow highs of the
Brazilian salt basins as suggested by Nunn and Harris (2007) and
Szatmari et al. (2021).

8.2. Palaeo-salinity evolution of Mid to Upper Aptian brine

The South Atlantic Mid to Upper Aptian Sea counts among the
“CaCl2” seas characterised by a Ca-rich and SO4

2−-poor parenthood
brine composition (Hardie, 1996; Lowenstein et al., 2001; 2003). Such
enrichment into Ca2+ and depletion in SO4

2− are consistent with the
composition of fluid inclusions performed in zoned halite of the
Loémé Fm. of Congo from the cycles I to X and the Muribeca Fm in the
onshore Sergipe basin of Brazil (Timofeeff et al., 2006). They are
interpreted as resulting from high influxes of mid-ocean hydrothermal
brine enriched in CaCl2 (Hardie, 1990, 1996) during which a rapid
sea-floor spreading associated with basalt serpentinisation had played
a significant role (Warren, 2006; Debure et al., 2019). Although the Ca,
Cl and SiO2 enriched hydrothermal influxes largely intend to brine
palaeosalinity, the bromine is further known as being related to fresh
or marine waters rather than mid-ocean ridge brines (Hardie, 1990).
As previously quoted, the percolation of seawater through volcanic bar-
rier also favours calcium incomes into the parent brine (Nunn and
Harris, 2007).

The fact that bromine ions do not form separate minerals during
brine concentration but substitute with Cl− ions of chlorides allows us
to predict indirectly brine saturation degree as it also remains straight-
forwardly related to the calcium concentration that intends to maintain



Fig. 15. Depositional model displaying spatial and lateral distribution of halite and carnallite-prone facies associations FA2 to FA8, with respect to each parent brine saturation stages and
salinity increase.
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a high Br partition coefficient during evaporites deposition (Siemann,
2003). A typical recharge-saturation sequence of potash-bearing evapo-
rites deposited in subaqueous saturated brine is expected to impart a
bromine depletion followed by an upwards increase of concentrations
(Holser, 1966; Braitsch, 1971; Raup and Hite, 1978).
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Although the origin of the depositional brine is difficult to assess by
relying only upon the bromine averaged concentrations from bulk rocks
(Hardie, 1984; Moretto, 1988), the relative brine salinities can be deter-
minedwhen a calibrationwith evaporite fabrics is performed (Raup and
Hite, 1978) and the brine composition is assumed to not have



Fig. 16. Diagenetic model for the secondary sylvite formed at the top of folded structures of the Loémé Fm.
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significantly changed (Wardlaw and Schwerdtner, 1966). The good cor-
relation between short to long-termbromineprofiles, shape parameters
and facies sequences of the Loémé Fm enables us to use the vertical dis-
tribution of bromine to estimate the palaeo-salinity evolution of the
parent brine from cycle II to base cycle IX.

Rhythmic short-term decrease-increase profiles of bromine in
halite, characterised by funnel-to-bell graph shapes, form “ideal pat-
terns” (sensu Holser, 1966) that can be respectively correlated with
the recharge-saturation elementary depositional cycles II to VI. The
short basal bromine depletion coincides with dilution episodes typ-
ified by FA1 shale deposits, while the subsequent increase in bro-
mine concentration matches with brine saturation evidenced by
the grading occurrence of halite prone FA2 to FA4 (Fig. S1). Carnallite
occurs in the uppermost part of evaporation half-cycle, and it dis-
plays a slight positive increase of bromine content, indicating a pro-
gressive concentration of carnallite-saturated brine. The regular
shape of bromine profiles indicate that the evaporites have precipi-
tated under subaqueous stable brine conditions, less influenced by
detrital mud.

Cycle VII displays a profile similar to the preceding cycles for halite,
but the increase of bromine concentration related to saturation half-
cycle is marked by irregular and serrated patterns, indicating shallow
environments affected by surficial and rapid compositional brine
changes (Raup and Hite, 1978). This is consistent with the frequent
dolomicrite and shale laminae associated with halite and carnallite pre-
served in the saturation half-cycle (Fig. 14).

The bromine depletion of the uppermost part of cycle VIII is corre-
lated with dissolved halite and clear displacive carnallite of FA8,
interpreted as resulting from syn-depositional dissolution and brine
ponding in a very shallow environment. Similar surficial dissolution
and recrystallisation processes along recent shallow lacustrine
carnallite-bearing salt flats characterised by bromine funnel-shape pro-
files have been observed in the intra-montane Qaidam basin of China
(Casas et al., 1990; Duan and Hu, 2001).

The bromine profile of cycle IX indicates brine freshening at the base
with FA1 occurrence, followed by an increasing saturation trend,
characterised by FA2 to FA4with abundant shaly anddolomicrite layers.
The irregular shape of bromine variations indicates unstable shallow
brine hydrology, influenced by frequent detrital inflows. The significant
bromine depletion at the stratigraphical level of sylvinite FA9 in the up-
permost part of cycle IX indicates a dissolution anomaly (Fig. 14).

Bromine concentrations of the Aptian evaporites preserved along
the South Atlantic margin are among the highest values known for Cre-
taceous evaporites (Wardlaw, 1972; Wardlaw and Nicholls, 1972; El
Tabakh et al., 1999). Relying upon the results of these studies, three
points are proposed to explain such high values and evolution:

(1) The petrographical analysis shows depositional textures with
minor compaction-related clear halite and carnallite. Bromine
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values related to diagenetic clear halite are barely discernible
(Cathro et al., 1992) or a contrario quite high (Wardlaw and
Schwerdtner, 1966) in the total amount of bromine concentra-
tions measured from bulk rocks. Moreover, the bromine trapped
in primary fluid inclusions within halite could have also largely
intended in the high average content (Moretto, 1988).

(2) The analysis of facies and bromine profiles at Holle indicate a
brine shallowing upwards trend from cycles II to base IX. Syn-
depositional dissolution of marginal facies, especially bromine-
enriched halite and carnallite, becomes prominent as the pond
shallows, causing a release of substantial secondary bromine
into the parent brine by recycling (see Fontes et al., 1991).

(3) The recharges at the beginning of depositional cycles were
probably insufficient to lower the Br contents (and thus of the
salinity) of the parent-brine back to normal levels, such as
the long-term bromine content keep increased. This suggests
the progressive closure and confinement of the evaporative salt
basin from open marine inflows at least up to cycle IX, leading
to a generally increasing Br content through the sequence.

(4) As previously quoted, an excess of calciumcations into the parent
brine favours bromine incorporation into chlorides evaporites by
maintaining a high Br partition coefficient (Siemann, 2003). If we
postulate that Ca-rich hydrothermal influxes are continuously
maintained during the evaporites precipitation of the Loémé
Fm from the cycles II to IX, very high bromine concentrations in
halite and MgSO4-poor potash are expected.

The variations of bromine concentrations can be used as a proxy for
the palaeosalinity evolution but do not enable to knowwhether the par-
enthood brine saturation and palaeosalinity variations are related to
recharge- net evaporation sequences or hydrothermal pulses.

8.3. Diagenetic model of secondary sylvinite

Sylvinite can form by direct precipitation from depositional satu-
rated brine (Blanc-Valleron, 1990; Lowenstein and Spencer, 1990;
Cendón et al., 1998), as pedogenetic potash in a hyper-arid climate
(Eckardt and Spiro, 1999; Eckardt et al., 2001; Gindre-Chanu et al.,
2016), by syndepositional replacement of carnallite during freshening
events (Szatmari et al., 2021), by syn-tectonic recycling of carnallite
(El Tabakh et al., 1999; Krupp, 2005;Warren, 2006), by incongruent dis-
solution of carnallite during burial (called “metamorphic” sylvite)
(Rosell Ortiz and Ortí Cabo, 1981-1982; Koeler et al., 1990; Koeler,
1997), during telogenetic flushing of carnallite by downward pervasive
under-saturated connatewaters (Wardlaw, 1968; Pedley et al., 2016) or
by transformation of bischofite by released potassium andmagnesium-
rich brines (Pedley et al., 2016).

In onshore Congo, the structural position of the sylvinite as discor-
dant layers along anticlinal crest and the petrographic textures support
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an origin of sylvite involving a flushing of carnallite by under-saturated
waters and illustrates in detail the conclusions of Pedley et al. (2016)
and Van Der Klauw et al. (2019). The bromine values of sylvite ranging
from 520 to 1160 ppm, are also consistent with a secondary origin be-
cause geochemical signatures for primary sylvite are known to be
much higher (between 2890 and 2540 ppm) (Braitsch and Herrmann,
1964). The discrepancies between bromine content of carnallite and
secondary sylvite are interpreted as resulting from a change of substitu-
tion coefficient between the solid and liquid phase when carnallite is
dissolved by fresher waters and recrystallise into sylvite (Cheng et al.,
2016). Because the carnallite dissolution rate is lower than sylvite nu-
cleation, the volumeof released bromine that substitutes into secondary
sylvite is consequently low.

Post-depositional flushing can occur at any evolutionary stage of
evaporite rocks, from their deposition, through burial and halokinesis
and up to their final exhumation, leading to bromine anomalies that
often yield inconsistency with conventional profiles. In the Ibura mem-
ber of the counterpart Brazilian Sergipe Basin, a secondary sylvinite
layer with Br content ranging from 830 to 1340 ppm (i.e. similar than
in the Congo Basin; Wardlaw, 1972) was interpreted by Szatmari et al.
(2021) as contemporaneous with depositional evaporites and formed
by the decomposition of carnallite and bischofite after amarineflooding
during the Lower Albian.

At Holle, the onset of the secondary sylvinite remains difficult to as-
sesswith precision. However, the existing geometrical relationships be-
tween horizontally bedded sylvinite and salt anticlines indicate that
phreatic flushing was post-depositional and at least syn- to post-
deformational. Pedley et al. (2016) show that most of large-
wavelength antiforms and synforms along the stable domain of Congo
resulted from the exhumation of the margin during the Oligocene and
Miocene. However, flushing could have been initiated earlier, as local
to regional unconformities observed between the Maastrichtian and
Palaeogene indicate uplift episodes (Reyre, 1984).

Finally, structural, petrographic and Br contents in the Holle Mine
lead to an updated diagenetic model of the sylvite formation in the
Congo Basin (Fig. 16). This model emphasizes the unconformable posi-
tion of sylvite and the spatial relationships of the different primary
versus secondary petrographic textures of halite, carnallite and sylvite.

It also highlights the pseudo-layering formed by the down-
stepping migration of incremental dissolution fronts sourced from
the infiltrated phreatic to connate waters, and by the subsequent re-
placement of carnallite into secondary sylvite that crystallises in situ
by following the horizontal water table. Pedley et al. (2016) invoked
leaching of depositional carnallite by the progressive invasion of
flushing phreatic waters at the heads of folded structures to explain
the perched sylvinite. Gypsum dehydration from the post-salt frac-
tured Albian limestones could have also caused the release of saline
waters during shallow burial that would have penetrated the top of
the Loémé evaporites (SRK Consulting, 2012). The sylvinite is inde-
pendent of its stratigraphic position and is mostly located at the
top of anticline or along their flanks, formed in the cycles VIII, IX
and X (Pedley et al., 2016; Van Der Klauw et al., 2019). The sylvinite
beds display horizontal “pseudo-bedding” and unconformably trun-
cate the top of salt anticlines in the style of a sharp-based caprock
(Figs. 11, S2). Pseudo-layering is here interpreted as having formed
by the down-stepping migration of incremental dissolution fronts
sourced from the infiltrated phreatic to connate waters, and by the
subsequent replacement of carnallite into secondary sylvite that
crystallises in situ by following the horizontal water table. At each
flushing step, secondary sylvite and halite respectively replace alter-
nated depositional carnallite and halite beds, leaving behind less sol-
uble anhydrite seams. Leaching is indicated by the dilution of iron
oxides that preferentially concentrate at the periphery of sylvite
spars. In response to water loss through the carnallite-sylvite trans-
formation, the volume of evaporites rock reduces, creating fractures,
voids and local collapse.
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8.4. Comparison between the Congolese and Brazilian Aptian evaporites

Horizontally beddedMgSO4-poor potash bearing evaporites is up to
500 m-thick are also preserved along the Brazilian margin, typified by
the Aptian Ibura member of the Muribeca Fm in the onshore Sergipe
Basin (Wardlaw, 1972; Wardlaw and Nicholls, 1972; Borchert, 1977;
Szatmari et al., 1979, 2009, 2021; Davison, 2007).

Although thin stringers of anhydrite and dolomitic carbonates are
frequently intercalated, the lithological composition of the Ibura mem-
ber is strikingly similar to the Loémé Fm. Nine correlative depositional
sequences are interpreted as solar evaporation driven cycles, influenced
by hydrothermal activity, leading to the accumulation of halite-
carnallite- tachyhydrite/bischofite suites (Szatmari et al., 2021).

Bottom-nucleated coarse-grained, nodular andmicrocrystalline car-
nallite fabrics are largely reported in the lower cycles which also display
a progressive increase of stacked carnallite and tachyhydrite propor-
tions with respect to halite (Wardlaw, 1972; Szatmari et al., 1979,
2009, 2021). Such carnallite fabrics show strong similarities with depo-
sitional textures respectively attributed to facies associations FA5, FA6
and FA7 observed from the cycles I to VI of the Loémé Fm, which also
display a potash thickening upwards pattern.

Additionally, bromine trace elements values in both halite and carnall-
ite bulk fractions rise upward from the cycles I to VII in the Sergipe Basin
(Wardlaw, 1972), with contents respectively ranging from 100 to 700
ppm for halite and from 2000 to 7000 ppm for carnallite (Wardlaw and
Nicholls, 1972). Such bromine values ranges and profiles are similar to
the ones evidenced in Congo from the cycles I to VI, suggesting progres-
sive brine salinity increase with a saturation reaching magnesium chlo-
ride potash all over the northern segment of the South Atlantic.

In the Sergipe Basin, the upper VII to IX cycles rest unconformably on
the lower cycles and further record Mg-chloride-poor potash (sylvite),
sulphate and halite (Szatmari et al., 2021). The unconformity is
interpreted as a regional dissolution surface resulting from a North
Atlantic sea water ingression that caused a drastic change of brine com-
position with respect to the lower cycles. Although no megaregional
erosion was noticed within the Loémé Fm, a shift of brine composition
can be fairly deduced from the cycles X and XI characterised by a signif-
icant decrease of carnallite proportion and the first record of deposi-
tional sulphate beds (Fig. 2). Accordingly, while the lower cycles I to
VI both in Congo and Sergipe basins do not support a conclusion about
a progressive brine salinity increase due to a likely palaeogeographic
confinement, the upper cycles testify to more diluted brine resulting
from the return of less saline and opened marine conditions.

9. Conclusions

-1 The subsurface evaporites of the Aptian Loémé Fm along the sta-
ble structural domain of onshore Congo are composed of slightly
folded to horizontally well-stratified depositional halite (NaCl)
interbedded withMg-poor potash. The Mg-poor potash includes
carnallite (KMgCl3, 6H2O), bischofite (MgCl2) mixed with
tachyhydrite (CaCl2,2MgCl2, 12H2O) and secondary sylvite
(KCl). The regional stratigraphy accounts for eleven correlative
depositional sequences. Each sequence corresponds to a
recharge-to-evaporation cycles typified by a gradual suite of fa-
cies made up of organic shale - halite - carnallite deposits, some
of which punctuated by a bischofite-tachyhydrite end-member.

-2 Eight distinct halite and carnallite-prone facies associations,
named FA1 to FA8, were interpreted using such descriptive pa-
rameters as fluid inclusions banding, grain-size, dissolution fea-
tures, detrital sediments, minute inclusions and sedimentary
structures occurrence. Based on the distribution of facies associ-
ations, a depositional model is proposed that explains salinity,
brine saturation and palaeo-depth during evaporation half-
cycles. Early burial diagenesis had only limited effect on the de-
positional textures, leading to minor compaction-driven surficial
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dissolution of crystals and the formation of inter-crystalline clear
incipient grains into finely crystalline halite and carnallite
laminites. The evaporites formed from ponding of subaqueous
shallow brines to interstitial brine from cycle II to the top of
Cycle VIII, indicating a general shallowing upwards trend.

-3 Bromine trace element concentrationsweremeasured from bulk
evaporites for halite and carnallite fractions from cycle II to IX.
The average bromine contents are the highest known world-
wide for Cretaceous evaporites. This can be explained (1) because
the bromine values were measured from bulk textures in which
parent fluid inclusions are also incorporated, (2) because bro-
mine was released from the syn-depositional recycling of very
shallow halite and carnallite fabrics. An analysis of bromine pro-
file shape and regularity reveals a progressive palaeo-salinity in-
crease of the parent brine, which is consistent with the
shallowing upwards sequence observed for cycle II to base IX.
Such salinity increase might indicate a gradual confinement of
the salt basin along the northern segment of the South Atlantic
Ocean, an excess of saline elements inflow from hydrothermal
vents, or a combination of both.

-4 The secondary sylvinite is independent of its stratigraphic posi-
tion and is located at the top or along anticlineflanks affecting cy-
cles VIII, IX and X. It displays horizontal “pseudo-stratification”
that lays unconformably at the top of salt anticlines in the man-
ner of a sharp-based caprock. The sylvite has progressively re-
placed the depositional carnallite along crystal borders and
cleavage planes prior to their complete cannibalisation. Down-
stepping incremental dissolutions sourced by pervasive phreatic
to connate waters resulted in the flushing and transformation of
depositional carnallite – halite into secondary sylvite – halite.
Bromine concentrations confirm a diagenetic origin. Although
the stratigraphic relationships at the crests of antiforms revealed
it is post-depositional., the timing of sylvinite formation remains
uncertain. We suggest that the post-salt phreatic to connate less
saline waters invaded the uppermost Loémé Fm during the
Upper Cretaceous, when folding deformation probably initiated.

-5 Similar depositional textures of halite and carnallite were ob-
served in the lower cycles of the Aptian Ibura evaporitesmember
in the counter-part Sergipe Basin in the northern part of the
Brazilian margin. Additionally, a progressive rise of bromine
trace elements concentrations, together with a carnallite to
tachyhydrite proportion increase, also suggest a progressive
palaeo-salinity increase of themother brine all over the northern
segment of South Atlantic. The sylvite formation of the Sergipe
Basin differs from the one in Congo because it resulted from the
syn-depositional carnallite/tachyhydrite dissociation due to a re-
gional marine water ingression.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sedgeo.2021.106038.
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