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ABSTRACT

Large evaporite deposits, reaching several hundreds of metres of thickness, occur

in many basins of our planet but remain poorly understood due to the absence of

modern analogues. The origin of ancient evaporites and their highly variable sedi-

mentation rates are often debated and ambiguous. The Danakil rift basin in north-

ern Afar (Ethiopia) features several hundreds of metres of evaporites with

deposition still continuing today and, as such, represents a unique modern ana-

logue for older thick evaporite deposits. This study focuses on the multi-proxy

analysis of a 625 m long core from the central part of the basin. The core record,

dominated by halite (ca 60%) with subordinate clastic sediments (ca 35%) and

potash minerals (ca 5%) reveals, for the first time, the Late Pleistocene to Recent

geological and environmental history of the basin. Sediments experienced

restricted marine conditions after the last Late Pleistocene marine incursion in the

basin, followed by a hypersaline stage leading to the near-desiccation of the basin

with the deposition of thick halite and potash deposits. Subsequent recycling of

marginal halite deposits by meteoric waters in lacustrine and salt pan environ-

ments significantly increased the evaporite thickness in the subsiding central part

of the basin. These findings have implications for the understanding of older thick

evaporite deposits that formed in similar depositional settings. They show that

several hundred of metres of evaporite can form in less than 128 kyr by eva-

poration of meteoric and seawater following a single marine flooding of the basin.

Keywords Bromine, halite, potash, Red Sea, rift, salt giant.

INTRODUCTION

Thick evaporite deposits are present in many sedi-
mentary basins around the world (H€ubscher

et al., 2007; Warren, 2010). The thickest and most
extensive of those (hundreds to thousands of
metres thick and >100,000 km2 in area; Rodriguez
et al., 2018) are called ‘salt giants’. These thick
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evaporites remain poorly understood, mainly due
to the lack of good modern analogues. In particu-
lar, the mechanisms of formation of these eva-
porites, the hydrological and environmental
conditions of these basins, and the surprisingly
high sedimentation rates remain ambiguous and
debated (e.g. Hs€u, 1972; H€ubscher et al., 2007;
Ryan, 2009; Scribano et al., 2017; Meilijson
et al., 2019). The deposition of ancient salt giants
may have had profound implications on global
seawater salinity, thermohaline oceanic circula-
tion, climate and life evolution (Hay et al., 2006;
Shields & Mills, 2020).
The Danakil evaporites, present in the northern

part of the Afar Depression (Fig. 1), cover a
considerably smaller area than classical salt giants.
However, they feature at least 900 m of
evaporite-dominated sediments approaching the
thickness of known salt giants (Holwerda & Hutch-
inson, 1968; Warren, 2016). Considering the thick-
ness and Recent age of the Danakil evaporites,
they may represent very interesting analogues for
some ancient thick evaporite deposits. Under-
standing and detangling the processes resulting in
thick evaporite formation in the Danakil Depres-
sion may give insights on the processes that con-
tributed to forming ancient salt giants.
The Danakil evaporites have remained poorly

studied due to harsh environmental conditions,
challenging accessibility and complex logistics.
However, during the last decade, field studies
have shed a new light on the sedimentological his-
tory of the depression and, in particular, on the
Middle to Late Pleistocene Red Sea marine incur-
sions (Atnafu et al., 2015; Foubert et al., 2018,
2024; Jaramillo-Vogel et al., 2019, 2023). In the
framework of these studies, industrial data and
core material became accessible for research
allowing to study the subsurface sediments and
evaporites in the central part of the Danakil
Depression.
The aim of the present study is to provide a first

and general interpretation of the evaporites and
adjacent successions in the central part of the
basin to better understand: (i) the basin’s
palaeoenvironmental and hydrological evolution;
(ii) the mechanisms of formation of the Danakil
evaporites; and (iii) the relevance of the Danakil
evaporites for the understanding of other salt
deposits from similar depositional settings. Two
cores from the basin are studied using a multi-
proxy approach, including macrofacies and micro-
facies analysis, sediment component analysis, the
study of elemental and mineralogical content,
organic matter analysis and absolute dating.

GEOLOGICAL SETTING

The Danakil Depression

The Danakil Depression (Fig. 1A), is part of the
Afar Depression, forming a triple junction
between the Nubian, Arabian and Somalian
plates (Fig. 1B; Rime et al., 2023). The Danakil
Depression forms a NNW–SSE oriented rift val-
ley with the lowest point being at 125 m below
sea level (Fig. 1A). It is situated between the
Ethiopian Plateau reaching more than 3000 m
and the Danakil Block where mountains reach
>1000 m (Fig. 1A). The counter-clockwise rota-
tion of the Danakil Block (Fig. 1A) relative to
Nubia, initiated approximately 10 Myr ago,
causing rifting in the Danakil Depression (Eagles
et al., 2002; McClusky et al., 2010; Viltres
et al., 2020; Rime et al., 2023). In the Danakil
Depression, rifting is thought to represent an
advanced stage of continental breakup with the
Erta Ale volcanic range, possibly marking
crustal separation (Barberi et al., 1970, 1972;
Barberi & Varet, 1970; Bastow & Keir, 2011; Keir
et al., 2013; Le Gall et al., 2018).

Lithostratigraphy

The pre-rift rocks of the Danakil depression
comprise a Neoproterozoic basement, uncon-
formably overlain by several clastic and carbon-
ate Palaeozoic and Mesozoic sedimentary units
(Fig. 2A; Brinckmann & K€ursten, 1971;
Beyth, 1972, 1973, 1978; Varet, 2018). In the
early Oligocene, the Traps volcanics, linked to
the Afar hotspot, erupted covering most of the
region with lava flows (e.g. Mohr & Zanet-
tin, 1988; Ukstins et al., 2002; Couli�e
et al., 2003; Beccaluva et al., 2009).
The syn-rift sediments of the Danakil Depres-

sion are rarely studied with the only basin-wide
stratigraphic framework presented by Brinck-
mann & K€ursten (1971) and the C.N.R. – C.N.R.S.
Afar Team (1973). The earliest continental
syn-rift sediments of the Danakil Depression are
the Late Miocene to Pliocene/Pleistocene Red
Bed Series or Danakil Formation (Brinckmann &
K€ursten, 1971; Le Gall et al., 2018; Fig. 2A). They
are unconformably overlain by conglomerates
interfingered with marine carbonates (Fig. 2A).
These marine sediments represent Red Sea incur-
sions that flooded the depression in the Mid to
Late Pleistocene. They form mainly fringing cor-
algal reefs and associated bioclastic and oolithic
grainstones, and are named the Zariga Formation
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(Fig. 2A; Faure & Roubet, 1968; Holwerda &
Hutchinson, 1968; Lalou et al., 1970; Bonatti
et al., 1971; Brinckmann & K€ursten, 1971; Atnafu
et al., 2015; Foubert et al., 2018, 2024;
Jaramillo-Vogel et al., 2019, 2023). Four different
generations of coralgal successions are recog-
nized of which the last two are dated to Marine
Isotopic Stage (MIS) 7 and MIS 5e (i.e. ca 200 ka
and ca 128 ka, respectively; Fig. 2A; Foubert
et al., 2018; Jaramillo-Vogel et al., 2019; Negga,
2024). The upper (youngest) succession is char-
acterized by a lower open-marine carbonate-rich
subunit featuring corals, ooids, echinoderms,
bivalves, algae and other marine organisms
(Fig. 3B; Brinckmann & K€ursten, 1971; Foubert
et al., 2018; Jaramillo-Vogel et al., 2019; Negga,
2024). These deposits are topped by
stromatolite-like crusts that laterally correlate
with fine (centimetre-scale) alternations of silts
and gypsum (Fig. 3B), and represent the transi-
tion phase between open marine and restricted
hypersaline conditions and the initial isolation

of the Danakil Depression from the Red Sea
(Jaramillo-Vogel et al., 2019). The outcrops are
overlain by a 10 to 80 cm thick layer of massive
gypsum (Fig. 3B; Foubert et al., 2018;
Jaramillo-Vogel et al., 2019; Negga, 2024).
The central part of the basin (Fig. 2B) is more

poorly known. Based on geophysical data, the sed-
iment thickness south of Dallol (see Fig. 1C for
position) is estimated to be between 2.2 km and
3.5 km (Behle et al., 1975; Makris & Ginzburg,
1987). Conversely, Tazieff (1969) and the C.N.R. –
C.N.R.S. Afar Team (1973) mention unpublished
data showing thicknesses of >4.0 km and 5.5 km,
respectively. The deepest well of the depression
shows 975 m of “virtually pure, bedded halite”
(Holwerda & Hutchinson, 1968). Holwerda &
Hutchinson (1968) and Pudovskis et al. (2012)
mention a possible ‘deep’ potash layer at 930 m in
the central part of the basin and at 532 m on the
western margin.
However, the vast majority of the scientific

and industrial investigations were focused on
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Fig. 1. Maps of the study area. (A) Topographic map of the Danakil Depression. (B) Red Sea and Gulf of Aden
region. (C) Landsat 8 image of the salt plain with contours of the topography below sea level from Earth Resources
Observation and Science (EROS) Center (2018). Main features and the localization of cores, samples and pictures
are indicated.
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the upper part of the sedimentary succession.
Based on industrial wells, the following lithos-
tratigraphic units have been identified (Hol-
werda & Hutchinson, 1968; Hutchinson &
Engels, 1972; Rauche & van der Klauw, 2011;
Pudovskis et al., 2012; Warren, 2016; Bekele &
Schmerold, 2020; Figs 2B and 3D):

1 Basal clastic unit: Clastic material ranging
from clays to conglomerates.
2 Lower halite unit (or ‘lower rock salt’ or ‘old
salt’): Halite and occasional seams of anhydrite.
Warren (2016) interprets this unit as a
shallowing-upward sequence deposited in a sub-
aqueous marine-fed basin.
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Zariga Formation 
(lower succession, MIS 7)

Zariga Formation
(3rd succession)

Zariga Formation 
(4th succession)

“Danakil Formation” or 
“Red Bed Series”

Agula Shales

Antalo Limestones

Adigrat Sandstones

Edaga Arbi Glacials

Enticho Sandstones

Basement
(undifferentiated)

A Western margin of the Danakil Depression B  Central part of the Depression
Lithology Name Lithology Name (industrial nomenclature)

Trap Volcanics

Clastic overburden
(or “overburden”)
Upper halite unit
(or “upper rock salt ” or “younger salt”)

Houston Formation

Lower halite unit
(or “Lower rocksalt unit” or “old salt”)
Basal clastic unit

?

Sy
n-

rif
t r

oc
ks

Pr
e-

rif
t r

oc
ks

Ne
o-

pr
ot

er
oz

oi
c

Pa
lae

oz
oi

c

Permian
-

Carboniferous

Me
so

zo
ic

Mid. Jurassic-Triassic

Upper - Middle
Jurassic

Upper
Jurassic

Ce
no

zo
ic

Early
Oligocene

Late 
Miocene

Pliocene

Early 
Pleistocene?

Middle
Pleistocene

Late
Pleistocene

Holocene

Age

Halite

Potash

Limestones

Shales

Sandstones

Legend
Dominant lithology

Conglomerates

Diamict

Volcanic rocks

Metamorphic and 
plutonic rocks

Fig. 2. Simplified lithostratigraphic column of the margin of the Danakil Depression (A) and the central part of
the basin (B). After Holwerda & Hutchinson (1968), Brinckmann & K€ursten (1971), Beyth (1972, 1973, 1978),
C.N.R. – C.N.R.S. Afar Team (1973), Rauche & van der Klauw (2011), Pudovskis et al. (2012), Warren (2016) and
Jaramillo-Vogel et al. (2019). See text for more information.

Fig. 3. Correlation between outcrop and well data of the Danakil Basin. (A) Topographic profile through the
depression with the position of cores and outcrops. (B) Conceptual sketch of Late Pleistocene sediments belonging
to the Zariga Formation (after Jaramillo-Vogel et al., 2019). (C) and (D) Lithological column of Cores B and A (the
width of the column represents the competence of the lithological units, depth represents total core depth). The
position of the cores and the cross-section are presented in Fig. 1C. Note that the scale of (B) is approximately
109 that of (C) and (D). Also note that Ca-sulphates in Core A are only found in the form of anhydrite.
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3 Houston Formation: This potash unit contains
mainly chlorides and K and Mg-rich salts. It is
divided into four subunits (from bottom to top):
(i) the Kainite Member formed by laminated kai-
nite and halite; (ii) the Intermediate Member com-
posed of mixed and varying mineralogies often
featuring a lower carnallite bed, a bischofite bed
and an upper carnallite bed; (iii) the Sylvite
Member, rich in sylvite, polyhalite, anhydrite and
halite; (iv) the Marker Beds formed by bedded
halite with wavy anhydrite seams and clays. Hol-
werda & Hutchinson (1968) interpret the Houston
Formation as the primary deposition of a lower
kainite bed overlain by a carnallite-rich bed that
was leached in its upper part, removing MgCl2 to
form the Sylvite Member. Warren (2016) also
interprets the Kainite Member as a primary, sub-
aqueous, depositional unit formed by the evapora-
tion of seawater. Conversely, the Intermediate
Member is interpreted to have experienced signif-
icant alteration and early diagenesis by shallow
phreatic brines, possibly formed during the instal-
ment of a freshened brine lake or seaway. The
Sylvite Member is also interpreted as a recrystal-
lized unit, possibly of a carnallite precursor, con-
taining barren zones of halite indicating the
inflow of fresher waters.
4 Upper halite unit (or ‘upper rock salt’ or

‘younger salt’): Medium to coarse-grained,
bottom-nucleated poorly bedded halite with
microkarst textures, variable anhydrite and clas-
tic content, the latter increasing upward. War-
ren (2016) interprets this unit as corresponding
to a freshening upward cycle developed in a
saline pan with meteoric water influence.
5 Clastic overburden (or ‘overburden’): Alluvial

gravels, fine siliciclastic material, and intercalated
beds of gypsum and halite. While some cores
have a sharp contact between the clastic overbur-
den and the upper halite unit, others show a
more gradual transition (Holwerda & Hutchin-
son, 1968). This unit is often poorly described
because it was rarely cored. It was described to
thicken towards the western margin of the depres-
sion (Holwerda & Hutchinson, 1968).

Overall, the mechanisms of formation of the eva-
porites in the central part of the basin are still
debatable, as well as their age, timespan of deposi-
tion and their correlation with outcrops at the mar-
gins of the basin. Based on faunal evidence,
Holwerda & Hutchinson (1968) propose a mid or
late Quaternary age for sediments situated above
the potash unit. Brinckmann & K€ursten (1971)
hypothesize Pliocene to Quaternary ages. Hutchin-
son & Engels (1970) reports K/Ar dating on sylvite
(Houston Formation) with ages ranging between
76 and 88 ka � 15%. The C.N.R. – C.N.R.S. Afar
Team (1973) mention an additional K/Ar dating
on salt of 125 ka. However, the diagenetic nature
of the sylvite deposits in the Danakil Depression
(see above) and the known low reliability of this
dating technique on sylvite (Hurley, 1966; Broo-
kins et al., 1980) strongly question these results.
Due to similarities with Red Sea evaporites, some
authors even hypothesized that the lower eva-
porites might be Miocene in age (Talbot, 2008; L�o-
pez-Garc�ıa et al., 2020).

Climate and Recent sedimentation

Climate
The Danakil Depression is considered a hot desert
according to the K€oppen climate classification
(Fazzini et al., 2015). It holds the record for the
highest annual mean temperature with 34.4°C
measured between 1960 and 1966 (Cerveny
et al., 2007) and temperatures above 50°C have
been measured during summer (Cavalazzi
et al., 2019). The depression experiences less than
200 mm of precipitation per year (Fazzini
et al., 2015). Higher precipitation rates are noted
on the escarpment and the neighbouring Ethiopian
plateau (>500 mm/year in Mekele; Fazzini
et al., 2015).

Present-day geological processes in the
Danakil Depression
Rivers are eroding the basement and Mesozoic
sediments around the margins of the depression
(Brinckmann & K€ursten, 1971; Rime et al., 2022;

Fig. 4. Present-day sedimentary facies in the Danakil Depression. The approximate position of each picture is
presented in Fig. 1C. (A) Fluvial channel cutting through older sediments. The salt plain and Dallol volcano can
be recognized in the far distance. (B) Sheetflood event transporting clastic material into the basin (C) saline mud-
flat. (D) Salt flat with polygonal structures. (E) Halite rafts forming in a karstic pool at the surface of the salt plain.
(F) Recent rafts deposited on the salt flat during the last flooding. (G) Euhedral halite crystals. Note that these
crystals were found approximately 5 to 10 cm below the surface. (H) Uppermost layer of the salt flat. White
arrows point towards chevron halite crystals. (I) Cold spring feeding Lake Karum. (J) Unusual, red-coloured pond
on the salt flat.
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Fig. 4A). Sheetfloods, caused by seasonal spo-
radic precipitation events on the escarpments
(Fig. 4B), result in the deposition of conglomer-
ates with up to metre-sized boulders on the mar-
gins of the depression. Grain size decreases
distally, with silt and mud-sized particles form-
ing a mud flat (Figs 1C and 4C). The facies then
gradually evolves towards the central part of the
depression into a >5 km wide saline pan charac-
terized by metre-sized halite polygons in the cen-
tral part of the depression (Figs 1C and 4D).
Artisanal mining of this halite has been known
for centuries (Munzinger, 1869) and was still
ongoing in 2020. Halite is formed each year dur-
ing flooding of the salt plain by ephemeral and
very shallow lakes (L�opez-Garc�ıa et al., 2020).
Halite rafts and hopper crystals (Fig. 4E and F)
form at the water–air interface by evaporation and
sink to the lake floor. On the lake floor, halite
grows as syntaxial overgrowths on settled rafts
and hoppers, forming cubic halite beds and crusts
(Fig. 4G). With time, halite crusts and darker lam-
inae representing impurities due to fluvial or aeo-
lian input form the uppermost sediment fill of the
basin (Fig. 4H). During dry periods, the water
table is situated only a few (tens of) centimetres
below the surface with only Lake Karum (Fig. 4I,
see Fig. 1C for position) remaining flooded
throughout the year. Due to the very arid climate
in the depression, most of the water present in
the depression drains from the escarpments. Riv-
ers flowing through pre-rift basement and sedi-
ments on the escarpment have low salinities
(Kebede et al., 2008; Meaza et al., 2019). These
rivers mostly disappear from the surface at the
margins of the depression and flow through the
subsurface into the depression where their mea-
sured salinity increases drastically (Ralph M. Par-
sons Company, 1967), indicating dissolution of
ancient evaporites. They then resurge at the low-
est part of the depression (Fig. 1C) or as saline
springs such as in Lake Karum (Fig. 4I).

Dallol volcano and hot springs
The basin is also characterized by the Dallol salt
volcano and surrounding hot springs that are
found in its central part (see Fig. 1C; Holwerda &
Hutchinson, 1968; Talbot, 2008; Nobile et al.,
2012; Master, 2016; Warren, 2016; Cavalazzi et al.,
2019; Kotopoulou et al., 2019; L�opez-Garc�ıa
et al., 2020; Ot�alora et al., 2022). Magmatic intru-
sions are believed to have caused dehydration and
hydrolysis of evaporite minerals, the doming of the
evaporites and hydrothermal activity at the surface
(Ot�alora et al., 2022). Talbot (2008) proposes that

the dome is mainly formed by marine salts: “with
minor local additions of hydrothermal salts”. The
Black Mountain, situated south-west of Dallol
(Fig. 1C), is a hot spring with MgCl2-rich fluids
crystallizing bischofite and carnallite (Holwerda &
Hutchinson, 1968; Kotopoulou et al., 2019; L�opez-
Garc�ıa et al., 2020). One of its ponds, Black Lake,
is probably the most saline body in the world
(>70%, Belilla et al., 2019). Similarly, Gaet’ale
Pond (also called Yellow Lake) is extremely saline,
dominated by CaCl2 and MgCl2 salts (P�erez & Che-
bude, 2017; Kotopoulou et al., 2019) and produc-
ing carnallite deposits (L�opez-Garc�ıa et al., 2020).
These hot springs and their related evaporitic
deposits are spatially very restricted and do not
contribute significantly to the stratigraphy of the
basin (Holwerda & Hutchinson, 1968; Talbot, 2008;
L�opez-Garc�ıa et al., 2020).

MATERIAL AND METHODS

Two cores were studied and sampled, Core A
[drilled by BHP Billiton, industry name:
DAN0003D, 14.0986N, 40.3349E, 120 m.b.s.l.
(metres below sea level), Figs 1C, 3A and 3C] and
Core B (drilled by Allana Potash Corp., industry
name: DK-11-14, 14.182N, 40.2506E, 116 m.b.s.l.,
Figs 1C, 3A and 3B). Core A is the only available
deep (625 m) borehole in the basin cored through-
out its entire length and reaching sediments below
the Lower Halite Unit. This core is situated in the
central part of the basin (Figs 1C and 3A) and
unpublished seismic reflection data (Pudovskis
et al., 2012) do not show major unconformities
over the cored interval, indicating a continuous
sedimentary record. For those reasons, Core A was
identified as the reference core within the frame-
work of this study. In total, 277 bulk rock samples
were taken from the core at regular depth intervals
and representing the different sedimentary facies.
Samples were analysed for sedimentary petrogra-
phy, sediment component analyses (microfauna),
geochemistry [total organic carbon (TOC) and
X-ray fluorescence (XRF)], dating (14C) and miner-
alogical analyses (X-ray diffraction – XRD) result-
ing in more than 600 measurements (Table S1).
Core B is 155 m long with coring starting at 39 m.
Core B was drilled in a more marginal position of
the basin (Figs 1C and 3A), west of the major fault
system forming the central graben (Bastow
et al., 2018). Due to sample restrictions, only thir-
teen samples were available for microfauna ana-
lyses. Five additional evaporite samples
representing evaporites of both relatively large
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lakes and smaller ponds were taken at the surface
of the depression (Fig. 1A and C; Table S1) for ele-
mental and mineralogical analysis.

Facies analysis

Facies analysis of Core A is based on the macro-
scopic description of full and half core sections
(Fig. 5), unpublished geological descriptions by
BHPB in Pudovskis et al. (2012), and the petro-
graphic study of core slabs and thin sections
(Fig. 6). Halite and other consolidated sediments

were cut dry from half core sections as 5 to 10 cm
slabs with a circular saw mounted with a diamond
blade. For thin section preparation, the slabs were
further cut with a dry diamond wire saw. Petro-
graphic thin sections were prepared at the Depart-
ment of Geosciences of the University of Fribourg
using a diamond polishing pad lubricated with
petrol to avoid dissolution.
The facies of Core B was described based on

visual inspection of half and full core sections,
combined with the analyses of core pictures. In
the case of non-recovery, downhole logging data

Fig. 5. Pictures of Core A. Position of the pictures on Fig. 3D. Depth (in m), unit and sample numbers presented
on Fig. 6 are indicated. (A) Laminated medium to fine-grained halite. (B) Clays and silts with foraminifera and
intra-sediment halite. (C) Alternation of cloudy halite and clastic sediments. (D) Clays and anhydrite between two
halite layers. (E) Silt and halite alternations. (F) Cloudy halite alternating with anhydrite layers. (G) Coarse halite.
(H) Laminated but coarse halite, with dissolution surfaces. (I) Conformable transition between unit C1 (carnallite,
banded) and unit B3 (halite). (J) Fine-grained, laminated halite. (K) Alternation of fine-grained, laminated halite
and coarse halite. (L) Coarse halite forming the lowermost part of unit B. The greenish magnesite layer is visible.
(M) Clayey unit forming the uppermost part of unit A. (N) Sand layer.
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(Rauche & van der Klauw, 2011) were used to
refine facies descriptions.
Non-evaporitic sediments were described

according to grain size (clay, silt, sand and gravel).
Evaporites are described on the basis of their main
mineralogy (sulphates, potash and halite) and
halite texture (clear, medium to coarse-grained
bottom-growth halite; cloudy chevron halite and
laminated, fine-grained halite). Note that the term
potash is used here in its broadest sense, including
all high-concentration evaporite minerals and not
only K-rich varieties.

Sediment component analysis

Samples of clastic sediments were wet sieved
at 1 mm, 125 lm, 63 lm and 32 lm (51 sam-
ples from Core A and 13 from Core B). The
63 lm and 125 lm fractions were hand-picked
for qualitative microfaunal analyses. Relevant
specimens were photographed and identified
using standard optical microscopy (Nikon
SMZ18; Nikon, Tokyo, Japan) and scanning
electron microscopy (Thermo Fischer SEM
FEIXL30SFEG – Thermo Fisher Scientific, Wal-
tham, MA, USA; Department of Geosciences,
University of Fribourg).

Geochemistry

In total, 179 samples were analysed for elemental
content by wavelength dispersive X-ray fluores-
cence (WD-XRF) using a PANalytical Zetium XRF
spectrometer (Malvern Panalytical, Malvern, UK;
Department of Geosciences, University of Fri-
bourg) (see Table S1). Bulk clastic and evaporite
(halite) samples were prepared as pressed pellets
(12 g of sample + 3 g of wax). Evaporite samples
were first prepared according to Herrmann
et al. (1973) and Moretto (1988). Samples were
crushed in ethanol, generously rinsed with etha-
nol and filtered to avoid fluid inclusion signals.
Clastic samples were analysed for major and trace
elements using the semi-quantitative Omnian and

quantitative ProTrace calibrations, and applica-
tions developed by Malvern PANalytical. Major
elements, Cl and Br in halite samples were quan-
titatively measured using a specific calibration
running on the Super-Q software and based on
22 in-house prepared pressed pellet standards
composed of a mixture of halite, KBr, anhydrite
and silicates. Measurement of a short series of
trace elements (Sr, Ba) was performed using the
ProTrace calibration. These calibrations have a
relative uncertainty of 1% for the major elements
and 10% for the minor elements (Morel & Ser-
neels, 2021; Nitsche et al., 2023; Rodier &
Serneels, 2023). Detection limits are given by the
software and presented in the figures and in
Table S1.
In order to confirm the bromine measure-

ments, independent ion chromatography (IC)
analyses were conducted using a DionexTM ICS-
2100 (Thermo ScientificTM) equipped with
DionexTM IonPacTM AS30 analytical and guard
columns at the Department of Geosciences, Uni-
versity of Fribourg, Switzerland. The results of
these measurements are reported in Supporting
Document S1. They correlate well with XRF
data (R2 = 0.9968) but led to small systematic
correction of the XRF data. These results show a
relative uncertainty lower than 9% for the pre-
sented bromine values (see Supporting Docu-
ment S1).
Bromine content in halite is a proxy for brine

parenthood and ion concentration (Boeke, 1908;
Valyashko, 1956; Raup & Hite, 1978). As an
incompatible element in halite, its abundance in
crystals will rise with increasing ion concentration
of the brine (e.g. McCaffrey et al., 1987). Con-
versely, the recycling of marine evaporites by
meteoric water will produce halite with lower bro-
mine content (Holser, 1979; Warren, 2016).
There is a long history of controversy about the

bromine content of the first halite precipitating
from marine water and, thus, the potential use of
bromine as a proxy for distinguishing marine and
meteoric parent fluids. While the theoretical

Fig. 6. Macrofacies (A) to (J) and microfacies (K) to (P) of evaporites. Sample number, unit and depth are indi-
cated. The position of the samples is also indicated on Figs 3D and 5. (A) and (K) Fine to medium-grained lami-
nated fabric. (B), (C), (J) and (L) Cloudy chevron halite. Arrows on (B) and (J) indicate dissolution surfaces.
Arrows on (L) show inclusions highlighting the chevron structure. ‘C’ shows clear halite cement in cavities. (D),
(E) and (M) Coarse-grained, bottom growth halite with dissolution surfaces (arrows). (F) and (N) Fine-grained, lam-
inated halite. (G) and (O) Laminated alternations between coarse-grained and fine-grained halite. The white
arrows represent polyhalite layers measured in X-ray diffraction (XRD) but removed during thin section prepara-
tion. (H), (I) and (P) Coarse-grained, bottom growth halite with dissolution features around the individual crystals.
(J) Cloudy chevron halite with dissolution surfaces (white arrows).
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minimum Br content should be 60 to 75 ppm in
marine waters (Holser, 1966; Herrmann, 1972;
Herrmann et al., 1973), it has been shown that Br
partition coefficient varies according to crystal
growth rates, chemical composition of the brines
(especially MgCl2 content) and, to a small degree,
temperature (Braitsch & Herrmann, 1963; Hol-
ser, 1966; Herrmann, 1972, 1980; Herrmann
et al., 1973).
Generally, the threshold values of the

Br-content between marine and meteoric fluids
varies between 40 and 75 ppm (e.g. Valyashko,
1956; Kuhn, 1968; Herrmann et al., 1973; K€uhn &
Hs€u, 1974; Holser, 1979; Holland, 1984; Wilgus
& Holser, 1984; McCaffrey et al., 1987;
Garcia-Veigas et al., 1995; Raup & Hite, 1996;
Schreiber & El Tabakh, 2000; Cend�on et al., 2004;
Brennan et al., 2013; Warren, 2016; Blamey &
Brand, 2019; Ercan et al., 2019; Karakaya
et al., 2019).
As pointed out by Hardie (1984), Taberner

et al. (2000), Babel & Schreiber (2014) and War-
ren (2016), the identification of marine versus
meteoric parent brines should therefore not only
rely on bromine content but also on additional
stratigraphic, sedimentological, mineralogical
and geochemical evidence.
Additional geochemical analyses from BHPB

and Allana Potash Corp. were used for refining
the facies descriptions of the potash interval of
Cores A and B (Figs S1 and S2). Geochemical ana-
lyses on Core A were performed by BHPB using a
hand-held XRF [Innov-X Delta model (Olympus,
Tokyo, Japan) used in Mining Plus mode;
Pudovskis et al., 2012]. Geochemical analyses on
Core B were performed by Kali-Umwelttechnik
GmbH (Sondershausen, Germany) for Allana Pot-
ash Corp. by flame emission spectrometry (K+,
Na+, Mg2+, Ca2+) and ion chromatography (Cl�,
SO4

2�) and were reported by Rauche & van der
Klauw (2011).
Organic matter analyses of 25 samples from the

clastic fraction were performed with Technologies
Vinci Rock-Eval 6 at the Institute of Earth Sciences
of the University of Lausanne. Total organic car-
bon (TOC, wt%), hydrogen index (HI, mg HC/g
TOC, HC = hydrocarbons) and oxygen index (OI,
mg CO2/g TOC) were measured (see Table S1).
The HI and OI give an indication of the origin of
the organic matter (e.g. Van Krevelen, 1993).

Mineralogy

In total, 186 mineralogical analyses on bulk sam-
ples (hand-crushed in agate mortar) were

performed with the Rigaku Ultima IV X-ray dif-
fractometer (XRD; Rigaku, Tokyo, Japan) at the
Department of Geosciences, University of Fri-
bourg. The samples were measured from 15° to
70° 2h at 1.3°/min (step size 0.02°) with an X-ray
source (Cu-anode, LFF) operating at 40 kW, 40A
and a D/teX Ultra detector. The results were ana-
lysed with the Rigaku PDXL2 software, using the
Rietveld method for a semi-quantitative analysis
of clastic samples. In Fig. 7, phyllosilicates, as
well as Ca-carbonates (calcite and high-Mg cal-
cite) are grouped. Quantities are normalized to
100%, excluding evaporite minerals.

Radiocarbon dating

Radiocarbon dating was performed on small wood
fragments, as well as on foraminiferal tests, ostra-
cod carapaces and other skeletal fragments.
Organic matter such as wood was treated to
remove contamination by carbonates and humic
acids. This was done by washing samples with an
acid and a base at 60°C for 1 h each step (0.5 M

HCl, 0.1 M NaOH, 0.5 M HCl, washes with MilliQ
water in between) (Hajdas, 2008).
Dry sample material was weighed within alu-

minium cups for combustion in the Elemental
Analyser. Skeletal material was dissolved in con-
centrated phosphoric acid. The CO2 was analysed
using a Gas Ion Source (GIS) at the MICADAS sys-
tem at ETH Z€urich (Synal et al., 2007). Radiocar-
bon ages were calibrated using OxCal 4.4.4 and
the IntCal20 calibration curve (Reimer et al., 2020;
see Fig. S3). The ages of the foraminifera and
marine skeletal material were close to the limit of
radiocarbon dating. No reservoir correction was
applied because it is unknown.

RESULTS

Sedimentary petrography

Core A
Core A has been divided into five major units and
15 subunits based on facies variations, mineral-
ogy, elemental content and faunal analyses
(Fig. 3). Core A is composed of ca 67% of eva-
porites (ca 60% halite, ca 6% potash and ca 1%
anhydrite). Sulphates are only present as anhy-
drite and not as gypsum in the core. Besides eva-
porites, 33% of the core is composed of
siliciclastic and carbonate sediments. Their grain
size ranges from clay to sand. Dominant mineral-
ogical assemblages in the non-evaporitic samples
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are phyllosilicates, quartz and feldspars, while car-
bonates are composed of Ca-carbonates, dolomite
and magnesite. These assemblages mainly reflect
the composition of sedimentary grains and/or the
bioclastic content. Some layers are more enriched
in dolomite and magnesite representing chemical
precipitates and/or diagenetic minerals. Sediment
component analysis revealed the presence of fora-
minifera, diatoms, ostracods and skeletal

fragments. Overall, the siliciclastic fraction domi-
nates the non-evaporite part of the core (Fig. 7),
which will be called ‘clastics’ hereafter.
Unit E (625.1 to 496.7 m) is dominated by clas-

tics (ca 70%). Subunit E2 mainly comprises an
alternation between halite (ca 30%) and clastics
(ca 70%, with variable amounts of calcite). Clastic
units are clay to sand grade (Fig. 5N) and mainly
composed of quartz and phyllosilicates with
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minor amounts of carbonates and feldspars
(Fig. 7). Minor anhydrite layers (ca 2%) are pre-
sent. Subunit E2 is characterized by the presence
of foraminifera [Ammonia veneta (over 50% rela-
tive abundance), Quinqueloculina semiluna, Trilo-
culina oblonga, Brizalina striatula, Bulimina
elongate and Rosalina globularis; Figs S4 and S5]
and ostracods (Cyprideis; Fig. S6). Subunit E1
(Fig. 5M) is formed by silty to clay-rich material,
mainly composed of phyllosilicates. Dolomite and
magnesite (pure Mg-carbonate) are dominantly
present at the top of the subunit (Fig. 7).
Unit D (496.7 to 438.83 m) is composed exclu-

sively of evaporites. While dominated by halite,
XRF and XRD data (Fig. 8) indicate the presence
of anhydrite, polyhalite and possibly kieserite in
unit D. Subunit D2 shows clear, coarse-grained
bottom growth halite (Figs 5L, 6H and 6I). At the
base of the unit, XRD data shows a 10 cm interval
(Fig. 5L) of magnesite, anhydrite and huntite
(Fig. 7). Subunit D1 shows the transition from
alternations (between 1 cm and 6 cm thick) of
fine-grained and coarse-grained halite at the base
(Figs 5K, 6G and 6O) to fine-grained, laminated
halite (Figs 5J and 6F) with cubic crystals
(Fig. 6N) in the upper part of the subunit. The
upper fine-grained laminated halite is character-
ized by cyclic changes in colours (between 1 cm
and 25 cm thick; Fig. 5J).
Unit C (438.83 to 395.3 m) is formed entirely by

potash minerals, complex salts and halite. Based
on facies analyses and portable XRF data,
Pudovskis et al. (2012) recognize four mineralogi-
cal assemblages in unit C (see Fig. S1 for XRF
data). Subunit C4 shows high sylvite content
(with K2O reaching 50%) along with carnallite
and kainite. Subunit C3 shows mainly kainite
with millimetre to centimetre-scale laminations/
bedding. Subunit C2 shows bischofite with kai-
nite bands forming irregular cycles between 1 cm
and 30 cm. Subunit C1 shows a mix of carnallite,
polyhalite, kainite and possibly kieserite forming
beds between 1 cm and 25 cm thick.
Unit B (395.3 to 272.3 m) is composed almost

entirely of halite (ca 95%), except for the pres-
ence of minor anhydrite (3%) in subunits B3 and
B1, exclusively and some clastic material (10%)
in subunit B1. The facies at the base of subunit
B3 shows medium-grained, clear halite (Fig. 5I).
Up-section, it changes to coarse clear halite with
frequent (approximately each centimetre) disso-
lution horizons and colour change, resulting in
laminations (Figs 5H and 6E). At the top of the
subunit, these dissolution surfaces disappear,
only showing (very) coarse (centimetre-scale)

clear halite. Subunit B2 is composed exclusively
of coarse clear halite (Figs 5G and 6D). Subunit
B1 mainly shows a cloudy chevron texture with
some intercalations of anhydrite (Figs 5F and 6C)
and minor intervals enriched in dolomite and
magnesite (Fig. 7).
Unit A (272.3 to 4.3 m) is mainly composed of

an alternation of halite (ca 60%) and clastic mate-
rial (ca 40%) (Figs 3D and 5). Subunit A4 shows
an alternation of clastic (ca 60%) and evaporitic
(ca 40%) material (Figs 3D and 5C to E). Halite is
either found as interstitial displacive halite within
clastic sediments or is present as clear, coarse,
bottom-growth halite, or as cloudy, chevron halite
with dissolution surfaces and clear halite cements
in millimetre to centimetre-scale cavities (Fig. 6B
and L). Some clastic intervals show nodular and
chicken-wire anhydrite (Fig. 5D), sometimes asso-
ciated with dolomite (Fig. 7). Subunit A3 is domi-
nated by clastic material (ca 70%; Fig. 5B). The
lower 2.5 m of this subunit is marked by sand-
stone but the rest of the subunit is composed of silt
to clay material. Two intervals (at ca 95 m and ca
120 m) show a higher halite content (Figs 3D, 5A,
6A and 6K). The facies are either cloudy, with
millimetre to centimetre-scale alternations of fine-
grained and coarser halite (Fig. 6A and 6K) or clear
coarse-grained halite. Subunit A2 presents two
intervals nearly devoid of clastic material (14 to
39 m, 50 to 63 m) separating a more clastic-rich
interval (39 to 50 m). Most of the halite presents a
cloudy texture. Subunit A1 is formed by clastics
(ca 60%) with frequent displacive halite or as
halite beds (ca 40%).
Subunits A3 and the base of A2 show the pres-

ence of microfauna (Fig. 3D). This fauna is more
diverse than in unit E2 with a total number of 11
identified foraminifera species. Ammonia veneta
is also the dominant species, whilst minor species
are essentially represented by Quinqueloculina
spp. (Q. semiluna and Q. viennensis), Elphidium
spp. (E. williamsoni and E. advenum), Bulimina
elongata, Bolivina pseudoplicata, Nonion fabum
and Haynesina depressula (Figs S4 and S5). Ostra-
cod species belong to the genera Cyprideis and
Loxoconcha (Fig. S6).
The top 4.3 m of the borehole were not

recovered.

Core B
Core B is divided into five units (see Figs 3B
and S2). Because of significant differences in
mineralogy and facies between Cores A and B,
different unit names are used (Greek letters for
Core B versus Latin letters for Core A).
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Unit e (155 to 125 m) is composed of clastic
material with intervals of clay/silt grade clastics
and intervals of conglomerates with cobble grade
clasts. Some layers of anhydrite are also present.

At 154 m, Ammonia veneta and Bolivina pseu-
doplicata are present, along with diatoms.
Unit d (125 to 67 m) is composed of halite. The

facies shows clear, coarse halite at the base,
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changing up-section to alternations of fine-grained
and coarse-grained halite and to laminated, fine-
grained halite at the top of the interval.
Unit c could not be observed directly by the

authors but Rauche & van der Klauw (2011)
describe unit c (67 to 55 m) as mainly consisting
of anhydrite with polyhalite and minor amounts
of kieserite, carnallite, kainite, tachyhydrite and
bischofite, as well as two layers of sylvite, at the
top and bottom of the unit. Elemental analyses
results performed by Rauche & van der Klauw
(2011) (Fig. S2) confirm this interpretation.
Unit b (55 to 37 m) is composed of coarse

clear halite.
Core B was not cored above 39 m depth but

downhole logging and descriptions by Rauche &
van der Klauw (2011) indicate a sharp lithologi-
cal change at 37 m, marking the lower boundary
of unit a (37 to 5.5 m) which is composed of
clastic material.

Geochemistry

Core A
Elemental content. The Br content of halite sam-
ples (Fig. 8) ranges between 22 and 95 ppm in unit
E. These values increase from 69 to 476 ppm in
unit D, reach 6674 ppm in unit C, before decreasing
to values generally below 70 ppm in units B and A.
A few outliers show isolated high values in units
B1, A4 and A3. K2O andMgO values are low except
in unit D. SO3 and CaO of halite samples show low
values except in units D and B3. MnO and Ba2+

retained in the halite show low values, but the sig-
nal is scattered in A4. MnO furthermore shows a
peak (up to 1050 ppm) at the base of unit D. Sr2+

only shows elevated values in units D and B3.
Based on elemental content measured on the

non-evaporitic fraction, the CaO/Al2O3 (Fig. 7) ratio
reflects the presence of Ca-carbonates and dolomite,
as shown by XRD. The MgO/Al2O3 ratio correlates
with dolomite and magnesite content.

Organic geochemistry. Organic matter analyses
(Fig. 9) show that samples from units A, B and E2
mainly belong to type III or a mixture of type II
and type III kerogen, with particularly high O
index values. Samples of unit E1 evidence a
higher H index, representing mainly type I (sapro-
pelic) kerogen.

Modern salt plain
Samples of Recent evaporites taken from the salt
plain have a low Br content (46 to 64 ppm) for
samples AF19-AF1 and AF19-AS1/2, compatible

with crystallization from saline continental waters
of Lakes Karum and Afdera (position in Fig. 1A
and C). Conversely, samples AF19-BS2 and AF19-
BS3 taken near small ponds (including one with a
red colour, Fig. 4J) indicate elevated Br values of
119 and 208 ppm. These samples also show ele-
vated values of MgO (up to 0.8%) and K2O (up to
3%), but normal values of Ba2+ and Sr2+ compared
with other samples. These values are compatible
with the XRD identification of a small amount of
sylvite in AF19-BS3.

Dating

The results of radiocarbon dating from Core A
are presented on Figs 3 and S3 and Table S1.
Four samples between 10 m and 71 m depth
resulted in ages between 1.4 � 0.2 kyr cal BP

and 13.8 � 0.3 kyr cal BP. A fifth dating at
135 m depth resulted in an age of 35 � 5 kyr
cal BP which is approaching the limit of radio-
carbon dating but can still be considered reliable
(Hajdas et al., 2021). Two benthic foraminifera
samples at 106.2 m and 121.9 m were too small
to be dated. Two benthic foraminifera samples
at 620.5 m and 620.7 m were too old for radio-
carbon dating.
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DISCUSSION

Chronostratigraphy

Although radiocarbon dating was performed on
small samples that might have been transported,
the results are coherent and show that subunits A3

to A1 are Late Pleistocene to Holocene in age
(Table S1; Fig. 3), representing MIS 3 to MIS 1. The
small age reversal at 10 m can be explained by the
fact that wood is probably transported to the basin
from the margin. The five radiocarbon datings indi-
cate an average sedimentation rate of approxi-
mately 4 mm/year in the upper part of unit A.
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Palaeo-environmental and palaeo-
hydrological interpretation

Restricted marine phase
This phase corresponds to unit E. The Br con-
tent of halite alone does not allow to unambigu-
ously distinguish between marine and
continental waters as the parent fluid for halite
precipitation. However, the values are overall
situated within the 45 to 75 ppm range and
would be high for a purely continental brine
body. The brine is therefore interpreted as a
marine water body mixed with high meteoric
water input.
Relatively abundant benthic foraminifera (dom-

inated by Ammonia veneta), ostracods (Cypri-
deis) and other skeletal fragments were found in
subunit E2 (Fig. 3D). They dominantly represent
euryhaline species. For example, the species
Cyprideis torosa, is a coastal and lagoonal euryha-
line species, typical of brackish conditions, and
occurring frequently in inland saline lakes (e.g.
Wouters, 2002). The pertorosa subsp. has only
been described in lacustrine deposits of suppos-
edly variable salinities of the Danakil Depression
(Gramann, 1971). Since the specimens from Core
A did not show any signs of carapace noding that
are inferred to be indicative of low salinities (e.g.
van Harten, 2000), layers containing Cyprideis
were probably close to normal marine. This
microfaunal interpretation is coherent with the
interpretation of the bromine content discussed
above, and thus subunit E2 is interpreted to rep-
resent a mixed marine–meteoric water body with
varying salinity.
The thick clastic intervals, including coarser

(sand-grade) beds (Fig. 5N, subunit E2) are inter-
preted as delta systems. This implies important
fluvial input indicating a very wet/humid climate,
consistent with the interpretation of a mixed water
body. This climate was only interrupted by short
drier periods causing an increase in salinity as tes-
tified to by the presence of halite and anhydrite
layers (Fig. 10).
An alternative interpretation for the presence of

coarser-grained intervals in subunit E2 may be that
it represents alluvial fans deposited in a continen-
tal environment. However, this interpretation is
difficult to reconcile with the relatively abundant
microfauna that would not be expected in a
subaerial fan.
In subunit E1 and a small layer at the base of

D2, the presence of dolomite, magnesite, sapro-
pelic organic matter and the absence of fauna
and gypsum suggest that this marine-influenced

restricted basin developed into a stratified water
body with anoxic conditions in the hypolimnion
(Busson & Perthuisot, 1977; Vasconcelos &
Mckenzie, 1997; Manzi et al., 2007, 2011, 2018;
de Lange & Krijgsman, 2010; Lugli et al., 2010;
Dela Pierre et al., 2011, 2012; Roveri et al., 2014;
Garc�ıa-Veigas et al., 2018; Tzevahirtzian
et al., 2022).

Evaporation phase
This phase corresponds to unit D. The high
(>50 ppm) Br content in halite and the high Sr
content of unit D unambiguously indicate the
dominant presence of marine fluids (Fig. 10).
The upward increasing trend in Br content evi-
dences a single cycle of salinity increase
throughout the unit, supported by macrofacies
and microfacies (see below). The absence of
clastic material and the high and increasing
salinity indicate arid climatic conditions.
The presence of coarse clear halite crystals

(Fig. 6P), such as found in subunit D2, is gener-
ally believed to represent bottom-growth halite
precipitating from moderately supersaturated
fluids (Dellwig, 1955; Li et al., 1996; Kiro
et al., 2016; Warren, 2016; Sirota et al., 2017).
The inclusion-free halite textures are interpreted
in the literature to represent relatively stable
chemical conditions, most likely reached under
more than a few decimetres of water or to repre-
sent syndepositional/early diagenesis recrystalli-
zation, late burial diagenesis recrystallization or
recrystallization related to deformation (Shear-
man, 1970; Lowenstein & Hardie, 1985; Schl�eder
& Urai, 2005; Salvany et al., 2007; Lugli
et al., 2015). Samples from unit D show no signs
of recrystallization, such as curved crystal
boundaries forming triple junctions (Lowenstein
& Hardie, 1985), and thus are interpreted as pri-
mary. Irregular grain boundaries could indicate
short-term subaquatic dissolution events.
The lower part of subunit D1, characterized by

the alternation of fine-grained and coarse-grained
halite, is inferred to reflect similar conditions to
the deep hypolimnetic lake floor of the present-
day Dead Sea with high halite supersaturation in
winter (deposition of halite cumulates) and strati-
fied water with moderate supersaturation during
summer (precipitation of bottom-growth halite;
Sirota et al., 2017). The fine-grained, laminated
halite in the upper part of D1 is inferred to have
formed at the air–water interface or just below the
thermocline as small cubes or hopper crystals
(see Fig. 4D) in highly supersaturated fluids
before settling at the basin floor (Lowenstein &
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Hardie, 1985; Schreiber & El Tabakh, 2000; Arnon
et al., 2016; Kiro et al., 2016; Sirota et al., 2017).
The XRD data indicate the presence of polyhalite
(coherent with the high K2O, Ca2, MgO and SO4

concentrations shown by XRF, Fig. 8). Polyhalite
has been described either as an early diagenetic
replacement of anhydrite in marine environments
or as a primary mineral (Holser, 1966; Perthui-
sot, 1971). Polyhalite probably forms the white
layers visible in Fig. 6G, on top of fine-grained
halite intervals, and may represent a higher
supersaturation, thus favouring the hypothesis of
primary precipitation. It is unknown whether the
kieserite found in the unit is primary or was pre-
cipitated within open pore space during the
deposition of unit C.

Hyperconcentration phase
This phase corresponds to unit C. The succes-
sion of unit C is comparable to the typical pot-
ash interval described in the literature and
industry reports (see Geological setting above),
except that the sylvite-rich interval is situated at
the base of the unit and not at the top. Holwerda
& Hutchinson (1968) and Warren (2016) showed
that this sylvite layer is probably secondary,
formed by the leaching of carnallite.
Overall, unit C is interpreted to represent an epi-

sode during which highly supersaturated brines
were present in the Danakil Basin during very arid
climatic conditions. Bischofite crystallizes from
high salinity brines, with an evaporative concen-
tration factor well above 200 (Harvie et al., 1980;
Hardie, 1990). The mineral assemblage (rich in
MgSO4, poor in Ca, devoid of typical meteoric
minerals like mirabilite, thenardite, trona and pirs-
sonite) and the high bromine content indicate a
marine parent brine and exclude a continental or
deep hydrothermal origin for the brines
(Hardie, 1984, 1990, 1991; Spencer, 2000).

Saline lake phase
This phase corresponds to unit B. The transition
between unit C and unit B is sharp but shows
no discontinuity or clastic interval, indicating
that the basin was never completely desiccated.
The rapidly decreasing bromine content (from
349 to 40 ppm, Fig. 8) up-section in subunit B3
implies a fast freshening-upward trend, indicat-
ing a transition to wetter conditions between
units C and B. The presence of relatively high
bromine values, anhydrite and Sr at the base of
subunit B3 suggests a continued marine influ-
ence possibly resulting from the leftover brines
from the hyperconcentration phase being diluted

by meteoric waters or from residual subsurface
flow of Red Sea water.
The coarse clear halite of subunits B3 and B2

indicates direct precipitation on the basin floor.
Thin sections (Fig. 6D, E and M) show dissolution
surfaces but lack cavities, probably indicating
short-lived subaquatic dissolution events. The
absence of mosaic textures or fluid and solid
inclusions purged to grain boundaries, as well as
the presence of synchronous growth structures,
indicate that the halite is primary (Hardie
et al., 1985; Lowenstein & Hardie, 1985; Schreiber
& El Tabakh, 2000). Bromine content in subunit
B2 is consistently low and other elements show
exceptionally consistent concentrations (Fig. 8),
interpreted to represent a perennial and relatively
deep meteoric lake under stable chemical condi-
tions, only interrupted by frequent subaqueous
dissolution events.
The change of facies to a cloudy texture of

chevron halite present in subunit B1 is caused by
the presence of fluid inclusions and is believed to
indicate short-term variations in temperature,
salinity, saturation and growth rate, most likely
within a very shallow (a few decimetres) brine
pan (Li et al., 1996; Schubel & Lowenstein, 1997;
Schreiber & El Tabakh, 2000; Salvany et al., 2007;
Kiro et al., 2016; Warren, 2016). This change of
microfacies and the appearance of minor clastic
intervals, as well as dolomite and magnesite
layers, suggest a shallowing-upward trend com-
pared to subunit B2 (Fig. 10).

Saline pan phase
This phase corresponds to subunit A4. The
abundance of clastic intervals and of cloudy
halite textures, the low Br content and the simi-
larities with facies observed in Recent subunit
A1 suggest that subunit A4 was deposited in an
episodically inundated continental salt pan,
showing very shallow ephemeral water bodies,
similar to the present-day environment. This
indicates a shallow environment and arid cli-
matic conditions. Varying concentrations of
CaO, MnO and Ba2+ indicate fluctuating brine
chemistry in ephemeral shallow water bodies.
Three samples show higher bromine content.

These samples are outliers and do not reflect
the general trend, suggesting a short-term and
spatially restricted process. Similarly, a very
high bromine content is measured in some of
the Recent evaporites of the salt plain, sampled
near isolated ponds (AF19-BS2 and AF19-BS3
in Fig. 1C – see also Fig. 4J and Table S1).
Those ponds show that spatially and, probably,
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temporally confined halite precipitation can
lead to locally very high Br content values in
the Danakil Depression. Three interpretations
could explain these high values. Firstly, the
subsurface seepage of marine waters through
the Amphila gateway or even through fractures
of the Buia graben (Fig. 1A) could result in the
precipitation of Br-rich halite. Secondly, while
the meteoric recycling of marine halite (contain-
ing ca 60 to 200 ppm of Br) produces halite low
in Br content, the leaching of potash minerals
with very high (>1000 ppm) Br content can lead
to the formation of Br-rich halite, especially if
the volume of water is small (Ayora et al., 1994;
Taberner et al., 2000). Finally, a hydrothermal
origin of the water may explain the presence of
Br-rich halite. Vengosh et al. (2002) and Nahny-
bida et al. (2009) demonstrated that non-marine
(magmatic) hydrothermal water (today produced
in the vicinity of the Dallol volcano: Cavalazzi
et al., 2019; Kotopoulou et al., 2019; L�opez-
Garc�ıa et al., 2020; Ot�alora et al., 2022) can
have a higher Br content than normal meteoric
water. Based on the data and observations, all
three interpretations are plausible, and it is
probably the combination of processes in differ-
ent parts of the basin that trigger the local and
confined precipitation of continental Br-rich
halite.

Late lacustrine phase
This phase corresponds to subunits A2 and A3.
The clastic-dominated clay-rich subunit A3 indi-
cates an environmental setting influenced by
less saturated water. The dominant species
composing the foraminiferal assemblage from
subunit A3, including Ammonia spp., E. wil-
liamsoni, E. advenum, Q. semiluna and H.
depressula, are commonly found in coastal
intertidal environments and brackish estuaries
(Horton et al., 1999; Debenay & Guillou, 2002;
Debenay et al., 2006; Abu-Zied & Hariri, 2016;
Mojtahid et al., 2016), hinting at a relatively
shallow lake of brackish to saline conditions.
The presence of foraminifera in this interval

may indicate transport of propagules or adult indi-
viduals by birds from the Red Sea. Even during
the MIS 2 lowstand, the Red Sea was situated less
than 200 km away. Avian transport of benthic
foraminifera over long distances (up to several
thousands of kilometres) has been abundantly
documented, noticeably for the same shallow-
water genera found within unit A2 (Ammonia
spp., Quinqueloculina spp., Rosalina spp. and
Bolivina spp.) (Almogi-Labin et al., 1992;

Patterson et al., 1997; Boudreau et al., 2001; Abu-
Zied et al., 2007; Wennrich et al., 2007; Giordana
et al., 2011; Riedel et al., 2011; Pint et al., 2017).
The absence of foraminiferal test anomalies,
which have been linked to the formation of tests
under hypersaline conditions (Pint et al., 2017),
and the relatively high diversity, point towards a
favourable environment, with a brackish to normal
marine salinity. The presence of Guembelitria sp.
(extinct since Cenozoic times) suggests a clastic
origin from the Mesozoic sediments abundantly
cropping out on the margins of the basin (Rime
et al., 2022). Subunit A3 is thus interpreted to
have deposited within a brackish lacustrine envi-
ronment, indicating relatively wet climatic condi-
tions (Fig. 10).
Three intervals of halite are interpreted to repre-

sent short episodes with an increase in salinity,
probably linked to more arid climatic conditions
and a decrease in water depth, as suggested by the
cloudy halite facies. The bromine content of these
halite layers indicates precipitation in meteoric
waters. The two outliers with higher values are
interpreted to represent a similar process as the
outliers of subunit A4 discussed above.
The halite-rich subunit A2 indicates a more

persistent brine pool covering the deepest part
of the depression. The lack of clastic material in
the two halite intervals dominated by cloudy
textures suggests the presence of shallow hyper-
saline lakes. The more clastic interval between
the two halite layers may represent a wetter/
fresher period with increased siliciclastic input
(Fig. 10).

Modern saline phase
This phase corresponds to subunit A1. The
alternating succession of clastic intervals and
halite layers with chevron textures in subunit
A1 mimics modern deposition in the Danakil
Depression (Fig. 4) and represents similar envi-
ronmental conditions, being a classic saline pan
environment under hot and arid conditions
(Fig. 10).

From marine to continental settings: a
proximal-distal transect

Overall, Core A shows a gradual change from
marine-influenced to continental environments
(Fig. 10). The lower units (E, D and C) represent
the evaporation of marine or mixed marine-
meteoric water and, thus, imply a restricted con-
nection with the Red Sea. These three units
show a trend of increasing salinity up-section,
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from restricted conditions with episodic deposi-
tion of halite in unit E to extreme hyperconcen-
tration and deposition of potash in unit C. This
trend reflects a single cycle of increasing isola-
tion of the basin. Subunit B3 marks the transi-
tion to continental settings with the complete
isolation of the basin from the Red Sea. All eva-
porites of units B2, B1 and A were precipitated
from meteoric brines. Facies variations in these
upper units reflect changes in climatic condi-
tions rather than changes in basin connectivity.
The isolation of the basin was likely driven by
the interaction between global sea-level fall
and/or tectonic processes between the Danakil
Basin and the Red Sea.
These large-scale trends allow correlating the

evaporites and associated facies described in Core
A with Core B and with the marine Zariga Forma-
tion deposited at the basin margin (Fig. 3). The
youngest marine sediments cropping out in the
Danakil Depression are identified as the upper
succession (MIS 5e) of the Zariga Formation and
represent the most recent flooding phase of the
Danakil Depression (Atnafu et al., 2015; Foubert
et al., 2018, 2024; Jaramillo-Vogel et al., 2019;
Fig. 2A). No younger marine sediments have
been mapped and/or observed in the Danakil
Depression (Holwerda & Hutchinson, 1968;
Brinckmann & K€ursten, 1971; C.N.R. – C.N.R.S.
Afar Team, 1973; Atnafu et al., 2015; Foubert
et al., 2018, 2024; Jaramillo-Vogel et al., 2019;
Rime et al., 2022; Negga, 2024). Because the lower
units of the core (subunits E – B3) represent
marine-influenced conditions, whereas the upper
units of the core (subunits B2 – A1) all represent
exclusively continental conditions, the marine-
influenced part of Core A is interpreted to have
followed the last marine flooding of the depres-
sion, i.e. the same flooding event as the upper suc-
cession of the Zariga Formation (Fig. 2A).
None of the recovered sediments of Cores A or

B represent open marine conditions such as regis-
tered at the margins of the Depression by the
deposition of coralgal reefs (Atnafu et al., 2015;
Foubert et al., 2018). However, the restricted
marine conditions of unit E1 might be
time-equivalent to the aragonitic crusts and the
laminations of clays and gypsum present on the
margins of the depression that are interpreted to
represent the start of basin isolation after the
latest open marine phase (Jaramillo-Vogel
et al., 2019; Figs 3 and 11A). Unit E2, represent-
ing a stratified water body with anoxic conditions
in the hypolimnion, can be correlated with gyp-
sum deposits covering the youngest coralgal reef

succession at the basin margins (Figs 3 and 11B).
Similar correlation between marginal gypsum
and anoxic shales/magnesite-rich layers topped
by massive halite have been shown in the marine
evaporite basin of the Sabkha el Melah (Tunisia)
(Perthuisot, 1971; Busson & Perthuisot, 1977) and
in the Mediterranean (Manzi et al., 2007, 2011,
2018; de Lange & Krijgsman, 2010; Lugli
et al., 2010; Dela Pierre et al., 2011, 2012; Garc�ıa-
Veigas et al., 2018). Unit E of Core A is also corre-
lated with the coarser-grained unit e of Core B sit-
uated in a more marginal position (Fig. 3).
All units of Cores A and B are thus inter-

preted to have deposited after the open-marine
stage dated to ca 128 ka (Foubert et al., 2018,
2024; Jaramillo-Vogel et al., 2019) and should
thus be younger. This interpretation of a relative
age younger than 128 ka is supported by unpub-
lished industrial seismic data (Pudovskis
et al., 2012) showing that the lowermost part of
Core A can be correlated with marginal outcrops
that record this last flooding and subsequent
desiccation phase. The authors are aware of the
relative nature of this age model, which high-
lights the need for future studies that might be
able to give absolute age constraints, potentially
as part of future drilling in the basin (Foubert
et al., 2018, 2024).
Unit D of Core A is interpreted to correlate with

unit d of Core B (Figs 3 and 11C). Both units show
the same lithology (nearly pure halite), the same
thickness and the same facies succession (coarse,
clear halite at the base, fine-grained, laminated
halite at the top). Unit C of Core A is interpreted
to correlate with unit c of Core B because both
units feature potash minerals (Figs 3 and 11D).
The lower part of unit B of Core A is interpreted
to correlate with unit b of Core B (Figs 3 and 11E).
Both units show similar coarse, clear halite. The
transition between units a and b in Core B cannot
precisely be correlated to Core A. One hypothesis
is that it corresponds to the change in facies
between subunits B2 and B1 that is interpreted to
represent a reduction in brine depth (Figs 3
and 10, see text above). Unit a of Core B is inter-
preted to correspond to the time-equivalent of
units A to possibly B1 of Core A, albeit represent-
ing a more proximal depositional environment
(Fig. 11F to H).

Mechanism of evaporite formation in the
Danakil Depression

Palaeo-environmental and palaeo-hydrological
interpretations show that the evaporites in the
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Fig. 11. Depositional model for the Danakil Basin illustrating palaeo-environmental conditions since the deposi-
tion of unit E2. The diagrams are not to scale and have strong vertical exaggeration. The tectonic structure is sim-
plified and hypothetical. (A) Restricted marine stage shortly after the Marine Isotope Stage (MIS) 5e highstand. A
wet climate results in increased fluviatile clastic input into the basin. (B) The basin becomes more restricted and
stratified with the deposition of gypsum on the margins and anoxic clays in the central part. (C) Evaporation
stage. Halite starts to precipitate under arid conditions. The basin remains flooded under a certain depth of
marine brine supplied through the Amphila Gateway. (D) Hyperconcentration stage. The connection with the Red
Sea reduces, the brine depth decreases and potash minerals precipitate in the central part of the basin. (E) Saline
lake stage. Meteoric water dissolves the evaporites on the margins and recycles them in the central part of the
basin. (F) Saline pan stage. Dry climatic conditions induce an environment comparable to the present-day situa-
tion. (G) Late lacustrine stage. A wet climate triggers the establishment of a brackish/saline lake that becomes
hypersaline in its late phase. (H) Modern saline pan.

� 2024 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology

22 V. Rime et al.



upper (units B and A) and lower (units E, D and
C) parts of the core were precipitated under two
different scenarios.
Evaporites of units E, D and C formed from

direct evaporation of seawater. The significant
thickness of evaporites with a continuous
increasing salinity trend up-section suggests that
the connection between the basin and the Red
Sea was not closed by one rapid and distinct
event (which would have produced only a few
metres of halite; Usiglio, 1849) but that the basin
was continuously fed by the Red Sea by shallow
spill-over. The basin must have reached a point
where the influx of seawater from the Red Sea
nearly equilibrated: (i) the loss by evaporation;
(ii) potential reflux; and (iii) freshening of the
brine by meteoric waters and precipitation,
allowing a constant influx of ions to the basin
and the precipitation of >100 m of evaporites.
Unit E correlates with aragonite crusts and

gypsum found on top of the marine deposits at
the margin, indicating that the water level was
at or near maximum sea level during the first
phase of deposition (Figs 10, 11A and 11B). Unit
D of Core A and unit d of Core B show the same
lithology, facies and thickness, suggesting the
presence of a homogenous brine body with a sig-
nificant depth (tens to hundreds of metres,
Figs 10 and 11C). Conversely, the mineralogy
and facies of unit C of Core A and unit c of Core
B differ. The thickness of the latter is also signif-
icantly smaller. This suggests a lowering of the
brine level during the deposition of unit C, indi-
cating that evaporation was potentially, at least
temporarily, more important than inflow. The
brine body was nevertheless covering a rela-
tively large extent because this potash unit has
been traced across vast areas of the basin by core
and seismic data provided by commercial com-
panies (Holwerda & Hutchinson, 1968; Rauche &
van der Klauw, 2011; Pudovskis et al., 2012;
Warren, 2016). This suggests that the depth of
the brine was not extremely shallow but could
reach at least a few metres (Figs 10 and 11D).
Units E, D and C thus show a large-scale
shallowing-upward trend, along with the trend
of increasing salinity up-section, but these eva-
porites all represent direct precipitation from
marine-influenced brines and the source of ions
is therefore primarily marine.
Conversely, unit B was mainly formed by

meteoric water influx in a perennial lake. Unit b
of Core B and the lower part of unit B of Core A
show the same lithology and facies. This

supports the interpretation of a relatively deep
and extensive water body during the initial
phase of deposition of the unit, with a water
depth possibly reaching several tens of metres
(Figs 10 and 11E), such as suggested by facies
analyses and geochemical data (see above). The
presence of this relatively large meteoric lake
also indicates wetter conditions than during the
deposition of units A4 and C. Because meteoric
water does not have enough salinity to precipi-
tate halite (Kebede et al., 2008; Meaza
et al., 2019), the high salinity resulting in halite
precipitation in the central part of the basin must
have been caused by the dissolution of older eva-
porites at the margin of the basin (Fig. 11E), as
observed today. This assumption is supported by
the much smaller thickness of unit b in Core B,
situated in a more marginal setting, and by the
description of vertical dissolution cavities in a
more marginal core (DK-11-11, see Fig. 1C for
position; Warren, 2016) which suggests that the
upper part of the unit b in Core B was dissolved
by fresher waters. The lower thickness of unit b
in Core B compared to unit B in Core A can also
indicate that: (i) this part of the basin was
flooded for a shorter amount of time; (ii) this part
of the basin was flooded but situated above the
epilimnion and halite focusing (e.g. Sirota
et al., 2018; Kirkham et al., 2020) concentrated
the deposition in the central part of the basin;
and (iii) available accommodation was smaller.
Whatever the reason for reduced halite precipita-
tion at the margin of the basin, it should be
highlighted that halite deposition was concen-
trated in the central part of the basin (Fig. 11E).
These waters might also have partly recycled
older evaporites deposited on the margins during
previous flooding events and uplifted by tectonic
movements or transported by shallow hydrother-
mal circulation. Evaporite recycling by meteoric
waters has also been described in the Lorca
Basin in Spain (Taberner et al., 2000). The
greater thickness of units B and A in Core A
compared with the equivalent deposits of Core B
(44 m versus 12 m) stress the importance of
available accommodation for the deposition of
thick evaporite deposits (Fig. 11E to H). As the
potash units of Cores A and B deposited at
nearly the same elevation in shallow waters and
are now found at 395 m and 55 m depth, respec-
tively, a relative subsidence of ca 370 m
occurred since the deposition of the potash. This
value is comparable with the estimations of Bas-
tow et al. (2018) and Hurman et al. (2023).

� 2024 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology

Evaporites of the Danakil Depression 23



Relevance of the Danakil Basin for the
understanding of large evaporite deposits

The Danakil evaporites cover a significantly smal-
ler area than classical salt giants. The Pleistocene
Danakil Sea covered a surface area of approxi-
mately 9000 km2, which is more than two orders
of magnitude smaller than the Messinian basins
of the Mediterranean (Warren, 2010) and the total
volume of evaporites is thus much smaller. How-
ever, their significant thickness (>600 m
described in this study but more evaporites are
inferred to be present at greater depth: Holwerda
& Hutchinson, 1968; Behle et al., 1975; Makris
& Ginzburg, 1987; Pudovskis et al., 2012), their
marine origin, their occurrence in an active rift
setting and their high halite percentage do mimic
some aspects of some ancient salt giants; for
example, the Carboniferous to Permian evaporites
of the Barents Sea (Hassaan et al., 2020), the
Permo–Triassic Zechstein evaporites (Soto
et al., 2017), the Triassic to Jurassic evaporites of
the northern Atlantic (Holser et al., 1988; Decalf
& Heyn, 2023), the Jurassic Louann Salt of the
Gulf of Mexico (Hudec et al., 2013), the Aptian
salt of the southern Atlantic (Kukla et al., 2018;
Rodriguez et al., 2018; C�elini et al., 2024; Pichat
et al., 2024) or the Miocene Red Sea evaporites
(Hughes & Beydoun, 1992; Orszag-Sperber
et al., 1998; Smith & Santamarina, 2022). Some of
the processes forming these salt giants will thus
possibly be similar to those that formed the Dana-
kil evaporites. The Danakil evaporites may there-
fore be considered as a possible analogue for
some ancient salt giants.
The Danakil evaporites being very young (and

still forming nowadays) allow a better understand-
ing of some aspects of their formation. The topo-
graphy, the hydrology, the relative sea level of the
neighbouring oceanic basin (Grant et al., 2014),
the regional palaeoclimatic conditions (Gillespie
et al., 1983; Fleitmann et al., 2011; Rosenberg
et al., 2011; Tierney et al., 2017; Lamb et al., 2018;
Nicholson et al., 2020; Schaebitz et al., 2021; Foer-
ster et al., 2022), the tectonic structure and move-
ments of the basin (Bastow et al., 2018; Hurman
et al., 2023), as well as the general tectonic context
(Viltres et al., 2020; Rime et al., 2023) are indeed
better known than for older counterparts.
Accumulation rates, certainly in evaporites, are

often a topic of debate and may vary significantly,
reaching very high rates (Lensky et al., 2005;
Manzi et al., 2012; Peel, 2019; Sirota et al., 2021).
The present study suggests that 625 m of
evaporite-dominated sediments were deposited in

less than 128 kyr in the Danakil Depression,
resulting in minimum average accumulation rates
of 4.9 mm/year. This accumulation rate is the
same order of magnitude as the overall ca 2.5
mm/year estimated for the ca 1.8 km of halite-
dominated Messinian Salinity Crisis deposits in
the Levant basin (Meilijson et al., 2019) and the ca
5 mm/year of the ca 2.5 km of evaporites of the
Santos Basin (Davison et al., 2012). It highlights
the possibility of depositing several hundreds of
metres of evaporites within short (<128 kyr)
periods. In the case of Danakil, it corresponds to
one single desiccation cycle after marine flooding.
The precise rate of deposition of units D, C and

B, composed almost entirely by salts, is not
known due to the lack of age constraints.
However, cycles between fine-grained and coarse-
grained halite or between halite and shale/
anhydrite are known to represent annual cycles
in the Dead Sea and the evaporites deposited dur-
ing the Messinian Salinity Crisis (Manzi
et al., 2012; Sirota et al., 2017). Cycles are also
visible in the marine units D1 and C, representing
the most saturated brine recorded in the Danakil
evaporites. At the base of subunit D1, cycles
between fine-grained and coarse-grained halite
can be observed. Most of them are between 1 cm
and 6 cm thick (Fig. 5K). Cycles in the uppermost
9 m of D1 (Fig. 5J) can be up to 25 cm thick. Sub-
units C3, C2 and C1 also present irregular cycles
up to 30 cm thick. The annual duration of these
cycles cannot be demonstrated but, if they do rep-
resent annual or bi-annual cycles, they would be
comparable with other records from around the
world featuring cyclic evaporite deposits, includ-
ing the 4.5 to 7.5 cm/year measured in the Dead
Sea (Sirota et al., 2021) and the 15 cm/year
observed in the Messinian Realmonte salt mine
(Manzi et al., 2012). Higher rates reaching 100
cm/year have even been proposed for the Luann
Salt of the Gulf of Mexico and the MacLeod Basin
of Western Australia (Logan, 1987; Davison
et al., 2012; Peel, 2019). A very high deposition
rate of evaporites during the final phase of basin
isolation and the most saturated brine stage is
therefore plausible but should be confirmed by
future studies.
Several authors have argued against a solar

evaporation model for salt giants (Scribano
et al., 2017; Hovland et al., 2018a,b; Debure
et al., 2019; Qin et al., 2023), proposing that one
single desiccation cycle of 1000 m of water could
only produce ca 15 m of evaporites and that too
many cycles would be necessary to produce
kilometre-thick deposits. These models do not
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consider a possible protracted supply of seawater
during the evaporation stage, as shown by numer-
ous other authors (e.g. Hardie, 1990; Kirkland
et al., 2000; Meijer, 2006; Krijgsman & Meijer,
2008; Montaron & Tapponnier, 2010; Topper &
Meijer, 2013; Simon & Meijer, 2015, 2017; Mon-
taron, 2016; Konstantinou et al., 2023). The
example of the Danakil Depression shows that,
under suitable conditions, a single, short cycle of
direct evaporation of seawater may produce ca
60 m of halite and ca 40 m of potash, whilst the
following periods of meteoric reworking can add
almost 400 m of evaporite-dominated sediments
in less than 128 kyr.
Some authors have suggested that salt giants

were produced by deep hydrothermal processes,
including serpentinization of the mantle
(Scribano et al., 2017; Hovland et al., 2018a,b;
Debure et al., 2019; Qin et al., 2023). Hovland
et al. (2018b) and Johnsen et al. (2021) used the
Danakil evaporites as an example of this pro-
cess. The facies and mineralogy of these eva-
porites, as well as the general geological history
of the basin, show that no deep hydrothermal
processes are needed to explain their deposition.
The facies of the evaporites are all compatible
with known examples of solar evaporites. Solar
evaporation alone can thus satisfactorily explain
the upper 625 m of evaporite-dominated sedi-
ments of the Danakil Depression. In addition,
the mineralogy of unit C (kieserite, kainite and
polyhalite) is inconsistent with known hydro-
thermal examples (Hardie, 1990). Finally, the
proven flooding of the depression by the Red
Sea and its consecutive isolation (Holwerda &
Hutchinson, 1968; Brinckmann & K€ursten, 1971;
Atnafu et al., 2015; Foubert et al., 2018;
Jaramillo-Vogel et al., 2019; Endeshaw, 2024)
provides a robust source for these evaporites. A
high bromine content in some isolated halite
may indicate that some of the halite was poten-
tially mobilized by deep hydrothermal fluids.
However, this geochemical signal does not rep-
resent a major contribution to the Danakil eva-
porites. This is coherent with the results of
Talbot (2008) describing only: “minor local addi-
tions of hydrothermal salts” on the Dallol dome.
Moreover, according to the model of Ot�alora
et al. (2022) and the present study, these hydro-
thermal fluids gained salinity by the dissolution
of older, solar precipitated evaporites and repre-
cipitated by solar evaporation at the surface.
Therefore, even if hydrothermal processes did
play a role, no deep serpentinization processes
are required. Such serpentinization would also

be very difficult to achieve because the Moho in
the Danakil Depression is situated at least at
14 km depth (Makris & Ginzburg, 1987; Wang
et al., 2021; Ahmed et al., 2022; Gauntlett
et al., 2024). At basin-scale, the deep hydrother-
mal influence is therefore probably minor, being
only localized in specific spots within the vicin-
ity of the Dallol volcano or other hot springs.

CONCLUSIONS

Based on the multiproxy analysis of two sedi-
ment cores, the Late Pleistocene to Holocene
evaporitic sedimentary record of the Danakil
Basin could be unravelled and summarized in
the following conclusions:

1 The uppermost 625 m of basin fill of the Dana-
kil Depression are mainly formed by halite and
subordinate clastic sediments. The great thickness
of these deposits, their occurrence in an active rift
setting and their high halite percentage mimic
some aspects of some ancient large evaporite
deposits, including some salt giants. Some of the
processes that formed, and are still forming, the
Danakil evaporites may be comparable with the
ones that formed some of these ancient deposits.
2 The record can be divided into five different
units. The lowermost unit (E) shows clastic and
evaporitic sedimentation in a restricted marine
basin during wet climatic conditions. Unit D
corresponds to the evaporation of seawater in an
arid climate precipitating mainly halite. Unit C
is characterized by the precipitation of potash
minerals in a highly saturated brine of marine
origin. The lowermost part of unit B records the
youngest marine brines and thus the last con-
nection of the basin with the Red Sea. The rest
of unit B depicts the filling of the basin by a
meteoric lake recycling older marine evaporites.
Unit A represents the deposition of evaporites
and clastic sediments in a continental salt pan
and a brackish/saline lake.
3 Two different main mechanisms of formation
of the Danakil evaporites are identified. More
than 100 m of evaporites were deposited by the
direct evaporation of seawater (units C, D and E)
while recycling of marine evaporites from the
margins towards the centre of the basin, together
with subsidence, played a major role after the
isolation of the basin (units A and B).
4 The Danakil evaporites show that a signifi-
cant thickness of evaporite-dominated sediments
(>600 m) may accumulate in a very short
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amount of time (<128 kyr) following a single
marine flooding and desiccation event.

This study highlights the scientific value of the
of Danakil evaporites for understanding mecha-
nisms of evaporite formation driven by local,
regional and global processes. This study also pro-
vides the basis for future regional studies in the
Danakil Basin focusing on chronostratigraphy,
cyclicity of the evaporites, hydrology and fluid
flow patterns, geochemistry, micropaleontology,
geomicrobiology, palaeoclimatology, tectonics and
opening/closure mechanisms of a restricted basin
(Foubert et al., 2018, 2024).
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Figure S1. Detail of the potash interval of Core A.

Figure S2. Lithological column of Core B.

Figure S3. Results of radiocarbon dating on wood and
shell fragments.

Figure S4. Scanning electron microscopy (SEM) images
of foraminifera found in Core A.

Figure S5. Scanning electron microscopy (SEM)
images of foraminifera found in Core A.

Figure S6. Scanning electron microscopy (SEM)
images of ostracods found in Core A.

Data S1. Description of bromide measurements of
halite samples using ion chromatography and calibra-
tion of X-ray fluorescence (XRF) data.

Table S1. List of samples, depth of units and results
of laboratory analysis [X-ray fluorescence (XRF), ion
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Eval� and radiocarbon] for Core A.
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