Science of the Total Environment 875 (2023) 162682

Contents lists available at ScienceDirect

Science o e
Total Environment

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Rare earths release from dissolving atmospheric dust and their accumulation
into crystallising halite: The Dead Sea example

L))

Check for
updates

P. Censi **, I. Sirota ™, P. Zuddas ¢, N.G. Lensky ™, O. Crouvi °, M. Cangemi ?, D. Piazzese ®

@ Department of Earth and Marine Science (DISTEM), University of Palermo, Via Archirafi 36, 90123 Palermo, Italy

Y Geological Survey of Israel, 32 Yesha'yahu Leibowitz, Jerusalem 9371234, Israel

¢ Institute of Earth Sciences, Edmond J. Safra Campus, The Hebrew University of Jerusalem, Givat Ram, Jerusalem 91904, Israel
4 Sorbonne Université, CNRS, METIS, F75005 Paris, France

HIGHLIGHTS GRAPHICAL ABSTRACT

+ REE in Dead Sea brines are released from
dissolving atmospheric dust particles.

+ The halite crystallisation affects the REE
distribution along the water column.

+ Both these process correspond to REE ex-
traction from their primary rock source.
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ARTICLE INFO ABSTRACT

Editor: Filip M.G.Tack The industrial extraction of Y and lanthanides (hereafter defined as Rare Earth Elements, REE) often requires the
achievement of leaching procedures removing these metals from primary rocks and their transfer in aqueous leachates

Keywords: or incorporated in newly forming soluble solids. These procedures are the most dangerous to the environment in

Rare earth elements
Dead Sea brines
Lanthanum anomaly
Halite

relation to the composition of leachates. Hence, the recognition of natural settings where these processes currently
occur, represents a worthy challenge for learning how to carry out similar industrial procedures under natural and
more eco-friendly conditions. Accordingly, the REE distribution was studied in the brine of Dead Sea, a terminal
evaporating basin where brines dissolve atmospheric fallout particles and crystallise halite.

Our results indicate that the shale-like fractionation of shale-normalised REE patterns in brines, inherited during the
dissolution of atmospheric fallout, changes because of the halite crystallisation. This process leads to crystallising halite
mainly enriched in elements from Sm to Ho (medium REE, MREE) and coexisting mother brines enriched in La and
some other light REE (LREE). We suggest that the dissolution of atmospheric dust in brines corresponds to the REE ex-
traction from primary silicate rocks, whereas halite crystallisation represents the REE transfer into a secondary more
soluble deposit with reduced environmental health outcomes.

1. Introduction

Rare Earths are strategic metals presently used from a wide range of
electronic, chemical, and oil-refinery industries. These elements are ex-
tracted from mines exploiting primary lithogenic deposits through invasive
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2018). Accordingly, REE are considered today an emerging new class of
pollutants in relation to a wide recognition of positive Gd and La anomalies
in urban and peri-urban catchments and related aquifers (Bau and Dulski,
1996; Moller et al., 2000; Kulaksiz and Bau, 2007, 2011, 2013). Dissolved
REE can be involved in scavenging processes onto suitable mineral or or-
ganic surfaces (Takahashi et al., 2005, 2007, 2010; Geng et al., 2022;
Wilfong et al., 2022 and references therein) or fractionate during the authi-
genic mineral formation despite the amplitude of this process was not rec-
ognized under natural conditions (Terakado and Masuda, 1988; Kagi
et al., 1993; Qu et al., 2009a, 2009b).

Halite crystallisation was found to fractionate REE relative to the
coexisting aqueous phase (Censi et al., 2017, 2020). Yet, it remains unclear
the extent of this fractionation and whether it can represent a method of re-
mediation for natural waters contaminated by high REE concentrations. To
resolve this problem, we perform this study in the Dead Sea, a terminal
lake with a progressively declining level in response to negative water bal-
ance (Lensky et al., 2005). The Dead Sea is divided into two main basins:
The Northern Basin occupied by a deep hypersaline lake that is actively pre-
cipitating halite (Arnon et al., 2016; Kirkham et al., 2020; Lensky et al., 2005;
Sirota et al., 2016, 2017, 2021) and the Southern Basin, occupied by shal-
lower evaporation ponds, which are currently exploited for saltwork (Ganor
and Katz, 1989). Here, brines are also oversaturated in carnallite, a KCl salt
typical of last stages of brine evaporation (Babel and Schreiber, 2014).

In this study, the evolution of REE concentration in halite crystals and
their mother brine are explored in two different evaporitic settings,
(i) along the water column of the Dead Sea down to 66 m depth in the
Northern Basin, and (ii) along the crystallisation path of carnallite in the
Southern basin. Halite crystals were also analysed and the REE concentra-
tion compared with values measured in corresponding brines. Accordingly,
this site is a suitable laboratory for investigating how aqueous REE attain to
concentrations ten times higher than seawater and the REE contents in
brines significantly reduced during the halite crystallisation.

2. Geochemical background

Rare earth elements (REE) constitute the lanthanide series from s,La to
71Lu (lanthanides) including 39Y (Shannon, 1976). They usually form trivalent
ions displaying similar reactivity through aqueous processes (Cotton, 2006).
The progressive filling of 4f orbital between s;La to 7;Lu however, generates
progressive decreasing of ionic radius along the series (Lanthanide contrac-
tion) identifying subtle differences is the geochemical reactivity usually high-
lighted by normalization of analytical REE concentrations (Migaszewski and
Gatuszka, 2015). Here, measured REE concentrations [REE],,c.s have been
normalised towards the reference concentration [REE]paas of Post Archean
Australian Shale [REE]paas (Taylor and McLennan, 1985) according to:

_ [REE] g
[REE]n - [REE]PAAS (1)

After normalization, REE concentrations follow a smooth trend where el-
emental enrichments/depletion and fractionations of groups of elements can
be recognized in each natural sample. These features correspond to the
above-mentioned subtle reactivity differences (Comin-Chiaramonti et al.,
1991; Bau, 1996; Ruberti et al., 2002) and explained by the partial involve-
ments of 4f electrons during the formation of donor-acceptor bonds (Loble
et al., 2015; Lukens et al., 2016). These bonds are generally formed during
aqueous complexation reactions or removal onto the surfaces of suspended
solids. Elemental enrichments/depletions along the REE series can be mea-
sured as positive/negative anomalies according to the general expression:

[REE]; _ 2[REE];

i 2
[REE];  [REE];,,, + [REE]; _

where brackets are normalised REE concentrations (Alibo and Nozaki,
1999). REE* are background normalised concentrations assessed from
those measured for the preceding (i-1) and following (i +1) elements along
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the REE series, respectively. Since La is the first element of the series, its
anomaly is assessed as follows (Alibo and Nozaki, 1999).:

La [La],
La%  3[Pry] + 2[Ndy] ®

When REE/REE* is >1, we have positive anomalies since the normal-
ised concentrations of the considered elements are higher than their corre-
sponding background values. Analogously, anomalies of elements or
groups of elements with similar behaviour through geochemical process
can be assessed along the REE series. Consequently, the anomaly of medium
REE (MREE) corresponding to the elements from Sm to Dy can be assessed
with respect to light REE (LREE) from La to Nd and to heavy REE (HREE)
from Ho to Lu by the following Eq. (4) (Ding et al., 2006):

SMREE = % 4
where [LREE], [MREE] and [HREE] are defined as follows:

S[LREE], = [La], + [Ce], + [Pr], + [Nd], 5)
Z[MREE|, = [Sm], + [Eu], + [Gd], + [Tb], + [Dyl, + [Ho], ©
S[HREE], = [Er], + [Tm], + [Yb], + [Lu], ()

The apparent distribution coefficient for REE incorporated in halite and
assumed to substitute Na in the lattice can be calculated by:

[
REE = {[E\g]i]hm ®
Na| | prine

3. Regional settings

The Dead Sea two basins includes the northern basin, occupied by a deep
(~280 m) hypersaline lake (density ~ 1245 kg m™>) (Arnon et al., 2016;
Sirota et al., 2016), and the southern shallow basin which operates as evap-
oration ponds (~2 m) for the potassium industries (Fig. 1). The division into
two basins results from the continuous lake level decline below the dividing
sill, as the northern remains a ‘natural lake’ and the southern is maintained as
a series of industrial evaporation ponds (Lensky et al., 2005).

In the Dead Sea area, the lithogenic solids supply to brines was studied
both in terms of deposition of atmospheric dust and continental runoff. The
flux of atmospheric dust resulted high up to ~50 g m~ 2y~ ! (Ganor and
Foner, 2001; Singer et al., 2003) and was originated both from local
(Negev and Judean deserts) and “foreigner” sources (Singer et al., 2003;
Kalderon-Asael et al., 2009).

Floods transported through the riverine runoff also occur besides to a
lesser extent than in the past due to the progressive increase in the exploita-
tion of water resources in surrounding areas (Nehorai et al., 2013; Palchan
et al., 2018; Belmaker et al., 2019; Eyal et al., 2021). As observed in other
natural areas (Penn et al., 2001; Thiagarajan and Aeolus-Lee, 2004), dust-
particles supplied to the Dead Sea area often consist of a silicate nucleus
coated by a mixture of clays and phosphatised Mn—Fe oxyhydroxides
(Goldsmith et al., 2014; Macholdt et al., 2015, 2017). These coatings are
enriched in REE, especially MREE (Thiagarajan and Aeolus-Lee, 2004). Ac-
cordingly, the dissolution of these solids in contact with natural waters re-
sults in a clear REE signature of shallowest water layers in epicontinental
basins and coastal waters (Censi et al., 2005; 2007; 2019).

The northern Dead Sea basin (Fig. 1) is considered among the closest
modern analogues of a hypersaline basin that deposited ancient saline gi-
ants (Babel and Schreiber, 2014); the deposition of halite layers can be de-
scribed using the saline-model (Rouchy and Caruso, 2006; Warren, 2006)
where negative water balance and water evaporation are crucial (Babel
and Schreiber, 2014). In the Dead Sea, halite has been actively precipitated
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during the last four decades in response to a negative water balance
(Steinhorn, 1983; Levy, 1992; Anati, 1993; Gavrieli, 1997; Sirota et al.,
2016, 2017, 2018, 2020, 2021). The low water activity (<0.65) of the
Dead Sea brines (Salhotra et al., 1987; Lensky et al., 2018; Mor et al.,
2018) prevents significant biological activity and biogenic particulates
(Bodaker et al., 2010) and the sparsely populated surroundings contribute
minor input of anthropogenic solids (Al-Hanbali and Kondoh, 2008). The
behaviour of REE in these strong electrolyte solutions results from authi-
genic inorganic reactions along the water column without any significant
biological or anthropogenic input. Dead Sea is thus a suitable site for
reconstructing the evolution of REE distribution in evaporating brines
under effects of authigenic processes. We have sampled brines and halite
crystals offshore (Fig. 1), during a period with no floods, though the
lithogenic input most likely originated from direct atmospheric fallout.
REE concentrations were analysed in the Northern Dead Sea brines fol-
lowing selected sampling cruises or spot sampling between 1993 and 2018
(Gavrieli and Halicz, 2002; Censi et al., 2020). REE analyses were carried
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out also in halite crystals collected along the shoreline and through the
Northern Dead Sea water column (Censi et al., 2017, 2020).

The evaporation ponds in the southern basin are fed by pumping brines
from the northern basin (Fig. 1). The first pond is occupied by the brine of
the northern basin and from there the salinity of each pond increases along
an evaporation path concurrently with halite precipitation (the path of
brines is represented by arrows in Fig. 1). Since the REE composition in at-
mospheric dust and source rocks from desert areas is closely similar
(Macholdt et al., 2017), possible changes of REE composition in brines
should be provided by the salt crystallisation along an evaporation path.

4. Methods

4.1. Sampling

Brine samples from the northern basin were collected offshore En-Gedi
(EG; Fig. 1). Coupled salt samples and their mother brines were collected

(Dead Sea
watershed

[ = Sampling locations
/| === Evaporation path
= === Open tunnels

Fig. 1. The Dead Sea area with the location of sampling sites.
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from depths of 1 to 66 m at the oceanographic buoy EG-100 (31.429 N,
35.435E; November 27, 2019) using the R/V Taglit.

Salt samples were collected from a steel cable that was submerged along
the water column and crystalized halite along it (Sirota et al., 2016). Brine
samples were collected using Niskin bottles (General Oceanic, 1080 2.7 L,
Miami, FL, USA) at the depths where the salt samples were collected.

Coupled salt samples and their mother brines from the southern basin
were collected from different ponds along the path of evaporation, at the
shoreline of each pond, as depicted in Fig. 1. A brine sample was collected
from the feeding channel delivering brines from the northern basin (P#1
sampling site, Fig. 1).

4.2. Analytical procedure

Two litres of brine were collected at each sampling depth, diluted 1:2 to
avoid salt crystallisation, and then stored in previously cleaned polyethene
bottles. After 2 h, samples were filtered in the lab (Millipore™ manifold
filter, diameter 47 mm, pore size 0.45 pm) then 5 % HNOj ultrapure acid
solution was added to attain pH = 2.

Halite crystals were collected from the cable at the same depth of brines
along the Dead Sea water column. After the removal of crystals in contact
with the cable, an aliquot of clean crystals was collected in a clean vial
for analysis. Crystals were studied both washed and unwashed to assess
the extent of the removal of studied elements both in the adsorbed fraction
and incorporated in the halite crystal. In the laboratory, some crystals were
thoroughly washed in ultrapure water and dried at 50 °C (Herut et al.,
1998) and identified as ‘washed halite’. Other crystals from each sample
were stored unwashed in precleaned vials and identified as ‘unwashed

Z[REE](nmol Kgl) La/La*
0 5 10 15 20 0 2 4 6 8
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halite’. A 0.5 g aliquot of each sample was dissolved in 1 L of 5 % HNO3
acid solution then stored in a previously cleaned polyethylene bottle.

The major element concentration in brines was measured by two
Dionex ionic chromatographs: one equipped with a CS-12A column to
determine cations (Na, K, Mg, and Ca) and another equipped with an AS-
14A column to analyse anions (Cl-, SO ). Alkalinity was determined by
titration with 0.1 N HCl. Major element concentration was used only to
assess the salinity of brines and calculate their Na/Cl molar ratio.

REE concentrations in brines and solutions representative of halite crystals
and salt minerals were analysed according to Raso et al. (2013). An excess of
FeCl; (1 %) solution is added to each sample (1 L) and then followed by a suit-
able volume of NH4OH (25 %) solution to attain a pH of 8 inducing the precip-
itation of solid Fe(OH)s. Accordingly, REE are scavenged onto the surface of
the crystallising solid and then separated the aqueous phase by filtration.
The yield of Fe(OH); crystallisation was always higher than 95 %. Precipitated
Fe(OH); was collected on a membrane filter (Millipore™ manifold filter, diam-
eter 47 mm, pore size 0.45 pm). Then, the solid filtrate was dissolved in 3 M
HCI and the obtained solution diluted to 1 M and analysed by Quadrupole-
ICP-MS (Agilent 7500 series equipped with a collision cell). All water and ha-
lite samples were processed in a laminar flow clean bench to minimise con-
tamination, and all sampling materials were previously cleaned with high
purity grade reagents (Baker Ultrex II®). All materials used to collect and ma-
nipulate water samples were plasticware and were cleaned by acid with 1:10
hot high purity HNO; solutions. The overall procedure and a detailed evalua-
tion of the analytical errors are reported in Raso et al. (2013).

According to Raso et al. (2013), both samples and calibration standards
were prepared in the same HCl 1 M medium. The ICP-MS instrument used
for analyses was tuned with a solution containing 1 ng mL™ of Ce and Ba in
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Fig. 2. The overall REE concentration, La/La*, SMREE, and Y/Ho values reported versus depth in northern lake brines (A) and versus Na/Cl molar ratio in southern pond
brines (B). The range of Y/Ho values in the Fe—Mn coating and lithic nucleus of dust particles are reported for reference (Macholdt et al., 2017). Error bars are within

the size of the symbols.
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a HCl 1 M medium. Consequently, the extent of spectral interferences due
to the formation of Ce-Ba-Cl-O-OH-H charged species was assessed result-
ing not higher than 5 %. Each solution was analysed three times with a clas-
sical external calibration mode. Further indications of analytical procedures
are detailed in Raso et al. (2013).

All chemicals used during laboratory manipulations were of ultrapure
grade. Ultrapure water (resistivity of 18.2 MQ cm or better) was obtained
from an Arium® mini system (Sartorius, Italy). Nitric acid 65 % (w/w), am-
monia solution and hydrochloric acid were purchased from J.T. Baker
chemicals. Working standard solutions of the studied elements were pre-
pared daily by stepwise dilution of the multi-element stock standard solu-
tions from DBH, Merck or CPI International (1000 = 5mg L~ YinalM
HCI medium. All labware was polyethylene, polypropylene or Teflon and
the calibration of all volumetric equipment was verified. The assessment
of the analytical precision was carried out by analysing five aliquots
(500 mL each) of NASS-6 (seawater certified reference material for trace
metals) distributed by the National Research Council of Canada. These
were treated as water samples according to the above-mentioned procedure
and the obtained concentrations compared with those previously reported
by Raso et al. (2013) and Lemaitre et al. (2014). Obtained values are re-
ported in Table S1 of the Supporting Information.

Table S1 shows that La, Ce, Nd and Y values are those affected by the
larger uncertainty (4, 3, 5 and 9 pmol Kg’l, respectively). Table S2 and
S3 of the Supporting Information also show that La, Ce, Nd and Y concen-
trations measured in brines and halite crystals are reported in nmol Kg !,
and pmol Kg !, respectively. Accordingly, the measured uncertainties
resulting from the analytical procedure of REE preconcentration from
brines and crystals should have a limited influence on the measure of REE
concentration in these materials.

5. Results

The concentration of REE in brines from both northern and southern
basins is reported in Table S2 of Supporting Information, while REE
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concentrations measured in corresponding halite crystals are reported in
Table SI-3 of Supporting Information.

5.1. Northern basin

In the northern part of the Deed Sea, the overall REE concentration
decreases by 18.9 to 3.7 nmol Kg ~* from the surface to the bottom respec-
tively. (Fig. 2A). In these waters, we found that (La/La)* sharply decreases
from 7.6 (at the surface layers) to 2.0 after 10-m depth while the SMREE in-
creases from 0.2 and 0.7 along the water column. The Y/Ho molar ratio de-
creases from 132.7 to 115.6 in the first 10 m reaching the constant value of
132 from 15 m to the bottom. The ratios observed in this part of the basin
are higher when compared to that of crustal materials and chondrites
(Jochum et al., 1986) indicating possible atmospheric contribution from
dust-particle dissolution.

In this region, dust-particles are mainly constituted by lithogenic
materials characterised by coatings made of iron oxyhydroxides phases
(Goldsmith et al., 2014; Macholdt et al., 2015) as additional anthropogenic
source can be excluded given the very low density of urban and industrial
activities.

Unwashed halite crystals have the overall REE concentration higher
compared to the washed crystals. Unwashed halite crystals have positive
La and MREE anomalies in agreement with the observed positive La anom-
aly of all sampled brines suggesting possible La adsorption from the La-
enriched brines onto the surface of unwashed halite crystals. The La and
MREE anomalies are not found in the washed halite crystals.

5.2. Southern basin

In the southern basin, brines have Na/Cl molar ratio ranging from 0.2 to
0.03 throughout the different ponds (Fig. 1). Here, brines arrive from
Northern basin and change the halite oversaturation favouring the forma-
tion of carnallite, a typical KCI salt of evaporating conditions found in the
8th pond (sample P#8, Fig. 2B). We found that changing of the neogenic

Northern basin
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Fig. 3. Shale-normalised REE concentrations in brines from the northern (A) and southern basins (B). Shaded areas group elements from LREE, MREE, and HREE.
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mineral formation (i.e. halite versus carnallite,) produce a change of the REE
behaviour. Indeed, the 2[REE] progressively decreases until sample P.7, then
suddenly increases and that both La/La* and SMREE span from 0.4 to 6.5 and
from 1.4 to 0.3, respectively as results of the halite versus carnallite mineral
formation. The Y/Ho molar ratio progressively rises from 59.4 (feeding
brine) to 162.7 along the halite-to-carnallite mineral changing. Fig. 3B
shows strong positive La anomalies especially in P#6 and P#7 samples and
lower SMREE. This may reflect the removing of MREE from brines during
the crystallisation of potassic salts. The crystallisation of carnallite also pro-
duce an increase of the mass fraction of solids in brines. Since Ho usually
shows a larger affinity towards surfaces than Y during rock-water interac-
tions (Bau and Dulski, 1999; Qu et al., 2009a, 2009b; Censi et al., 2017,
2020), the Ho fractionation onto carnallite surfaces relative to Y could favour
the Y/Ho molar ratio increasing as observed in the last ponds.

6. Discussion

We found that REE in the Dead Sea basin appear depending on two
major processes, (i) the dissolution of dust particle with an average REE
concentration close to 137 mg Kg~' (Goldsmith et al., 2014; Palchan
et al., 2018), and (ii) the processes of adsorption and incorporation of
REE during the halite formation through the water column. If the REE con-
centration in shallow waters of the northern basin reflects the atmospheric
particle dissolution and given the lake surface area of ~600 km? (Sirota
et al., 2016), the potential amount of REE delivered to brines is by
4 x 10° tons/years.

-3
10 LREE MREE HREE @
unwashed halite
104L
105t
10+ washed halite

[REE]H-PAAS

v M
. W

mother brine

107}

107}

107
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 4. Shale-normalised REE concentrations measured in unwashed halite (A),
washed halite crystals (B), and mother brines (C). Shaded areas group elements
from LREE, MREE, and HREE.
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The observed progressive drop of REE concentration along the water
column reflects the progressive removing of about 85 % of these dissolved
elements by the formation of halite crystals. In the case of the Y/Ho ratio,
the dissolution of atmospheric lithogenic particles should produce brines
with constant Y/Ho ratio (Goldsmith et al., 2014; Macholdt et al., 2015;
Palchan et al., 2018; Censi et al., 2017). The observed variation of Y/Ho
molar ratio may correspond to preferential removal of Ho relative to Y in
strong electrolyte conditions (Qu et al., 2009a, 2009b; Censi et al., 2017,
2018, 2020). Since Fe oxyhydroxide coatings on atmospheric particles
have subchondritic Y/Ho molar ratio (Goldsmith et al., 2014; Macholdt
et al., 2015; Palchan et al., 2018), their dissolution generates lower Y/Ho
ratios in the upper water column compared to the bottom where lithic nu-
clei of atmospheric particles are already dissolved.

Our study reveals that halite crystals preferentially retain MREE rather
that LREE, as identified in the shale-normalised REE pattern of washed ha-
lite crystals of Fig. 4B. This behaviour agrees with the Goldschmidt's rules
(Goldschmidt, 1937) and previous trace metal ions behaviour as they easily
substitute in the lattice other major elements having closer ionic radii
(Censi et al., 2017, 2020). During the halite crystallisation, the lanthanide
contraction of ionic radii for elements along the REE series makes possible
the REE substitution in the sodium position of the lattice (Censi et al.,
2020). Since Eu® " has ionic radius closer to Na* (Shannon, 1976) substitu-
tion in halite crystals is enhanced with respect to other REE likes La®*
(Censi et al., 2020) explaining the observed positive lanthanum anomaly
found in the unwashed crystals. Since La>" is poorly incorporated in halite
lattice, brines could have higher La/La* compared to halite as observed in
our study.

In the Dead Sea we have shown that dissolution of atmospheric dust
controls the initial REE concentration [REE]; of brines while the observed
changing should result to the process of halite crystallisation, throughout
a possible process of co-precipitation. Assuming that during the halite for-
mation the layer of deposit solid do not participate to the reaction after

Brines from Northern basin
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O MS (2018)
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Fig. 5. La/La* and 8MREE values from northern and southern Dead Sea basins
compared with reference data from the northern Dead Sea basin between 1993
and 2018 and Sicily saltwork (Gavrieli and Halicz, 2002; Censi et al., 2017,
2020). Values measured in washed and unwashed halite crystals are also
reported. The yellow dashed area corresponds to the composition of atmospheric
dust falling on the Dead Sea basin. Red bold numbers along the curved trend
correspond to the fraction of crystallised halite (f value in Eq. (8)). The flow chart
illustrating how La/La* and SMREE values are assessed from Eq. (8) is also reported.
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deposition and that the superficial layer is in equilibrium with the brines,
the process could follow the Doerner and Hoskins (1925) law by:

[REE]; = [REE[;[1 _ﬂ(Dm -1 ©

where f corresponds to the fraction of crystallising halite and D is the distri-
bution coefficient of REE between brines and halite.

Eq. (9) corresponds to the role provided by halite crystallisation on the
changing of REE concentration in brines from the initial REE concentration
[REE]; to a given [REE]; value as a function of the mass fraction f of
crystallising halite (0 < f < 1) and the (apparent) distribution coefficient
of REE, Dggg. Normalising this set of [REE]; values according to Eq. (1), a
corresponding set of normalised [REE],, concentrations were obtained
where every [REE], concentration is given by the sequence of normalised
concentrations from [La],, to [Lu], that can be used to assess La/La* and
S8MREE values according to Egs. (3) and (4), respectively. Using [REE];
and Dggg, the composition of Dead Sea brines and distribution coefficient
of REE measured in 2015 during the halite crystallisation (Censi et al.,
2017) respectively, the change of the mass fraction of crystallising halite f
between 0 and 0.26 results in a set of [REE], values from Eq. (9). Normalis-
ing these [REE], values to PAAS, a resulting set of La/La* and SMREE values
are assessed and displayed in Fig. 5 where La/La* and SMREE values ob-
tained from this study are compared with those resulting from previous
Dead Sea studies (Gavrieli and Halicz, 2002; Censi et al., 2017, 2020) and
brines from a saltwork (Censi et al., 2017). We also reported values corre-
sponding to REE concentrations measured in atmospheric dust currently
deposed over the Dead Sea surface (Goldsmith et al., 2014; Palchan et al.,
2018). We found that La/La* and MREE from brines of saltwork closely
fall to the atmospheric dust composition since the brine collection was car-
ried out during the winter and halite crystallisation does not takes place at
the period. Fig. 5 also shows that La/La* and SMREE values from washed
halite crystals fall close to the composition of atmospheric dust particles,
whereas unwashed samples follow a trend like brines. Since MREE are
those elements of REE series with closest ionic radii to that of Na™, washed
halite fractionate MREE leaving La and other elements of the REE series
enriched in mother brines. In unwashed crystals, where small amounts of
brine remain adsorbed onto halite surfaces, the composition of crystals is
more like brines.

7. Conclusions

In the Dead Sea brines, atmospheric dust particles delivered from sur-
rounding deserts are mainly dissolved in the shallowest water layers and
REE released there involved in the halite crystallisation for most part of
the year. Accordingly, the dust dissolution corresponds to the REE ‘extrac-
tion’ from the atmospheric dust representing the primary source of these el-
ements, whereas the halite crystallisation corresponds to the formation of a
secondary deposit where REE are progressively scavenged. During the dis-
solution of dust particles, Dead Sea brines inherit their REE distribution
characteristic of a shale-like feature in normalised patterns. During the
halite crystallisation, the REE partition is constrained by the ionic radius
of elements along the REE series. Hence, halite results enriched in MREE
and weakly in HREE, whereas La and other LREE remain preferentially
partitioned in the coexisting mother brines. These findings suggest a reactor
role for the Dead Sea that can extract REE from their primary source accu-
mulating them in a more soluble secondary deposit.
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