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Well-known for their geological and natural singularity, the Dead Sea brines evolved from a marine 
ingression of the Mediterranean during the Pliocene. Dead Sea brines are currently almost ten times 
more concentrated than seawater and have a unique chemical composition with high boron isotope 
values (δ11Bbrine = ∼57�). However, little is known on how these values were attained and their 
underlaying driving processes. Here we use boron isotopes (δ11B) combined with B/Ca and B/Li of 
lacustrine authigenic aragonites from the deep basin drill-core ICDP 5017-1, and Ein Gedi and Masada 
profiles to reconstruct past brine conditions. Comparing reconstructed δ11Bbrine from two key periods of 
contrasting hydro-climatic regimes we find that the brines of the late Holocene Dead Sea were enriched 
in 11B (δ11Bbrine = ∼60�) relative to its glacial precursor Lake Lisan (∼57�). With the aid of boron 
cycle modelling, we quantify the main boron fluxes in the basin. We show that the post-glacial δ11Bbrine
enrichment is best explained by overall reduction of freshwater inflow to the lake and coeval increase 
in 10B sink through boron co-precipitation in evaporitic deposits and boron loss in atmospheric water 
vapour, consistent with the onset of warmer and drier climate in the Eastern Mediterranean during the 
Holocene. On geological time scales, adsorption of 10B on clastic sediments has acted as an important 
10B sink and can explain the evolution of the high δ11Bbrine values.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC 
license (http://creativecommons .org /licenses /by-nc /4 .0/).
1. Introduction

Due to the large mass difference between its two stable iso-
topes (10B and 11B) and its high geochemical reactivity, boron 
(B) is significantly fractionated in nature, making it an invaluable 
tracer of Earth processes ranging from subduction to weather-
ing. In lacustrine systems, the pronounced difference between the 
B isotopic composition of brines (δ11Bbrine) derived from seawa-
ter (δ11Bseawater = 39.6�; Lemarchand et al., 2000; Foster et al., 
2010) and those bearing signatures of continental crust (δ11Bcrust
values range between −20 to 10�; Trumbull and Slack, 2017) 
has meant boron isotope ratios were traditionally considered as 
a tracer to distinguish marine vs. non-marine origin of evaporitic 

* Corresponding author at: University of St Andrews, School of Earth and Envi-
ronmental Sciences, Bute Building, Queen’s Terrace, St Andrews, KY16 9TS, United 
Kingdom.

E-mail address: hj43@st-andrews.ac.uk (H. Jurikova).
https://doi.org/10.1016/j.epsl.2023.118403
0012-821X/© 2023 The Author(s). Published by Elsevier B.V. This is an open access artic
environments (Swihart et al., 1986; Vengosh et al., 1992). There 
are numerous examples of this difference being leveraged to char-
acterise brine systems worldwide. For instance, the salt lakes of 
the Qaidam Basin in China record a relatively low δ11Bbrine (−0.7 
to 10.9�) diagnostic of a non-marine origin primarily influenced 
by nearby granitic rocks (Vengosh et al., 1995). By contrast, salt 
lakes across South and Western Australia with comparatively high 
δ11Bbrine (between 27.6−48.7�) have been interpreted as being 
dominated by cyclic salt input derived from seawater, modified by 
the precipitation and dissolution of halites and other evaporitic 
minerals (Vengosh et al., 1991a). Enriched yet variable δ11Bbrine
values in Antarctica (ranging from 12.3 to 51.4�) are interpreted 
as reflecting a mixture between a marine-like source and glacier 
meltwater (Leslie et al., 2014). The δ11Bbrine of lacustrine systems 
thus reflects water origin, over which fingerprints from hydro-geo-
chemical processes are superimposed.

The hypersaline lacustrine body filling the Dead Sea basin be-
gan with an ingression of the Mediterranean into the Jordan Rift 
le under the CC BY-NC license (http://creativecommons .org /licenses /by-nc /4 .0/).
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Fig. 1. Topographic map of the Dead Sea basin in the Levant region showing the 
elevation (masl) and the lake during its stages as; a) Pliocene Sedom Lagoon, b) 
glacial Lake Lisan, and c) modern Dead Sea with sampling locations indicated.

Valley during the Pliocene forming the Sedom Lagoon. The Dead 
Sea brines are a residual product of the evaporated seawater that 
precipitated evaporitic minerals and interacted with sediments and 
the bedrock of Cenomanian and Turonian limestones, and later 
also the Mount Sedom salt diapir (Zak, 1967; Katz and Starinsky, 
2009; Levy et al., 2019). Although of marine origin, the δ11Bbrine
of the modern Dead Sea (between 55.7−57.4�) and associated 
hot springs (55.2−55.7�) is strongly enriched relative to seawater 
(39.6�), making it one of the most 11B-enriched natural reservoirs 
known (Vengosh et al., 1991b). Based on the high δ11Bbrine values, 
but low B/Li ratios (∼2−3 mol/mol in comparison to ∼17 mol/mol 
in seawater), used as an indicator of changes in B content as Li be-
haviour is thought to be more conservative, Dead Sea brines have 
been considered to have derived from seawater through evapora-
tion, precipitation of salts and interaction with clay minerals (Ven-
gosh et al., 1991b). Understanding past boron budgets of the lake 
would allow us to trace its evolution through time and its under-
laying driving processes. However, thus far and to the best of our 
knowledge, no attempts have been made to infer past δ11Bbrine; 
indeed, even past δ11Bseawater remains poorly constrained due to 
challenges associated with the reconstruction of this parameter.

The well-preserved geologic record of the Holocene Dead Sea 
and its glacial precursor Lake Lisan (14 ka to 70 ka BP; Kaufman, 
1971) is characterised by annual laminations – varves – composed 
of alternating layers of authigenic aragonite and detritus (Neuge-
bauer et al., 2014; Ben Dor et al., 2019). Aragonite appears as thin 
laminae, usually of several hundred μm to 1 mm thick, preserved 
in its primary state thanks to the dry climate and high Mg/Ca of 
interstitial soluble salts (Stein et al., 1997). Thought to occur annu-
ally in the past, aragonite precipitation under modern conditions is 
rare due to increasing water stress from anthropogenic water con-
sumption leading to a hypersaline state. The last so-called ‘whiting 
event’ during which aragonite formed in the Dead Sea was re-
ported in 1959 (Neev and Emery, 1967), hampering a direct study 
of aragonite formation today. The rich aragonite sequences of Dead 
Sea geologic record, however, leave behind a promising archive of 
brine conditions during the major transition in water balance and 
regional hydro-climatic conditions that accompanied the shift from 
lake level high-stand during the Last Glacial Maximum (LGM) to a 
low-stand at the onset of the Holocene (Torfstein et al., 2013; Kiro 
et al., 2017; Fig. 1).

We present δ11B (alongside Element/Ca, δ13C and δ18O) from 
authigenic aragonite from the sedimentary record of the Dead 
Sea basin during the two key periods of contrasting hydroclimatic 
2

regimes – the late glacial and the late Holocene. We show that the 
lacustrine aragonites offer a unique opportunity for reconstructing 
past δ11Bbrine and with the aid of mass balance modelling unravel 
the main process driving the boron cycle in the basin and the evo-
lution of the brines.

2. Materials and methods

2.1. Samples and geochemical analyses

Authigenic aragonite was hand-picked from single varve arag-
onite laminae of sediment cores and outcrop profiles recovered 
from three different sites within the Dead Sea basin (Fig. 1). Late 
Holocene (∼1–4 ka BP) samples were collected from the core re-
covered during the Dead Sea Deep Drilling Project (DSDDP) within 
the ICDP program framework in the deep northern basin at site 
5017-1 in 2010 (Neugebauer et al., 2014), and the shallow profile 
‘DSEn’ from the western margin of the lake at Ein Gedi (Migowski 
et al., 2006; Neugebauer et al., 2015). For further details on the 
cores the reader is referred to the aforementioned publications, 
which include a detailed description of the lithostratigraphy, mi-
crofacies and X-ray fluorescence spectroscopy (XRF). The depths at 
which samples were collected are provided in the Supplement. The 
age model for the ICDP core 5017-1 and Ein Gedi was constructed 
using previously published radiocarbon ages (Neugebauer et al., 
2014, 2015; Kitagawa et al., 2017) and modelled with the OxCal 
Program (Ramsey, 2008). In addition, several samples spanning the 
late glacial interval were measured from a new profile from the 
southwestern Masada formation, recovered during a campaign to 
the Dead Sea in 2018 (Müller et al., 2022). Altogether, a compos-
ite profile of about 300 cm long was retrieved at Masada, starting 
23 cm below the top of the Additional Gypsum Unit (AGU; Torf-
stein et al., 2008). The samples used in this study were taken at 
5 to 10 cm intervals between 82 and 427 cm of the profile (be-
low the top of the AGU) sampled at 5 to 10 cm intervals, with the 
exception of a hiatus between 160 and 380 cm formed by the Up-
per Gypsum Unit (UGU, Torfstein et al., 2008). A revised age model 
based on tephrochronology, varve counting and radiocarbon ages 
dates this sediment section between approximately 13 to 17 ka BP 
(Müller et al., 2022; Neugebauer et al., 2021).

Sample preparation and geochemical analyses were carried out 
at the GFZ German Research Centre for Geosciences – Helmholtz 
Centre Potsdam, in Potsdam, Germany. Approximately 10 mg of 
CaCO3 powder was carefully hand-picked from single varve arag-
onite laminae using a scalpel and inspected under a light micro-
scope for microfacies composition. In most instances, the sampled 
material contained pure authigenic aragonite only. Few samples 
containing an admixture of detrital carbonate or gypsum were also 
found and analysed for comparison (see Supplement). In total 57 
aragonite, 50 detrital and 13 mixed samples from the ICDP Deep 
core, Ein Gedi profile, and from Masada profile were measured for 
their stable carbon (δ13C) and oxygen isotope (δ18O) composition. 
Out of these, 19 aragonite and 2 detrital samples from the ICDP 
core 5017-1, 9 aragonite samples from Ein Gedi, and 10 samples 
from Masada were selected for elemental and boron isotope (δ11B) 
measurements. Selected specimens were further imaged at a high-
resolution using a ZEISS Ultra Plus Scanning Electron Microscope 
(SEM) employing In-lens and SE-Detector for high-resolution and 
an Annular Backscatter Detector (AsB) for material contrast. SEM 
imaging of selected aragonite samples revealed exquisite preserva-
tion and purity of aragonite at all sites – ICDP core 5017-1, Ein 
Gedi and Masada (Fig. 2).

For δ13C and δ18O analyses an aliquot of ∼0.5 mg of CaCO3
was weighed into a glass tube, rinsed three times with ultra-
pure water (Milli-Q, 18.2 M�) to remove salts, and subsequently 
dried at 60 ◦C. Measurements were performed after a digestion 
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Fig. 2. Aragonite laminae viewed under scanning electron microscope (SEM). In top panels are backscatter overviews and in bottom panels secondary electron close-ups on 
the same samples; a–b) ICDP core 5017-1; c–d) Ein Gedi; and e–f) Masada. Note the pristine aragonite needles among salt crystals.
with 103% H3PO4 at 70 ◦C, either using a DELTAplus XL isotope ra-
tio mass spectrometer (IRMS) coupled to a Gasbench II (Thermo 
Fisher Scientific) or a MAT253 IRMS with an automated carbonate 
preparation device KIEL IV (Thermo Fisher Scientific). Both δ13C 
and δ18O carbonate values are expressed in delta notation relative 
to VPDB in per mille. The analytical precision (1σ ) evaluated by 
repeated measurements of international (NBS19, IAEA-CO-1) and 
internal (C1) carbonate standards was better than 0.08� for δ13C 
and δ18O.

An aliquot of ∼2 mg CaCO3 was collected into pre-cleaned 1.5 
ml centrifuge tubes for determination of Element/Ca and δ11B. 
Powders were first repeatedly rinsed with Milli-Q, and subse-
quently treated with a reductive and oxidative cleaning step in an 
ultrasonic bath at 80 ◦C. To remove any potential ferromanganese 
oxide coatings, a reductive solution of hydroxylamine hydrochlo-
ride buffered with 0.1 M NH4OH was applied (500 μl per sample). 
Organic matter was oxidised with 1% H2O2 buffered with 0.1 M 
NH4OH (500 μl per sample). Cleaned samples were transferred into 
1.5 ml centrifuge PFA (Teflon) vials and treated with a weak acid 
leach (0.5 mM HNO3, 250 μl per sample) for 30 seconds to remove 
any re-adsorbed contaminants. Finally, we dissolved the samples in 
0.5 M HNO3 with the aid of ultrasonication using about 100–200 μl 
of 0.5 M HNO3 to achieve complete dissolution. An aliquot of 10% 
of each dissolved sample was analysed for major and trace ele-
ments (Li, B, Na, Mg, Al, Ca, Mn, Sr, Cd, Ba, Nd, U) on an Element 
2 ICP-MS (Thermo Scientific). The reproducibility (2RSD) on the 
relevant ratios was better than 4% determined by repeated mea-
surement of in-house consistency standards.

Prior to boron isotope analyses, boron was purified from sam-
ple carbonate matrix on micro-columns (20 μl resin volume) using 
boron specific anion exchange resin Amberlite IRA 743 crushed 
and sieved to 63–106 μm. Given the pH dependent boron reten-
tion on the resin, samples were buffered to a pH of 5 using 1 
M ammonium acetate–∼1.2 M acetic acid buffer (using a buffer 
volume twice that of 0.5 M HNO3 in which the sample was dis-
solved) and carefully loaded onto the columns. Carbonate matrix 
and buffer were eluted during repeated rinses with Milli-Q, be-
fore purified boron was collected with 0.5 M HNO3 (600 μl in 
3

total; yielding >98% boron recovery). To ensure that no significant 
amount of sample remained on the column after the collection, 
boron content of elution tails was determined (representing <2% 
of the total boron in the sample; for most samples the tails were 
<1% and few of the tails closer to 2% also included standards cor-
roborating that the higher tail values did not affect their δ11B). For 
each column batch, the boron content of a total procedural blank 
(TPB) was determined (with average TPB amounting ∼71 ± 46 pg; 
<1% of the sample size) and one or two carbonate standards were 
processed along with samples. Purified boron samples were stored 
in PFA vials sealed with Parafilm, and prior to analysis (typically 
within few days of the column procedure) were diluted to 20 ppb 
and spiked with ultrapure HF to 0.3 M to aid B washout.

Boron isotopic composition was determined on a Neptune Plus 
MC-ICP-MS (Thermo Scientific) in the Helmholtz Laboratory for the 
Geochemistry of the Earth Surface (HELGES) at the GFZ Potsdam. 
Our setup combined an ESI PFA 75 μl min−1 nebuliser connected 
to a PFA double pass barrel spray chamber, and an ASX-110FR 
Flowing Rinse Micro Autosampler (Teledyne CETAC). To overcome 
the notorious washout problems associated with B measurements 
on ICP-MS, we used 0.5M HNO3–0.3M HF wash solution (following 
Misra et al., 2014; Zeebe and Rae, 2020), which effectively re-
duced B memory to background values (<2 mV) within ∼1 minute 
of wash time. Instrumental mass bias was corrected by standard-
sample bracketing with a 20 ppb standard NIST SRM 951 boric 
acid that consequently converts 11B/10B ratios to delta notations. 
Each analysis consisted of 60 cycles of 2 s integration time, simul-
taneously collecting masses 11 and 10 in Faraday cups H3 and L3, 
respectively, both equipped with 1013 � resistors. The typical sig-
nal intensity after optimisation for mass bias stability ranged from 
10–20 mV per ppb B on mass 11.

External reproducibility (2σ ) on δ11B measurements was bet-
ter than 0.36�, as assessed by repeated measurements of puri-
fied carbonate reference materials processed through columns with 
each batch of samples, and at similar [B] to the samples (10–20 
ng). For the international coral standard JCp-1 δ11B = 24.41 ± 0.36 
(n = 3), for JCt-1 δ11B = 16.12 ± 0.13 (n = 2), and our in-house 
brachiopod standard MVS-1 δ11B = 15.94 ± 0.32 (n = 3), in good 
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agreement with other laboratories (Jurikova et al., 2019; Gutjahr et 
al., 2020; Wang et al., 2010; Buisson et al., 2021). The average δ11B 
of TPBs was ∼0�.

2.2. Reconstruction of δ11 Bbrine from lacustrine aragonites

Late glacial (∼13−15 ka BP) and late Holocene (1−4 ka BP) 
δ11Bbrine values were reconstructed from δ11B measurements of 
authigenic aragonites (δ11Barag). Provided that a brine’s pH and 
pK∗

B at time of aragonite precipitation is known or can be con-
strained, as shown subsequently, and that aragonite reflects the 
δ11B of ambient borate ion faithfully (as shown by Noireaux et al., 
2015; Mavromatis et al., 2015; Henehan et al., 2022), the δ11Barag

allows for a direct reconstruction of the δ11Bbrine. The δ11Bbrine

was calculated from the δ11B values of borate ion (B(OH)−4 ), the 
main species incorporated into inorganic aragonite (δ11Bborate =
δ11Barag), by solving the commonly used equation for calculating 
pH from δ11B values:

pH = pK ∗
B

− log

[
− δ11 Bbrine − δ11 Bborate

δ11 Bbrine − (
11−10 K B × δ11 Bborate

) − 103
(

11−10 K B − 1
)
]

,

(1)

where pK∗
B is the dissociation constant for boric acid at an in situ

temperature and salinity and 11−10KB is the isotopic fractionation 
factor (Klochko et al., 2006; Nir et al., 2015; here we use the 
value of 1.0272 ± 0.0006 from Klochko et al., 2006). The princi-
ples of boron isotope geochemistry and incorporation into CaCO3
have been previously described in numerous publications (see e.g. 
Branson, 2018 and references therein); for further information the 
reader is directed to this literature.

The precipitation of aragonite from Dead Sea and Lake Lisan 
brines is known to occur under specific conditions only, after a 
substantial freshwater supply to the epilimnion during climatic 
conditions with increased precipitation or following wet winters 
in the region (Stein et al., 1997; Barkan et al., 2001). Inflowing 
freshwater through floods supplies the limiting HCO−

3 and tem-
porarily reduces the ionic strength of the brine. While Dead Sea 
brines are characterised by an unusually low pH (around 6.5 at 
the surface and 6 at depth; Sass and Ben-Yaakov, 1977) and pK∗

B
(∼6.3; Golan et al., 2016), aragonite nucleation only occurs at spe-
cific conditions, with elevated pH and pK∗

B values. The conditions 
under which aragonite precipitation is favoured from Dead Sea and 
Lisan brines have been previously studied in detail (Ben Dor et al., 
2021; Golan et al., 2016; Belmaker et al., 2019). Based on these 
studies, we consider that a dilution of the brines to 20% of Dead 
Sea brine (ionic strength, I = 1.72 mol kg−1) and 40% of Lisan 
brine (I = 0.82 mol kg−1) is required for a large-scale aragonite 
precipitation event to occur, corresponding to elevated brine pH 
of ∼7.50. Taking these physical properties, and the corresponding 
ionic compositions of the diluted brines (from Ben Dor et al., 2021; 
Belmaker et al., 2019) the ensuing pK∗

B values were calculated us-
ing the PHREEQC program (Version 3; Parkhurst and Appelo, 2013) 
with the Pitzer database (pitzer.dat). The Dead Sea pK∗

B at 25 ◦C =
8.14, and Lisan pK∗

B at 25 ◦C = 8.53 and at 15 ◦C = 8.77 (Supp. Ta-
ble 1). While most aragonite can be expected to precipitate as soon 
as favourable conditions with pH ∼7.50 are achieved, some arago-
nite precipitation might potentially also take place at higher pH. A 
further dilution by half of the already diluted brines (i.e. a dilution 
of the original brines to remaining 10% of Dead Sea brine and 20% 
of Lisan brine) would give a pH of 7.75; the resulting δ11Bbrine is 
also shown for comparison.
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.3. Modelling

To quantitatively assess the relative roles of B cycle processes in 
etting δ11Bbrine, we performed two separate isotope mass balance 
alculations of Lake Lisan, meant to inform its evolution following 
solation in the Pliocene and the last high-stand of the late glacial 
eriod (see Supplement for further details).

In the first model (Pliocene, Model 1), the initial seawater vol-
me enclosed in the Dead Sea basin at the point of isolation (Hall, 
996) is evaporated at a constant rate until it reaches its present-
ay volume, equivalent to a degree of evaporation (DE) of 14. The 
hemical evolution and precipitation of evaporites is set to follow 
he experimentally determined evaporative pathway, which indi-
ates an onset of gypsum precipitation at a DE of 4, while halite 
egins to form at a DE of 9 (McCaffrey et al., 1987).

In the second model (late glacial, Model 2), we first infer the 
alaeohydrology of Lake Lisan over the last 25 ka from the lake 

evel curve (Torfstein et al., 2013), which controls freshwater in-
ow, evaporation and sediment deposition. Next, the mass of arag-
nite, gypsum and halite forming during the same time period 
as inferred from the difference between amounts of Ca2+ , SO2−

4
nd Na+ , respectively, present in the modern Dead Sea on one 
and, and the combined amount of the same ions that was already 
resent or added since the last glacial maximum on the other 
and (Ben Dor et al., 2021). We assumed that evaporites formed 
ainly in time periods with a falling lake level, when evaporation 

xceeded freshwater discharge.
In each model we tracked the magnitude and isotopic composi-

ion of fluxes into and out of a single reservoir, representing Lake 
isan, and compared the resulting δ11Bbrine with the values recon-
tructed from lacustrine aragonites. Distribution and fractionation 
onstants were either set or calculated using previously published 
alues (Supplement).

. Results and discussion

Using boron proxies (δ11B to trace the isotope budget, and 
/Ca and B/Li to infer changes in boron concentration) we fol-

ow the evolution of the brines from the last lake high-stand at 
he end of the Last Glacial Period to the late Holocene, recon-
tructed from aragonites deposited in the basin. Overall, we find 
road variations in the B/Ca, B/Li and δ11Barag, ranging between 
30 and 3080 μmol/mol (Fig. 3a), 2 and 23 mol/mol (Fig. 3b), 
nd 26.7� and 40.0� (n = 38; Fig. 3c), respectively, and with 
learly distinct compositions between the two time intervals. The 
ate glacial aragonites from Masada are characterised by statisti-
ally significantly lower δ11Barag (∼31�; p-value = 7.9 × 10−7 <

= 0.05, t-Test) lower B/Ca (averaging ∼400 μmol/mol p-value =
.8 × 10−4 < α = 0.05, t-Test) contrasting with the elevated B/Ca 
∼1300 μmol/mol) and δ11Barag (∼36�) of late Holocene arag-
nites from the ICDP Deep Core and Ein Gedi, and rather similar 
/Li (∼5−6 mol/mol; p-value = 0.49 > α = 0.05, t-Test). The mea-
ured δ11Barag are considerably heavier than marine carbonates 
typically ranging between ∼15–25�; e.g. Hemming and Hanson, 
992; Branson, 2018), implying that they formed from solutions 
uch higher in δ11B than seawater. We note that some of the 

ate Holocene aragonites, in particular those from the marginal site 
in Gedi show variable compositions; we refrain from interpreting 
hese as more data is required to fully understand the cause of the 
bserved variations and from here on, we focus on the main trend.

The reconstructed δ11Bbrine (from samples with Al/Ca
5,000 μmol/mol, see Supplement for further details, and based 

n the expected pH and pK∗
B conditions during aragonite precip-

tation during each time interval) result in mean composition of 
57� and ∼60� for the late glacial Lake Lisan and late Holocene 
ead Sea, respectively (Fig. 3d). These values are, as expected, well 
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Fig. 3. Composition of aragonite laminae from the late Holocene Dead Sea and its 
late glacial precursor Lake Lisan; a) B/Ca; b) B/Li; c) measured δ11Barag; d) recon-
structed δ11Bbrine considering different pK∗

B and pH values (and temperatures for 
Lake Lisan), illustrating the effect of different pK∗

B and pH choice on the recon-
structed δ11Bbrine. The orange line between 1.5–3.5 ka BP gives the best estimate 
of Holocene δ11Bbrine (∼57�), and the dark blue line between ∼13–17 ka BP of 
the late glacial Lake Lisan (∼60�) based on the scenarios highlighted in bold. For 
comparison, modern Dead Sea δ11Bbrine is ∼57� and B/Li ∼2−3 mol/mol (Ven-
gosh et al., 1991b), while the ocean δ11Bsw is much lower (39.6�) and B/Li higher 
(17 mol/mol).

above the average seawater value (39.6�), and close to slightly el-
evated than modern Dead Sea brines and the adjacent hot springs 
(55−58�) reported by Vengosh et al. (1991b). Interestingly, the 
late Holocene brines show the highest values, while the late glacial 
δ11Bbrine appear more similar to the modern Dead Sea (57�). 
These distinct δ11Bbrine values point to marked secular trends on 
millennial (the ∼3� post-glacial increase) and million year time 
scales (the ∼17� increase since its separation from seawater in 
5

Pliocene) and are accompanied by changes in the B budget of the 
brine.

From measurements of recent brines it is apparent that since 
their evolution from seawater, the brines became not only iso-
topically enriched, but also about an order of magnitude more 
concentrated in B than the ocean (∼41.1 ppm vs. 4.5 ppm, re-
spectively; Vengosh et al., 1991b). Although changes in the boron 
concentration of the brines [B]brine are not straightforward to re-
construct, the post-glacial increase in aragonite B/Ca could possibly 
hint at further increase in [B]brine during the Holocene, when the 
brines also became more concentrated in other major conservative 
ions (Levy et al., 2017). Previously, changes in B/Ca of synthetic 
aragonites have been found to principally dependent on the rela-
tive concentration of [B(OH)−4 ] and [CO2−

3 ] and hence result from 
changes in carbonate chemistry (Holcomb et al., 2016). However, 
if aragonite precipitation only occurs under specific carbonate sys-
tem conditions (as in the Dead Sea), increase in total [B]brine – 
and by default more [B(OH)−4 ] (at a given pH/set of carbonate sys-
tem conditions) – could potentially lead to more [B(OH)−4 ] being 
incorporated into aragonites, resulting in higher B/Ca values. The 
rather similar B/Li values of aragonites also support conservative 
behaviour of B during this time interval.

To unravel the underlaying processes responsible for the evo-
lution of B in the Dead Sea basin we set up two separate sim-
ple mass balance calculations modelling the long-term boron cycle 
since the lagoon formation in the Pliocene (Model 1; Fig. 4a and 
4b), and since the last lake high-stand following the LGM (Model 
2; Fig. 4c and 4d). In each model, we take into account the hy-
drological changes in the basin at the time and the main known 
B fluxes; coprecipitation of B in evaporitic minerals ‘Evaporites’, 
B loss in vapour ‘Vapor loss’, adsorption of B on clay sediments 
‘Sediments’ and freshwater B input ‘Inflow’ (Supplement). We then 
model δ11Bbrine and [B]brine trajectories by selectively adding or 
removing the different B fluxes to study their individual and com-
bined impact on the B budget.

Our results show that the evolution of Dead Sea brines is best 
explained by the combination of all known B input and output 
fluxes. The main process responsible for the unique B composi-
tion of modern Dead Sea brines accounting for more than 50% of 
the post-Pliocene δ11Bbrine enrichment is B adsorption onto clay 
minerals, a well-known sink for 10B which leaves solutions en-
riched in 11B (Palmer et al., 1987). To a lesser degree, 10B loss 
to atmospheric water vapour which is depleted in 11B relative to 
the liquid (Rose-Koga et al., 2006), and coprecipitation of 10B in 
evaporitic deposits also act as sinks for light B, contributing to 
the brine enrichment. Carbonates are well-known to incorporate 
the relatively lighter tetrahedral B(OH)−4 which is more compat-
ible in the crystal lattice than the trigonal B(OH)3, and gypsum 
can be expected to behave similarly. In halite, B is expected to 
be predominantly incorporated in fluid inclusions rather than the 
crystal lattice, and hence involve both B(OH)−4 and B(OH)3 with-
out significant fractionation from brine, with negligible impact on 
the δ11Bbrine budget (Paris et al., 2010). Thus, the evaporite 10B 
sink mainly consists of carbonate and gypsum phases and is not 
expected to be affected by halite precipitation.

The reconstructed δ11Bbrine enrichment (of about ∼3�) from 
the end of the last glaciation to the late Holocene can be prin-
cipally explained by a reduction in riverine discharge into the 
basin. The lower Jordan River contains considerable amounts of B 
(∼2 ppm) and has light δ11B values (∼35�) relative to the brines 
(Farber et al., 2004) – these values are relatively high in com-
parison to other rivers globally (Lemarchand et al., 2000) – likely 
due to draining over substantial areas of the exposed Lisan For-
mation. To support the Lake Lisan high-stand, glacial inflow must 
have been considerably higher than during the Holocene and thus 
the Lisan δ11Bbrine lower. Post-glacial decrease in Jordan River in-



H. Jurikova, S.J. Ring, M.J. Henehan et al. Earth and Planetary Science Letters 622 (2023) 118403

Fig. 4. Secular evolution of boron in the Dead Sea basin. Model 1: a) modelled δ11Bbrine and b) [B]brine over the last 3 Myr. Model 2: c) modelled δ11Bbrine and d) [B]brine
over the last 25 ka BP. The impact of the main boron fluxes and their combination on the lake boron budget is shown by the different lines. In both models, the combination 
of all known boron fluxes (grey line in Model 1 and black line in Model 2) produces trajectories most consistent with observations. Model 2 alternative: an alternative run 
of Model 2 showing e) δ11Bbrine and f) [B]brine evolution over the last 25 ka BP. Unlike the previous (Model 2) run where aragonite is treated as a purely evaporitic deposit, 
here aragonite formation is scaled to freshwater input to account for aragonite formation during glacial times. 1-sigma uncertainty envelopes are <1� (16, 50 and 84% 
distributions are available in the Supplement).
flow together with an increase in the 10B sink from ‘Evaporites’ and 
‘Vapour loss’ driven by transition from cooler and wetter to warmer 
and drier climate in the Levant leads to the enriched late Holocene 
δ11Bbrine. The approximately half (∼200 m), reduction in the lake 
level height and hence lake volume across the transition also leads 
to a conservative increase in [B]brine, which maintains the impor-
tance of the output fluxes despite the decline in the input flux.

In this model, aragonite formation is treated as an evaporitic 
deposit (Ben Dor et al., 2021) and thus its formation is linked to 
warming, evaporation and dropping lake level. Dissolved inorganic 
carbon (DIC) supply is however thought to exert the main con-
trol on aragonite formation during glacial times. To test for this 
effect, we carried out an alternative model run (Model 2 alterna-
tive) where the aragonite formation is scaled to freshwater input. 
6

The impact of this effect on the lake boron budget is minimal and 
the results broadly agree with those obtained from the previous 
run (Fig. 4e and 4f).

We note that although the combination of all fluxes in Model 
2 (‘Evaporites’ + ‘Inflow’ + ‘Sediments’ + ‘Vapour loss’; Fig. 4c and 
4d) largely tracks the reconstructed δ11Bbrine, it does not exactly 
match the reconstructed values. This is not unexpected consider-
ing the limited constraints we have at present on B cycling in the 
Dead Sea (and in nature more generally). For the same reasons, it 
is currently difficult to fully assess the model uncertainties. Bet-
ter knowledge of B fluxes as well as the lake palaeohydrology is 
needed before the model can be refined. Nevertheless, our mass 
balance calculation clearly illustrates the effect of known B fluxes 
on the Dead Sea B budget, both individually and when combined 
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Fig. 5. Geological evolution of the Dead Sea boron budget. The relative importance 
of the different processes (as assessed here) is indicated by the arrow size. Orange 
arrows indicate main (light) boron sinks. Black arrows indicate water inflow pro-
cesses that supply boron to the lake; dark green arrow indicates possible additional 
modern boron input from anthropogenic activities.

(Fig. 5), and that it is the latter that best explains the evolution of 
the brines.

Why modern δ11Bbrine (∼57�; Vengosh et al., 1991b) is lower 
than the late Holocene despite increasing evaporitic influence in 
the region (and its consequent impact on the main B fluxes) 
is challenging to explain without further knowledge of historic 
δ11Bbrine. Considering that Vengosh et al. (1991b) measured the 
brines in the 1980s, it is possible that their chemistry no longer 
reflects a natural evaporitic evolution and that the impact of an-
thropogenic activities (e.g., potash mining) and water usage on 
the B budget needs to be taken into account. For instance, Far-
ber et al. (2004) hypothesized that gypsum-rich marly sediments 
with a light δ11B (∼30�) could be dissolving due to seepage of 
agricultural wastewaters into the ground, which would lead to con-
tribution of relatively light B to the lake. Drawing lessons from 
the late glacial Lake Lisan, a drop in δ11Bbrine would be expected 
with an increased inflow into the lake. One of the main indirect 
consequences of the increased recent anthropogenic water usage 
is the lake level fall, and as a result increased flow of recycled 
7

glacial groundwater through springs (e.g. the Ein-Qedem spring) 
into the lake (Weber et al., 2018). These springs are relatively light 
in δ11Bbrine (∼52�) and high in [B] (∼20 ppm; Vengosh et al., 
1991b) with respect to the lake brine and their increased seep-
age into the lake could convincingly explain the recent decline in 
δ11Bbrine values.

4. Conclusions

We investigated the δ11B (along with Element/Ca, δ13C and 
δ18O; see Supplement) composition of authigenic aragonites de-
posited within the Dead Sea basin during the late glacial Lake 
Lisan high-stand and the late Holocene Dead Sea low-stand. We 
show that Dead Sea sedimentary sequences contain structurally 
and chemically pristine aragonites suitable for geochemical analy-
ses which, given their tight controls on precipitation, allow for the 
reconstruction of past δ11Bbrine. We find considerable variations in 
the lake boron budget on million and millennial year time scales 
driven by changing relative importance of the main boron fluxes. 
Modelling shows that external input of solids and solutes is re-
quired to produce brines strongly enriched in δ11B. The marked de-
parture of the modern δ11Bbrine from the initial δ11Bseawater during 
the evolution of the lake can be largely explained by sustained clay 
mineral discharge into the basin (at current rate). To quantitatively 
disentangle the various boron mass fluxes and their contributions 
to the brine composition, constraints on the lake palaeohydrology 
during the last 3 million years, such as intermittent reconnection 
to the Mediterranean are required, which are at present lacking. 
Millennial trends in δ11Bbrine can be largely attributed to changes 
to the riverine inflow and as a result the lake volume, driven 
by broad hydro-climatic shifts in the Eastern Mediterranean. Our 
study contributes to the understanding of boron cycling in nature, 
highlights the value of boron geochemistry in lacustrine systems 
as a tracer of key basin processes and the important role of sedi-
ments on geological time scales, which also deserve further atten-
tion when constraining the marine boron budget.
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