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1 	 | 	 INTRODUCTION

Palaeoclimatic	reconstructions	often	show	that	long-	term	
global	climate	changes	are	 largely	 induced	 through	pro-
cesses	 and	 feedbacks	 on	 seasonal	 timescales	 (Denton	
et	al.,	2005;	Werner	et	al.,	2000).	A	substantial	impact	of	

seasonality	on	various	proxies	has	been	proposed	(Clemens	
&	Prell,	2003;	Huguet	et	al.,	2006)	at	annual	(Brocas	et	al.,	
2018;	Felis	et	al.,	2004),	centennial	 (Bar-	Matthews	et	al.,	
2003;	Brauer	et	 al.,	 2009)	or	millennial-	scale	 resolutions	
(Milner	 et	 al.,	 2012).	 Continental	 archives	 such	 as	 tree	
rings,	 laminated	speleothems	and	varved	lake	sediments	
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Abstract
Interglacial	periods	are	characterised	by	 thick	accumulations	of	halite	units	 in	
the	Dead	Sea	Basin.	During	these	intervals,	small	water	droplets	(fluid	inclusions,	
FIs)	were	entrapped	in	the	halite	crystals	which	serve	as	windows	to	estimate	the	
chemistry	and	physical	properties	of	the	primary	lake	water	conditions.	Brillouin	
spectroscopy	is	used	here	to	reconstruct	annual	resolution	temperatures	from	a	
halite	core	section	in	the	Dead	Sea	Basin	during	the	onset	of	Marine	Isotope	Stage	
5e	(ca	130 ka)	of	the	Last	Interglacial.	Lake	bottom	temperatures	can	be	inferred	
based	on	the	occurrence	of	coarse/fine	halite	facies,	as	observed	today	with	the	
formation	of	equivalent	halite	facies	during	winter/summer	seasons	in	the	Dead	
Sea.	A	recurring	increase	in	lake	bottom	temperatures	is	found	along	the	direc-
tion	of	coarse	halite	 layers	 in	 three	successive	years.	Moreover,	 low	FI	entrap-
ment	temperatures	were	detected	in	layers	of	fine	(cumulate)	halite	facies.	These	
results	imply	a	twofold	stronger	seasonality	in	the	Dead	Sea	Basin	compared	to	
today,	with	colder	winters	at	 the	onset	of	Marine	Isotope	Stage	5e.	The	results	
therefore	highlight	the	potential	of	using	cyclic	salt	deposits	to	reconstruct	sea-
sonal	temperature	variability	for	numerous	evaporitic	environments	in	the	geo-
logical	record.
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can	provide	seasonal	records	of	different	climate	variables	
(Baldini	et	al.,	2021;	Ben	Dor	et	al.,	2019;	Shi	et	al.,	2010).	
For	 example,	 laminations	 in	 speleothems	 commonly	
accumulate	 more	 calcite	 in	 the	 cool	 season	 and	 less	 or	
none	during	the	warm	season	(Riechelmann	et	al.,	2020).	
Analogously,	 varved	 sediments	 have	 been	 extensively	
used	 for	 the	 last	 few	 decades,	 to	 reconstruct,	 for	 exam-
ple,	 seasonal	 rainfall	 intensity	 in	 temperate/periglacial	
lakes	 (Ariztegui	 et	 al.,	 2010),	 the	 long-	term	 progressive	
lake-	level	decline	in	a	hyper-	arid	region	in	northern	Chad	
(Francus	et	al.,	2013),	both	winter	precipitation	and	tem-
peratures	in	southern	Finland	(Ojala	et	al.,	2013),	flooding	
events	 in	 the	 Southern	 Alps	 (Wirth	 et	 al.,	 2013)	 as	 well	
as	Holocene	temperatures	in	China	and	Switzerland	(Chu	
et	al.,	2005;	Trachsel	et	al.,	2012).

Calibration	studies	using	the	δ18O	composition	of	mod-
ern	ostracods	in	turn	provide	temperature	reconstructions	
that	are	in	good	agreement	with	the	observed	range	of	sea-
sonal	changes	 in	 lake	water	 temperature	 (Labuhn	et	al.,	
2021),	 based	 on	 ‘palaeotemperature’	 equations	 for	 equi-
librium	carbonate	precipitation	and	 the	estimated	mean	
δ18O	 of	 lake	 water.	 However,	 the	 high	 intra-	species	 car-
bonate	δ18O	variability	of	samples	leads	to	a	large	scatter	
in	 the	 reconstructed	 temperatures	 often	 compromising	
palaeotemperature	reconstructions.	Recent	progress	in	re-
constructing	palaeotemperatures	has	been	made	by	using	
biomarkers	 (i.e.	 leaf	 wax	 n-	alkanes,	 bacterial	 branched	
glycerol	dialkyl	glycerol	tetraethers	[brGDGTs]),	however,	
these	 geochemical	 proxies	 include	 certain	 limitations	 as	
well	(Liu	&	An,	2020;	Wang	et	al.,	2018).	Thus,	most	pa-
laeoclimate	 proxies	 provide	 relative	 changes	 in	 climate	
variables	 while	 a	 direct	 and	 precise	 reconstruction	 of	
such	variables	is	still	lacking.	Therefore,	there	is	a	crucial	
need	for	resolving	seasonal	temperature	variations	using	
continental	archives	to	improve	long-	term	palaeoclimate	
reconstructions.

In	this	study,	halite	(NaCl)	samples	from	the	Dead	Sea	
Basin	 (DSB)	 are	 used	 to	 reconstruct	 seasonal	 tempera-
ture	variability	during	Marine	 Isotope	Stage	5e	 (MIS5e).	
Today,	 halite	 precipitates	 on	 the	 deep	 hypolimnion	 lake	
floor	 of	 the	 DSB	 as	 alternating	 layers	 responding	 to	 a	
seasonal	frequency	(Kiro	et	al.,	2016;	Sirota	et	al.,	2021).	
During	their	formation,	NaCl	crystals	may	trap	droplets	of	
the	surrounding	lake	water	from	which	they	precipitate,	
called	fluid	inclusions	(FIs).	Recently,	a	new	palaeother-
mometer	based	on	Brillouin	spectroscopy	(BS)	was	elab-
orated	 on	 FIs	 in	 natural	 quartz	 (El	 Mekki-	Azouzi	 et	 al.,	
2015)	and	laboratory-	grown	NaCl	crystals	(Guillerm	et	al.,	
2020),	and	used	on	a	sedimentary	core	from	the	DSB	to	re-
construct	temperature	and	lake-	level	changes	of	the	Dead	
Sea	over	the	Last	Interglacial	(LIG,	130–	115 ka;	Guillerm,	
2019).	In	the	present	contribution,	the	focus	is	on	a	shorter	
time	interval	encompassing	three	closely	spaced	samples,	

to	 reconstruct	 palaeotemperature	 variability	 of	 the	 lake	
waters	at	an	unprecedented	(i.e.	seasonal)	resolution.

2 	 | 	 GEOLOGICAL SETTING AND 
MATERIAL

The	modern	Dead	Sea	is	a	hypersaline	terminal	lake	occu-
pying	a	pull-	apart	basin	along	the	DSB	(Smit	et	al.,	2008)	
(Figure	1A).	With	a	current	water	surface	at	434 m	below	
mean	sea	level	(m	bsl)	receding	at	a	rate	of	1 m/year,	it	is	
nowadays	the	lowest	exposed	continental	point	on	Earth.	
Located	 at	 the	 Levantine	 land	 bridge	 connecting	 Africa	
with	Asia,	the	region	is	influenced	by	both	Mediterranean	
climate	 and	 tropical	 storms	 surging	 from	 the	 Saharo-	
Arabian	 desert	 belt	 (Neugebauer	 et	 al.,	 2014	 and	 refer-
ences	therein).

The	hydrographic	lake	regime	has	been	switching	be-
tween	 meromictic	 (stable	 stratification	 without	 mixing	
during	a	year)	and	holomictic	 (lake	mixing	once	a	year)	
periods	since	1978	(Anati	et	al.,	1987;	Gertman	&	Hecht,	
2002).	 The	 long-	term	 meromictic	 regime	 of	 the	 modern	
Dead	Sea	was	interrupted	for	just	2 months	with	an	over-
turn	 of	 the	 water	 body	 in	 winter	 1978–	1979	 (Steinhorn,	
1985),	associated	with	the	onset	of	halite	precipitation	on	
the	surface	in	February	1979	(Steinhorn,	1983).	After	sev-
eral	 switches	 between	 both	 regimes	 (meromictic	 phases	
from	 1979–	1982	 and	 1991–	1995;	 holomictic	 phase	 from	
1983–	1991),	 perpetual	 holomictic	 conditions	 have	 pre-
vailed	since	1996	coevally	with	the	precipitation	of	halite	
(Anati	&	Stiller,	1991;	Anati	et	al.,	1987;	Gertman	&	Hecht,	
2002).	Moreover,	seasonal-	driven	variations	in	solar	radi-
ation,	temperature,	quasi-	salinity	and	the	degree	of	halite	
supersaturation	have	been	both	observed	and	extensively	
studied	(Arnon	et	al.,	2016;	Gertman	&	Hecht,	2002;	Sirota	
et	 al.,	 2017).	 The	 main	 seasonal	 feature	 is	 a	 well-	mixed	
water	body	from	surface	to	bottom	during	the	winter	sea-
son	 between	 late	 November	 and	 early	 March	 (Gertman	
&	 Hecht,	 2002),	 and	 a	 thermal	 stratification	 from	 early	
spring	to	late	fall	(Gertman	&	Hecht,	2002).	Modern	halite	
precipitation	is	characterised	by	(1)	bottom-	grown	coarse	
halite	 (mainly	spring–	late	summer)	and	(2)	 floating	 fine	
cumulate	halite	that	nucleates	in	the	whole	water	column	
excessively	 during	 winter	 due	 to	 a	 high	 supersaturation	
of	halite,	and	to	a	minor	extent	during	summer	below	the	
thermocline	(Sirota	et	al.,	2017).

The	DSB	has	been	successively	occupied	by	several	lakes	
and	water	bodies	since	the	first	marine	incursion	from	the	
Mediterranean	 Sea	 during	 the	 Miocene	 (Neev	 &	 Emery,	
1967;	Stein,	2001).	The	current	study	focusses	on	the	sed-
iments	from	Lake	Samra,	which	was	the	last	interglacial	
(ca	 129–	116  ka)	 precursor	 of	 the	 Dead	 Sea	 (Waldmann	
et	 al.,	 2009).	 The	 first	 long	 sedimentary	 core	 covering	
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F I G U R E  1  (A	and	B)	Location	of	Dead	Sea,	middle	East,	with	DSDDP	site	(red	triangle)	and	study	sites	referred	to	in	the	discussion	
(red	circles).	(C)	Lithological	profile	of	DSDDP	core	5017-	1-	A	with	related	formations	(Fm.)	and	Marine	Isotope	Stages	(MIS)	(from	Ben	Dor	
et	al.,	2019;	modified	after	Neugebauer	et	al.,	2014).	(D)	Revised	age	model	for	DSDDP	core	5017-	1-	A	after	Goldstein	et	al.	(2020),	sampled	
core	section	indicated	by	blue	star
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this	time	interval	was	retrieved	within	the	framework	of	
an	 International	 Continental	 Drilling	 Program	 (ICDP)-	
sponsored	initiative	(5017-	1-	A)	(Neugebauer	et	al.,	2014;	
Stein	et	al.,	2011)	(Figure	1C).	In	this	core,	a	layered	halite	
facies	(‘lh’)	accounts	for	around	20%	of	the	sedimentary	se-
quence	and	is	composed	of	alternating	grey	marl	laminae	
(<1  mm),	 fine	 cumulate	 halite	 (0.2–	4  cm;	 termed	 ‘CU’)	
and	 coarse	 halite	 (1–	10  mm;	 termed	 ‘CO’)	 (Neugebauer	
et	 al.,	 2014).	 Core	 section	 interval	 5017-	1-	A-	122-	A-	2	
(315.17–	315.03 m	below	lake	floor,	m	blf)	yields	four	con-
tinuous	segments	of	such	cumulate-	coarse	halite	alterna-
tions,	enclosed	by	ca	4–	10 cm	thick	mud	intervals	(Figure	
2A).	Three	of	these	halite	alternations	were	investigated	in	
the	present	study	(Figure	2A).	Furthermore,	 the	whitish	
cumulate	 halite	 layers	 are	 characterised	 by	 assemblages	
of	 single	 NaCl	 grains	 ca	 150–	400  µm	 in	 size	 containing	
dense	fluid	 inclusions	bands	(FIBs)	around	a	central	FI-	
free	zone	(Figure	2D).	Conversely,	dark-	grey	coarse	layers	
encompass	cubic	single	NaCl	crystals	with	grain	sizes	of	
ca	5 mm	(Figure	2B).	Milky/cloudy	FIB	in	coarse	samples	
represent	 primary	 FIs	 that	 have	 been	 entrapped	 during	
crystal	 growth	 (Figure	 2B)	 with	 sizes	 varying	 from	 1	 to	
40 µm	(Figure	2C).

A	 recently	 improved	 age	 model	 for	 core	 5017-	1-	A	
(Figure	 1D)	 includes	 a	 new	 tie	 point	 at	 129  ka  ±1  ka	
at	 316.24  m	 blf	 (i.e.	 close	 to	 the	 bottom	 core	 section	 at	

315.17 m	blf),	which	therefore	corresponds	to	the	onset	of	
MIS5e	during	the	last	interglacial	period	(Goldstein	et	al.,	
2020).

3 	 | 	 METHODS

Sampling	 of	 core	 section	 5017-	1-	A-	122-	A-	2	 was	 carried	
out	 at	 GFZ	 Potsdam	 (Germany).	 Selected	 pieces	 of	 hal-
ite	crystals	were	placed	on	their	flat	side	on	a	microscope	
cover	 slip	 in	 a	 temperature-	controlled	 stage	 (Linkam	
THMS	600)	with	0.1°C	resolution.	Samples	were	studied	
with	 an	 upright	 optical	 microscope	 (Zeiss	 Axio	 Imager.
Z2  Vario),	 equipped	 with	 a	 long-	working	 distance	 ×100	
objective	(Mitutoyo	Plan-	Apo,	N.A.	0.7).	To	select	suitable	
FIs	 for	analysis,	published	criteria	 for	accurate	Brillouin	
analysis	on	halite	crystals	(Guillerm	et	al.,	2020)	was	fol-
lowed.	For	palaeothermometry,	the	previously	described	
full	 set-	up	 and	 detailed	 physical	 principles	 of	 BS	 were	
used	(El	Mekki-	Azouzi	et	al.,	2015).

The	 method	 is	 based	 on	 the	 measurement	 of	 sound	
velocity	 (w)	 in	 a	 liquid	 which	 depends	 on	 the	 composi-
tion,	 temperature	 (T)	 and	 pressure	 of	 the	 liquid.	 When	
heated	or	cooled,	a	monophasic	FI	(only	liquid)	follows	an	
isochore	 at	 constant	 volume,	 along	 which	 w	 varies	 with	
T.	 In	 a	 biphasic	 FI	 (liquid  +  vapour),	 w	 of	 the	 liquid	 is	

F I G U R E  2  (A)	Left,	image	of	core	
section	122-	2	with	alternations	of	mud	
(M),	cumulate	(CU)	and	coarse	(CO)	
facies.	Right,	image	of	coarse-	cumulate	
depositional	cycles.	(B)	CO	and	CU	
crystals,	separated	by	a	sharp	transition	
that	indicates	a	change	in	hydrological	
lake	conditions.	Peculiar	cloudy	fluid	
inclusion	bands	(FIB)	in	CO.	(C)	Common	
primary	FIB	from	sample	CO2-	BOT.	(D)	
CU	assemblages	bounded	by	countless	
single	CU	crystals
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measured	 as	 a	 function	 of	 T	 at	 the	 solid–	liquid–	vapour	
equilibrium	(SLVE).	Hence,	a	transformation	(cavitation)	
from	a	monophasic	phase	into	a	biphasic	phase	is	required	
for	 each	 FI	 and	 achieved	 by	 a	 short-	term	 thermal	 cycle	
(Figure	S1).	By	definition,	for	a	FI	trapped	near	ambient	
pressure	(0.1 MPa),	the	crossing	temperature	Tx	equals	the	
entrapment	temperature	Tf	at	which	both	w	curves	inter-
sect	 (along	 both	 the	 isochore	 and	 SLVE;	 Figures	 S1	 and	
S2).

A	 value	 for	 one	 fluid	 inclusion	 (FI)	 consists	 of	 eight	
single	 measurements	 conducted	 at	 different	 tempera-
tures	 to	establish	both	an	 isochore	(monophasic	FI)	and	
a	 solid–	liquid–	vapour	 equilibrium	 (SLVE;	 biphasic	 FI)	
curve	 (Figure	S1).	The	 intersection	of	both	curves	 is	de-
fined	as	Tx	(Figure	S2).	To	obtain	biphasic	FIs,	large	tem-
perature	excursions	are	necessary	by	means	of	an	increase	
from	 room	 temperature	 to	 +130°C,	 then	 back	 to	 room	
temperature.	This	 causes	 plastic	 deformation	 of	 the	 salt	
host	crystal	with	an	increase	in	volume,	forcing	cavitation	
of	a	vapour	bubble	in	the	FIs.	At	this	point,	the	FIs	enters	
the	stability	field	and	represents	ambient	pressure	condi-
tions	(Figure	S1).	During	the	cavitation	process,	the	chem-
ical	composition	of	an	individual	fluid	inclusion	does	not	
change.

Data	 are	 presented	 here	 as	 mean	 Tx	 values	 for	 each	
sub-	section	 (i.e.	 uppermost	 samples	 in	 coarse	 layers,	 la-
belled	‘CO-	TOP’	and	lowermost	samples	in	coarse	layers	
labelled	‘CO-	BOT’).

Each	 mean	 Tx	 value	 is	 calculated	 by	 the	 mean	 of	 all	
measured	FIs:

with	xi	the	Tx	value	for	FIi	and	N	the	number	of	all	FIs.	Mean	
Tx	values	are	analysed	statistically	by	means	of	 their	stan-
dard	deviation	(SD),	derived	from	Equation	2:

The	standard	error	of	the	mean	(SE),	used	as	error	bars	
in	each	figure,	is	calculated	by	Equation	3:

To	rule	out	post-	entrapment	processes	in	the	samples,	
histograms	were	used	to	check	for	statistical	distributions	
that	are	close	to	Gaussian	distributions	(Figure	S3).

A	correction	term	was	applied	on	measured	Tx	data	ac-
cording	to	the	pressure	of	the	water	column	above	where	
crystals	form	(Tf = Tx + ∆TP,	with	∆TP =4.8°C	for	crystals	

precipitated	at	lake	bottom).	Here,	a	water	column	height	
of	539 m	was	calculated	based	on	a	pressure	of	6.45 MPa	
and	a	lake	level	of	−250 m	above	sea	level	(Guillerm,	2019).	
Such	a	reconstructed	lake-	level	value,	based	on	speed	of	
sound	measurements	in	biphasic	FIs	(Guillerm,	2019),	is	
similar	to	that	of	a	recently	published	synthetic	lake	level	
for	the	beginning	of	the	Last	Interglacial	(Torfstein	et	al.,	
2013).	It	is	noteworthy	to	mention	that,	as	the	coarse	ha-
lite	layers	studied	here	were	deposited	during	a	short	time	
interval,	 the	pressure	correction	 is	virtually	equal	 for	all	
of	 them.	Therefore,	 any	 difference	 between	 uncorrected	
Tx	can	be	directly	converted	into	a	difference	between	Tf	
values.	 Conversely,	 as	 cumulate	 halite	 crystals	 form	 in	
the	water	column	between	the	surface	and	the	bottom	of	
the	 lake	 the	 unknown	 T	 correction	 for	 formation	 depth	
is	less	or	equal	to	the	T	correction	for	coarse	halite	crys-
tals.	Therefore,	in	view	of	the	Tx	values,	the	Tf	of	cumulate	
halite	layers	must	be	less	than	the	Tf	for	the	surrounding	
coarse	halite	layers.

4 	 | 	 RESULTS

Individual	Tx	of	FIs	were	measured	in	three	successive	CO	
halite	layers	(CO1,	CO2,	CO3)	(Figure	3A)	with	increas-
ing	core	depths	(from	315.138	to	315.052 m	blf,	Table	1).	
Additionally,	the	Tx	of	FIs	were	measured	in	one	fine	CU	
layer	(CU4)	that	deposited	prior	to	the	youngest	CO3 hal-
ite	 layer	 (CO3-	BOT)	 (Figure	 3A).	 Here	 the	 pressure-	
corrected	temperature	(Tf),	with	reported	uncertainties	as	
standard	error	of	the	mean	(SE),	 is	reported	for	each	in-
terval.	The	deepest	and	oldest	layer	CO1 has	been	divided	
into	 three	 sub-	sections	 (total	 number	 of	 measured	 FIs	
n = 103)	with	Tf	values	of	18.4 ± 0.5°C,	21.7 ± 0.4°C	and	
21.4 ± 0.4°C	for	CO1-	BOT,	CO1-	MID	and	CO1-	TOP,	re-
spectively.	The	second	CO	layer	CO2	is	divided	into	three	
sub-	sections	 (n = 90).	Tf	 values	vary	 from	18.3 ± 0.5°C,	
19.9  ±  0.4°C	 and	 22.9  ±  0.6°C	 for	 CO2-	BOT,	 CO2-	MID	
and	CO2-	TOP	respectively	(Figure	3B).

The	uppermost	and	relatively	youngest	CO	layer	CO3,	
divided	into	two	sub-	sections,	base	and	top	(n = 48),	pro-
vides	Tf	values	of	21.6 ± 0.5°C	and	23.1 ± 0.7°C	for	CO3-	
BOT	and	CO3-	TOP	respectively	(Table	1,	Figure	3B).	This	
dataset	 shows	 that	 mean	 Tf	 values	 in	 each	 CO	 layer	 in-
crease	with	increasing	layer	thickness	from	base	to	top.	A	
clear	difference	in	Tf	values	is	therefore	observed	by	sep-
arating	the	dataset	into	groups	of	only	coarse-	bottom	and	
coarse-	top	values,	which	reveals	that	lowest	temperatures	
correspond	 to	 samples	 from	 the	 coarse-	bottom	 layers,	
while	highest	 temperatures	are	 found	only	 in	coarse-	top	
layers	(Figure	4).

Three	 CU	 sub-	samples	 provide	 uncorrected	 Tx	 val-
ues	of	16.1 ± 1.4°C	(n = 14),	16.5 ± 0.7°C	(n = 26)	and	

(1)Mean Tx =

∑

xi

N

(2)SD =

�

∑

(xi −Mean Tx)
2

N − 1

(3)SE =

SD
√

N
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15.9 ± 1.0°C	(n = 15)	for	CU4-	A,	CU4-	B	and	CU4-	C	re-
spectively	(Table	1,	Figure	3B).	Hence,	those	temperatures	
are	lower	than	both	surrounding	uncorrected	Tx	values	of	
CO	 layers	 with	 16.8	 and	 18.1°C	 for	 CO3-	BOT	 and	 CO2-	
TOP	respectively	 (Figure	S4).	As	cumulate	crystals	 form	

in	the	water	column	between	the	surface	and	the	bottom	
of	 the	 lake,	 the	 unknown	 temperature	 correction	 is	 less	
or	equal	to	the	temperature	correction	for	coarse	crystals.	
Therefore,	the	Tf	of	these	cumulate	crystals	must	be	less	
than	the	Tf	for	the	surrounding	coarse	halite	layers.

A

B

C
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5 	 | 	 DISCUSSION

The	studied	section	of	cumulate-	coarse	alternations	pro-
vides	insights	into	a	short	depositional	period	(ca	3 years)	
during	 which	 Lake	 Samra	 was	 most	 probably	 holomic-
tic	with	a	seasonal	precipitation	mechanism	(Kiro	et	al.,	
2016).	 Another	 type	 (white,	 brown	 and	 black	 laminae	
with	fine	detritus	and/or	gypsum)	of	the	layered	‘lh’	facies	
in	core	5017-	1-	A	has	already	been	related	to	annual	depo-
sition	cycles	with	periodicities	of	ca	11,	7–	8,	and	4–	5 years	
(Palchan	 et	 al.,	 2017).	 However,	 the	 sampled	 section	 in	
this	 study	 lacks	clear	detrital	 layers	and	only	consists	of	
cumulate-	coarse	 alternations.	 The	 fact	 that	 alternating	
detrital	 layers	 are	 missing	 indicates	 rather	 dry	 deposi-
tional	conditions	without	flood	events	or	increased	runoff	
into	 Lake	 Samra	 during	 cumulate-	coarse	 halite	 deposi-
tion	(Ben	Dor	et	al.,	2019).	However,	 the	 ‘lh’	 facies	 type	
described	by	Palchan	et	al.	(2017)	is	observed	below	and	
above	the	studied	section	in	core	5017-	1-	A-	122-	2	(Figure	
2B),	 indicating	 a	 full	 annually	 deposited	 sequence	 with	
changing	 hydrological	 parameters	 that	 drove	 halite	 pre-
cipitation	and	clastic	deposition.	Furthermore,	the	studied	
section	can	be	considered	a	seasonal	record	of	winter	(cu-
mulate	halite)	and	summer	 (coarse	halite)	as	previously	
observed	in	the	modern	Dead	Sea	(Sirota	et	al.,	2016).

Only	 a	 few	 climate	 archives	 in	 the	 Levantine	 region	
(or	in	Europe)	have	revealed	annual	to	seasonal	tempera-
ture	 variability	 during	 MIS5e.	 The	 δ18O	 values	 and	 Sr/
Ca	ratios	in	corals	from	the	Red	Sea	reported	sea	surface	
temperatures	(SSTs)	with	a	seasonal	amplitude	of	8.4°C	at	
122 ka	(Felis	et	al.,	2004),	whereas	pollen	records	enabled	
the	reconstruction	of	seasonal	temperature	and	moisture	
changes	for	the	last	150 kyr	(Chen	&	Litt,	2018).	Based	on	
their	definition	of	pollen	assemblage	zones	(PAZs)	for	core	
5017-	1-	A,	the	sampled	section	at	315.15 m	blf	falls	into	the	
end	 of	 PAZ	 IV2	 (340.6–	313.7  m	 blf).	 This	 period	 marks	
the	start	of	a	transition	from	humid	to	dry	conditions	in	
the	Levantine	region	by	a	progressive	aridification,	which	
is	 in	 line	 with	 the	 onset	 of	 the	 first	 halite	 deposition	 at	
the	beginning	of	MIS5e	(Chen	&	Litt,	2018).	Furthermore,	
the	authors	report	an	initial	warming	starting	in	PAZ	IV1	
(313.7–	290.2  m	 blf)	 judging	 by	 the	 significant	 pistachio	

pollen	increase	at	this	time.	Since	the	sampled	section	is	
slightly	older,	it	is	suggested	that	the	obtained	lake	water	
temperatures	of	cumulate/coarse	halite	layers	might	still	
reflect	 relatively	 colder	 conditions	 under	 an	 increasing	
drying	trend	in	the	region.

Sedimentary	 records	 in	 Europe	 covering	 the	 MIS5e	
interval	 are	 more	 abundant.	 For	 instance,	 reconstructed	
mean	 temperatures	 of	 the	 coldest	 and	 warmest	 months	
in	 South-	West	 Europe	 (Alboran	 Sea)	 allowed	 definition	
of	the	SST	seasonality	to	6–	7.5°C	on	millennial	timescales	
during	the	MIS5e,	coevally	with	an	increase	in	precipita-
tion	and	highly	evaporative	summer	conditions	(Martrat	
et	al.,	2004).	In	southern	Italy,	a	carbonate	varved	section	
of	Lago	Grande	di	Monticchio	(127.20 ka;	associated	with	
the	onset	of	MIS5e)	exhibits	a	rapid	 increase	 in	Quercus	
pollen	(128.85 ka)	and	abundant	pollen	of	Mediterranean	
woody	taxa	(Brauer	et	al.,	2007).	This	has	been	interpreted	
as	intervals	of	hot	summers,	seasonal	moisture	deficiency	
and	high	fire	frequency,	associated	with	peak	summer	in-
solation	 (Brauer	 et	 al.,	 2007).	 Alternatively,	 speleothems	
from	the	Soreq	Cave	reported	an	increase	in	annual	rain-
fall	on	centennial	scales	at	the	onset	of	the	MIS5e,	associ-
ated	with	frost-	free	winters	and	drought-	free	summers	in	
the	Levantine	region	(Bar-	Matthews	et	al.,	2000).	Most	of	
these	records,	however,	are	missing	a	precise	quantifica-
tion	of	the	interpreted	palaeoseasonality.

Annually	grown	halite	 layers	 in	 the	Dead	Sea	can	be	
used	 to	 overcome	 such	 limitations	 by	 considering	 mod-
ern	halite	deposits	as	an	analogue	for	the	abundant	halite	
layers	in	DSDDP	core	5017-	1-	A	(Figure	2A).	The	onset	of	
modern	CO	halite	growth	coincides	with	a	seasonal	tran-
sition,	when	lake	bottom	temperatures	are	comparatively	
colder	 during	 winter	 (Sirota	 et	 al.,	 2017).	 A	 subsequent	
hypolimnetic	 warming	 during	 the	 summer	 has	 been	
shown	 in	 recent	 works,	 with	 maximum	 values	 attained	
each	year	during	 late	 summer	and	a	seasonal	difference	
of	around	1°C	between	early	and	 late	 summer	 lake	bot-
tom	 temperatures	 (Arnon	 et	 al.,	 2016;	 Gertman	 et	 al.,	
2010;	Sirota	et	al.,	2016).	The	results	of	this	study	follow	
this	 pattern	 with	 increasing	 hypolimnetic	 temperatures	
from	the	base	to	the	top	of	CO	halite	layers	in	DSDDP	core	
5017-	1-	A-	122-	2	(with	an	increase	of	3.0,	4.6	and	1.5°C	for	

F I G U R E  3  (A)	Annually	deposited	halite	layers	in	core	section	5017-	1-	A-	122-	2.	Black	lines	mark	facies	boundaries	between	layers	of	
coarse	halite	(CO)	and	cumulate	halite	(CU).	Sampling	locations	of	CO	(orange	squares)	and	CU	(black	squares)	indicated.	Growth	direction	
indicated	by	black	arrow.	(B)	Reconstructed	entrapment	temperatures	of	halite	layers:	corrected	coarse	Tf	data	(orange	squares),	uncorrected	
cumulate	Tx	data	(black	squares),	and	corrected	cumulate	Tf	data	(triangles)	to	show	the	large	uncertainty	of	Brillouin	spectroscopy	for	
cumulate	halite	samples.	Thus,	all	cumulate	data	should	be	considered	with	caution	when	interpreting	their	palaeoseasonal	implications.	
Dashed	black	box	at	y-	axis	exhibits	monitored	deep	lake	temperatures	in	the	Dead	Sea	for	the	period	1996–	2010	(see	discussion	for	details;	
from	Gertman	&	Hecht,	2002;	Gertman	et	al.,	2010).	The	uncertainties	are	reported	as	both,	standard	error	of	the	mean	(SE;	error	bars),	
and	95%	confidence	intervals	(black	broken	lines).	CO	layers	highlighted	by	vertical	bands.	(C)	Modern	monthly	monitored	deep	lake	
temperatures	between	2004	and	2010	(blue	squares;	from	Gertman	et	al.,	2010).	The	vertical	bands	illustrate	the	approximate	period	during	
which	the	precipitation	of	CO	halite	crystals	takes	place	on	the	deep	lake	floor
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CO1,	CO2	and	CO3,	respectively;	Figure	3B).	Hence,	CO	
top	 samples	can	be	 interpreted	as	palaeo-	summer	halite	
precipitates.	 Accordingly,	 CO	 bottom	 samples	 (i.e.	 CO1-	
BOT,	CO2-	BOT,	CO3-	BOT)	most	probably	recorded	cold	
(late	winter	and	early	spring)	hypolimnetic	temperatures.	
The	results	thus	highlight	that	holomictic	periods	in	Lake	
Samra	must	have	been	associated	with	coarse	halite	pre-
cipitation	in	summer	and	seasonal	temperature	variations	
in	the	hypolimnion.

Further	support	 for	 large	seasonal	water	 temperature	
differences	can	be	found	in	cumulate	halite	samples	and	
their	modern	analogues:	the	Dead	Sea	starts	mixing	in	late	
November–	early	December	today,	with	both	a	cooling	of	
the	brine	and	a	(nearly	coeval)	increase	in	NaCl	saturation	
which	drives	nucleation	of	cumulate	halite	in	the	homo-
geneous	water	column	(Sirota	et	al.,	2017).	Thus,	the	lower	
Tx	values	obtained	in	cumulate	halite	FIs	can	be	consid-
ered	as	seasonal	winter	records	in	this	study	(Figures	3B	
and	4).	This	is	further	in	line	with	higher	palaeotempera-
tures	in	both	surrounding	coarse	halite	samples	CO2-	TOP	
and	CO3-	BOT,	which	reflect	the	end	and	the	onset	of	two	
successive	summer	seasons,	respectively	(Figures	3B	and	
4).	However,	it	is	important	to	note	that	the	uncorrected	
cumulate	Tx	values	do	not	picture	the	factual	palaeosea-
sonal	temperature	variations	with	respect	to	the	surround-
ing	coarse	layers.	Since	the	initial	(absolute)	water	depth	
of	cumulate	halite	nucleation	remains	unknown,	only	the	
lower	(=Tx;	ca	16°C)	and	upper	boundary	(=Tx + 4.8°C;	ca	
20.8°C)	can	be	estimated	for	 the	studied	cumulate	 layer.	
Hence,	the	palaeoseasonality	would	range	between	ca	2–	
7°C	which	prevents	the	absolute	temperature	differences	
from	being	assessed	quantitatively,	for	example,	between	
early	 spring/deep	 winter	 and	 late	 summer/deep	 winter.	
The	focus,	therefore,	will	be	on	entrapment	temperatures	
obtained	from	coarse	halite	samples.

In	 accordance	 with	 this,	 the	 averaged	 Tf	 of	 coarse-	
bottom	 samples	 (19.4  ±  1.1°C),	 which	 reflects	 late	 win-
ter	water/early	spring	lake	bottom	temperatures,	is	lower	
than	 the	 present-	day	 lake	 bottom	 temperature	 in	 winter	
of	ca	23°C.	On	the	contrary,	the	averaged	Tf	of	coarse-	top	
samples	(22.5 ± 1.1°C)	is	close	to	present-	day	mean	sum-
mer	maxima	(23.8°C	for	the	period	1996–	2010;	Figure	3B).	
The	 offset	 between	 palaeo-	late	 winter	 and	 present-	day	
winter	values	of	ca	4°C	could	be	explained	by	an	enhanced	
seasonality	 during	 MIS5e.	 A	 lower	 winter	 insolation	
(200 W/m2	versus	present	day	220 W/m2)	and	enhanced	
summer	insolation	at	both	30°	and	35°	North	at	that	time	
may	have	driven	the	regional	climate	towards	colder	win-
ters	over	the	south	and	central	Levant	(Kiro	et	al.,	2017;	
Torfstein	et	al.,	2015).	This	is	in	line	with	climate	simula-
tions	that	showed	a	southward	shift	of	winter	storm	track	
rains	in	the	Mediterranean	Basin	and	the	Levant,	 linked	
with	 a	 strengthened	 Siberian	 anticyclone	 that	 pushed	T
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colder	air	farther	south	in	Europe	(Kutzbach	et	al.,	2020).	
Furthermore,	the	climate	model	indicated	slightly	wetter	
winters	and	no	change	or	even	drier	conditions	at	times	
of	precession-	caused	high	seasonality	(ca	125 ka)	in	sum-
mertime	(Kutzbach	et	al.,	2020).	Interestingly,	a	stronger	
palaeoseasonality	 was	 also	 reported	 in	 Red	 Sea	 corals	
during	the	peak	of	MIS5e	based	on	increased	sea	surface	
temperatures	 (with	 seasonal	 cycles	 of	 8.4°C	 at	 122  ka),	
compared	 to	 a	 modern	 seasonal	 amplitude	 ranging	 be-
tween	4.5	and	5.6°C	(Felis	et	al.,	2004).	The	weaker	mod-
ern	seasonality	in	the	Levant	and	eastern	Mediterranean	
Sea	 region	 has	 been	 associated	 with	 enhanced	 winter	
insolation	and	lower	summer	insolation	in	the	Northern	
Hemisphere	during	the	Holocene	(Kiro	et	al.,	2017).

The	modern	amplitude	of	seasonality,	measured	as	the	
difference	between	winter	and	summer	lake	bottom	water	
temperatures,	exhibits	a	nearly	constant	value	of	1.5°C	for	
the	period	1996–	2010	(Figure	3C).	This	modern	seasonal	
thermal	amplitude	is	thus	at	least	half	lower	than	the	re-
constructed	 seasonal	 amplitude	 from	 coarse	 halite	 data	

for	the	MIS5e	(Figures	3	and	4).	The	results	therefore	sug-
gest	a	stronger	palaeoseasonality	during	MIS5e,	with	dis-
tinct	differences	in	entrapment	temperatures	between	the	
bottom	and	the	top	of	each	coarse	halite	layer	(Figure	4).

6 	 | 	 CONCLUSIONS

Using	the	speed	of	sound	in	halite	 fluid	 inclusions	from	
the	 DSB,	 this	 study	 reconstructs	 lake	 bottom	 tempera-
tures	 of	 Lake	 Samra	 during	 marine	 isotope	 stage	 (MIS)	
5e.	As	demonstrated	by	three	successive	coarse	halite	lay-
ers,	 palaeotemperatures	 increased	 between	 the	 bottom	
(late	 winter/spring)	 and	 the	 uppermost	 (late	 summer)	
sampling	interval	of	each	coarse	layer.	Conversely,	three	
sub-	samples	 of	 a	 fine	 cumulate	 halite	 layer	 yield	 stable	
and	lower	(deep	winter)	temperature	values,	highlighting	
that	the	alternation	of	coarse	and	cumulate	halite	 layers	
in	 core	 5017-	1	 reflect	 seasonal	 contrasts	 of	 lake	 bottom	
waters	under	holomictic	conditions	during	MIS5e.	These	

F I G U R E  4  (Above)	Sketch	
illustrating	the	annual	depositional	cycles	
in	sediment	core	section	5017-	1-	A-	122-	2	
with	sub-	sample	locations.	(Below)	
Temperature	offset	between	grouped	data	
in	terms	of	the	interpreted	growth	period:	
deep	winter	cumulate	halite	(uncorrected	
Tx,	black	squares;	corrected	Tf,	triangles),	
late	winter/early	spring	coarse	halite	(blue	
squares),	and	late	summer	coarse	halite	
(red	squares).	Note	that	the	corrected	
cumulate	data	reflect	maximal	potential	
palaeo	lake	temperatures,	and	thus	should	
be	considered	with	caution	(see	text	for	
more	details).	Coloured	(red	and	blue)	
envelopes	are	presented	as	the	standard	
error	of	the	mean.	Vertical	bands	indicate	
growth	season	of	coarse	halite	crystals	on	
the	deep	lake	floor
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data	 further	 imply	 that	 the	 reconstructed	 seasonal	 am-
plitude	of	lake	bottom	water	temperatures	at	the	onset	of	
MIS	 5e	 in	 Lake	 Samra	 was	 at	 least	 twice	 as	 high	 as	 the	
modern	amplitude	of	seasonality.

Hence,	 this	 study	 clearly	 highlights	 the	 potential	 of	
using	BS	to	 investigate	primary	FIs	 in	annual	salt	 layers	
and	 reconstruct	 palaeotemperature	 variations	 in	 lacus-
trine	sediment	cores,	at	a	seasonal	resolution.	Moreover,	
using	BS	on	base-	top	halite	crystals	from	multiple	halite	
layers	does	not	require	any	preparation	of	thin	sections,	is	
easily	applied	on	small	FIs,	and	can	provide	a	reasonable	
quantity	of	Tx	measurements.	Thus,	future	studies	dealing	
with	 (palaeo)	 Dead	 Sea-	like	 hydroclimates	 should	 focus	
on	coarse	salt	layers	to	reconstruct	the	seasonal	variability	
of	lake	temperatures	on	decadal	to	millennial	scales.
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