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Abstract Unique gypsum structures: large capes (termed “gypsum deltas”) and small pitted gypsum
mounds are exposed along the western shores of the currently retreating Dead Sea, the hypersaline
terminal lake in the Dead Sea Basin. The gypsum deltas were formed during time intervals of low lake
stands (~420 + 10 m below mean sea level), when sulfate-rich Ca chloride brines discharged from the
coastal aquifer via saline springs, mixed with the Dead Sea brine and precipitated the gypsum (outsalting
process). The ages of formation of the gypsum structures coincide with times of North Atlantic cooling
events and grand solar minima suggesting a direct impact of the latter on the Dead Sea hydrology and
high sensitivity of the regional hydrology (controlling lake level) to global solar-related events. The
temporal occurrence and numbers of the gypsum structures appear to follow the Hallstatt Cycle that
approaches minima at ~3,000-2,000 years before present.

Plain Language Summary The man-made retreat of the Dead Sea hypersaline lake exposed
unique sedimentary structures with deltaic shape. The structures comprise gypsum minerals that were
deposited in the shallow offshore environment of the lake due to mixing of brines discharged by saline
springs and the Dead Sea solution. Radiocarbon dating of the gypsum structures indicates that the

saline springs discharge (and formation of the structures) coincides with times of North Atlantic cooling
events and grand solar minima, a global phenomenon, which appears to impact the regional hydrology.
Maximum activity of saline springs discharge and gypsum structure deposition occurred at 3000-2000
years before the present.

1. Introduction

Thick sequences of gypsum, halite, and more soluble salts were deposited in marine environments dur-
ing about half of earth's history and were typically attributed to evaporative conditions (Cita, 2006; Hsii
et al., 1973; Roveri et al., 2014; Warren, 2016 and references therein). Typical evaporitic environments are
marine lagoons where excess evaporation (over precipitation) produces saturated brines, which precipitate
various evaporite minerals. Water exchange between the lagoon and open-sea maintains a continuous sup-
ply of ions for precipitating these evaporite minerals. Non-marine evaporitic gypsum deposits are mainly
formed in saline lakes, under excess evaporation conditions (Smoot & Lowenstein, 1991), or as diagenetic
precipitation in the sedimentary interstitial space as a result of lake's desiccation (e.g., Mees et al., 2012).
Other mechanisms for evaporite rocks formation were also suggested for example, cryogenic salinization,
salt focusing, thermal fingering, and hydrothermal outsalting (Craig et al., 1974; Garofalo et al., 2010;
Last, 1989; Schoenherr et al., 2009; Starinsky & Katz, 2003). Here, we describe a unique operation mode of
the outsalting process that deposited gypsum close to shores of the Dead Sea (Figure 1). The “outsalting”
precipitation process is triggered by mixing of two brines with different densities and temperatures, similar-
ly to the formation of salt deposits at the deep bottom of the Red Sea (Hovland et al., 2006, 2015).

We show that during the late Holocene, the outsalting process formed “gypsum deltas” and sub-concentric
(discordant) gypsum structures (Figure 1b) along the shallow margins of the Dead Sea. The outsalting in-
volved mixing of hot Ca-chloride groundwater with lake's Ca-chloride hypersaline brine when the former
discharged at the shore environment. Radiocarbon dating of organic debris in these gypsum structures
suggested that sublake groundwater discharge was modulated by solar activity, which has been regarded as
a key factor controlling short global climate cycles (e.g., Bond et al., 2001).
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Figure 1. The location and appearance of gypsum structures along the Dead Sea shores: (a) locations of freshwater and saline springs discharge (blue points)
along the western shore of the Dead Sea, gypsum structures (red points), and the Ein Gedi (DSEg) drilling site (green). Inset: the Dead Sea Basin located along
the Dead Sea Transform Fault (black line), showing the annual 200 mm isopleth (red line), indicating the transition between the Mediterranean and the desert
climate zones; (b) isolated gypsum structure at the Ein Qedem shore; (c) Roman anchor that was discovered at the Ein Qedem shore at elevation of 417 m bmsl
(below mean sea level). The wooden anchor is coated by gypsum and aragonite crusts (photo from Hadas et al., 2009).

2. Materials and Methods
2.1. Fieldwork

Three cross-sections of the Holocene Ze'elim Formation were measured (Gypsum-1, Gypsum-2, and
Gypsum-3; Figure 2a), described and sampled at “Cape Qedem” (landmark of the cliff top 31°29'39.5"N,
35°23'52.9"E). The sections started close to the Qedem drillhole (Figure 2a) drilled ca. 50 m west of the tip
of “Cape Qedem” (Stern, 2010). The sections were measured along lines with minimum cover by discordant
gypsum structures (two areas surrounded by dashed red lines, Figure 2a) and talus that obscured parts of
the stratigraphy along the cliff.
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Figure 2. The “gypsum delta” of Cape Qedem: (a) an oblique aerial photo of Cape Qedem depicting the sites of the
three stratigraphic sections (the green lines) conducted on the cape, cutting through the gypsum delta. The location
of Qedem drillhole is marked by the red dot. The photo was taken on January 2020, when lake level was at 434.4 m
bmsl. (b) Schematic cross-section along the Gypsum-2 cross section extending from the major fault line in the west
to the Dead Sea in the east. The section depicts the: 1. Cretaceous marine carbonate rocks of the Judea Group; 2.

The unconformity between the lacustrine sediments of the last Glacial the Lisan Fm. and the overlying gypsum-rich
layers of Cape Qedem; 3. Discordant gypsum mounds (Items #2 and #3 are shown also in Figures 3b and 3c); 4. The
saline springs that discharge the Ein Qedem brine. The brine rises from a depth of ~1 km depth along the fault plain
(thick solid purple line) filling the coastal aquifer (partly transparent purple area) and discharges at the shore; and 5.
The interface between the Dead Sea-Ein Qedem brines. (c) Cross-section along the same line as in (b) depicting Cape
Qedem during the time of massive gypsum precipitation (e.g. ~3,000-1,000 years BP) when lake level was ~ 30 m
higher than at present.

WEBER ET AL. 30of 10



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL091034

We also describe several discordant gypsum structures in four locations along the Dead Sea shores and an
additional gypsum cape at the Tmarim shore (Figure 1a).

2.2. Chronology

Samples of organic debris for radiocarbon dating were collected from “Cape Qedem” stratigraphic sections
and from the gypsum structures. Graphitization and radiocarbon measurements were conducted at sev-
eral Accelerator Mass Spectrometry facilities: the University of Arizona, Australia’s Nuclear Science and
Technology Organization, National Ocean Sciences Accelerator Mass Spectrometry, Woods Hole, USA, and
Poznan Radiocarbon Laboratory, Poland. The radiocarbon measurement uncertainty in all laboratories was
smaller than 100 years.

3. Saline Springs and Gypsum Deltas at the Dead Sea Shores

The Ein-Qedem hydrothermal Ca-chloride saline springs (Figures la and 2a), with salinity of ~170 g/L
(~0.5 the Dead Sea salinity), is the largest brine source discharging to the modern Dead Sea. This type
of brine is detected from Einot Zugim in the north to Hamme Mazor (Ein Gedi-3) in the south (Gavrieli
et al., 2001), with the largest flow along the 2 km strip of Qedem shore (Figure 1a). The brine's high temper-
ature (41°-46°C) suggests a rapid ascent from a depth of >950 m (Shalev et al., 2007). The total discharge
of the springs is 8-13 MCM/yr (MCM = million cubic meters, Israeli Hydrological Service). The association
of the saline springs with prominent gypsum structures, pitted sub-concentric structures and large lake-
ward pointing triangles, termed here “Capes”, for example, “Cape Qedem” (Figure 2a), suggests that during
the past several thousand years the geochemical and environmental conditions were favorable for gypsum
precipitation.

The geology of Cape Qedem is described by three stratigraphic sections and one borehole (Figures 2a and
3). Section Gypsum-1 (upper 6.5 m of the cape) comprises mainly undulated sequences of detritus, arag-
onite and gypsum triplets (see Migowski et al., 2006 for this sedimentary facies) and aragonite/gypsum
crusts (Figure 3a). Eleven radiocarbon ages, determined on terrestrial organic debris, reveal discontinuous
deposition between ~6,600 and ~600 cal yr BP (Figure 3a, Table S1). The sedimentary facies of the section,
such as the undulated appearance of the triplets, suggests that its sediments were deposited near shore in
shallow waters under waves’ activity. During that period, the rather flat top of Cape Qedem comprised a
shallow water bank that ended by a steep cliff. A wooden Roman anchor was discovered ~100 m north of
the cape's tip at the elevation of 417 m bmsl (Figure 1c) coated by a thick layer of aragonite and gypsum
crusts, apparently the mooring location of a boat (Hadas et al., 2009). This top section is rich in aragonite
crusts (see also Gypsum-2 and -3; Figure 3a), which formed due to the supply of bicarbonate by freshwater
(Belmaker et al., 2019; Bookman et al., 2004; Kagan et al., 2015).

The great abundance of gypsum in sections Gypsum-1, -2, and -3 is unique to Cape Qedem area (Figure 3).
Outcrops to the north and south of these three sections (Figure S1), show typical sedimentary facies of
the contemporaneous late Holocene Ze'elim Fm. (e.g., Zeelim Gully, Bookman et al., 2004), or the section
comprising the Ein Gedi core (Migowski et al., 2006; Figure 3a). Apparently, the gypsum rich central part
of Cape Qedem, interfingers with the adjacent “typical” sections of the Holocene Ze'elim Fm. Moreover,
the gypsum sequences lie unconformably on erosional relief of the last glacial Lisan Fm. (Figures 2b, 3,
and S1), as indicated by the ~24 ka age that was measured ~7 m below the top of the Cape at the Qedem
drill (Figure 3a). Gypsum structures (discordant gypsum bodies in Figures 3b and 3c) of late Holocene ages
(~3,000-~1,000 cal yr BP) lie unconformably on the relief formed by the Holocene gypsum (stratigraphic
gypsum in Figures 3b and c). The geometric shape of Cape Qedem resembles that of conventional fan-
shaped alluvial deltas at their mouth. However, unlike an alluvial delta, the unique setting of the Qedem
“gypsum delta” was formed by chemical precipitation in the place where subsurface diffused discharge of
the Ein Qedem brine mixed with Dead Sea brines (gypsum outsalting) in very shallow water close to the
lake's shore (Figure 2c). The mixing of the brines initiated gypsum precipitation due to supersaturation and
gypsum nucleation and was maintained by further growth of gypsum crystals. Formation of impressive gyp-
sum structures as a result of mixing between two solutions is also known from other locations worldwide,
for example, the Naica Mine, Mexico, the location of world's largest gypsum crystals. These gigantic crystals
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were precipitated by mixing of shallow saline waters of evaporative origin, with the regional deep phreatic
fluids (Garofalo et al., 2010).

At the Dead Sea shore, the hard gypsum structures are more resistant to erosion than the contemporaneous
unconsolidated lacustrine sediments of Holocene Dead Sea (the Zeelim Fm.), and their ubiquitous appear-
ance along the shores indicate that at that period, the saline springs activity was highly enhanced compared
to present.

4. Sub-Concentric Mound-Like “Gypsum Structures” Along the Dead Sea
Shores

Numerous small (human-size) mound-like sub-concentric discordant “gypsum structures” (e.g., Figure 1b)
are pitted along the retreating western shores of the Dead Sea, typically at the elevation of ~420-430 m
bmsl (Figures la and 4). They vary in diameter between a few tens of centimeters to several meters and
comprise layers of bladed gypsum crystals, few centimeters in length and thin crusts of soft gypsum and
aragonite. This facies is very similar to the discordant gypsum body in Cape Qedem (Figures 2a, 3b and 3c)
and the thick gypsum layers in Cape Qedem outcrop. Many of these structures appear to grow around a
wood or boulder. In a unique case, a wooden anchor of a Roman boat (Figure 1c) dated to 2,045 + 45 cal yr
BP (Hadas et al., 2009) was found encrusted with concentric massive gypsum, very close to the location of
Gypsum-3 section (Figure 2a). Many sub-concentric gypsum structures and a large “gypsum Cape” struc-
ture are exposed at the Tmarim shore (Figure 1a). Presumably, these are sites of local outsalting triggered
by mixing of sulfate-rich Ca-chloride brines of the Ein Qedem type, that discharged through small orifices
on the nearshore bottom of the lake and mixed with Dead Sea brine (Figure 2c). The outsalting mechanism
proposed here can explain similar appearances of gypsum structures in other saline lake environments, for
example, the saline springs zone on the south-western marginal zone of Danakil depression Ethiopia (See
Figures 1.40 and 11.17 in Warren, 2016).

All the gypsum mound structures that are exposed at the Dead Sea shores at elevation of 420-430 m bmsl
were formed between ~4,000 and ~600 cal yr BP (Table S2). However, most of the ages determined on
random samples taken from these structures lie between 3,000-1,000 cal yr BP, contemporaneous with the
ages of the “stratigraphic gypsum” (Figures 2a and 3) comprising the gypsum delta at Cape-Qedem. The
chemical properties of brines and sediments, the textures, and structures of the gypsum minerals (e.g., the
undulating gypsum in the upper part of Gypsum-1 section) and the structure of Cape Qedem (Figures 2a
and 3) suggest that the Qedem-type gypsum was deposited in places of hot-saline groundwater emergence.
The modern and historical record show that such springs are active close to the shore; therefore, our inter-
pretation is that the gypsum deposited in conditions of very shallow waters when the lake was at a lowstand
around the elevation of 420 m bmsl.

5. Periods of Saline Springs Activity

The drying of the Southern Levant during the post glacial-early Holocene periods is reflected by a signifi-
cant lake level drop, from ~200 m bmsl at ~14,000 cal yr BP to ~400 m bmsl at the early Holocene (Figure 4;
e.g., Stein et al., 2010). During the last glacial Marine Isotop Stage 2 period (~30,000-14,000 cal yr BP) when
Lake Lisan was at its highest stands, waters from its relatively low salinity epilimnion (~0.5 the modern
Dead Sea salinity) infiltrated the marginal aquifers of the lake; at lake's lowstand, these waters (modified
slightly by water/rock interaction) returned back to the Dead Sea as series of saline springs of the Ein
Qedem type (Weber et al., 2018). Most of the current saline springs’ activity is located along a narrow shore

Figure 3. (a) Stratigraphic sections at Cape Qedem and Ein Gedi spa (see locations in Figures 1a and 2a). Radiocarbon dated samples (Table S1) are marked

by the asterisks and the ages are reported as cal yr BP (years before 1950). Sections Gypsum-2 and Gypsum-3 are fragmented to structural steps in the field (see
also item (c) below) in which ages are ordered according to the law of superposition. The unconsolidated conglomerate comprises talus of gypsum fragments
that were formed at the lake's shores by waves erosion. The Ein Gedi core was described and radiocarbon dated by Migowski et al., (2006); (b) drone's photo of
the top of Cape Qedem (Figure 2a) showing the upper location of the sections and the exposure of the gypsum discordant body between sections Gypsum-2 and
-3; (c) geological section of the upper 9 m at Cape Qedem showing the field relation between the stratified units and the gypsum discordant body. The circled
numbers with yellow background mark the locations of the same rock units in (a), (b), and (c).
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strip between Mineral Beach to Ein Gedi (Figure 1a), while the brackish water of Einot Zugim in the north-
ern part of the Dead Sea is a mixture of the Ein Qedem brine and freshwater. The widespread distribution
of these late Holocene gypsum bodies indicates that during that period, the saline springs were much more
active and widespread, reaching as far north as Einot Zugim (Figure 1a).

Several lines of evidence indicate that the isolated gypsum mounds were formed close to the lake surface
(most of them found at ~420-430 m bmsl); for example, the location of modern saline springs discharge at
or just below the shoreline, and the appearance of aragonite crusts that require bicarbonate supply (from
freshwater) at the shore environment (e.g., Bookman et al., 2004). Thus, the isolated gypsum structures
are used here as lake level markers for refining the details of the lake level curve for the last 7,000 years
(Figure 4). The interpretation of their being low level markers is consistent with the contemporaneous dep-
osition of salt in the deepest floor of the Dead Sea as discovered by the International Continental Scientific
Drilling Program drilling (see Kiro et al., 2016, 2017 and Figure 4). Apparently, during most of the Holocene
the lake was at low stands (Figure 4), significantly below ~402 m bmsl, the elevation of the sill that separates
topographically between the southern very shallow basin of the Dead Sea from the deep northern basin.

The saline springs were mainly active in the latter part of the arid interval, prior to the restoration of fresh-
water supply from the Judea Mountains aquifers to the Dead Sea that led the deposition of the aragonite
crusts. For example, we describe the sequence of events between ~3,600 to 3,000 cal yr BP (Figure 4): (1) at
~3,400 cal yr BP the lake dropped from its high late Bronze period stand; at the same time (2) salt was depos-
ited at the deep basin of the lake; followed by (3) formation of gypsum deltas and gypsum structures at the
Dead Sea shore; followed by (4) deposition of aragonite crusts (see the different colored areas in Figure 4).
Item #14 marks the renewal of freshwater-springs activity (Kagan et al., 2015).

6. Gypsum Structures Formation and Relation to Grand Solar Minima Events

The gypsum structures were formed at the Dead Sea shores during periods of low lake stands and as sug-
gested above, in association with enhanced discharge of the saline springs (Figures 2c and 4). The low lake
stands reflect periods of enhanced aridity in the lake's watershed that in turn were controlled by “glob-
al climate impactors.” Kushnir and Stein (2019) examined in details the hydroclimate conditions in the
Levant and Nile-land regions during the Medieval Warm Period that corresponds to the time interval of
~950-1,100 years AD. They argued that the period of aridity in the Levant and Nile-land coincides with
the time of the Oort grand solar minimum. The Oort minimum is linked with intensified El Nifio activity,
which is known to suppress the African summer monsoon rains in the Ethiopian Highlands. It appears that
all intervals of low Dead Sea stand and gypsum structure formation at the near-shores and salt deposition
in the deep lake coincide with cold events in the North Atlantic and with solar minima (the pink intervals
at Figure 4). Bond et al. (2001) argued that solar activity modulated the cold events in the North Atlantic
that in turn affected regional hydrology worldwide. Additionally, the temporal distribution and number of
occurrences of the gypsum structures appear to match the '°Be and *C oscillation that was termed as the
Hallistatt cycle (e.g., Figure 4b). This oscillation was found in paleoclimate records throughout the Holocene
and suggested to be coherent to the major stable resonance of the four Jovian planets (Scafetta et al., 2016).

Recently, Bova et al. (2021) suggested that the climate has been warming since the early Holocene and the
global mean annual temperatures increased in temperatures over the past 6,500 years due to rise in the

Figure 4. (a) New reconstruction of the Dead Sea level curve of the past 7,000 years, the Mid to late Holocene (black line; compilation based on data from
Bartov et al., 2004; Bookman et al., 2004; Kagan et al., 2015; Kushnir & Stein, 2019; Migowski et al., 2006; Stern, 2010; and the current study). The red line (at
402 m bmsl) marks the elevation of the sill separating between the southern (shallow) and northern (deep) basins of the lake. The main sedimentary facies at
the deep basin marked in the upper panel (data from the Dead Sea Deep Drilling Project core, Goldstein et al., 2020; Kiro et al., 2016). Circles mark calendar
ages (from radiocarbon dating) of the gypsum units: stratified gypsum unit of “Cape Qedem” (red), the discordant gypsum structures at “Cape Qedem”
(orange), the location of gypsum structures from various sites along the Dead Sea shore (yellow), and the Roman anchor marked by orange triangle (ages in
Tables S1 and S2). The blue bands delineate periods and elevations of gypsum deposition on the lake's margins. Yellow square indicates the elevation and age
of the beach ridge at Ze'elim gully that comprises aragonite crusts. The green intervals and names (green asterisks for no available name) at the top are the
grand solar minima (Usoskin et al., 2016). Numbers 1-30 above the high/low stands are listed in Table S3, which presents the sources of data used for the
reconstructing the lake level curve. (b) The gray curve is an average of the radiocarbon global production rate showing minimum values between ~3,000 and
1,500 cal yr BP (Usoskin et al., 2016). The data illustrate the “Hallstatt cycle” that possibly reflects solar effects on the earth regional climates. (c) Mean annual
sea surface temperature anomaly reconstruction with the uncertainties shaded (Bova et al., 2021).
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greenhouse gas concentrations (Figure 4c). The minima of Dead Sea surface level decreased during this
period, punctuated by several short level rises (Figure 4a). This apparent correlation attests to the response
of the Dead Sea hydrological system to global climate drivers.

The activity of the hydrological system in the Dead Sea region is extremely sensitive to the hydroclimate
conditions induced by the natural variations in solar irradiance. The new reconstructed lake level curve and
the sequences of appearance of salt-gypsum-aragonite crusts in the geological sections reveal a complicat-
ed response of the regional hydrological system to the “global climate impactors.” Thus, our study clearly
demonstrates the sensitivity of the regional hydro-climate regime to changes in external radiative forcing.
In a broader view, the Dead Sea surface lies at very low elevation during most of the Holocene indicating on
a persistent regional aridity in the East Mediterranean-Levant during this period.

7. Conclusions

Gypsum deltas and pitted gypsum structures are scattered along the western shores of the Dead Sea at eleva-
tions of ~420-430 m bmsl, possibly representing sites of former saline springs discharge to the shallow-wa-
ter shore environment of the late Holocene Dead Sea.

Mixing of Ein Qedem type brine with the Dead Sea brine, caused gypsum outsalting and formation of the
pitted gypsum and large gypsum deltas (e.g., “Cape Qedem”) that spreads over the relief of the last glacial
Lisan Formation.

The ages of formation of the gypsum deltas and pitted gypsum structures, during low lake levels (and halite
deposition in the deep basin), coincide with timings of grand solar minima.

During most of the Holocene, the Dead Sea was at low level, below the sill that separates between the north-
ern and southern basins of the lake. This configuration indicates lasting and persistent aridity in the East
Mediterranean-Levant region during most of this period.

Data Availability Statement

Data are available in the supporting information and in Mendeley Data website: http://dx.doi.
0rg/10.17632/467ggzd7ph.2.
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