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Lake Lisan, the late Pleistocene precursor of the Dead Sea, ex-
isted from ~70,000 to 15,000 yr B.P. It evolved through frequent
water-level fluctuations, which reflected the regional hydrological
and climatic conditions. We determined the water level of the lake
for the time interval ~55,000-15,000 cal yr B.P. by mapping off-
shore, nearshore, and fan-delta sediments; by application of se-
quence stratigraphy methods; and by dating with radiocarbon and
U-series methods. During the studied time interval the lake-level
fluctuated between ~340 and 160 m below mean sea level (msl).
Between 55,000 and 30,000 cal yr B.P. the lake evolved through
short-term fluctuations around 280-290 m below msl, punctuated
(at 48,000—43,000 cal yr B.P.) by a drop event to at least 340 m below
msl. At ~27,000 cal yr B.P. the lake began to rise sharply, reaching
its maximum elevation of about 164 m below msl between 26,000
and 23,000 cal yr B.P., then it began dropping and reached 300 m
below msl at ~15,000 cal yr B.P. During the Holocene the lake, cor-
responding to the present Dead Sea, stabilized at ca. 400 m below
msl with minor fluctuations. The hypsometric curve of the basin
indicates that large changes in lake area are expected at above 403
and 385 m below msl. At these elevations the lake level is buffered.
Lake Lisan was always higher than 380 m below msl, indicating
a significantly large water contribution to the basin. The long and
repetitious periods of stabilization at 280-290 m below msl dur-
ing Lake Lisan time indicate hydrological control combined with
the existence of a physical sill at this elevation. Crossing this sill
could not have been achieved without a dramatic increase in the
total water input to the lake, as occurred during the fast and in-
tense lake rise from ~280 to 160 m below msl at ~27,000 cal yr
B.P.  ©2002 University of Washington.
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INTRODUCTION

Lake Lisan, the late Pleistocene precursor of the Dead

existed from~70,000 to 15,000 yr B.P. (Kaufman, 197

Kaufmanetal, 1992; Schramm, 1997; Schranatral.,, 2000). It

occupied the tectonic depression along the Dead Sea basin
the Jordan Valley (Fig. 1). The Dead Seabasinis located betw
steep margins in the east and west and flat shoulders to the s
and north that are bordered by topographical sills. This ba
configuration and the hydrological history of the drainage ar
control the pattern of lake-level changes. The steep margin:
the basin recorded small lake-level changes, while the flat ir
gins were sensitive mainly to major hydrological changes. T
ability to determine shoreline elevations and to date them «
abled the construction of a lake-level curve. This curve sen
as a tool for evaluating hydrologic changes and regional clim
events during the last glacial period.

In this study, we determined the lake-level curve of Lal
Lisan for the time intervat-55,000 to 15,000 cal yr B.P. The
curve is based on the recognition and dating of shoreline depc
in the well-preserved fan sequence of the Ze'elim delta in t
Massada plain (Fig. 1). The Massada plain is located in the ¢
tral part of the Dead Sea basin south of the Ze’elim valley, |
the downthrown side of the western border faults of the ba:
(Fig. 1). The study area was chosen for the following reaso
1) The deeply incised wadis in this area display excellent ex|
sures of the Lisan Formation. 2) A variety of depositional en\
ronments were recognized in the area (Neev and Emery, 1¢
Beginet al, 1974; Sneh, 1979; Manspeizer, 1985; Frostick a
Reid, 1989), and they can be correlated physically and str.
graphically. 3) The stratigraphic sections correlate well with tl
stratigraphic sections of the Perazim valley that were dated
Schrammet al. (2000) and analyzed by Machles al. (2000).
4) The location chosen provides critical and complementary f
tures: high-energy clastic sediments of the stream, delta,
shore environments that interfinger with low-energy lake se
ments. This combination frequently preserved the shoreline
posits and provides a rare opportunity for physical correlation
shore and offshore units. As the deposits of Lake Lisan cont

sdateable aragonite laminae (Kaufman, 1971; Schraehil,
120b0), this correlation provides accurate dating of the obsen

shoreline deposits.
In this study, we apply facies analysis to the well-preserv
fan sequence of the Ze'elim delta, we construct a lake-le

1To whom correspondence should be addressed. E-mail: yuval@vms.h@lirve, and, finally, we discuss the basin hypsometry, as wel

ac.il.

its relation to the lake-level and climate.
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FIG. 1. (a) Location map of the study area. (b) Shaded relief map of the Dead Sea basin—-Jordan Valley. The dark line marks the extent of Lake Lisan :
below msl. (c) Present-day north—south topographic section along the Dead Sea basin—Jordan Valley, with four subbasins (Basins A to D) aretlithigiprop
stand at 164 m below msl.

STRATIGRAPHIC ANALYSIS (Machluset al,, 2000). The lithology reflects the lake-level con-
_ _ _ _ ditions, which generally fluctuated between high stands (Uppt
Late Pleistocene Sediments in the Massada Plain and Lower members) and a relatively lower stand during th

The exposed late Pleistocene sediments in the Massada pidifidle Member.
comprise _the Samra Formation and the overlying L|s_an ch’cratigraphic Correlation between the Massada
mation (Fig. 2). The uppermost part of Samra Formation con- _ = )

. N : . Plain and the Perazim Valley
sists of interlayered aragonite lamina, and carbonate sand and
silt. The Lisan Formation was deposited in two environments: The Perazim valley sections (PZ1; PZ2 of Machaisal,
(a) an offshore environment with alternating aragonite and d2000) are located about 20 km south of the Massada plain. T
trital laminae consisting mainly of silt-sized calcite, dolomitedlifference in elevation between the two sites-i80 m (Fig. 2).
and quartz; and (b) a shore—delta environment with clastic sdde correlation between the two sections is based on radiomet
iments, which consist of sand, pebbles, and boulders. dating and the identification of several stratigraphic marker:

The Lisan Formation is divided here into three membersych as the three prominent gypsum layers found at the bottc

which are bound in offshore sections by prominent gypsum lagf the sections and the identification of unconformities withir
ers that were traced laterally over a large distance basinwatls exposed sections.
(Fig. 2). The Lower and Upper members in the offshore sec-The Upper Member of the Lisan Formation exhibits similal
tions consist mainly of alternating laminae of aragonite arttickness in both sections and is composed of alternating arz
silt-sized clasts, while the Middle Member contains large poonite and silt laminae with prominent gypsum layers at the toy
tions of sandy layers. This stratigraphic division follows the orEhe aragonite laminae sampled beneath the upper gypsum
that was established in the PZ1 section of the Perazim vallegth sections yielded an age ©f19,000 cal yr B.P., and the
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FIG. 2. (a) A paleogeographic reconstruction of the Massada plain and the Perazim valié§,800 cal yr B.P. when the lake level was at 330 m below m:
A large part of the Massada plain was under water, while the Perazim valley was subjected to subaerial erosion and stream incision. (b) Camesatitie b
sections of the Lisan Formation in the Massada plain and the Perazim valley, based on stratigraphic markers (e.g., the three gypsum layers liheifmd &iow
of the formation) and U-series and radiocarbon ages (Schranaiy 2000, and Table 2).

aragonite at the bottom of the Upper Member yielded an ageth& water level dropped and a beach environment dominated
~31,000 cal yr B.P. Perazim valley, gypsum or aragonite laminae were deposi
The elevation difference between the Massada and the Peraazimthe Massada plain at a depth of a few tens of meters. -
sections reflects the original morphology of the basin, since treconstruction of the lake level is based on data from diffe
syn- and post-Lisan Formation tectonic movements are on &t locations in the basin, assuming that elevation reflects tit
order of only a few meters (Marco and Agnon, 1995). Large poster example, the Massada plain (M1 section, Fig. 2) was un
Lisan tectonic displacements of alh@um were observed only at water, while the higher Perazim valley was already expos:
the western margin of the Massada plain close to the mount#inis the two locations provide complementary information
front (Fig. 3) (Bartov, 1999). The estimated tectonic movemetite location of the shorelines over time.
in the Perazim valley is abo@ m (Marcoet al, 1996). Thus,
we assume that the tectonic movements played a minor role
account for less than 10 m of the 70-m elevation difference,We used the depositional environments of the present-
with the rest being pre-Lisan Formation relief. Therefore, whdDead Sea as a model for the fan-delta, shore deposits,

Sedjimentary Environments
an
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FIG.3. Geological cross section between the Massada plain and the Lisan Peninsula (see Fig. 1) presenting the Lisan Formation sediments (QL1£3) ir
morphological settings of the Dead Sea basin such as the basin border escarpment and a flat plain (e.g., the Massada plain). The Lisan Forms&on in
Peninsula is uplifited by the Pliocene salt diapir of the Sedom Formation. The main fault of the Dead Sea Transform is located to the east of thedLikan F
(Garfunkel, 1981, Bartov, 1999).

offshore environments of Lake Lisan. The present-day Dead Seants of fluvial origin during the recessional stage of the san
developed over approximately the past 3000 yr (Klein, 198#oo0d or by a later one.

Bowman, 1997; Kadan, 1997; Ben-David, 1998; Erzeél, Beach ridges of the present-day Dead Sea are commonly
2000; Ken-Toret al., 2001). At present (year 2001), the watesociated with large storms, usually after floods transport larc
level is 414 m below mean sea level (msl), significantly lowexmounts of coarse alluvial sediment into the lake, depositir
than the Lake Lisan level, which fluctuated betweeb60 m them at the mouths of the streams (Kadan, 1997). These se
(Bowman and Gross, 1992) and 340 m below msl (Bartov, 199@)ents are then sorted by waves and washed back to the be:
Nevertheless, on the basis of geomorphic and geochemical cduaring storms. In some cases, as a result of intensive wave acti
siderations, we think that the environments of deposition atite larger pebbles are deposited on top of the beach ridge. Th
their relative distribution in Lake Lisan were similar to thoséeach and lagoon deposits clearly mark paleolake levels and :
of the Dead Sea. The sedimentary conditions were particulapgeserved mostly on low-angle slopes (Adams and Wesnousl|
similar during low stands. Moreover, some components of tA®98; Oviatt, 2000).

sedimentary facies of the Lisan Formation are observed in the

present-day Dead Sea (e.g., beach ridges). The following enviDelta enyironrr_lent. In general the Q'e'ta environment dis-
ronments were recognized in both lakes. plays clastic sediments that become finer and better sorted

ward the lake (from large boulders to fine sand and silt) and a

Alluvial environment. Alluvial fan sediments dominate therestricted to the outlets of the rivers entering the lak
margins of the study area (Fig. 2a). Most of the fans are braid@diemec and Steel, 1988). In Lake Lisan, changes of lake lev
channels with debris-flow deposits (Table 1 and Fig. 4a), maireynd sediment supply control the delta buildup. When the lak
composed of Upper Cretaceous cobbles and pebbles. The diuel rises, sediments of deeper water (aragonite and silt) coy
vial fans are characterized by planar cross-stratified sand ahd fan with occasional coarser grain deposits entering from tt
ripple cross-lamination at their distal parts, whereas coarser @sin margins (NS1in Fig. 5, Table 1). When the lake level drop
posits dominate their proximal portions. the delta front is built of foresets (NS2), with either thin topse
] ) accumulation (indicating sedimentary bypass) or truncation ar

Beach environment. Beach ridges are composed of platgnanneling at the proximal part of the delta. These process

pebbly clinoforms dipping Sto 30" lakeward (foresets, Bcl generate an interfingering relationship between the lake and t
in Fig. 5, Table 1) and shoreward (backset, Bc2) (after Rengif5r-shore environments.

and Owen, 1991; Blair, 1999). Silty thin bedsZ cm thick)

overlain by sand and unsorted pebbles are interpreted to be la©ffshore environment. The offshore deposits of Lake Lisan
goon deposits at the back of the ridge (Bc3 in Fig. 5, Table &pnsist mostly of laminated aragonite and silt-sized detrital ca
(Kadan, 1997; Adams and Wesnousky, 1998; Eatal.,2000). bonate, quartz, and clay (DL3, 4 in Fig. 5, Table 1). Halite
In outcrops of the Lisan Formation the beach ridges overlie @ind gypsum sometimes form laminae or thin beds. The ara
ther shallow water deposits, such as rippled sands, or deeper lakite precipitated from the upper layer of a stratified lake an
sediments. This stratigraphic relationship implies rapid smatkequired an input of freshwater containing bicarbonate (Ste
scale changes in lake level. Behind the ridges, wash-over siltal,, 1997), whereas the clastic material derived from the bas
deposits accumulated in small lagoons that were filled by sedhoulders. The clastic material includes dolomite, calcite, cla
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TABLE 1
Facies and Environment Interpretation for the Lisan Formation

Facies Depositional Estimated Examples for general referer
symbol Facies description environment water depth and for the Dead Sea

AL1 Large poorlysorted, carbonate boulders Debiris talus along the basin margin ~ Above water level Nemec and Steel, 1984

AL2 Poorlysorted subparallel-stratified Braided stream or debris flow Above water level Nemec and Steel, 1984;
to nonstratified pebbles to cobbles Frostrick and Reid, 1989;
of carbonate or chert (rare), with Ben-David, 1998
coarse sand to silt as matrix

AL3 Medium sorted sand to pebbles, planar Braided stream at distal Above water level Frostick and Reid, 1989
cross-stratified sets, sometimes with portion of alluvial fan
fine-bedded cross-laminated sand

Bcl Very well-sorted platy pebbly clinoforms Beach ridge 0-1m Renaut and Owen, 1991;
dipping 5-30° facing lakeward (foresets), Blair, 1999; Kadan, 1997
either sand supported or grain supported

Bc2 Very well-sorted platy pebbly clinoforms Beach ridge 0 m (always deposited Renaut and Owen, 1991,
dipping 10-50 facing landward above water level) Blair, 1999; Kadan, 1997
(backsets) sand supported

Bc3 Finely laminated to bedded silt and sand Lagoon 0 m (always deposited Kadan, 1997; Adams anc
with a total thickness of 10-20 cm above or at water level) Wesnousky, 1998

NS1 Medium to fine well-sorted sand cross-bedded  Nearshore wave 1-6m Sneh, 1979; Ethridge an
sets, laminations dipping®525°; occasional influenced Wescott, 1984; Machlus
pebbles, symmetric ripple marks and pebbly etal, 2000
lobes

NS2 Very fine sand to silt, well-sorted dipping Nearshore below- Estimated 1-15m Sneh, 1979; Ethridge anc
5°-10°; occasional coarse sand lobes wave influence Wescott, 1984; Machlus

etal, 2000

L1 Well-sorted pebbles with occasional Prograding delta Estimated 2-10 m Bartov, 1999
cobbles dipping lakeward 2650°

L2 Well-sorted sand to granules in gently inclined  Delta front Estimated 10-20 m Bartov, 1999
cross beds; occasional climbing ripples

L3 Pebbles to silt layers or lenses overlain Interfingering delta— Estimated 10-20 m Bartov, 1999
and underlain by laminae of DL facies lacustrine

DL1 Massive grayish to brownish silt beds Lacustrine Variable Bartov, 1999
may contain gypsum or halite layers

DL2 Finely laminated 0.1-2 mm alternating Lacustrine Variable Begjal., 1974

aragonite and detritus (silt, clay
calcite, and quartz)

quartz, and very fine-grained rock fragments (Begial., 1974) curve, but for constructing a smoother curve, knowledge of t
derived from the Cretaceous bedrock of the Lisan drainagater depth between two beach deposits in a cycle is necess
basin. The quartz grains could be of aeolian origin (Stein, 200@he relatively wide and flat topography of the lake margins
the Massada plain preserved most of the sedimentary sequet
enabling estimation of the approximate water depth for the
served facies (Bartov, 1999; Machletsal., 2000; Oviatt, 2000).
The establishment of a lake-level history can be approachedinder these conditions, limits could be placed on the lake le
two ways. The sequence architecture of the sedimentary recbegdween data points representing beach lines on the curve.
can be analyzed in terms of stratigraphic sequences that contitfer important factor in establishing a lake-level curve is
information on transgressions and regressions of the lake, draye a system with low-energy sediment input. This conditi
certain types of sediments, e.g., beach deposits, can defineisheequired to reduce truncation and could produce a syste
shoreline locations. Here, we apply the two approaches to epact that can be traced laterally. At the sides of the fan-delt
amine Lake Lisan sediments and reconstruct a lake-level curiav erosion rates exist, especially at low lake levels, when pe
Following the scheme of Posamentdadral. (1992), we find of the delta are exposed and the sedimentary input bypa:s
that the sequence architecture of the Lisan Formation cantheough rejuvenated channels.
attributed to three factors: base-level (in this case, lake-level)Figure 5 illustrates schematic concepts for the sediment
changes, morphology, and the geographical location of segéquence generated in an area of flat topography (e.g., Mas
ment input to the basin. The shore position defines the lake-lepéin) during lake-level fluctuations. Figure 5a illustrates tf

Sequence Stratigraphy Synthesis of Lake Lisan Deposits
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FIG. 4. Photographs from sections Z1-Z11 in the Massada plain, illustrating the different facies of the Lisan Formation. (a) Debris flow and braided
deposits of the alluvial fan complex (AL3, section Z9). (b) Beach ridge of pebbles and sand facing shoreward (backset, Bc2 in section Z2) toppeiteby a
crusts, laminated aragonite, and silty laminae (DL2). (c) Fan-delta sets (L1); note the topsets, foresets, and bottom sets (section Z9) féah) Alttaie (AL2)
topped by deeper lake sediments (DL2) from the upper part of the Lower Member of the Lisan Formation. () Symmetric ripples and sand lobes (N&dNS2
by climbing ripples of deeper environment (L2, section Z2). (f) Alternating aragonite (light) and silt laminae (dark) (DL2, section M1).
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FIG.5. Facies distribution on the flat topography area of the Massada plain. (a) Schematic cross section of the depositional systems’ response tp a
lake level. Note the forced regressive architecture of the low-stand systems tract (LST) and the transgressive systems tract (TST) with hsathtiiep
left end overlying an unconformity. (b) Schematic fining-upward sequence and a water-depth curve reflecting a landward shift of facies due talee ris
level. This is a full sequence from subaerial (AL) to deep lake (DL) environments nearby or at the edge of a fan-delta (for details see text and
(c) Correlation between two measured profiles in the Massada plain (sections Z5 and Z4).

horizontal distribution of facies from the subaerial environmeifitom the stratigraphic correlation with the high-resolution dat:
(AL) to deep lake (DL) offshore deposits, generating a finingsection of the Perazim valley.
upward sequence during a landward shift in the beach positionTwo main sequences defined by major unconformities we
The full cycle is shown schematically in Figure 5b. Subaeriaentified in the exposures of the uppermost part of the Sar
alluvial sediment, beach deposits, or a laterally traced unconféermation and the Lisan Formation in the study area. He
mity mark the base of the cycle (facies AL and Bc). Up-sequencge focus on the description of the upper sequence (within
cross-bedded delta deposits show a fining-upward sequence thgdn Formation) that extends from the sedimentary hiatus
interfingers with offshore deposits, silts, and evaporites of arag48,000 to 43,000 cal yr B.P. (Fig. 2b) to the top Lisan Fc
onite and occasional gypsum layers. In areas of flat topographgtion (at~15,000 cal yr B.P.). The lower sequence contai
away from the basin borders, facies recognition is a good proggie stratigraphic cycle (designated as cycle | in Fig. 6) frc
for lake-level oscillations (Fig. 5c, Table 1). the Lisan Formation, and the upper sequence is compose
The cyclic stratigraphy of the Lisan Formation in thdive high-order stratigraphic cycles (designated as cycles I1-\
Massada plain is presented by a 2-km-long profile with 10 meghe stratigraphic analysis of the different cycles was carried «
sured stratigraphic sections along the southern distal portioy correlating several sections in the Massada plain. The <
and toe of the Ze’elim delta (Fig. 6). The correlation betwedions display an overall change from an offshore depositior
the sections is based on marker beds that were physically traeedironment in the east to a nearshore—onshore depositi
in the field from offshore to nearshore environments. The elenvironment in the west. Section M1, which is located 3 k
vations and distances of the sections were measured by ugimghe south of the other sections in the Ze'elim delta (Z1-Z
an electronic distance measurement (EDM) total station. Tha. 6), represents adeeperlake environment. Itis correlated v
chronological framework for the analysis presented is based gecrtion Z1 by using distinctive gypsum layers. Sections Z2 to
several'*C and?34U-2°Th ages (Table 2) that were obtainedhre correlated by cycle boundaries and marker beds. Follow
from aragonite laminae in the sections in the Massada plain @s description of the cycle analyses.
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TABLE 2 by a flooding surface (e.g., elevation300 m below msl in
Radiocarbon Ages of Separated Millimeter-Scale Aragonite section Z6). Section Z9 displays two coarsening-upward
Laminae and Their Absolute Elevations in the Sections (See Fig. 6) guences. Eastward cycle IlI reveals fining of the sediment
_ _ , coarse sand in section Z3, fine sand with climbing ripples &
Elevation  Radiocarbon  Calibrated cross-beds in section Z2 (Fig. 4E), and offshore deposits
(m below age age

Sample Locatioh msl) (CyrBPP  (yrB.Pf  Sourcé section Z1 (Fig. 4F_)' )
Cycles IV and V in sections Z7 and Z8 become coarser to

me-1 Massada 200  23,690210 26,500 1 north as a result of the proximity to the main input channel
mc-2 Top of 300  13,30&:90 15,000 1 the center of the Ze’elim fan-delta (see aerial photo in Fig. 6
islg'm Cycle Vlis mainly represented by the sequence boundary
me-3 77 200  45008-2,600 48,000 1 occasional beach deposits of the Holocene regression.
me-4 77 284  33,208:-560 34,000 1 In summary, the analysis of the sequence stratigraphy ir
mc-5 z7 279 24,408:270 28,000 1 cates several transgressive and regressive cycles in various
m;ggg m ggg ;gégi 52920 22’883 g scales and dimensions. Cycle | is part of the high-stand systt
M2160 ML 24 30:15& 70 31:000 5 tract cut by the unconformity at the base of cycle Il. Cycles II-
P71-3558 Pzl 268 18,560130 3 represent a complete sequence from the low-stand transg
P7z1-3175 PZ1 263 24,70080 3 sive phase that culminates at the high-stand systems trac
L21 PZ1 276 28,008- 580 3 cycle V and then changes to a sharp regressive phase ma
L1 Pz1 301 56,006 1360 3

by the unconformity of cycle VI. These patterns are reflected
the detailed lake-level curve reconstructed below.

Note.msl, mean sea level.
amc-1 is an aragonite sample from the Massada cliff; for location of Z7 and
M1, see Figure 6.; PZ1 is shown in Figure 2a. LAKE LEVELS OF LAKE LISAN
bAll samples are aragonite. Samples mc-1 to mc-5 were measured at the ac-
celerator mass spectrometry Lab, University of Arizona.

¢Samples mc-1 to mc-5 were calibrated according to Schratrah (2000), The lake-level hlstory determined herein is based on

using reservoir effect of 1000 yr. sequence stratigraphy interpretation, thermal ionization m
dSources: 1Bartov, 1999; 2Schramm, 1997; Schrammet al, 2000 spectrometry U-series, and radiocarbon ages of the Lisan
(U-Thages). tions in the Perazim valley and the Massada plain (Fig. 7). T

U-series and“C ages that were obtained for aragonite samp
Cycle | is presented in the Massada plain only in sections Ate used to anchor the relative chronology of the stratigrap
and M1 as an offshore environment. The base of the cycledata to absolute ages (Fig. 6; Table 2). All dated samples
defined by the unconformity between the Samra and the Listiom aragonite laminae that bound beach deposits or other ir
Formations. Since sections Z1 and M1 show mostly offshoeators of shallow-water environments (e.g., oscillatory rippl
facies, their height in the section represents the minimum lak&nd). Since the beach sediments were not dated directly,
level elevation during cycle I. A better estimate is derived froave interpolated their age from the ages bounding the ara
the correlated lower part in PZ1, which is 70 m higher (Fig. 2bite sequence (Table 2). In most cases, the calculated depos
Cycle 1l (at the base of the upper sequence) begins withrate is about 1 mm/yr, which is slightly higher than the ra
sharp lake-level drop at48,000—43,000 cal yr B.P., whereasstimated for the sequences of alternating aragonite and d
the top of the cycle is marked by a small-scale lake-level drojal laminae in the Perazim valley (about 0.8mm/yr; Schran
Overall, this cycle is marked by a fining-upward sequence witt al,, 2000). This higher sedimentation rate is related to the
frequent short-term erosional surfaces. At the lower boundapgsition of thicker fine-grained detrital laminae close to the fa
of cycle Il a number of cross-bedded beach ridges are exposaelia.
This boundary can be physically traced to the base of sectionlhe transition from the Samra Formation to the Lisan Forrmr
Z6, where braided stream deposits are exposed. tion was dated at-70,000 yr B.P. (Waldmast al, 2000). The
Cycle lll represents an example of a complete lateral transiffshore facies that dominates the lower part of the section in
tion from an alluvial to a deep-lake depositional environmen®erazim valley (dated at 70,000-55,000 cal yr B.P.) indicates
as shown in sections Z9 to Z1, respectively (Fig. 6). The low#re lake level was above 306 m below msl. The first stratigrap
boundary of this cycle is defined by an unconformity overlaiimdication for lake-level lowering is at+56,000 cal yr B.P. At

FIG. 6. The stratigraphic sections (Z1-Z9) in the southern Ze’elim fan-delta and Massada plain. Section locations are shown on the aerial photoc
cycles are marked on the sections. The base of cycle Il is a sequence boundary representing a sharp lake-level drop between 48,000 and 43,0@0ecabgr
the top of the sequence is the base of cycle VI related to the lake-level drop in the Holocene. Each of the cycles represents a short period ofddleidevel
as shown in Figure 7. Section M1 is located 1.5 km to the south of the area covered by the aerial photograph, and its top is at 330 m below msl. Thedat:
are shown in sections M1 and Z7 (see Table 2).
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FIG. 7. Lake-level curve of Lake Lisan between 55,000-15,000 cal yr B.P. Open symbols-data from the Perazim valley @athRG00) (PZ2); filled
symbols-data from the Massada plain (Z1-Z11). Points on the curve represent beach ridges. Ages were interpolated from aragonite sample§;@sslyming
deposition rate of laminated aragonite and the correlation shown in Figure 6. The chronology is b#éed?8fTh and“C ages of aragonite samples (Schramm
el al,, 2000; Bartov, 1999; Table 2). The radiocarbon ages were calibrated to “calendar” years using the “Lisan calibration curve” and a 1000-\effesiervo

(Schramnet al,, 2000).

this time the lake level dropped and the lake overturned, accond-the lower part of sections Z8, Z7, and PZ1 (Fig. 6). This
ing to Steinet al.(1997), as indicated by the precipitation of thesegment represents the longest period of lake-level stabiliz
three massive gypsum layers (Fig. 2). Above the gypsum layeien and is dominated by sedimentation of aragonite and detrit
the sedimentation of aragonite and detrital laminae resuméaninae.

suggesting a rise in lake level. Our detailed analysis begins in

the period postdating55,000 cal yr B.P. after the deposition 0f48,000-43,000 cal yr B.P.

these sum layers.
ayp y At ~48,000 cal yr B.P. the lake level droppedt840 m be-
low msl. This drop is evident from an erosional channel witt
55,000-48,000 cal yr B.P incipient soil on its banks that was observed in the PZ2 se
The lake level stabilized at an elevation between 297 atidn, Perazim valley, at 289 m below msl (Machktsal. 2000).
291 m below msl, as recorded by shallow-water environmeritsthe Massada plain (M1 section, elevation 340 m below ms
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a widespread contemporaneous unconformity is exposed, ate-17,000 cal yr B.P. is represented by the two gypsum lay
beach sediments were deposited laterally near the Ze'elanthe top of the sections in the Massada plain and the Pera
fandelta; these beach deposits probably mark the actual latedley (Figs. 2 and 6). High-resolution data for that time sp:
level at~47,000 cal yr B.P., which is the lowest known level ofire currently being collected.

Lake Lisan prior to its latest Pleistocene fall.

LAKE LEVELS, BASIN HYPSOMETRY, AND CLIMATE
43,000-38,000 cal yr B.P.

The lake level rose by-50 m and stabilized again betweer{heovl\j;f r:?eh\//‘zllstftle_/:zi Iéfg pnsaiogrgjrr:i'eqd\'f\;’ﬁils dvar:lr?tlfhns
280 and 290 m below msl. During this time interval, when the € € 0 uring the

lake shores were located in the Perazim valley, as indicated %enod 55,000-15,000 cal yr B.P. (Fig. 7). For about half of tf

beach deposits in section PZ2, most of the Massada plain Vb)ééiod, the lake displayed minor fluctuations within the interv

N . ~280-290 m below msl (see Fig. 7 for 55,000—48,000 ¢
3233;;3 50 m underwater, and offshore lae sediments WES . and 42,000-30,000 cal yr B.P). The modulations of

Lake Lisan level probably depended on two main paramete
(1) water input from the drainage basin and the lake levels
38,000-36,000 cal yr B.P. a terminal lake such as Lake Lisan, which are expected to

At 38,000 cal yr B.P., the lake level dropped800 m below sensitive to climatic changes (Street-Perrott and Harrison, 19

msl. This regression is based on the identification of a shorelinginetal, 1997; Oviatt, 2000); and (2) physiographical featur
in section Z6 (cycle 11l in Fig. 6) and is consistent with a basir2Uch @s basin morphology and barriers between subbasins

ward shift of facies. For this interval, the Perazim valley sectiof@u!d modify both the lake area and its volume at specific lev
exhibit a clastic sequence. (e.g., Whol and Enzel, 1995). _
The hypsometric diagrams of Lake Lisan show the curv

of the lake surface area, the lake water volume (Fig. 8a),
36,000-33,000 cal yr B.P. the curve of incremental area change irckm (Fig. 8b). These

At36,000 cal yr B.P. the lake level rose againt®80 mbelow Curves were generated from the Hall (1997) DTM database
msl. This rise is marked by beach sediments that are expogéd™ x 25 m pixels and elevation resolution of 5 m. The incr
in both locations, the Perazim valley and the Massada plain,agntal area curve reveals three peaks at elevations of 403,

high elevations of the Ze'elim fan-delta (sections Z7 and z8 &d 240 m below msl that indicate relatively large changes
Fig. 6). the lake area per unit depth. As an increase of the lake aree

creases the evaporation, it is expected that the lake level wc
be stable at the three peaks of area change. The hypsom

33,000-27,000 cal yr B.P. curve reveals that the peaks of 403 and 385 m below msl

At 33,000 cal yr B.P. Lake Lisan levels rose fron280 flect the filling of the southern basin of the Dead Sea, whi
to ~265 m below msl (cycle IV in section Z8). Just befor@robably controlledthe Dead Sealake levels during the Holoc
27,000 cal yr B.P. the lake level dropped to 275 m below msl, &§€ incremental area curve is essentially flat between the pe
indicated by the beach deposits in section Z8 and shallow-wa@385 and 240 m below msl (Fig. 8a); thus, the observed <
deposits in PZ1 in the Perazim valley. ble water level at~280—-290 m below msl is not predicted b
the hypsometric curves. As for the reason for the stable le
of ~280-290 m below msl, examination of the basin map a
27,000-15,000 cal yr B.P. its topographic section (Fig. 1) reveals a sill at the Wadi Mal

Starting at 27,000 cal yr B.P. the lake rose dramatically amdnfluence, approximately at 280 m below msl. We suggest t
approached its maximum elevation sfl64 m below msl at this sill of Wadi Malih served as the controlling morphologicz
~25,000 cal yr B.P. The lake level fluctuated at a high elevatideature that stabilized the Lake Lisan leveh&80-290 m be-
for ~2,000 years, then dropped again4@70 m below msl low msl. Crossing this sill could not have been achieved withc
at~23,000-19,000 cal yr B.P. and ta300 m below msl after a dramatic increase in the total runoff to Lake Lisan. Ther
15,000 cal yr B.P. The low resolution of the lake-level curvéore, we assume that the fast and intense lake rise @80
during this period is due to the poor preservation of depositiortal~240 m below msl at-27,000 cal yr B.P. (Fig. 7) must have
indicators that onlap the escarpment. Our interpretation is maitigen associated with a significant climate change that provit
based on dated aragonite laminae from high elevations (samalkgnificant increase of flow to the lake.
mc-1in Table 2) and on the onlap geometry of the basin margins.The peak at 240 m below msl in the incremental area cul
The lake-level drop is based on the preserved regressive beg@gh. 8b) reflects the added area of the Sea of Galilee. We do
lines from the high stand to the Holocene sediments and a datedard this area as controlling Lake Lisan levels since it ac
sample from the top of the Ze’elim fan-delta at the elevation afs a separate lake throughout Lake Lisan history except dul
300 m below msl (sample mc-2 in Table 2). The small fluctuatidhe highest lake stand after 27,000 cal yr B.P.
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Volume of the Lake Lisan Basin (km®) 3. The lake-level reconstruction based on recognition of beas
displays small fluctuations around 280—290 m below msl dul
B i o OO G A ing most of the time interval of 55,000 and 30,000 cal yr B.P.
1001 punctuated by a sharp drop 16340 m below msl at 48,000—
E 150] Volume 43,000 cal yr B.P. At-27,000 to 23,000 yr B.P. the lake rose to
= ] . . ) :
—_ 200 o its maximum elevation of~164 m below msl and then declined
E 2507 to ~300 m below msl at-17,000 and 15,000 cal yr B.P.
B 20 4. The reconstructed lake-level curve reflects the physiogr
i phy of the Dead Sea basin—Jordan Valley and the prevailing ¢
a 40 matic conditions. Hypsometric considerations suggest that tl
s :;z critical elevations, where a large increase in lake size is expecte
B 550 are at403 and 385 m below msl. Atthese elevations the lake le\
600 is buffered. Lake Lisan was always higher than 380 m below ms
= 650] indicating a significantly large water contribution to the basin.
700 5. The long and repeated stabilization periods at 280—-290
750'0 o o i S below msl during Lake Lisan time indicate a combination be

tween the hydrological control and the existence of a physical s
at this elevation. Crossing this sill could not have been achieve
without a dramatic increase in the total water input to the lake

Area of the Lake Lisan Basin (km?)

Additional area (km’) as occurred during the fast and intense lake rise fa280 to
g 40 40 3 st 160 m below msl at-27,000 cal yr B.P.
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