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ABSTRACT

A thick mass of evaporites, shale and conglomerate of
the Dead Sea Group, of Plio-Pleistocene to Recent age,
forms the sedimentary jill, up vo 8-10 km thick, of the Dead
Sea trough in the Jordan Rift Valiey. The history of this
evaporite busin, origin of salts, basin morphology. depth of
brine and conditions of influx-evaporaiton-reflix spstem, is
exarmined, by comparing sedimeniological and bromine
data and existing data from marine evaporstes.

Cyelic sedimentation in the Dead Sea Group. of thick
rocksalr units alternaiing with thinner shale units is consid-
ared 1o have been deposited mainly in shallow warer with
occasional exposure and dessication. In later stages the
basin was cut off from the sea with playa, lagoonal, sabkha
and fluviatile conditions prevailing. Rare occasional in-
Juxes of the seq occurred, Seasonal and cyclic sedimenta-
tion preceeds through the carbonate gnd sulfare phases,
continuing in the deeper areas to the halite phase and rarely
reaching conditions of dessication.

The bromine content in the racksali, 40-600 ppm, is

within the range of salt of marine ovigin. The general trend

of bramine concentration is a progresiive increase up the
sequence. Bromine profiles are semti-regular with ccasional
high peaks indicating dessication episodes, verified by char-
acteristic sedimentary structiures.

r X 1 . ;
TTE weight ratios}
af connate safts in carbonates and clays range from 4.3 1o
19, These and bromine ratios in salt units, are as expected
from distribution of Bromine between brine of seqwater
origin and the parageneiic halite respectively, Since these
sediments alvo do not show any diagenesis, it is assumed
that the spluble comnare salts are from the brines jrom
which the adjacent evaporites have precipitared.

Bromine ratios {

INTRODUCTION

The Jordan Rift Vallev was formed along a major N-8S
active sinistral sirike stip fault, The Dead Sea deep trough
developed in the central part of the rift. The deep part of
the rift is thought to continuously shift to NNE due to
slight relative rotational movement of the eastern, Ara-
bian block {Freund and Zak, 1973). The present configu-
ration of this trough s that of the Dead Sea Basin (Fig.
1) being bounded by steep sided high escarpments in the
west and east, The western escarpment is limited to the
border of the Dead Sea, disappearing to the N and 5. The
basin consists of a deep trough in the northern Dead Sea
surrounded by shallow sedimentary, narrow shoulders
along the escarpments and broad plains near Jericho and
Sedom (Southern Pead Sea).

A thick mass of evaporites, shales and conglomerates
of the Dead Sea Group, of Plio-Pleistocene to Recent age
forms the sedimentary 8l of the trough. These sediments
are known from the surface and from wells which pene-
trated to the depth of 3600 m. The total thickness is
thought to be up to 8-10 km, as interpreted from geo-
physical (gravity and seismic) structural and stratigraphic
evidence. Part of the sequence within these sediraents, a
thickness of about 2500 m (Fig. 2} is exposed at the surface
in the salt diapir of Mount Sedom and in the pierced, titled
and uplifted beds surrounding it.

Several problems concerning the development of this
thick sequence are dealt with herein using bromine as an
indicator in the evolution of evaporites and brines, to-
gether with other sedimentological and chemical charac-
teristics. These problems include: (a) marine or
continental origin of evaporites; (b} range of salinity; {¢)
tracing of connate salts of paleo-brines and correlation
with the evaporte section; (d) order of succession and
bottom and top of rocksalt beds; (&) depths of the paleo-
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Figure 2. Composite coiumnar section, Dead Sea Group, Mount
Sedam.

water body and configuration of the basin; () existence of
dessication episodes and potassium salts in the sedimen-
tary fill, and (g) source of salts of the present Dead Sea.

Bromine distribution between chioridic brines and
mineral phases has been used in established methods in the
study of chloridic evaporite sequences and brines (Boeke,
1908; I¥ Ans and Kiihn, 1940; Bloch and Schnerb, 1933,
Baar, 1954; Valyashko, 1958, Braitsch, 1962; Ognicke,
1959; Schwerdtner and Wardlaw, 1963; Wardlaw, 1964;
Holser, 1966; Raup, 1966 and others}. Bromine ion enters
diadochically into sohid chlorides. In chlorides crystalliz-
ing from sea water or natural brines where the Br/Cl ratio
is low, the distribution coefficient of bromine between
solid and solation,

3st

g, mineral

Cg, solution

is constant and J<(1. In a progressive process of evapora-
tion of natural brine the bromine conceatiration increases
gradually in the residual brine and consequently also in
the successively crystaliizing chlorides. Therefore, in gen-
eral, increase and decrease trends of bromine content in
rocksalt directly correspond to changes in the mother
liquor salinity during deposition of chioride evaporiies,

A notable increase of bromine content (in a profile)
indicates restriction of inflow of sea water into the basin
or even complete isolation. Conversely, decreasing bro-
mine content is suggestive of interruption of progressive
salicity in a basin, by brine dilution that probably results
from influx of sea water into the basin.

The bromine content as well as Br/Cl ratio in the salt
units and shale units of the Dead Sea Group and in natural
water sources has been determined and used in clarifying
various problems. Results have been compared with pri-
mary and secondary sedimentological features.

Analysis of bromine was carried out using the method
described by Van der Meulern (1931} and modified by
D’Ans and Héfer (1934). The method is based on the
oxidation of bromude to bromate by sodium hypochlorile
solution. The bromate thus formed is determined
iodometrically after the removal of the excess of hypo-
chlorite.

Analyses were carrted out by Mrs. I Grudniewiez,
(lenlogical Survey of Israel and in the Dead Sea Works,
unader supervisian of Dr. 1. Schnerb, for which the author
is very grateful. The paper was reviewed by Y. Arkin,
Geological Survey of Lsrael and Dy, E. Sass, Department
of Geology, Hebrew University, Jerusalem. Their con-
structive criticism and suggestions are greatly appreci-
ated.

DESCRIPTION OF THE DEAD SEA GROUF

The studied section of the Dead Sea Group consists of
rocksalt and shale of the Sedom Formation forming the
Seclom salt digpir, overlain by carhonates, sulfates, shalss
and some rocksalt of the pierced Amora and the Lisan
Formations. Subrecent to Recent carbonates, shales and
rocksalt are found in still subsiding areas along the central
part of the Dead Sea rrough and in peripheral sinks where-
from salt has been migrating since middle Pleistacene
Hmes.

Sedom formation
This formation consists of alternating salf and shale
units rezching an exposed thickness of 1850 m (Table I).
The sair units. 20 to 700 m thick each, contain rocksal
beds, 10-60 cm thick, with interlayers of anhydrite, dolo-
mite, clay and silt, 1-10 mm thick. The interlayers occa-
sionally form thicker beds, several meters thick,
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TABLE |

Lithological eomposition of the Sedom and Amora Forma-
tions, Sedorm Salt Diapir.

Sadom Fm Amorz Fm
% %
Rack satt 77 ' g8
Carbonates, suifatas ? - &89
Clays =} 17
Sands, conglomergies 7 131
100 ]
Total thickness [maters) 1850 410

Composite rocksalt beds are characterized by lamina-
tions. mostly 1-5 cm thick (single beds), distinguished by
light and dark coloring with parallcl variations in dis-
persed occluded minerals. The beds are occasionally sepa-
rated by very thin, 0.1-1 mm, anhvdrite or clay laninae.
Dessication polygons and mudcracks are found in the
rocksalt beds and these as well as ripple marks are rarely
found in the shaly interlayers. The bedding planes in the
rocksalt are mainly tabular, smooth or shightly rumpled.

The salt is a white to gray compact, crystattine aggre-
gate. The halite crystals are mainly anhedral and inter-
locking, their size usually 1-5 mm. Clear euhedral halite
cyrstals are occasionally found along bedding planes and
cubes up to 20 cm and even larger are found along open
foliation cracks. These are evidently the result of second-
ary recrystallization. Impurities are found dispersed
within the rocksalt generally forming |-4% of the total
rock mass. These are mainly anhydrite, some dolomite as
well as quartz grains, clay, rare flakes of hematite and
limomnite, apatite and sulfar. Rare zones with traces of
dispersed and disseminated sylvite and pockets of carnal-
lite ang svlvite are found, usually characterized by pink to
reddish cojored bands in the rocksalt. Unconformable len-
ticular pockets of contorted beds of anhydrite and shale,
few Lo tens of meters long, are sometimes found between
rocksalt beds close to the cecurrence of dispersed sylvite
and camallite.

The shale units. These are 10 to. 150 m thick each, and
contain mudstone, dolomite and clay, siht and sandstone,
anhydrite, gypsum and some rocksalt, with rare zones of
grit and pebbles of dolomite and chert. Bedding is fine to
laminar, 0.1 o 10 num, and massive, 1-60 cm thick. Mixed
or graded bedding is found. Cross bedding, symmetric and
asymmetric ripple marks, muderacks, load and flow struc-
tures are found in the mudstone and sandy layers.

Cyclic sedimentary groups are recognized within the
shale units being 5-20 m thick and consist of: (a) white
and gray sandstone and siit fine to massive bedded, ce-
mented by halite, snhydrite or marl; {b) anhydrite and
gypsum, white to gray, fine to massive bedded and sily,
clay and dolomite interlayers containing anhydrite and
gypsum concretions and veins; (¢} red, imonitic sandstone
and sif, mostly massive bedded; (d} clayey, dolomitic

mudstone, brown and green, some intergrowth of dolo-
mite with anhydrite, fine to massive bedded; some ripple
marks and animal and bird tracks; (e} laminated dolomite
and clay containing fish and plant remains, some of fresh-
wafer environment, rare birds and insects.

The cycles are quazi-symmetric but mostly incomplete
or asymmetric, being better developed in the Sb Shale
Member of the Sedom Formation.

The relationship of salt to shale units is also of a cyelic
nature, the transition between them being generally grad-
ual with appearance of sulfates, rocksalt and halite cemen-
tation, alternating with shales, sandstones and silts,

Sedimentation occurred mainly in an oversll hypersa-
line environment under changing degrees of circulation
with the open sea and climatic and seasonal variations, all
superimposed on rate of subsidence of the basin. Cycles
are thus considerad to have been deposited mainly in shal-
low water with occasional exposure and dessication.

Amora formation

The formation consists mainly of marl and chalk, yal-
fow-gray, brown and white, with anhydrite, gypsum, silt,
sand, conglomerate and some rocksalt (Table ). The
thickness is over 400 m in the exposed vplifred section and
much greater (more than two thousand meters?) in wells
located in the still subsiding central parts of the Dead Sea
basin.

Bedding is mostly Jaminar but also massive, mainly in
the lower and central parts of the section. The laminated
sediments consist of aragonite, calcite, dolomite, gypsum,
anhydrite, halite, clay, silt, imonite and organic matter,
alternating in various bi- or poly-laminated combinations.
Sulfur concretions, some having =z Hmonitic-gypseous
crust with or without a pyrite core occur in the laminated
zones. Small acicular erystals of CaCl, and MgCl, salts
are dispersed in the laminated sediments more often in the
upper part of the section. The salts also appear in efffores-
cence on cuterops. Plant remains are rarely found between
the laminae. The massive beds (a few cins to several meters
thick) are silt, sandstone and comglomerate, often ce-
mented by halite or by gypsum, and anhydrite beds. Occa-
sional massive to thin beds occur, consisting of aggregates
of large (up to 10 ¢m) twinned, clesr and smoky white
gypsum crystals in part cemented by red-brown limonitic,
sandy marl reminiscent of fossil soil.

A rocksalt member (As) up to 10 m thick in ouicrop
appears in the central part of the section. Sait beds are 0.1
1o 0.8 m thick, with interlavers of laminated marl, arago-
nite, dolomite and anhvdrite, a few mm o 10 cm thick.
The halite is coarsely crystalline, interlocked, gray to
white, with occasional pink bands.

The Amora Formation demonstrates seasonal and cy-
clic sedimentation in mainly a hypersaline environment. It
is partly of a playa type as well as fagoonal, sabkha and
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fluviatile with occasional influxes of the sea in which case
it reserubles the environment of the Sedom Formation.
Sedimentation is thought to be controlled by climate, sea-
sons and tectonics with short episodes of connection with
the sea and developmient of brines and evaporites of ma-
ruge origi.

{.isan formation

The Lisan Formation consists of chalk, marly chalk,
gvpsum, rare halite as well as silt, sand and conglomerate
closer to the marginal areas of the Dead Seca basin. The
thickness is about 40 m in outcrop, outside the active
subsiding Dead Sea basin, and thicker in more basinal
arcas. The secrion is characterized by alternating white
and dark, gray-green laminac, 0.1 to 2 mm thick, occa-
siomally thicker and massively bedded. The white laminae
consist mainky of aragonite, and the gray-green laminae
contain caleile, aragonite and some clay, quartz and dolo-
mite. Interlayers of laminated and thicker beds of gypsum,
caleite, clay and silt as well ag halite and dolomite are
present. Occasional laminae of organic matter and zones
with sulfur concretions are found in the laminated parts,
Zones with diatoms are abundant in places (Ehrlich, n:
Begin et al., in press) and in others rare fish and plant
remains may occur. Tufs and algal calcareous mounds,
some having stromatoditic-like structure, a few meters in
diameter and height, appear in places, mostly along the
maarginat areas of the basin. Zones of muderacks and dessi-
cation features are found in places together with lami-
pated and disseminated NaCl, MgCl,, CaCl, and KCl
salts, in distinct laminae. Laminated units, 1-200 cm
thick, with sfump structures are common.

Sediments of the Lisan Pormation are found in the
Yordan Rift Valley from a height of about -180 m m.s.l,
dipping towards the deep irough. The sediments are of an
inland hypersaline lzke with varying fluviatile contribu-
tions.

Seasonal and cyclic sedimentation proceeded through
the carbonate and sulfate phases continuing in the deeper
areas to the halite phase and rarely reaching conditions of
dessication. The alternating white and gray-green laminae
correspond to dry hot summer and rainy cold winter, The
formation is composed of a major by-phase cycle, in which
the lower part of the formation contains relatively thicker
gray-green laminae while in the upper part the white lami-
nae are thicker. Within this there exists small scale sub-
cycles of alternating zones of dominant gray-green and
dominant white laminae.

The bi-phase cycle {and 1o a lesser extent the sub-
cyches) is thought to have formed as a result of & major
fuviatile period, with dilution of the brine in the rising
lake, succeeded by a major dry, hot period, with lowering
of the water level, and rise in salinity. During the dryer
periods playa lke conditions were formed with local mar-
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ginal areas cut off from the main basin inflenced hy local
fluviatile conditions near the mouth of wadis or very dry
up 0 dessication conditions in isolated areas. Along the
marginal areas surface and underwater brackish or fresh
water springs evolved as a result of the hydrostatic head
in the bordering mountains. Tufa and algal calcareous
mounds have formed at the outlet of springs (Scholl and
Taft, 1964).

Subrecent to Recent

At least 70 m of carbonate, clay and sulfate and salt,
with bands containing organic matter, some silt, sand and
conglomerate accumulated in the still subsiding Dead Sea
area. These resemble the Lisan sediments, though are in
part unconsolidated (Neev and Emery, 1967). In the
southern Dead Sea basin sediments include thick, highly
poraus beds of halite, consisting of self-supporting cubes,
& fow mun in size. Halite cubes, up to 10 cm in size, with
all six faces having a well developed hopper structure are
found scattered in uncompacted highly wet marl Tt
should be noted that similar but smaller cubes of dolomite
pseudomorphs after halite, are found in the lower shale
units of Sedom Formation.

BROMINE PROFILES IN THE DEAD SEA
GROUFP AND THEIR SEDIMENTOLOGICAL
SIGNIFICANCE

Bromine in rocksalt

Concentrations of bromine in rocksalt beds of the Dead
Sea Group range from 40 to 600 ppm (Table II) and
conform to those of marine halite (Valyashko, 1938;
Holser, 1966). Ranges and median bromine content in the
members and formations are shown in Fig. 3 and Table 11,
where also general analyses are given. The general trend
of bromine concentration is a progressive increase from
the base of the Sedom Formation to the Subrecent and
Revent sediments. A break in the trend is noted at the top
of the Sedom Formation where there is a suckden decrease
followed by renewal of the upward trend (Fig. 3). Lt is of
interest to note that apart from geological data the bro-
mine value also indicates that the base of the salf sequence
has not been reached. The hromine values throughout are
{with only few exceptions) higher than those {30-5¢ ppm}
giver by Holser (1966} for the base of a rocksalt sequence
of marine origin. The bromine profiles of individual salt
units are nearly vertical with irregular variations (Figs. 4,
5). No notable brezk is seen in profiles in passing from
rocksalt of sal{ units to rocksalt and sand salts of shale
units. These profiles are mostly mtermediate between reg-
ular and irregular types (Holser, 1966). The bromine pro-
file of the Sk Sait Member, of the Sedom Formarion (Fig.
4) determined in Sedom 1 well shows bromine valoes
ranging from 80 to 150 ppm, peaks up to 330 ppm {median

reu e
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Figurs 3. Bromine retio in rocksalt of the Dead Sea Basin,

content 95 ppm). The bromine values in the Sm Salt Mem-
ber profile (Fig. 5) are somewhat higher, ranging from 40
t¢ 280 ppra, peaks up to 400 ppm (median content 130
ppm). There is no distinction between bromine values of
the sandy sait of the Sb Shale Member and those of the Sm
Salt Member (Fig. 5).

Bromine content of sylvite is ahout 10 times higher
than that of paragenetic halite (Braitsch, 1962). Neverthe-
less, the high bromine values in the rocksalt are not at-
tributed to disseminated sylvite, since the potasstum
concentration is generally less than 0.5% and rarely ex-
ceeds 1-2% (except for pockets of potassium minerals).
Furthermore, the higher potassium concentrations are not
necessarily correlated with the higher bromine peaks in
the profiles. Therefore, bromine contribution by sylvite
may be at most up to 10-209% of the bromine present.

The nearly vertical bromine profiles of the salt mem-
bers indicate a long term relatively fine balance of the
system influx-evaporation-reflux (Raup, 1966). Twe con-
spicuous rones of high bromine peaks are suggestive of
major approach to dessication.

The first zone in the Sm Salt Member is noted where

peaks in the profie (Fig. 5) probably indicate a rather
rapid high increase in salinity as a result of greatly re-
stricted influx of sea water or complete isolation. Return-
ing to a vertical profile in the upper part of the Sedom
Formation and in the Amora Formation probably indi-
cates restored influx of sea water into the basin.

The second zone is in the upper part of the Lisan For-
mation and in Subrecent to Recent sediments (Fig. 3} {see
also Neev and Emery, 1967). [t probably corresponds to
development of arid conditions, and is accentuated in the
shallow southern Dead Sea, which is intermittently cut off
from the northern, deeper basin.

Bromine content of salt in shale units determined on a
halite basis, is in the same range as that in the underlying
and overlying sait units {Fig. 3). This indicates that no
distinct compositiona} break occurred in the mother li-
quor except for dilution.

Bromine in diagenesis

Diagenesis in rocksalt involves recrystailization, which
in presence of liquid phase brings about redistribution of
bromine according to the distribution cocficient, between
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halite and solution. Thus, bromine content in recrystal-
lized halite depends on conditions of the system, the rela-
tive amounis of solid and ligumd phases involved and their
bromine pre-concentration. Bromine content in halite will
be more affecied the more open the system 18, for solu-
vons. Whether bromine content in halite will decrease or
increase depends on respective bromine content, low or
high, in the involved brine.

Deformation and recrystallization is known in rocksalt
of the Dead Sea Group, but generally bromine content
does not seem to have been appreciably aflected. It is
therefore concluded that recrystailization occurred in a
closed system with only a small volume of liquid phase
existing {Schwerdtner and Wardlaw, 1963),

Low bromine concentrations indicating diagenesis in
an open system, in presence of low bromine solutions, or
secondary cycle halite (Hlolser, 1966) are rare in the Dead
Sea Group. However, several phenomena do occur. In
some cases bromine values in outcrops are up to 1(-30%
lower than those in correlatable wells and quarries. This
could result from recrystallization ag or close to rock sur-
face, with fresh water involved. The lower bromine con-
tent in the outcropping SI Salt Member (Table 17 and Fig.
3} may be artributed to this fact,

Second cycle habite (Holser, 1968) with low bromine
contents, 28—60 ppm, are occasionally found in clear large
enhedral halite crystals at the surfaces of open foliation
cracks (see Fig. 3, height 176 m}, Second cycle halite with
a bromine content less than 13 ppm is found in recent
stalactites developing in caves and on hanging rocksalt
walls, On the other hand high bromine contents, 300 ppm
and highes, are found in efflorescent salts (see Raup,
19563, Both later phenomena are restricted to karstic fea-
tures.

Bromine in shale

Bromine and chlorine were determined in water soluble
salts from carbonates, sulfates and clays of the shale units
and interlayers within the salt vnits. The bromire ratios®
are inthe range 4.3 - 19(C1/Br 50-230), showing 2 general
trend of rising bromine up the section as is seen with
bromine in rocksalt. The spread of data within shale is
relatively wide and overlap exists between adjacent mem-
bers and formations {Table 11 and Fig. 6). The bromine
rarios ave much higher than in adjacent rocksal (0.2-0.6)
but comparable to ratios in brines from which these sakts
should have crystallized. It is therefore dssumed that these
sotuble saits originate from the connate brines from which
the adjacent evaporites have precipitated and no impor-
tant diagenesis or exchange reaction involving the Cl and
Br took place at least with regard to laminated carbonate
and marly sediments. Further analyses are required to
verify this assumption.

*For the purpose of abbreviation, bromine raife refers to
Br X 1063

& weight ratio.
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TABLE i1l

Suggested correlation of g&é;&{g weight ratios in brines, fresh water and salts.

i
:
H
:
5
r
i
i
H
;
3
13
1
H
£

'—"_ . Dead Sea and Lisan
Evaporation Stage Dead Sea Sedimants Amora Sadom “Normal Marine™
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Figure 6. Correlation of bromine weight ratios, in waters and salts of the Dead Sea Basin {diagram modified from Valyashka, 1956).
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Fig. 6 shows correlation of bromine conteni (and bro-
mine ratic) in connate salts within shales, with that of
rocksalt, as related to the evolutionary path of corre-
sponding brines and related salts of marine origin (Va-
lyashko, 1956).

Bromine and non-diagenesis. Diagenesis in the carbon-
ates and shales 1§ generally Lmited in the Amora and
Lisan: Farmations. This, however, is not the case within
the sulfates or shale units in the Sedom Formation, which
underwent dizgenetic changes to some extent, Non-dia-
genesis 1s inferred from the preservation of aragonite lami-
nae alternating with laminae of calcite, some aragonite
and clay and of halite, some containing specific concentra-
tions of CaCl,, MgCl, and K Ci salis. Thus, adjacent lami-
nae occasionally differ considerably in their bromine ratio,
which in halite is 0.2 - .6, in minerals of dessication 1.3
- 2.5, and in connate salts of interstitial mother liquor 4.3
- 19. The conservation of aragonite is considered as in-
dicating that diagenesis has been prevented (Katz et al, in
preparation). However, it is not suffictent to show arago-
nite conservation. as indicating non-diagenesis in dealing
with an evaporite environment. In sech an environment
concentrarion and composition of water saluble salts in
the laminae may change, though substitution of aragonite
by calcite might be prevented by Mg-rich percolating
brines. That this has not taken place is shown by the
distinet difference between salt composition of the differ-
ent laminag.

Saline waters

The bromine content was determined in water fram
springs, wells and brine seepages and the Dead Sea itself
(Fig. 1). Broming ratios ave in the range 3.3 = 27, grouped
around the mode values 3.7. 5.3, 7.4 and 12.5 (Fig. 6). The
highest ratios were determined in the density straiified
Dead Sea, 21(3380ppm) in the upper mass amd up to 27
(4700 ppm) in the lower mass (Bentor, 1961; Neev and
Emery, 1967).

In. Table III range and median bromine ravios for
springs and other water sources are given together with
ranges for connate salts, and calculated values for paleo-
brines (Fig. §). From this il may be seen that the Br/Cl
ratio in springs and other water sources ranges from that
of normal sea water, through progressively developing
brines from which halite was precipitated, to the Dead Sea
brines. No fromine ratips indicating halire dissolution are
noted in saline waters or connate salis of the Jordan Rift
Valley. Thus comparing the bremine ratios of saline wa-
ters to those of salts (Table I and Fig. 6), a direct correla-
tion is indicated.

SPECIFIC DEPOSITIONAL PHENOMENA

Single and composite rocksalt heds
Bromine content was determined in thin slices (1-2
mm and ep to 5 mm thickness) ground parailel to bediding

of rocksalt beds. The rocksalt occurs mainly in compasite
beds and in each single ded the bromine content increases
upwards (Fig. 7a and b} or remains uniform. Ne regularity
exists in the bromine content of successive single beds in
the same composite bed {Fig. Tc and d).

It is ussumed that single beds were deposited during a
single season, with progressive cvaporation and halite
crystatlization, and consequent increase in bromine con-
tent, Each single bed corresponds to one influx phase
controlled by varying degrees of evaporation. On the other
hand, it is assumed that the composite beds represent a
deposit resulting from several independent inflixes of
seawater irto the basin. This served as a method of deter-
mining top and bottom of rocksalt beds in the Sedom salt
diapir. The top and bottom relationships were verified by
observed indicative sedimentary structures in adjacent
shale units (Zak et al, 1968). The increase in bromine
content of a single bed is only within a narrow vange of
concentration necessitating repeated, closely spaced, de-
terminations to ascerfain the direction of increase.

Depthk of mother liguor

Kithn {1970, personal communication) analyzed some
of the data from single and composite beds and calculated
the depth of mother liguor applying his method. Using an
“anhydrite region” factor (Kithn, 1953} shallow depths of
the order of few meters were calculated to allow the depo-
sition of salt beds with the aforementioned bromine gradi-
ents. This conforms to field evidence which indicates
shallow depths with even occasional cxposure above water
level. Field evidence includes dessication polygons in the
salt section and ripple marks, land animal tracks and plant
remains in the shales.

Braitsch {1962) proposed particular environmental
limitations by which the water depth can be given for
stages of bromine concentration. That is only in condi-
tions of purely static evaporation of seawater or the evapo-
ration of fresh or partially concentrated influxes whick
restore the original sea level without refluxing of concen-
trated solutions.

Kihn's calcnlations are confirmed herein by sedimen-
tary structures existing in the DPead Sea Group and since
the Dead Sea basin was a long, narrow, shallow gulf,
Braitsch’s particular eavironment is also applicable.

Potassinm salts and dessication phenomena

High bromine peaks in halizes of the Dead Sez Group
are well within the zone of expected sylvite and also car-
nallite {Valyasbko, 1956; Raup, 1966}, Nevertheless only
rare occurrences of dispersed sylvite and pockets with
sylvite, carnallite and halite were found (Figs. 3 and 5).
Bromine content in the pockets (8501500 ppm) indicates
a possible related paragenetic origin for the minerals and
the host rocksalt. The accompanying bromine peaks, as
expressed in profiles such as Fig. 4 and § are narrow and
may easily be missed without detailed sampling. However,




Sedimentology and Bromine Geochemisiry

153

o <m
3{ y
Top of bed F——- - - e 9% :
- a
[ ]
2 [
™ 3 * .
[ ]
a
1 e *
Bottomn of bed 7k -~ e
. <
% . Bea0C < Brx000
. ; b : T ek ; e i
Botton of ded O a6 G20 o2s ) o G 020 021 CZ22 Cl
00 1‘1‘30 B¢ ppom )
a. ' b.
Single bed
C-!‘I"l
-r0p13l_‘____“__‘m —
Cm l
TOD 1C'h e e et e e e e i aar o IO
; "1——“““_—_“_"" L
5 c,[
S i R
!
Br <1000 t Br =< 1000
| ] | | I o 1 ] i | |
Bottom O™ 3ig 015 020 021 622 Cl Sottom O™~%i7 cig 1w 020 Ga <l
c. d.

Composite bed

Figura 7. Bromine ratio in composite and single rocksail beds of the Sedom Formation,

several characteristic features mainly refated to dessica-
tion episodes may be recognized in the halite approaching
4 high bromine peak and a zone of petassium minerals.
These include dessication polygons found in successive
teds; residuurn such as hematite and limonite flakes and
unconformable lenses of contorted beds of anhydrite and
clay which are probably residuals of zones which con-
tained highly soluble chloride minerais. Dessication is also
probably indicated by the oceurrence of MpCl,, CaCl,
K1 salts, concentrated in distinct laminae.

These dessication features are directly related to the

ezistence of potassium salts in the Sedom salt diapir. Seep-
ages of brines enriched in K, Mg and Ca chiorides found
in the Sedom salt diapir, however, probably indicate sola-
tion meramorphism of later salts, including potassium
salts, from deep scated zones. It is suspected, therefore,
that potassium salts were deposited to a greater extent in
the deeper parts of the basin.

SUMMARY AND CONCLUSIONS

The evaporiies in the Sedom Formation and probably
in the lower Amora Formation are of marine origin. Later
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evaporites were formed in a closed continental basin, with
some marine inflaxes. Much of the thousands of mevers of
rocksalt and shales were deposited in shallow waters and
occasionally exposed or underwent progressive dessica-
tion. Sedimentation in shallow depth with a high rate of
deposition, indicates rapid subsidence.

The bromine content in the rocksait, 40-600 ppm, s
within the range of salt of marine origin. Bromine profiles
are semi-reguiar, with occasional high peaks indicating
dessication cpisodes, with a paragenetic association of
potassinm salts. Bromine profiles of rocksalt do not show
any distinct break in passing from salt units into shale
units. Also bromine in connate salts of supposedly intersti-
tial brines in the shales conforms to that of adjacemt rock-
salt, as expected by its distribution between brine and
halite. Rhythmic lannation in the rocksalt is considered
to be due to scasonal changes in the rate of evaporation of
sea water and rate of circulation with the open sea. Slower
rate of halite precipitation or mcreasing rate of shale sedi-
mentation is explaimed by restriction on influx of sea water
into the basin, being balanced, or also induced, by land
water, giving rise to cychic sedimentation.

Bromine content in rocksalis indicates marine origin
for the chlorides, even in sediments of accepted continen-
tal origin. This is explained by the inherited thick se-
quence of marine chioride sediments with interstitial
brines. These, through compaction, diagenesis and
metamorphism, serve as the source for an important guan-
tity of recycling chlorides, which contain bromine, of ma-
rine like composition. Thus, a more useful way for
distinction between marine and closed inland lake would
be the mass and ratios of carbonates, sulfates, chlorides
and detrital sediments in the basin as compared to prove-
nance lithology in the catchment area on one side and to
marine evaporites on the other. Therefore, under condi-
tions such as those of the Dead Sea basin (Fig. 1) a distinc-
tion between sediments forming a sea gulf and an inland
basin would be mainly by the relative abundance of halite
and carbonates respectively. Sulfates though mostly of
marine origin nevertheless are in part land derived, from
older marine deposits, and therefore are of secondary sig-
nificance. Shales are of even less significance as they are
land derived in both inland lake and sea guif evaporitic
ENVIronments.

The occurrence of seasonal laminae enriched in CaCl,
salts, which are thought to be products of Mg==Ca ex-
change in calcareous formations (Loewengari, 1962,
Loewengart and Zak, in preparation), is considered to be
indicative of a closed infand basin environment, entirely
cut off from the sea. Similar CaCl, salt occurrences are
found in Lower Cretaceous cvaporite sequences on both
sides of the Atlantic Ocean, in the coastal regions of Ser-
gipe {Brazil) and Congo and Gabon {West Afriea) (Ward-
faw, 1972).

Potassium salts appear only rarely in the studied sedi-

menis of the Dead Sea Group, though expected on basis
of occasional high bromine concentrations. H is suspected
that potassium salts were deposited to a greater ectent but
are restricted to the deeper parts of the basin, as a result
of shrinking of the brine level down from the shoulders,
during periods of partial dessication. Possibie burial of
considerable masses of potassium salis in the Dead Sea
basin is suspected due to potassium depletion relative to
Br and Mg in the Dead Sea mother hiquor. This can be
explained by solution metamorphism of deep seated car-
nallite into sylvite. The sclutions enriched in MgCl,, KC)
and also CaCl, are recycled to the Pead Sea.
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