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Brines and
Evaporites

Peter Sonnenfeld
Department of Geology
University of Windsor
Windsor, Ontario N9B 3P4

Abstract

Evaporites are precipitated in marginal
bays from hypersaline brines generated
in an arid climatic regime and replen-
ished by a sustained surface influx of
waters. The resulting density stratifica-
tion leads to an entrapment of solar
energy in the brine, a depletion of
oxygen and an enrichment in organic
matter. A continucus bottom outflow
flushes those compounds not found
adequately represented in the sedimen-
tary record of the evaporite basin. The
vertical sequence of precipitates is
reversed either in cooler years or by
tectonic causes, andis always a func-
tion of inflow velocities dictated by the
need to marntain a common sea level
with the open ocean.

Resumé

Les évaporites sont précipitées enbaies
marginales par des saumures hypersa-
lines, qui sont engendrées par unregme
climatique ande et gui sont remplies
d'une influxion des raux soulénues a la
surtace. La stratification par densite
prend au prege d'énergie solaire dans la
saumure. épuise I'oxygéne et enrichg la
matiére organique. Ces sels sont nét-
toyés avec une chasse dun effluve
continu au fonde. quine se trouve pas
proportionellement dans la colonne
sédimentaire du bassin évaporitique. La
sequence verticale des précipités est
intervertée dans les années plus
fraiches ou par des causes tectoniques
Elle est taujours une fonction des
velocités de l'influxion commandées par

la necessité de conservir un niveau
commun avec I'océan.

Introduction
Hypersaline brines form only in bodies of
water where rates of evaporation ex-
ceed or balance the rates af replenish-
ment of the water supply. Evaporite
deposition is a function of available
suitable brings reaching saturation. A
few saline lakes located on exposed salt
domes or in abandened open pit salt
mines seem to contradict this rule, but
they merely lead to leaching and locat
redeposition of already precipitated
halite, not to the formation of an
essentially new evaporiie body.
Continental evaporite deposits are
lacustrine sediments commonly richin
sodium and magnesium carbonates and
sulphates, with relatively subordinate
scdium chloride. Calcium compounds
are rare. Marine evaporites are usually
much larger in volume and comprise an
initial calcium carbonate and calcium
sulphate precipitation which is then
augmented by dolomitization of precipi-
tated aragonite and calcite and by
precipitation of sodium chloride. Eventu-
ally further concentration of the brine
can produce hydrous potassium and
even magnesium sulphates and chlo-
rides. It is the physics and chemistry of
the hypersaline brines which dictates
the nature of the precipitate. Therefore,
it1s desirable toreview the character-
istics of natural brines as they affect
sediment genesis.

The Characteristics of Natural Brines

An and or serni-and clmale is required.
In order to generate saturated hypersa-
line brines in a bay or gulf, the evapora-
tion losses must be greater than can be
compensated for by runoft and rainfall
The higher the rate of evapeorationinan
area, the smaller s the rainfall and the
tewer are the nvers, rainforcing the
aridity of the area. Most present and
fossil evaporites. however, were not
generated inthe heart of the desert
regions but on their margins, in areas of
along dry summer season and a brief
winier rainy season.

There must be a sustained influx of
waters. A water-filled depression pro-
ceeds to dry up if the evaporationlosses
are greater than can be compensated
for by runoff and raintall. This1sthe case
in many continental hypersaline lakes.

83

which are ephemeral, existing for a
while, dry up and then revive only
seasonally. The volume of evaporite
deposition in them is relatively small.

The new influx of water enteringinto a
completely dried up pan immediately
redissolves some if not all of the
precipitated salts, ieaching out first the
most soluble ones. i.e., the ones precipi-
tated last. Only where a sustained inflow
from outside balances evaporation
losses and maintains a free water level,
can a hypersaline brine exist per-
ennially and continue to precipitate
salts. Thick evaporite deposits are thus
invariably the result of a sustained influx
of water, such as ocean waters flowing
into a bay.,

Bay circulation s climate dependert.
If the embayment is situated in a humid
climate, i.e., a climate where runoff and
rainfall produce a water surplus, the
outflow of excess water is of lower
salinity than the main body of water and
floats out on the surface. At depth a
compensaling inflow maintains equilibri-
um. This is today the case in Hudsen
Bay. the Baltic Sea. the Black Sea, the
Sea of Okhotsk. as well as in afl fiords.
Onthe other hand, if the embayment is
situated in a semi-arid or arid climate,
l.e. a climate where runoff and rainfall
are insufficient to match evaporation
losses, the resulting water deficit lowers
the water level and ocean waters enter
in order to maintain a common sealevel,
These ccean waters then override the
heawvier brine.

The inflow sets up an outliow. Inflowing
and gradually cvaporating surface wa-
ters set up an interface with bay waters
inclined towards the entrance The
hottom waters then flow “downhill”
along this inclined interface. inflowing
waters thus sel up a compensating
outtlaw at depth Present-day examples
include the Persian Gulf and the Medi-
terrancan Sca. Interostingly. the latter
reverted from a water surplus type of
circulation during cooler Pleistocene
times to a water delicit type in Holocene
times when evaporationrates agan
increased (Mars. 1963. Vergnaud-
Grazzini and Bartohni, 1970: Valette,
1972: Huang and Stanley. 1973 Huang
el al. 1972, Sonnenfeld, 1975a).
Incoming waler s sel up a density
stratiication (pycnociine). Whenover a
free water level can be maintained
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throughout the year. the incoming new
waters do not mix to create a homo-
geneous body of hypersalineg brine, but
ticat on top of the denser waters,
provided that the density difference s al
ieast 15 g/l {Sonnenfeld and Hudec.
1978a). This holds whether we are
dealing with river inflow or with saltwater
influx from adjacent cpen seas. Such a
density stratification persists until the
new layer has evaporaled for the maost
parl. Laboratory experiments by the
author showed that a mixing zone
establishes itself almost instantly, but
the downward advance of the interface
hetween mixing zene and uncontami-
nated hypersaline brine (the pycnochine)
15 slower than the downward displace-
ment of the air-water intertace by
evapcration losses, even at a very
moderate (400 mm per annum) water
deticit. Even stroeng winds cannot induce
an overturn (Maxim, 1936. Dzens-
Litovski, 1968 Hudec and Sonnenteld,
1978),

Density stralification prevents oxygena-
tior. The hypersaline bring, separated
from the air-water interface by surtace
waters, quickly depletes its oxygen
supply However, the well oxygenated
upper layer teems with life wherg an
annual generation of uptc 50 g of
biomass per htre of water has been
observed. Brine shrimp, diatoms,
schools of minnows, zoo- and phyto-
plankton abound in addition to vanetios
of algae and bactena. In a fossil setting,
Sturani (1973) found a desiccated eelin
Messinian evaporites in northern ltaly, a
great distance from the nearest shore
The eel did not voluntanily enter the
concentrated brine, but presumably was
enticed into the upper layer by the ample
food supply. was then killed or died by
accidentally dropping below the inter-
face Into the anaerchbic, highly hygros-
copic hypersaline brine.

The concentrating brine becomes
progressively more inimical to hfe
causing the death of salinity-sensitive
(stenohaline) torms. Such mass extinc-
tion has. indeed. been observed beneath
Messinian evaporite deposits in the
western Balearic Sea (cf. Sonnenfeld.
1977). Benthonic and nektonic biota are
reduced tc a very few endemic forms
hampering correlation 1o areas outside
the basin. Only surface waters remain
full of plankionic lite.

Any organic compoundfalling through
the chemocling can no longer be
oxidized. It can be entrapped in the
bitumingus shales and imestones that
are so often tound interfingering with
evaporites on the basin margins Not all
organic compounds are caught onthe
bay floor inimpervious beds. some
fraction probably can advance with the
brines into aguiters.

The frequent occurrence of pinnacle
reefs growing in an evaporite basin.
particularly near the basin entrance
(Sonnenfeld, 1973), can only be ex-
plamed by active growth above the
interface between anaerobic hypersa-
hne brine and cxygenated surface
waters. Lower levels of the pinnaclereot
consist of dead reef growth, at times
even infilled with evaporite minerals
(such as the salt-filled vugs in Silunian
reefs of Qntario) Whether in a given
instance the reefs died before evaporite
precipitation or were still concurrently
growing with it. can only be decided by a
study of the uppermost layers of a
pinnacle reet.

incoming waters can set up a thermal
stratifcation fa thermochne). The sur-
face layer absorbs sun hight and returns
this energy 1o the atmosphere through
evaporation and back radiation Solar
radiation penetrating the interface into
the hypersaline brine {the chemochne)
15 trapped up to 89 per cent (Hudec and
Sonnenfetd, 1974) and Is converted into
thermal energy. This gives rise to hot
hypersaline brinesin all latitudes he-
tween 80°N ang 80”5, even under ice
cover on the lower salinity surface layer

(Sonnenteld and Hudec, 1978a) Temper-

ature differences across the interface
(thermaocline) of 30-40°C have been
measured by the author in Caribbean
and British Columbia localities (Hudec
and Sonnenteld, 1378). Others have
measured the absolute temperature

of the hypersaline bnine to be as high
as 105°C, induced entirely by solar
radiation (Z. Weinberger, 1977, pers
commun.).

The more concentrated the brine. the
slower is 1ts rate of evaporation and thus
the lower are the evaporative heat
losses of absorbed solar radiation.
Precipitation also releases thermal
energy: per unit volume. the crystalliza-
tion of halite releases five times more
heat than gypsum. sylvite three imes
more than halite. Hydrous magnesium

and potassium sulphales and chionde-
sulphates release even higher amounts
of stored thermal energy Precipitating
salines always contain warmer waters
than undersaturated ones.

The heating of the mixing zone from
helow reinforces the permanence of the
density stratification {Sterri, 1878). 1115
thus stratification which prevents large
scale convection currents, overturning
and homogenization of the brine, or the
mixing in of almosphenc oxygen The
consequence is reducing conditions
withinthe precipitating layers of the
brine {Hudec and Sonnenfeld. 1978)
The current sapropel depoesition in the
Gulf ot Cariacou in Venezuela andthe
eastern Mediterranean Sea are exam-
ples of how the surface circulation
prevents oxygenation ol bottom waters

The bay must have an entranca sif to
restrict passage of wilers A highrate of
evaporation is not enough to produce
saturation of brines in a marine bay
Despiterates of evaporationin excess of
5000 mm/year, neither the Persian Gulf
tapart frormn restricted marginal lagoons)
nor the Red Sea currently precipitate
salts from solution. Even shghtly con-
centrated brines in these embayments
simply slide out into the open ocean and
spread at the level of their density
equilibrium The submanne delta of
Mediterranean waters extends at a
depth of about 1.200 mto Brazil and
southern Iretand and prevents the
upwelling Canary Current reaching the
surface within the environs of the Strants
of Gibraltar However, monthly observa-
tions at Gibraitar show that the inflowas
considerably larger than the outflown
June - November, when evaporation
losses are high The outflow only
manages to catch up againinwinter and
spring when less inflow is requiredto
raintain a commaon sea level
{Qvchinnikov, 1975).

A sill s required to restrict the in- and
outflow; this was recognized by Ochse-
mus (1878, 1888) a century ago. Since
an evaporating basin tries to mainlain a
common sea level with the ocean, the
rate of inflow is controlled by the cross
sectional area of the entrance passage
and by the evaporation losses. The latter
are the product of the rate of evaporation
and the surface area of open waltersin
the basin. The larger the basin or the
higher the rates of evaporation, the
greater the influx velocity. If the en-
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trance constriction maintains a constant
profile, then only inflow drag will inhibit
and can ultimately prevent the outflow.

The Kara Bogaz Gol is fed by
brackish waters of the Caspian Sea, a
remnant of the much larger Late Tertiary
Paratethys Sea (Sonnenfeld, 1978). Its
sediments contain about three times as
much sulphate as normal marine eva-
porites do, depicting the substantial
contribution ot river waters in Holocene
times to the chemistry of the Caspian
Sea. The Kara Begaz Gof had a bottom
outflow at the beginning of this century.
Earthquakes reduced the entrance
profile and increased rates of evapora-
tion accelerated the rates of inflow, by
the early thirties no more outflow was
measured, although a bottom counter
current still flows inside the Kara Bogaz
Gol. Progressively more soluble salls
started to be deposited year by year as
saturation in the trapped waters in-
creased. Atthe same time the surface
area of openwaters shrank substantially
around the edges (for discussion cf.
Sonnenfeld, 1974). However, the world-
wide cooling trend in mid-century
reduced the rates of evaporation and
thus the water losses. Eventually the
precipitation of highly soluble salts
ceased and gypsum again spread out
over much of the gulf bottom along with
sodium suiphates (Kolisov et al, 1974)
just as had been the case around the
turn of the century. No reductionin area
occurred since 1958.

The waters i a bay are subject to
Corislis effects. The horizontal compo-
nent of the Coriolis effect forces the
inflowing currentto hug the basin rim
before sinking and flowing out from the
centre. Thus precipitates of low sclubility
are normally tound nearer tc the rim of
the basin and are coeval with precipita-
tion of other saltsin the centre.

The vertical component of the Coriclis
effecttiits the brine interfaces, sothatin
the northern hemisphere they dip east-
and southward. Conseguently, embay-
ments on the northern and western
shores can entrap bottom brines with
lower sills; embayments with evaporite
deposils are more frequent aleng these
shores. In the northern hemisphere this
effect partially counteracts the tilt in-
duced by surtace waters tlowing in over

an entrance passage located onthe
western or southern shore of the
embayment and thus slows down any
bottom outflow inthat direction. It
enhances the tilt for outflow to the north
and east.

Based onthese and other oceanogra-
phic considerations a model of brine
circulation was evolved { Sonnenfeld,
1974, 19754, ¢, d) thatis not too different
from Ochsenius’' (1878, 1888) ideas.
More prominence is merely giventothe
continuing cutflow and to the effects of
the Coriolis force (Fig. 1}.

The onset of saturation for different
evaporite minerals is a function of time.
We canreduce the parameters involved
in evaporite generationin a basininto a
simple material balance eguation,

ls, +Rsg+Ps,=Ae+0s, (1)
whereby | and O are volumes of
inflowing and outflowing waters per unit
oftime, R and P are the volumes per unit
oftime ot runoff and atmospheric
precipitation respectively, s, s, Spand
sparethe appropriate densities of the
different waters, A the surface area of
the embayment and e the prevailing rate
of evaporation (volume per unit area and
time}, which slightly decreases with
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decreasing vapour pressure of a con-
centrating brine,

Astne inflow increases, it carries in
more salts; as the outflow is depressed,
less salts are allowed to exit. Eventually
the solute balance tilts in favour of the
inflow, producing the following inequality
(the density of evaporating water ap-
proximated at 1),

[i(s,~ 1} + R(sp = 1) +P(sp - 1)],

> [Of{sg - 1)] {(2)
where! ..., |, indicates average values
over timet. If for a unit of time t. the
incoming volume of salt (albeit in weak
concentration) is greater than the
volume of salt flushed out, the concen-
tration of the brine keeps increasing.
Thereafter it is merely a question of time
until saturation is achieved.

Since the salt content of runoff and
rainfall is small in comparison to the salt
content of inflow and outflow, the
inequality (2) can be reduced to

[i{s," D} >[Ofso-1],  (3)
without incurring a great error. From thisg
we can calculate that, for example, by
the tme the basin reaches halite
saturation the volume of inflow must be
almost 5.2 times the volume of outflow
per unit of ime.

<——  surface current
e bettom current

threshold
Ibiogenic or other)

Figure 1

Model of evaporite genesis by inadequate
water exchange. A low-density surface
current carnes more sainity per unvt of time
into the basin than s discharged by the
outflowing bottomn current. The current
interface 1s depressed in the south, while the
current drecton is controfied by the Corioits

effect Concentration s controfled by incre-
ments i water loss (rale of evaporation x
surface area) per unit of time and by the
reduction of Cross sectional area over
entrance swell. Rising inflow velocity in-
creases drag and reduces outliow. Both flow
directions persist as iong as thereis a
common sea level. (Sonnenlfeld, 1974, 1975
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To salurate a brine takes longer, the
greater the volume of water to be
saturated The more time required, the
more likely it is that climatic conditions
will change. For the volume of the
present Medilerranean Sea with a
maximum depth of 5 km, it was calcu-
lated (Sonnenfeld, 1974) that 650,000
years would be required to allow the
present annual water deficit 1o produce
a gypsum precipitating brine. A body of
water of the same area, but with enly 500
m maximum depth weuld require amere
65.000 years. The end-Miocene (Messi-
nian) Mediterranean Sea was larger
than the present one by embayments in
Lombardy, Provence, Roussillon and
Catalonia, as well as encroachments
onto coastal Yugoslavia, Albania and
the Suez area. According to Ogniben
(1957} it took 90.0C0 years to accumu-
late the several Messinian evaporite
cycles which include gypsum, halite and
even potash salts now outcropping in
Sicily. Judging from the Quaternary
history of the same area, il becomes a
matter of probabiities, how long climatic
conditions canremain constant. Abasin
of any size can theoretically reach
saturation, but the bigger the inihal
volume of water the less probable it
becomesthat saturation can bereached
hefore climatic conditions undergo a
change. That inhibits the formation of
salt bodies in very deepwaters, Schmalz
{1969) visualized a deep water model
with hopper crystals forming at the air-
waler interface. This would require the
whole brine body to have reached
saturation It1s most unlikely that
climatic conditions could remain con-
stant for the required amount of time.
The initial salinity of the inflow need not
be great. The Kara Bogaz Golis fed by
brackish Caspian waters. With an influx
of lower salinity more time is required to
reach saturation than with an inflow of
normal salinity. However. the time
reguirement can be significantly re-
duced f the waters are first pre-
concentrated. Such may have beenthe
case with Silurian waters that entered
the Michigan Basin from the Ohio Basin
through the Chatham Sag Artificial brine
ponds use pre-concentration to precipl-
tate gypsum separately from halite

When the brine becomes saturaled for
gypsum, precipilation starts over nearly
the whole basin. Denser brines then

begin to accumulate in the deeper
depressions within the basin, that is, the
parts subject 1o highest rates of subsi-
dence. When saturation for halite s
reached, additional incoming waters
have to go first through a stage of
gypsum saturation, continuing to
precipitate gypsum along the path of the
tongshore current. This sets up lateral,
shoreward facies changes from halite te
gypsum. When saturalion {or potash
salts is reached, the same shoreward
facies changes are set up sothat halite
and gypsum become lateral equivalents.

The deepest parts of the basin are the
sites of potash accumulation. The
deepest part of the basin is that portion
which experiences the highest rate of
subsidence. Densest brines slide by
gravity into these depressions. The
removal of a given guantity of water from

progressively more concentrated brines,

whether by evaporation or by hygros-
copic desiccation precipitates progres-
sively larger volumes of salt (Sonnen-
feld, 1974). When concentration has
reached the stage that potash beds
form, they are generally thicker than
halite beds and these are thicker than
gypsum laminae. Furthermore halite and
potash beds are never found near the
rims of the basin, but in the deeper parts
and are laterally and vertically in contact
only with evaporite minerals of lower
solubility.

Since the sclubility of potash com-
pounds 1s very temperature-sensitive,
most of the potash precipitation would
occur in that penod of the year whenthe
hypersaline brine cools down. Thatis not
necessarily the winter ime when the
rainy season reinforces the surtace
layers of low salinity. It may well be the
time of maximum evaporation losses.
when density differences betweenthe
hypersaline brinc and surface waters
get minimized and the brine returns 1o
ambient temperatures because the
thermocline has been destroyed. The
appropnate season depends onthe
thickness of the inflowing current.

Throughou! the period of inCreasing
concentration of the brine. some outfiow
is maintained toflush oul excess
magnesium salts and to reduce the
amount of potash compounds presentin
solution. when compared to halite. No
evaporite basin contains the evaporite
minerals inisochemical proportions as

calculated from seawater. | the velume
of potash deposits is computed for any
fossil evaporite basin, it shcws a gross
deficiency if compared o the volume of
precipitated halite. In turn. there is
disporportionately less halite than gyp-
sum or anhydrite. All basins are very
grossly deficient in magnesium salts.
This can only be explainedif we allow for
some outflow to continue flushing the
basin after precipttation of evaporite
minerals has commenced. This denser
outflow depletes the brine of heavier
compounds of higher solubility. Magne-
sium chlorides and sulphates accumu-
late only when the cutflow is practically
stopped and this is a rare cccurrence in
evaponte basins.

Wetler years, cooler years, i.e., years
with iesser waler delicil in the embay-
ment, altow the continuing inflow to
reduce the salinity of the biine. Areverse
order of precipitates sets in. The bring is
still saturated for halite and precipitates
any further incoming sodium chloride in
solution. when it no longer precipitates
potash salts. It still continues to precipi-
late incoming gypsum when it 1s no
longer saturated for halite. Inflow and
outflow rates are thereby dictated by the
size of the entrance prefile and the
magnitude of the water deficit.

Catastrophic dilution of the brine 1s
only possible by tectonic events, such
as substantial widening of the entrance
strait. Eventhen a simple calculation
shows that it would take millenniato drop
the saiinity of a body of water of the size
of the Elk Point Basin or the Mediterra-
nean Sea from maximum concentration
1o normal salinity. Theres then ample
time 1o have potash deposits covered by
halite and for halite in turn to be covered
by newly precipitated gypsum and this
by carbonate Once a gypsum COVer is
established. cven exposure torain and
runoff does not readily redissolve the
salts. as shown by the presence of
Triassic anhydrite boulders inMessimian
gypsiferous sandstones of Zante
(Zakynthos Island, Greece: Dermitsakis.
1978, pers. commun) or the several
Paleozolc gypsum occurrencesin Al-
berta, on Cape Breten Island or in NE
Ohio. all of which are either exposed or
locally covered by 1-2 m of Lale
Wisconsin glacial dnft

The frequently observed reverse
order of precipilation towards the roof of
an evaporite deposit and the frequently
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observed basin-wide intercalations of
lower-solubility salts (such as anhydrite
layers separating lower from upper
halite beds, or dolomite layers lined by
anhydrite and sandwiched between salt
members) are thus the sedimentary re-
cord of the oscillating climatic conditions
and of the oscillating rates of evapo-
ration over the millennia. Once a brineis
saturated, precipitation produces very
large quantities of evaporites. Unlessthe
rates of subsidence are rapid, the basin
fills up and no thick evaporite sequences
can form. When the basin fills up, the
final gypsum layers bear the marks of at
least intermittent subaerial exposure.

When rates of subsidence within the
basin increase, the brine is diluted by the
increasing inflow trying to maintain a
common sea level between embayment
and open sea. Rates of rapid subsidence
in turn mark tectonically active areas,
those where an unsupported crust is
foundering along high angle normal
faults such as the Neogene Mediterra-
nean Sea (Sonnenfeld, 1978). If rates of
subsidence exceed rates of precipita-
tion, the water depth in the basin is
increasing, its salinity decreasing. This
results in a reverse order of precipitates
similar to the one produced by lowered
rates of evaporation, ending notin an
erosional surface but in open marine
sediments deposited in waters of normal
salinity. Only detailed stratigraphic cross
sections across an evaporite basin can
differentiate between the basinward
thickening of individual units due to
excessive sag as opposed to the
thickening of salt beds covered by a
nearly uniform thickness of gypsum and
dolomite in a basin of moderate or
constant subsidence but oscillating
climate

Groundwater does not enter the hyper-
saline brine, but may surface as spring
water near the shores of the basin.
Groundwater is normally of lower den-
sity than a hypersaline brine and thus will
be displaced by the brine in subsurface
aquifers in analogy to saltwater en-
croachment in coastal freshwater aquif-
ers. Inthe Danakil depression of Eritrea,
the drainage of all residual brines, after
seasonal seawater flooding and halite
precipitation, occurs through ground-
water aguifers backtothe sea, but below
Red Sea level, exiting there as hot
brines, Similarly, perennially added sea

water to a closed, gypsum precipitating
lagoon inthe Venezuelan Antilles does
not lead to even halite saturation
because of a continuous subterranean
transudation through porous beds into
the nearby sea (Sonnenfeld et al, 1977;
Sonnenfeld and Hudec, 1978b).

The Masada fortification, built by King
Herod high on the cliffs overlooking the
Dead Sea depression, had to gather the
very meagre rain waters for its people,
since no water table of potable ground-
water could bereached by drilling, either
then or now. Between Mediterranean
seawater encroachment at depth be-
neath a Ghyben-Herzberg lens of
freshwater inside the Judaean Hills, and
Dead Sea brine encroachment from the
east, potable drinking water pinches out
at Masada (Fig. 2). Sulphurated salt
springs emerge at the foot of the moun-
tain some distance north of Masada.

Evaporite basins cannot be considered
as groundwater sinks; subsurface drain-
age with high piezometric head may exit
as surface springs, only to desiccate in
one of the wadis of the coastal plain.
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Eventhen it must be counted as runoff
entering the basin area. On the other
hand, the advancing encroachment of
magnesium enriched bitterns from the
evaporite basin sets up a mixing front
with the formation waters in the aquifer
(Fig. 3). This advancing mixing front can
react with the wall rock of the aquifer.
Such mixing fronts between
magnesium-rich bitterns and lower
salinity formation waters could be
considered as agents of secondary
dolomitization (Sonnenfeld, 1964; Folk
and Land, 1975). The higher the con-
centration of the brine, the greater is the
pressure it exerts on interstitial fluids in
adjacent subsurface aquifers andthe
lower is the need for surface outflow.
The heavier hypersaline brines probably
lose all their magnesium and most of
their potash bitterns through subsurface
drainage into aquifers, rather than
through surface outflow over a sill. High-
salinity fronts are very common in the
subsurface aquifers (for an Alberta
example see Fig. 12 in Sonnenfeld,
1964).
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Gypsum precipitates only if there is an
outside oxygen supply. Gypsum precipi-
tation requires four oxygen atoms for
each molecule. Since hypersaline
brines separated by a low-salinity layer
from the air-water interface are anae-
robic, they cannot supply the required
oxygen. Algae growing within the photic
zone of the anaerobic brine could be a
probabie source of the required oxygen,
but then gypsum would be {in a way) an
organic depostt, restricted to the photic
zone. This has not been sufficiently
investigated in view of the very low
solubility of oxygen in hypersaline
brines.

The Meteor cruise recovered gypsum
from anaerobic sapropel cores of the
eastern Mediterranean Sea only when
the cores were not immediately washed
upon recovery. Similarly, hypersaline
brines from a gypsum precipitating
lagoon in Los Rogues, Venezuela,
promptly preciptaled gypsum upon
addition of sulphuric acid or even of
hydrogen peroxide. In both cases
evidently. the sulphur and calcium were
present in solution. the oxygen lacking.
Originally the Dead Sea yielded only
shallow-water gypsum in the photic
zone (Neev and Emery, 1967). However,
deep-waler gypsum commenced 1o
form after the nearby potash works
started to dump very dense residual
magnesium bitterns well aerated in a set
of drainage canals As heavy brinesthey
sank, carrying the dissolved oxygen with
them to the bottom of the Dead Sea.
Conversely, gypsum replacement of
oxygen proeducing algal stromatolites
has been observed in recent sediments
of Caribbean islands {Sonnenteld ef af,
1976), in the Suez - Red Sea area
(Grabau, 192C) or in Messinian evapor-
ites (Nesteroff, 1973) in the Mediterra-
nean region.

Chloride based brines are concentrat-
ing base metals whereas continental
sulphale brines do not (Sonnenfeld et al.,
1976, 1977; Hudec and Sonnenfeld,
1978). Some cf these base metals enter
the crystal laitice of gypsum, others are
distributed through the gypsum laminae
in point form. Upon conversion of
gypsum to anhydrite the base metal
content is lost, presumably leaving with
the bound crystal waters (Sonnenfeld
and Hudec, 1975).

The model of a deep dry basin for
evaporite genesis is now seriously
questioned evenin its type area, the
Mediterranean region. This model was
first evolved to explain the unexpected
encounter of end-Miocene (Messinian)
evaporites in driling through the bottcm
of the Mediterranean Sea. Hsu et af
(1973) assumed that the evaporiles now
found at the bottom had been deposited
there thousands of metres below pres-
ent sea level. They did not consider that
the evaporites had been dropped there
by later tectonic events which would
have been alsoresponsible for elevating
them above sea level in Sicily, Albania,
Greece and elsewhere There are
undisturbed sedimentary contacts be-
tween underlying normal marine, rea-
sonably shallow-water Tartonian sedi-
ments and the hypersaline environment
of Messinian evagorites; inturnthere are
in many ptaces. undisturbed sedimen-
tary contacts between Messinian eva-
porite horizons and overlying normal
marine Plliocene sediments, leaving no
room for a desiccated deep basin or
related catastrophic events (Fabricius
elal. 1978).

The model of a deep dry basininlhe
Mediterranean Sea at first glance ap-
pears to be supported by the occurrence
ot Pho-Quaternary canyons and related
turbidites (Hsu et a/, 1973). However,
canyons of equivaient age occur onboth
sides of the Atlantic Ocean, as welt asin
other oceans (Sonnenfeld, 1975a).
Mediterranean canyons have been
rejuvenated in Plic-Quaternary times
(Nesteroff, 1973). Today. turbidites
occur inwaters of 40 to 100 m depth in
Lake Mead and L.ake Geneva. both
freshwater lakes. Increasing density of
the water lowers the requirement ot
minimum depth, since the bucyancy of
incoming materials is increased. Thus
turbidite deposits are feasible in hyper-
saline brines of much shallower depth
than in freshwaters and are affected by
the density stratification, but are not by
themselves indicaters of any great
depth. Moreover, in hypersaiine brines
the terrestrial clays flocculate, fioat for a
while on the pycnochne and spread oul
pasinward, while coarse silts and sands
sink to the floor much more slowly than
in lower salinity waters.

Messinian (end-Miocene) evaporites
occur today in the Mediterraneanregion
1,500t0 3.000 m above sea level in
central ltaly, southeastern Turkey and

Tunisia, but are found 3.000 to 4,000 m
below sea level under the Mediterra-
nean Sea. However, the configuration of
the Mediterranean Sea is a modern
phenomenon. Various investigators
have found that the Alboran Sea {Pfan-
nenstiel, 1975), the Tyrrhenian Sea (Selli
and Fabbri, 1971}, the lonian Sea
{Fabricius and Hieke. 1977; Mueller et
al. 1978), the Aegean Sea (Neumayr,
1886} and the Nile Abyssal Plainin the
southern Levantine Sea (Hsu et af.,
1973) are Plio-Quaternary collapse
features, some as young as mid-
Pleistocene. Such drops translate into
rates of subsidence of 2-5 mm/year
{Sonnenfeld, 1975a, b), probably com-
posed of periods cf rapid subsidence
and periods of relative stagnation.

The Mediterranean region has re-
mained a tectonically very unstable
area The current rate of burial of
Miocene evaporites under the lower Po
River sediments isin excess of 130
mm/year, yet the Po delta advanced
7 m/yeartc 1700 AD. and 12 m/year
since then (Ceolantoni et af, 1978, and
pers. commun.): the city of Ravenna, the
main naval base of the Romar emper-
ors. 1S now many km inland. Conversely.
both Alps and Caucasus are rising 15to
30 mm per annum and western Crete
4 mm per annum (Fleming, 1978} The
upliit of Messinian rocks in Tunisia or
southeastern Turkey from a putative sea
level posthion would have had the same
rate but a higher rate if we assume an
initial position below current sea level

If changes in efevation have affected
Messinian evaporites in post-Miocene
time inthe order of 3,000 tc 5000 m
down or 2.00010 3.000 m up, thereis
then no need to assume that they were
onginally deposited several thousand
metres below present sea level and that
only upward displacements have taken
place. A mode! of evaporite genesis that
cannat be unequivecally proven 1o have
generated the evaporites inits “type
area”. can then not be transplanted to
other evaporite basins.

The Eik Point Basin has riot been a deep
ary basin, {ater ilied with evaporites, as
first suggested by Hsu et al. (1973).
There is no abrupt facies boundary
evident between an older set of basin-
flank sediments and the younger eva-
porites. The former were not at one
time standing as steep walls during an
interval of non-deposition and desicca-
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tion preceding the infill of this depression
by the younger sediments. It is not too
difficutt to draw very detailed gamma-
ray-log cross sections across the Elk
Point Basin, showing the interfingering
facies changes of individual bed se-
quences towards the axis of the basin.
Each sequence of evaporites ends with
evidence of a filled basin capped by
open marine carbonates. These were
then sometimes subaerially exposed
and partiafly eroded before further
subsidence renewed the cycle.

Conclusion

Evaporite deposils depict the properties
of hypersaline brines from which they
had been precipitated. Hypersaline
brines, in turn, are the product of an arid
climatic regime over an embayment,
and arestricted entrance passageto it.
The Corialis force affects the inflow as
does the necessity to maintain a com-
mon sea level with adjacent open seas
in the face of different rates of subsi-
dence. A continuous outflow flushed
those compounds not found adequately
represented in the sedimentary record
of the evaporite basin.
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