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Evaporites

ALAN C. KENDALL

Sohio Petroleum Company

50 Fremont Street

San Francisco, Galifornia 94105

INTRODUCTION

Evaporites are rocks composed of min-
erals that form by precipitation from
concentrated brines (Table 1). Concen
tration necessary for this precipitation is
generally attained by evaporation at the
air-water interface but can also be
achieved by brine freezing or by subsur-
face processes such as ion-filtration of
residual connate fluids. The usual
source for aerially-extensive evaporite
deposits is seawater, but saline ground
waters are the sources of many smaller
evaporite deposits in continental set-
tings. Evaporite minerals may precipi-
tate within a saline water body, at the
brine surface, at a sediment-brine inter-
face, or interstitially within the sediment,
either beneath a body of brine or sub-
aerially. They may develop anywhere
there is a substantial deficit in the water
budget due to evaporation. Many eva-
porites are not strictly primary precipi-
tates. but are diagenetic minerals
emplaced within non-evaporite sedi-
ments. Still others are diagenetic
replacements of true primary
precipitates.

Evaporites can be viewed in terms of
two classes of modeis: 1) sedimentary
maodels that refate structures and tex-
tures to hydrodynamic and other depo-
sitional parameters, and 2) post-
depositional models that relate present
mineralogical compositions to the
physico-chemical environments of
diagenetic processes. Because evapor-
ite deposition is controlled mainly by
physico-chemical parameters and
because many changes occur during
early diagenesis (where they are con-
trolled by depositional settings), the dis-
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Table 1
Major Constituents of Marine Evaporites
Sulphates
Anhydrite CaSO
4
‘(_Bypsum . CasSo, 2H,0
angbeinite KaMg, (S0.),
quyhgllte K.CaMg (S0,),2H,0
Kieserite MgSO,H,0 :
Kainite KMg (SO,)C1-3H,0
Clorides
Halite NaCi
Sylvite KCl
Carnallite KMgCly6H,0

A fuller listing of evaporite minerals can be found in Stewart, 1963,

tinction between the two classes is
blurred. This paper discusses sedimen-
tary models but will mention diagenetic
changes when these are early, or when
the origin of the diagenetic change is
disputed.

Evaporite Models

Four main factors make evaporites
probably the least suitable of sedimen-
tary rocks for facies modelling.

1) Only recently have evaporites
been considered as sediments
rather than just chemical precipi-
tates. The initial success of the
chemical approach caused this to
dominate evaporite studies and
only recently have sedimentary
aspects been stressed. For many
evaporite deposits therefore, the
basic data upon which facies
models are based is lacking. When
models have been constructed
they all too commonly have been
based upon a few occurrences.
Thus distillation of essential from
local details may be far from com-
plete. The chemical approach has
also generated a host of deposi-
tional models based upon theoret-
ical concepts of seawater evapora-
tion but which ignore
sedimentological evidence. These
cannot rightly be considered
facies models, yet these aspects
cannot be ignored.

2) Observations upon evaporites
may be limited. Only rarely are
unaltered evaporites exposed in
outcrop. Most evaporite studies
are confined to subsurface
materials - cores or mine open-
ings. Drilt cuttings rarely provide
enough information. For many
poorly sampled evaporite units the

E-Y
~

gross three-dimensional charac-
teristics are established but inter-
nal details (upon which facies
modelling depends) are poorly
known,

Areas of present day evaporite
deposition comparable in size with
those of the past are absent. The
Holocene transgression has not
been conducive to the formation
of large-scale evaporitic environ-
ments. Ancient evaporite deposits
reach stratigraphic thicknesses
and aerial extents up to two or
three orders of magnitude greater
than those forming today. It is
uncertain whether or not modern
small depositional areas (or even
artifical salt-pans) are fully repre-
sentative. Thus the opportunity to
utilize modern sediments to con-
struct facies models is either
denied to us or is controversial.
Lastly, but most importantly, eva-
porites are most susceptibie to
wholesale post-depositional
change. The solubility of evaporite
minerals, the tendency for meta-
stable hydrates to be precipitated,
and the susceptibility of many
salts to flowage under burial condi-
tions, are features unique to eva-
porites and have the common
result of obliterating originat
sedimentary characteristics during
diagenesis. The profound efiects
of these changes mean that some
evaporites are better considered
metamorphic rocks than sedi-
ments. Recognition of primary fea-
tures and formulation of deposi-
tional models for many evaporites
may thus be impossible. The situa-
tion with respect to many bittern
salt deposits is most extreme for
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they commonly lack any vestige of
original fabrics, structures or min-
eralogy. They commonly are also
the products of diagenetic/meta-
morphic processes rather than
being primary sedimentary
accumulates. There is a corres-
ponding dearth of facies models
for these deposits.

In the light of these four factors itis
hardly surprising that basic disagree-
ments exist about almost all aspects of
evaporite genesis. Most significant
amongst them are whether basin-
central evaporites were deposited in
deep or shallow water, and whether
many evaporite structures and textures
are of primary or post-depositional
origin.

There is probably not a single Holo-
cene depositional environment that is
strictly analogous to those that gener-
ated most ancient evaporite sequences.
Although there may be many similari-
ties, there are always one or more
aspects (commonly scale) that cannot
be fitted into the analog scheme. The
technique used to interpret ancient eva-
porites is to take items of information
from several modern settings and reiate
them to their ancient counterparts.

No single facies model can be applied
to so heterogeneous a grouping of
rocks as the evaporites. A persistant
dogma since the 1960s that evaporites
represent deposits of supratidal or
sabkha environments became much too
one-sided. Yet today we face the danger
of the other end of the pendulum, for
some supratidal evaporites appear to be
interpreted as subaqueous on insuffi-
cient grounds.

Given the correct environmental con-
ditions, evaporites can mimic most
other sediment types. There are eva-
porite turbidites and oolites; ‘reefs’
composed of huge gypsum crystals that
formed mounds standing proud of the
basin floor, and shallow-water clastic
evaporites that resemble in texture and
sedimentary structure their clastic or
carbonate equivalents. Since evaporites
may exhibit detrital as well as crystalline
precipitate textures, these sediments
constitute one of the most variable of
sedimentary rock groups.

Evaporite minerals may form only a
minor component of some deposits
(isolated gypsum crystals in continental
redbeds would be an example) and
these are best considered part of other
facies modeis.

At the present day, areas of sufficient
evaporation (and negative water bal-
ance) to cause evaporite deposits to
form are present between 10 and 40°
north and south of the Equator (sub-
tropical high-pressure atmospheric cir-
culation zones). These zones have been
wider in the past, particularly during
periods of low sea level. The presence
of evaporitic sodium sulfate deposits in
seasonally-frozen lakes in Antartica and
Western Canada deomonstrate that
negative water balances are not exclu-
sively a condition of low latitudes.

DEPOSITIONAL ENVIRONMENTS OF
EVAPORITES

Evaporite sequences have been gener-
ated in a variety of geographic settings
(Fig. 1): 1) coastal intertidal and supra-
tidal environments (marine sabkhas),
2) lagoons on coasts, 3) large basins,
with brine level below sea-level and
marine inflow; brine level within the
basin may be high (giving deep-water
evaporites) or low, and 4) non-marine
interior basins. These environments
may be present in a wide spectrum of
tectonic settings. They occur within

1) continental margins and shelves,

2) interior cratonic basins of varying

COASTAL
SALINA

CONTINENTAL
SABKHA-PLAYA

(Fluvial-Lacustrine)

INTERDUNE
(Eolian Dominated)

COASTAL SABKHA
{Marine Dominated)

Figure 1

Environments of evaporite deposition in con-
tinental and coastal-sabkha settings. Dia-
gram courtesy of C.R. Handford.




depths and 3) rifted continental margins
- in which case evaporites may be pres-
ent in areas that are now oceanic.

Of the many possible environments
of evaporite precipitation, five major
categories (or regimes) were identified
by Schreiber et al. (1976) with a further
subdivision in each category as to
whether the evaporites are calcium sul-
phates or halides (with or without com-
plex sulphates) (Fig. 2). Regimes grade
into each other such that the identifica-
tion may depend more upon associated
facies than upon internal characteris-
tics. Continental sabkha deposits com-
monly are internally identicai with
coastal sabkha deposits, differing only
by being inserted within continental
deposits. Furthermore, the degree of
restriction required to generate halite
and/or subaqueous sulphate deposits
ensures that all these environments
have some of the attributes of the con-
tinental regime. Distinction between
large hypersaline inland lakes and par-
tially desiccated small seas can be a
somewhat academic exercise. - -

Three main environmental groupings
are recognized here: continental, coas-
tal sabkha, and subaqueous marine.
Many ancient evaporites were depos-
ited subaqueously within enclosed and
hypersaline basins. The primary
composition, textures and form of these
subaqueous deposits are now only par-
tially understood because, in part, so
few hypersaline water bodies occur at
the present day for study; none of them
of large size.

The ongins of small, thin evaporite
deposits and marginal-marine evapor-
ites composed of numerous super-
imposed sabkha cycles are readily
discernabile. In contrast, the formation
of vast, thick, basin-central evaporites,
some which cover millions of square
kilometres and exceed several kilo-
metres in thickness or which may
directly overlie oceanic basement, pres-
ent very different problems.

Some authors suggest that the enor-
mous evaporite deposits form by lateral
and vertical accretion within deposi-
tional environments similar to those of
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Figure 2

Summary of physical environments of eva-
porite deposition and the main facies present
{modified from Schreiber et al., 1976).
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the present time (in supratidal flats,
lagoons and salinas; Shearman, 1966;
Friedman, 1972) whereas others con-
sider that the great difference in scale
between recent and ancient deposits
requires explanations that are drastic
departures from the present day set-
tings of evaporites. They suggest either
that precipitation occurred from vast
bodies of hypersaline water (Schmalz,
1969; Hite, 1970; Matthews, 1974), or
that evaporites were precipitated on the
floors of desiccated seas (Hsu et al.,
1973).

Theoretical models, which were deve-
loped to answer the major composi-
tional problems posed by large evapor-
ite bodies, must be integrated with
evidence from rock textures and struc-
tures (facies models). Unfortunately this
integration is not yet possible because
of basic disagreements concerning the
depositional paleogeography of evapor-
ites, and because many evaporite rock
characteristics still have to be studied in
detail or have disputed origins. Many
evaporites are not just passive chemical
precipitates or displacive growth struc-
tures, but are transported and reworked
in the same ways as siliciclastic and
carbonate deposits. For these sedi-
ments, sedimentary structures are a
maijor key to unravelling the facies and
will be emphasized here. Internal char-
acteristics of evaporites alone can pro-
vide the necessary information about
depositional environments. The most
pressing environmental concern has
been, and still is, the depth of water in
which evaporites form.

Schreiber et al. (1976) recognize
three main environmental settings for
subagueous evaporites. These are iden-
tified on the basis of sediment charac-
teristics, believed to reflect the depth at
which deposition occurs. Criteria used
include: 1) structures indicative of wave
and current activity, identifying an inter-
tidal and shallow subtidal environment;
2) algal structures (in the absence of
wave and current-induced structures),
which are believed to identify a deeper
environment but one that still resides
with the photic zone; and 3) widespread
evenly-laminated sediments (rhyth-
mites) that lack evidence of current and
algal activity (perhaps associated with
gravity-displaced sediments), and char-
acterize the deep, subphotic
environment.

Considerable difficulty exists in using
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the presence or absence of algal and
current-structures as relative depth indi-
cators, Because stromatolites com-
monly grow in protected, quiet-water,
shallow environments, the absence of
current structures from algal-bearing
sediments is no criterion of greater
depth. In addition, the photic limit in
hypersaline waters probably always
occurs at shallow depths, because sus-
pended organic residues (preserved
because of the poorly-oxygenated
nature of brines), surface nucleated and
floating evaporite crystals, and numer-
ous anaerobic bacteria (commonly red
in colour) all reduced light penetration -
sometimes to depths of only a few
decimetres. Such turbid brines also trap
radiant heat and may reach tempera-
tures of up to 90° C; another adverse
environmental factor that will inhibit or
curtail aigal growth.

The presence of widely-correlatable
laminations is not a definitive feature of
deep-water environments because such
laminations have also been found in
evaporites that were deposited in sub-
aerial, but ephemeraliy flooded,
environments.

For these reasons, only two sub-
aqueous environments are here distin-
guished; the deep-water-environment
characterized by the presence of lami-
nites and gravity-displaced sediments
and the shallow-water environment that
represents a plethora of subenviron-
ments which, as yet, are poorly
characterized.

CONTINENTAL EVAPORITES
Evaporites formed exclusively from con-
tinental groundwaters are not com-
monly recognized in rock record. Many
evaporites formed in continental set-
tings were derived partly from marine
input, but it is difficult to identify the rei-
ative importance of continental and

marine influences. Compared with sea- .

water, river waters are generally richer
in calcium bicarbonate and calcium
sulphate than sodium chioride. Non-
marine evaporites thus commonly con-
tain sodium carbonates (such as trona,
Na,CO4NaHCO42H,0) or sodium sul-
phates (such as mirabilite,

Na,S0O, 10H,0). The presence of these
minerals, which are not precipitated
from seawater, is evidence that non-
marine waters were important in the
evaporite basin. An association of eva-
porites with alluvial fan and fluvial dep-

osits, aeolian sediments, redbeds and
lacustrine carbonates ail suggest non-
narine origins.

The rarity of continental evaporites
(particulariy pre-Tertiary) also reflects
the ephemeral nature of many evaporite
minerals in the depositional environ-
ment. Many are recycled or moved
upwards at the same rate as sediment
accretion and are thus non-
accumulative. Their former presence
may leave evidence in the form of crys-
tal moids or disrupted lamination.

Continental evaporites occur in saline
soils and as sedimentary bodies in cen-
tral parts of playa (continental sabkha)
basins, particularly in association with
playa lakes. With the possibie exception
of gypsum crust (gypcrete) which forms
in the same manner as caliche (cal-
crete) but in more arid areas, the
accumulation of pedogenic evaporites
is unlikely to be preserved in the rock
record. Watson (1979) describes several
proposed origins for gypsum crustin
areas peripheral to hot deserts.

PLAYA (CONTINENTAL SABKHA)
EVAPORITES

These evaporites, whether precipitated
from brine lakes or emplaced within
desiccated sediments, are usually pre-
cipitated in the lowest areas of enclosed
area drainage basins - environments
that are characterized by almaost horiz-
ontal and largely vegetation-free surfa-
ces of fine-grained sediments (Figs. 3
and 4). These base-level plains are a dis-
tinctive feature of arid regions and are

given many different names (sabkha,
sebkha, playa, saljfiasgan, chott). The
name playa is emplagéd here for these

features. Playa evaporites are one com-

ponent of a complex of different suben-
vironments, of which Hardie et al. (1978)
recognize 10: 1)alluvial fan,

2) sandflat, 3) mudflat, 4) ephemeral
saline lake, 5) perennial saline lake, 6)
dune fieid, 7) perennial stream flood-
plain, 8) ephemeral stream floodplain, 9)
springs, and 10) shoreline features. Sed-
iments deposited in subenvironments 1,
6, 7, and 8 are covered in other chapters
of this book.

Alluvial fans at basin edges trap most
coarse detritus so that only the finest
material is carried into the basin. Apart
from sheetwash flow during storms,
water circulation is generally confined
to the subsurface although ephemeral
or-perennial streams may cross the
playas.

- At the base of-the fans occurs a flat
sandy apron where the braided chan-
nels of the fans lose their identity and
sheetflow during flooding-events is the
dominant depositional process. Sedi-
ments are planar and wavy-laminated
sands (Fig. 5a) which may become
cemented by carbonate or gypsum if
groundwaters are already concentrated.

Some playas have water tables so
deep that no groundwater discharge
occurs at the surface. These playas
possess smooth, hard and dry surfaces
and evaporites are commonly lacking.
Most evaporites accumulate within
playas where groundwater discharge

A . CALCITE:

CEMENTED

GRAVELS DOLOMITIC

= CYCLIC

PLAYA MUDS

PLAYA-LAKE
EVAPORITES

Figure 3

Schematic block-diagram showing depo-

sitional framework in the Playa Complex
model (after Eugster and Hardie, 1975).



Figure 4

View to the west over Bristol Dry Lake (Cali-
fornia ) toward alluvial fans. Photograph cour-
tesy of C.R. Handford.

Figure §
A) Flaser-bedded clastic playa sediments
with clay drapes (5 cm coin for scale).

B) Contorted gypsum and red mud (5¢cm
coin for scale). Both photographs from Bris-
tol Dry Lake and courtesy of C.R. Handford.
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occurs and this may be: 1) indirect,
caused by capillary rise, evaporative
pumping or evapotranspiration by
phreatophytes from a shallow water
table, or 2) directly from the water table
(perennially or seasonally at the playa
surface) or from springs. Many playas
are equilibrium deflation-sedimentation
surfaces with topography controlled by
the water table level and its gradients.

The closeness of the water table to
the surface allows great evaporative loss
and concomitant concentration of pore
fluids. Playas are thus sites of brine for-
mation irrespective of the salinities of
peripheral groundwaters that feed into
them. The brine type and the mineral-
ogy of evaporites that precipitate are,
however, dependent upon the chemical
composition of the groundwater supply.

Hydrographic lows on the surface
may be occupied by perennial or sea-
sonal bodies of shallow water (piaya
lakes), fed directly by groundwater
seepage, by springs or by accumulation
of storm waters. Playa lakes exist only at
times when water input (precipitation
and inflow) is less than the water tost by
evaporation. The latter is dependent
upon climate, water salinity and the
geometry of the water body.

Continuing evaporation and evapo-
transpiration generate a pronounced
groundwater concentration gradient
towards the basin centre or along the
flow paths taken by the groundwater.
Saturation with respect to calcium and
magnesium carbonates is reached at an
early stage, causing precipitation of
calcite cement and caliche layers in
alluvial fans, or of soft micron-sized high
Mg-calcite and protodolomite in playa
fringes, or of travertines and pisolitic
caliche when precipitation occurs from
surface waters associated with peri-
pheral springs (Fig. 7A). Deposition on
playa flats occurs as a mud because
sediments here are kept permanently
moist by the groundwater discharge
(Eugster and Hardie, 1975). The car-
bonates shouid be considered evapor-
ites because they form in exactly the
same manner as gypsum and more
saline minerals further into the basin.
Together with any detrital sediments,
the carbonate muds are transported
toward the basin centre by storm sheet-
floods which imparts the laminated or
cross-laminated (Fig. 7B) structure. This
lamination, however, is also continu-
ously being disrupted and destroyed by
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Figure 6

Red dolomitic mudstones with anhydrite
pseudomorphs after gypsum crystals.
Watrous Formation, Saskatchewan. Probable
playa flat deposit. Slab 9 cm wide.

further groundwater discharge (creating
porous ‘putty-ground’ surfaces), by the
growth and dissolution of ephemeral
evapcrite crystals and crusts, and by
episodes of surficial drying that cause
extensive and multiple mud-cracking.
Mine tailings on playas have been des-
troyed by these processes in less than
50 years.

Hardie et al. (1978) distinguish
between two types of mudfiat. The first,
(the dry mud-flat) lying closer to the
basin edge is characterized by preserva-
tion of sedimentary structures (Fig. 5a),
whereas in saline mudtlats all structures
are destroyed by growth of evaporite
crystals (Fig. 6). Dry mudflats are com-
monly covered with thin saline efflores-
cent crusts and are composed of lami-
nated sediments which may be partially
disrupted by mudcracks, sheetcracks
and saline mineral growth.

Removal of the less soluble mineral

A

Figure 7

Anydrite (after gypsum crystals) displacing
(and replacing?) pisolitic caliche in (A)and
possible laminated dolomite-calcium sul-

phases (Ca-Mg carbonates and calcium
sulphates) profoundly modifies the
groundwater composition and thus the
sequence and type of saline minerals
that will precipitate in the basin centre.
A mineral zonation is formed with the
most soluble minerals located at the
most distal parts of the groundwater
flow and segregated from the less solu-
ble phases.

Drying of the playa surface may
cause sediment deflation. Gypsum crys-
tals, precipitated displacively in the
uppermost playa sediments, are con-
centrated as lag deposits and may be
swept together to form gypsum dunes.
Surficial gypsum may also dehydrate to
bassanite or anhydrite and, in some
playas, calcium sulphate is emplaced
directly as nodular anhydrite that is
seemingly identical with that in coastal
sabkha environments (Fig. 5b).

Efflorescent crusts of saline minerals

phate playa flat deposits in (B); both from the
Whitkow Anhydrite (Prairie Evaporite Forma-
tion; Middle Devonian), Saskatchewan. Slabs
about 9 cm wide.

accumulate on playa surfaces during
groundwater discharge and evapora-
tion, or by the evapaoration to dryness of
ponded stormwaters. Because evapora-
tion is rapid and complete, the crusts
include metastable and highly soluble
salts. Rain and storm waters dissolve
the most soluble saline minerals of the
crusts to form concentrated, but chemi-
cally ‘simple’, brines that owe their
highly modified compositions to this
fractional dissolution. Ultimately these
brines, which are dominated by only
one or two major solute species (e.g.,
NaCl, Na,SO, or Na,COs), reach the
basin centre.

Evaporite crusts may reach 30 cm or
more in thickness. Continual growth of
salt crystals causes great volume
increases and formation of salt-thrust
polygons (and other types of patterned
ground) or highly irregular surfaces
with relief perhaps reaching several
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Figure 8
Cores exhibiting upward passage from dis-
placive halite (haselgeberge j—some crystals

with hopper morphology—into bedded halite
with thin anhydrite and clay faminae.
Sequence marks the change from a saline

mud fiat to a salt pan deposit. Lotzberg Satt,
northern Alberta.
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metres.

Even the salts that initially survive dis-
solution by storm waters and become
buried are ephemeal if underlying
groundwaters are undersaturated.
Upward movement of the less saline
water dissolves the salt crust and repre-
cipitates it at the new surface. Towards
the basin centre groundwaters become
increasingly saline and calcium sul-
phate and even halite may become sta-
ble in the sediment. it is important to
note that minerals in surface crusts do
not necessarily reflect the character of
evaporite minerals that are preserved in
underlying sediments. Many fine-
grained dolomitic red-bed sequences,
such as *he Keuper of Europe and the
Watrous-Amaranth-Spearfish Formation
of the Williston Basin (Fig. 6), probably
represent deposits of these evaporitic
but essentially non-evaporite-
preserving environments. Halite within
playa sediments has been described
from modern environments by Gornitz
and Schreiber (1981) and Handford
(1982), but the details of its precipitation
are still unclear. Smith (1971) described
displacive halite in Permian red mud-
stones which he interprets as forming in
a playa flat. Euhedral to subhedral halite
cubes occur in abundant matrix but
with increasing halite content the matrix
becomes discontinuous, then confined
to isolated polyhedral pockets as the
halite becomes a near-continuous inter-
locking mosaic (Fig. 8). In more coher-
ent sediments, however, halite occurs
interstitially, as veneers around sand
grains or as skeletal ‘hopper’ crystals
(Fig. 9) - the last mentioned sometimes
assuming extreme forms.

Playa lakes lie at the termination of
groundwater flow paths and also accept
concentrated brines formed when over-
land flows dissolved efflorescent crusts
on the playa flats. These ponded
brines continue to suffer evaporation
and saline minerals are precipitated on
the brine surface, at the brine-sediment
interface and, perhaps also within the
bottom sediments to form bedded
crystal-brine accumulates. The charac-
teristics of these accumulates are sim-
ilar to those of marine-derived sub-
aqueous evaporites.

Shallow playa lakes expand enor-
mously duning flooding events so that
the saline mudftats, and perhaps parts
of the dry mudflats, become inundated.
Sediment deposition during such times

is largely the result of “settle-out” after
the turbulence of the floodwaters sub-
sides, giving rise to laminae of mud
(which may be reworked by waves) that
become disrupted by saline crystal
growth and mudcracking as the evapo-
rating lake retreats. Bacterial reduction
of sulphate to produce H,S and iron
sulphides in the mud layers makes them
black and anaerobic. Blue-green algae
may bloom in the freshened lakes to
form lake-bottom mats. However, these
form after sedimentation has occurred.
As the lake siowly evaporates and
shrinks in size, the ponded brines even-
tually precipitate halite or trona.

In the saltpan single storm sheets
thus result in deposition of a couplet of
a thin mud layer (mm-scale, iron-
sulphide-rich) overlain by a thicker crys-
talline salt-layer (upper part of Fig. 8).
Repeated storms will superimpose cou-
plets upon each other, aithough con-
tinued growth of salt crystals from
groundwater after the lake completely
dries up may destroy this bedding.

Evaporation in perennial playa lakes
(lasting all year) produces an orderly
succession of saline minerals with the

" more soluble overlying the less soluble.

Freshening of lakes after storms or dur-
ing the ‘wet’ periods dissolves the
uppermost, more soluble minerals if
water mixing is complete (as in shallow
lakes). In deeper playa lakes the brine
may become stratified with less saline
water overlying a denser, more saline
brine which protects the salt-layer from
dissolution.

The crystat accumulates become
exposed to the air during ‘dry’ episodes

Figure 9
Displacive halite hopper crystal in dolorite.

Souris River Formation (Upper Devonian),
Saskatchewan. Core is 12 cm across.

in many shallow playa lakes. The inter-
locking salt crystais have high porosities
and interstices between crystals are
occupied by saturated brine. The salt
surface is kept moist by evaporative
draw and by precipitation of dew on
hydrophilic salt surfaces during coid
nights. The evaporation rate falls to
values as low as 1/170th of the rate from
standing bodies of the same brine, and
thus the brine level rarely drops more
than a few metres beneath the surface.
The crystalline surface is dissected by
salt-thrust polygons and much eolian
dust is trapped on the rough and damp
surface. During ‘wet’ episodes or sea-
sons, lakes are flooded by storm waters
which dissolve surficial salts and intro-
duce clastic material. Since new saline
material is introduced during such
times, generally less salt is dissolved
than was precipitated during preceed-
ing ‘dry’ seasons. Evaporation during
the suceeding ‘dry’ period creates a new
salt layer. Each salt layer is thus largely
composed of recycled material. Layers
are separated by mud partings com-
posed of detrital material introduced by
storm waters and the eolian sediment
deposited on the emergent salt
surfaces.

The order of salt deposition in ephe-
meral playa-lake deposits is commonly
not that which would be predicted by
the theoretical crystallization sequence
from the brine. More soluble saits are
found beneath less sotuble, forming
‘inversely stratified’ salt deposits. Such
sequences form because: 1) the more
soluble salts in surface layers are dis-
solved duning iake-flooding episodes,
and 2) concentrated, dense brines
created by evaporation during the
emergent episodes sink through the
crystal accumulate and displace the less
concentrated brines, which emerge to
the surface, there to cause further disso-
lution of more saline phases. it is from
the descending, dense brines that the
permanent, more saline salts precipi-
tate. They must be regarded as early
diagenetic additions. Density mixing of
brines during emergent phases proba-
bly also encourages the replacement of
metastable by stable minerals and the
recrystallization of earlier formed salt; it
thus contributes towards the early
diagenetic lithification of the sait de-
posit. These effects are absent or less
efficient within deposits formed from
permanent brine lakes.



Perennial saline lakes, that persist for
tens to thousands of years without dry-
ing up, require substantial perennial
inflow, usuaily a large river which
keeps the lake supplied with water,
solutes and clastic sediment. Solutes
may also be supplied by springs, and
flashfloods introduce clastic sediments.

Evaporation occurs from the lake sur-
face and creates a concentrated surface
brine within which saline minerals
nucleate and grow. The concentrated
brine and the saline crystals sink toward
the lake bottom and less-dense and
less-concentrated inflow floats in over
the brine, there to suffer evaporation.
Unless the entire brine is saturated
throughout, however, the crystals will
dissolve before reaching the lake bot-
tom. This will increase the brine concen-
tration until, ultimately, the crystals no
longer dissolve and begin to accummu-
late on the lake floor.

The minerals that precipitate from the
surface waters depend upon the evapo-
ration/inflow ratio, the chemical com-
position of the inflow and the stage in
history of the lakes. If evaporation only
slightly exceeds inflow, only minerals of
low solubility (for example, alkaline
earth carbonates) will be precipitated;
but in order to precipitate a highly solu-
ble mineral (such as halite) not only
must the evaporation/inflow ratio be
higher, but also the bottom brine must
be dense enough to support the con-
centrated surface brine for a sufficient
time to allow it to become supersatur-
ated with respect to the saline material.
If the bottom brine is not dense enough,
the surface brine will sink before satura-
tion is reached.

A lake that suffers a progressive
decrease in its inflow will show a pro-
gressive change in chemical sedimenta-
tion from low to highly soluble salts. In
contrast, a perennial lake that experien-
ces a short-term decrease in inflow may
experience no change in precipitation
because the change in evaporation/in-
flow ratio is not matched by a sufficient
change in the concentration and den-
sity of the lake brine which would allow
more soluble precipitates to formin the
surface brines.

Perennial saline deposits are lateraily
continuous, comprising saline mineral
layers and clastic (mud) partings.
Because evaporation is normally con-
tinuous throughout each year, the layer-
ing does not represent annual varves.

Instead it appears to result from non-
periodic storm-influxes of mud that
interrupt, or punctuate, the continuous
rain of chemical sediment. Some clastic
influxes could be seasonal, but are
more likely to be irregularly spaced.
Thicknesses of chemical layers are
normally fractions of a millimetre for
carbonates; several millimetres for gyp-
sum laminae and thin beds of several
centimetres for halite.

Where organic matter has accumu-
lated in the bottom sediment, interstitial
brines undergo sulphate reduction so
that suiphate minerals dissolve. Gyp-
sum precipitated from surface brines of
the Dead Sea is absent in the bottom
sediments. Sulphate reduction may
result in the precipitation of iron sul-
phides, calcium carbonates or
phosphate.

Variations in the Playa Model

Climate, groundwater source and com-
position, and the size of the playa com-
plex are the main factors that dictate the
type and distribution of evaporites
within the playa setting.

A) Geologic/Geographic Setting. Three
main settings are distinguished by
Hardie et al. (1978), each characterized
by associations of subenvironments.

1) Rain-shadow tectonic basins, like
the block-fault desert basins of the
western U.S.A,, where there is
both arid climate and hydrologic
closure. The environment is char-
acterized by huge alluvial fans and
salt-encrusted ephemeral saline
lakes ringed by narrow dry-
mudflats and sandflats. Inflow into
the lake is confined to ground-
water influx and ephemeral storm
runoff.

2) Wide shallow basins, which are
dominated by ephemeral stream
flood plains and dunes. Large
areas become episolicaily inun-
dated by ponded floodwaters
which slowly evaporate, precipitat-
ing a saline crust. Complete desic-
cation gives rise to a salt pan (per-
haps only one hundredth the area
of the innundated region) fringed
by a saline mudflat. The Lake Eyre
basin of Southern Australia is a
recent example of this association.
Perennial lakes, supplied by per-
ennial streams, vary considerably
according to the steepness of the
basin flanks. Steep-sided basins
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with perennial lakes (e.g., Dead
Sea) are unlikely to change into
ephemeral lakes and accumulate
massive evaporite deposits. In
contrast, wide basins have shallow
perennial lakes (e.g., Lake Chad;
Great Sait Lake, Utah) and
decreased inflow rates cause sig-
nificant lake shrinkage, exposing
large parts of the lake bottom, or
may cause the lake to dry up
completely, converting it into an
ephemeral lake.

B) Climate. Temperature influences
evaporation rate but may also control
the type and sequence of salt deposi-
tion more directly (Fig. 10). For exam-
ple, in warm climates brines may precip-
itate halite before any sodium sulphate
is deposited as thenardite (Na,SO,).
Lakes in colder climates (as in the
Prairie Provinces) precipitate mirabilite
(Na;S0,10H,0) prior to halite.

Water input into the playa basin
determines whether evaporites will pre-
cipitate and be preserved or not. They
accumulate only at times when the
water budget is a negative one. The his-
tory of playa lake complexes is one of
alternating wet (pluvial) and dry (arid)
conditions with corresponding trans-
gressive, freshened, non-evaporite-
precipitating lakes and regressive
(shrinking) saline lake or dry playa
stages. Pluvial phases (Fig. 10) are
marked by partial to complete dissolu-
tion of earlier formed salts, by deposi-
tion of basal transgressive conglomer-
ates and beach deposits over former
playa flat deposits, and by deposition of
non-saline lacustrine sediments (among
which oil-shales may be conspicous).
Increasing aridity (Fig 10A) is recorded
by shrinkage of the lake area, a
decrease in lake depth, and an increase
in salinity ultimately leading to bedded
evaporite deposition.

Climate changes may also be
reflected in non-lacustrine playa sedi-
ments. Widespread rhythms of increas-
ing evaporite content in red, dolomitic
mudstones and siltstones of the Keuper
(Upper Triassic) of Europe can be inter-
preted as indicating gradual reductions
in the water influx to the depositional
site and a corresponding increase in the
persistence of evaporites in the sedi-
ments (Wills, 1970). Simitar cyclic-
Keuper sediments (aiternations of lami-
nated and structureless
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mudstone/siitstones; dry mudflat-
ephemeral halite saline mudflat depos-

its?) have recently been beautifully
documented by Arthurton (1980).
Cycles, however, are attributed to eus-
tatic control (with sea-level perhaps
controlling groundwater residency and
concentration?).

Playas fed by artesian flow or from
rivers may possess water tables that are
Jocated higher than those of neighbour-
ing areas. Groundwater moves and
becomes compositionally modified
towards the basin-edge - in directions
opposite to that in the ideal model.
Mueliler (1960) has shown that saline
waters from the Andes evaporate on the
floor of the central valley. Residual
brines containing nitrates and iodates
move upslope through the soil of the
coastal mountain slopes by capillary
migration and eventually evaporate to
complete dryness.

C) Groundwater Composition. The
mineralogy of salts precipitated in
closed basins is controlled by the
groundwater composition which, in
turn, depends mainly upon the rock
types in the source area and their mode
of weathering. Commonly the evaporite
minerals are similar to those precipi-
tated from oceanic waters (hence the
difficulty of distinguishing between
them) and there is a predominance of
alkaline-earth carbonates and various
sulphates. This reflects the dominance
of the same ions (Ca, Mg, Na, CO;,
HCO,, SO,, Ch), but they may be in dif-
ferent proportions from those in sea
water. Such differences are most evi-
dent when the more saline salts are pre-
cipitated. Commonly calcium, sodium,

and bicarbonate are present in excess,
leading to precipitation of salts such as
pirssonite (CaCO4Na,CO52H,0),
gaylussite (CaCO4Na,C0O;5H,0), and
trona (Na,CO4yNaHCO;2H,0). When
groundwaters are sulphate-rich then
(dependent upon the dominant cations)
glauberite (CaS0,'Na,SO,), epsomite
(MgS0,7H,0), bloedite
(MgS0O,Na,SO,4H,0), thenardite
(Na,SO,) and mirabilite (Na,SO, 10H,0)
may be precipitated. Variation in playa
and playa-lake mineralogy constitutes
a vast field of study, one that cannot be
discussed here. Reference should be
made to Hardie and Eugster (1970) and
Eugster and Hardie (1978).

D) Groundwater Source. It has been
assumed that groundwaters move
radially from the hinterland, converging
toward the basin centre, which also
marks the hydrographic low point of the
basin. Flow is also assumed to be essen-
tially horizontal and shallow subsurface
(except during storms). This produces a
concentric pattern of increasing
groundwater salinity and a ‘bulls-eye’
pattern of salt deposition (more saline
salts in the centre, Fig. 11). When the
deepest part of the basin floor is not
centrally located, or when groundwater
enters the basin from one side, this ideal
pattern is disturbed and becomes
asymmetric. The compositions of brines
in lakes fed by rivers are not modified by
the prior precipitation and retention of
less saline salts in peripheral playa flats.
These brines retain their carbonate and
sulphate contents and low-solubility
salts may precipitate within the lake.
Consequently there is less mineral

segregation in river-fed than in
groundwater-fed playa systems.

Chaotic and disturbed sediments with
irregularly distributed salt ienses occur
beneath playas fed by artesian ground-
water. The rise of less saline water dis-
solves previously deposited evaporites
except where they are protected by
impermeable clay seals. Removal of
deep-lying salts resulits in localized sub-
sidence, creation of depressions occu-
pied by small playa lakes and pools, and
deposition of small, isolated salt
deposits.

E) Size of the Playa Complex. Much of
the surface water introduced during
storms will reach the basin centre in
small playa basins. Lakes will thus
exhibit many cycles of salt dissolution
and precipitation and the efficiency of
leaching salts from playa flats will be
high. In contrast, storm waters may not
reach playa lakes that are surrounded
by vast playa flats: the water evaporates
before it reaches the basin centre. Even
during the ‘wet’ seasons waters may fail
to reach lakes, which then become
flooded only during exceptional cir-
cumstances. Such ‘lakes’ spend much
of their time with emergent sait sur-
faces. Salt leaching on adjacent playa
flats is inefficient and crystal accumu-
lates will suffer more early-diagenetic
changes at depth than those deposited
in small playa basins.

SUPRATIDAL (COASTAL SABKHA)
EVAPORITES

Coastal sabkha evaporites were briefly
described by James (this volume) under
the heading of arid-zone variants of
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Saline mineral zonation in playas. A) Yotvata
Sabkha (Israel) after Amiel and Friedman
(1971). B) Deep Spring Lake, California. Ca =

calcite/aragonite. Dol = dolomite. Gay =
gaylussite. Th = thenardite. Bu = burkeite
(after Jones, 1965).

carbonate shallowing-upwards sequen-
ces. This style of shallowing-upward
sequence (Fig. 12) is composed of (in
upwards sequence): (1) carbonates, or
less commonly clastics, (2) similar sed-
iments but with angular anhydrite
nodules, pseudomorphic after gypsum
crystals (Fig. 13), and (3) nodular-
mosaic anhydrite, commonty termi-
nated by a sharp erosive contact (Fig.
14). The evaporites are interpreted as
diagenetic emplacements within supra-
tidal environments because of their
close resemblance to the sequence of
lithologies in the progradational wedge
along the Abu Dhabi coast of the Per-
sian Gulf (Fig. 15) (Shearman, 1966;
Kinsman, 1969; Butler, 1870; Bush,
1973). Our knowledge of these impor-
tant sedimentary environments is domi-
nated by the results of the numerous
studies of the sabkhas at Abu Dhabi.
This probably gives an unbalanced view
of sabkha systems as a whole.

On shallow stable shelves with arid
climates and low eolian sand influx the
seaward progradation of subtidal and
intertidal facies generates broad coastal
flats (or sabkhas) that lie just above high
tide level and extend between the off-
shore water body (commonly with coas-
tal lagoons) and regions of arid contin-
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Figure 12
Characteristic features of coastal sabkha
evaporites (after Shearman, 1966).

ental sedimentation. This environment
is a product of both depositional and
diagenetic processes, the most impor-
tant of the latter being the displacive
growth of early diagenetic calcium sul-

phate (or halite). Modern cratonic areas,

such as the Arabian coasts of the Per-
sian Gulf and the coasts of Australia
and North Africa, provide the most
favorable settings for Recent sabkhas
and are associated with wide offshore
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Figure 13

Laminated microdolomites (probably hyper-
saline lagoonal) overlain by algal mat, with
gypsum pseudomorphed by anhydrite, and
nodular and mosaic coastal sabkha anhy-
drite. Frobisher Evaporite (Mississippian)
Saskatchewan. Cors fits together but was
rotated during slabbing—slab is 10 cm wide.
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Figure 14

Upper part of sabkha cycle illustrated in
Figure 13. Mosaic anhydrite cut across by
erosion surface and surmounted by lamin-
ated micrites (with late-diagenetic anhydrite)
of next lagoonal member. Frobisher Evapo-
rite, Saskatchewan. Sfab is 10 cm wide.

platforms or shelves. The sabkha is an
equilibrium geomorphic surface whose
level is dictated by the local leve! of the
groundwater table. Sediment above the
capillary fringe dries and is blown away
by the wind unless cemented by salit.

Indigenous sediments of the supra-
tidal flats are a reflection of the offshore
sediment mosaic but may contain a
substantial proportion of detrital sedi-
ment from the hinterland. Offshore sed-
iments are washed over the sabkha dur-
ing storms that periodically inundate
seaward parts with marine floodwaters.
Depressions (filled and buried tidal
channels) act as conduits for flood and
seepage waters.

Groundwaters beneath the sabkha
are responsibte for transporting mater-
ials precipitated as solid phases (evapor-
ites, dolomite) and for removing by-
products of diagenetic reactions and
non-accumulating ions. These waters
become progressively concentrated as

Figure 15

Oblique view of NW of Abu Dhabi sabkha
environment. Sabkha in foreground; inter-
tidal algal belt is the dark zone (1to 2 km

wide) and seaward is the lagoon, barrier
islands and the open Persian Gulf shelf in the
far distance. Photograph courtesy R.K. Park.

they advance into the interior of the
sabkha and all but the very seaward and
landward margins may be saturated
with respect to halite. Concentration
occurs by evaporation from the capil-
lary fringe and by dissolution of earlier-
formed evaporites (particularly halides).
Groundwaters lost by evaporation are
replenished by: 1) downward seepage
of storm-driven floodwaters (flood re-
charge), 2) gradual intrasediment flow,
fluxing from the seaward margin, and 3)
intrasediment flow, fluxing from a con-
tinental groundwater reservoir that
affects landward parts of the sabkha
(Fig. 16). Renfro (1974) believes that
groundwater flow through continental
clastics adjacent to coastal sabkhas
(flow induced by evaporative pumping
from the sabkha surface) is an impor-
tant feature in the reddening of these
sediments.

Our information about the hydrology
of sabkhas is based almost entirely
upon studies undertaken in Abu Dhabi
(Kinsman, 1969; Butler, 1969; McKenzie
et al., 1980; Patterson and Kinsman,
1981). After marine flooding, seawater
sinks into the sabkha sediment, raising
the water table. Capillary evaporation
subsequently lowers the water table,
increases salinity and promotes upward
water movement within the phreatic

zone by evaporative pumping.

The water table inclines seaward (Pat-
terson and Kinsman, 1981) but the sea-
ward migration of interstitial brines is
slow and is insufficient to explain the
extensive dolomitization that occurs in
the sabkha sediments. Salinity also
decreases downwards (caused by the
effects of surface evaporation and the
upward movement of less saline brines
induced by evaporative pumping). Such
upward movement precludes evapora-
tive reflux of the dense brines.

Interstitial water movement is limited
by the impermeable nature of the sedi-
ments (commonly carbonate muds in
part compacted by displacement
growth of evaporites) and impermeable
barriers in the form of buried algal mats
(Bush, 1973) and cemented layers
(McKenzie et al., 1980} act as aquitards
and divide the sabhka sedimentary
prism into several hydrostatic zones.
Upward movement of groundwater
between these zones only occurs where
these impermeable barriers are broken.

The relative importance of the
groundwater sources is dependent
upon local geomorphic conditions.
Beach ridges seaward of the sabkha
prevent inundation by marine flood-
waters, whereas lack of hinterland relief
will restrict continental groundwater
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Constrasting water supply in sabkhas. Above
sabkha plain bordered by beach ridge. Sea-
water recharge is entirely intrasediment flow
(based upon a Sinai coastal sabkha; Gavish,

1974). Below, sabkha groundwaters are
replenished by flood recharge and seepage
from seawater and continental reservoir
(based upon Abu Dhabi sabkha).

Figure 17

Mosaic anhydrite (displacing subageous
laminated anhydrite) with individual nodules
distorted against each other (a natural con-
sequence of displacive growth). Ordovician
Stonewall Evaporite, Saskatchewan. Slab is
8.5 cm wide.

inflow. Marine waters have greater
effects along the seaward edge of
sabkhas and along former tidal chan-
nels (which are still depressions on the
sabkha surface) while inner parts of the
sabkha are less prone to marine influ-
ence as the sabkha becomes wider as a
result of sedimentary accretion.
Cemented sediment layers and algal
mat sediments beneath the sabkha sur-
face inhibit upward movement of
deeper-lying groundwaters, thus
increasing the importance of marine
flooding.

Concentration of groundwater
causes precipitation of diagenetic min-
erals: some as direct precipitates, others

J’?

Flgure 18

Surface trench about 50 cm deep in Abu
Dhabi sabkha with diapiric layers of anhy-
drite (after gypsum); upper layer truncating
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as products of reactions between
ground-water brines and earlier-
deposited sediments. Gypsum is not
precipitated on the exposed sediment
surface but grows displacively within
algal mat or other upper intertidal sedi-
ments (forming cyrstal mushes up to 1
m thick) or grows poikilitically within
supratidal sand sediments where it
occurs as large, lenticular crystals that
include sand grains arranged in herring-
bone patterns.

Gypsum precipitation in the intertidal
and near-shore supratidal environments
causes groundwaters to become
depleted in calcium. The increased
Mg/ Ca ratio of brines induces dolomiti-
zation of pre-existing aragonite and the
precipitation of magnesite. The dolo-
mite is calcium-rich and poorly ordered.
Dolomitization of aragonites releases
strontium that is precipitated as celest-
ite. Dolomitization may be favored by
the 1) increase in the Mg/Ca ratio of the
brine (to about 10}, 2) the presence of
organic matter within the fine aragonitic
muds, or 3) to the removal of sulphate
ions - the presence of which inhibits
dolomite precipitation.

In the Abu Dhabi sabkha, anhydrite
first appears one km inland from the
normal high water mark, in the capillary
zone. It occurs as discrete nodules and
as bands of coalesced nodules, some of
which may take the form of ptygmatic
(enterolithic) layers. Growth of nodules
occurs by host sediment displacement
and by replacement of the intervening
sediment matrix. Dilution of the host
sediment may occur to such an extent
that it is relocated to internodule areas
and its fabrics are destroyed. In extreme
cases host sediments are confined to
mere partings between the anhydrite
nodules (mosaic anhydrite; Fig. 17).
Some nodules are formed by alteration

anhydrite is a storm washover and aeolian
carbonate-clastic unit. Photograph courtesy
R.K. Park.
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of earlier formed gypsum crystals
(Butler, 1970). Pseudomorphs lose
shape because of flowage (adjustment
during compaction) and the continued
growth of primary anhydrite laths in and
between pseudomorphs. Some doubt
concerning this mechanism of anhy-
drite nodule formation has arisen fol-
lowing the discovery by West et al.
(1979) of primary gypsum nodules from
an Egyptian sabkha. The possibility
exists that some of the anhydrite
nodules from the sabkhas of Abu Dhabi
also possessed a gypsum nodule
precursor. Composite anhydrite
nodules are remnants of gypsum crystal
clusters and massive-appearing anhy-
drite forms from gypsum mush in
former upper intertidal sediments. Such
soft anhydrite layers become deformed
into enterolithic folds and microdiapers
(Fig. 18). The displacive growth of anhy-
drite and gypsum in intertidal and
supratidal sediments is believed to raise
(jack-up) the sediment surface. If the
water table does not rise a correspond-
ing amount, the upper parts of the sedi-
ment dry out and blow away. Deflation
exposes anhydrite and gypsum at the
surface, concentrating nodules and
crystal fragments as a regolith, or break-
ing up nodules into laths that become
strewn across the sabkha surface. |so-
lated anhydrite laminae at the top of
some ancient sabkha sequences may
have formed by such nodule and crystal
destruction.

Halite occurs as salt crusts on the sur-
face, as veneers around grains in the
upper part of the capillary zone and as
solid cubes in sand sediments. High
humidities, particularly at night, con-
tribute to surface water supply (as dew)
and result in the diurnal dissolution of
surface halite crusts. Within fine grained
sediments the displacive halite cubes
assume a skeletal hopper form com-
monly to extreme degrees (Fig. 8). In
most described modern sabkhas halite
is not an accumulative phase but is
blown away or dissolves in floodwaters.
Repeated growth and dissolution of hal-
ite can so disrupt the host sediment that
all its original fabrics are destroyed.

VARIATIONS IN THE COASTAL
SABKHA MODEL

Variations in size and setting of sabkhas,
the nature of the host sediment, the
character of the offshore water body,
the type of diastrophic control and the
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Hypothaetical shoaling-upwards cycles: A)
marginal to a normal marine to slightly
hypersaline water body; B) marginal to a
hypersaline water body within which sul-
phates are bacterially reduced; C) marginal

water body precipitates and preserves gyp-
sum; D) marginal water body is salt-
precipitating supratirlal sequence largely
composed of disphecive (and replacive?)
halite.

effects of differing local topography all
may cause profound modifications from
the ‘norm’, as represented by the Abu
Dhabi sabkha (Fig. 19).

A) Size and Setting of Sabkhas. Since
coastal sabkhas form the uppermost
parts of accreting sedimentary bodies
the development and size of sabkhas is
dependent upon the topography off-
and on-shore. Only narrow, discon-
tinuous sabkhas are to be expected at
locations where the offshore gradient is
steep (such as the coasts of the Red Sea
or Iran) whereas broad sabkhas can
form on low gradient, stable shelves.
Patterson and Kinsman (1981), how-
ever, sound a word of warning for they
maintain that a regional groundwater
flow system that causes the water table
to rise as the sabkha progrades is
necessary for the preservation of broad
sabkhas. Without such a groundwater
system evaporative losses in the areas
beyond the zone of seawater flood-

recharge would lower the water table,
resulting in deflation and removal of the
sabkha sedimentary sequence. The
requirement of a seaward dipping gra-
dient to the sabkha groundwater sur-
face requires the presence of a large
landmass with sufficient refiefto actas a
recharge area for the groundwater
system.

Small sabkhas, such as Sabkha
Faishakh in Qatar may be more fre-
quently flooded by marine waters and
thus generally have lower interstitial-
water salinities. This may partly account
for why, despite the almost identical
climate to that of Abu Dhabi, the sabkha
contains only minor traces of anhydrite.

B) Nature of the Host Sediment. This
determines the amount of drainage, the
subsequent history of sabkha brines
and the compactional history of the
evaporite deposit. In some cases eva-
porites may not form in sabkha settings,
despite elevated salinities well above



gypsum saturation. Amdurer and Land
(1982) describe the situation in part of
Laguna Madre (Texas) where so much
calcium has been removed from the
brine by algal precipitation (which sub-
sequently blows away in the wind) that
gypsum is unable to precipitate. Doubt-
less the high resultant sulphate concen-
trations in the brine prevent dolomitiza-
tion of any carbonate that does survive.
Impermeable sediments inhibit brine
reflux and, by curtailing downward
seepage of floodwaters, extend the
width of the area affected by flood
recharge. This surface flooding, how-
ever, causes little dilution of existing
groundwaters. Finer grained sediments
also allow thicker capillary fringes to
form. Thicker evaporite sequences
should be formed in fine-grained sedi-
ments because of this but the control
has yet to be demonstrated in ancient
examples.

Sabkhas composed of permeable
sands may allow brine reflux. DeGroot
(1973) identified a downward and sea-
ward increase in salinity of interstitiai
brines within the Umm Said Sabkha of
Qatar. This suggests the presence of a
reflux system of brine movement but
dolomitization as a result of this still has
to be demonstrated.

Carbonates (particularly aragonite) in
host sediments are of major impor-
tance. Dolomitization of carbonates
releases caicium which reacts with sul-
phate in groundwaters to form more
gypsum and anhydrite. This additional
sulphate precipitation and dolomitiza-
tion reduces the sulphate and magne-
sium content of brines in carbonate
sabkha interiors to low levels and
causes magnesite (precipitated earlier)
to redissolve. In non-carbonate sedi-
ments, dolomitization does not occur,
the sabkha interior brines retain 60 to 70
per cent of their sulphate, much iess
gypsum and anhydrite is emplaced, and
brines remain magnesium rich so that
magnesite remains stable. The sulphate

Figure 20

Alternations between mosaic anhydrite (top
and bottom) and microdolomites much dis-
rupted by growth of halite (now pseudo-
morphed by anhydrite) and gypsum crystals
(now anhydrite). Dolomite intervals probably
represent former inter- and subtidal sedi-
ments partially obliterated by suiphate
growth during reflux dolomitization, Fro-
bisher Evaporite (Mississippian), Saskatche-
wan. Slab is 10.5 cm wide.
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and magnesium rich brines tormed in
non-carbonate sabkha sediments react
with earlier-formed gypsum to form
polyhalite (Holser, 1966):

2C3804'2H20+2K+Mg+2804:
KzMgCaz(SO4)42Hzo+2Hzo

gypsum + brine = polyhalite

Reflux of brines capable of dolomitiz-
ing deeper-lying carbonates (well be-
neath the sabkha vadose zone) causes
calcium sulphate precipitation (gypsum,
perhaps anhydrite) in these deeper-
lying sediments. Growth of sulphates in
subtidal carbonate intervals between
sabkha evaporites by this reflux dolomi-
tiation may obliterate evidence of the
cyclic nature of an evaporite deposit
and create a single thick, composite unit
of nodular anhydrite. Alternations
between nodular and mosaic anhydrites
and disrupted dolomite intervals full of
gypsum pseudomorphs in parts of the
Mississippian Frobisher Evaporite in
Saskatchewan may represent such par-
tially obliterated cycles (Fig. 20).

Differences in sediment coherency
dictate subsequent compactional his-
tory. Lithified or coherent sediments
preserve gypsum peseudomorphs or
the moulds of dissolved halite crystals.
Compressible sediments (particularly
organic-rich varieties), on the other
hand, allow anhydrite nodules to grow,
to coalesce and compact perhaps to
form vuggy or even laminar anhydrites
(Shearman and Fuller, 1969). Mossop
(1979) believes laminar anhydrites in the
Ordocician Baumman Fiord Formation
(Fig. 21) were originally nodular and
have been drastically altered by early
diagenetic compaction and flowage.

C) Nature of the Offshore Water Body.
Most commonly the offshore water
body is normal marine to slightly hyper-
saline (well below gypsum saturation).
Here subtidal-intertidal sediments are
bioturbated and skeletal rich, and algal-
mat sediments (if present) are confined
to upper intertidal to low supratidal
environments (Fig. 19A) where they
may become disrupted by subsequent
growth of gypsum (James, 1977).
When sabkhas border hypersaline
(gypsum precipitating) water bodies,
the sediments beneath sabkha evapor-
ites are laminated (burrowing biota
absent) and algal mats extend well into
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Figure 21

Numerous superimposed sabkha cycles.
Baumann Fiord Formation. Ellesmere Island
(photo courtesy G. Mossop).

subtidal environments where they may
be preserved. When precipitated gyp-
sum persists in the bottom sediment,
the overlying sabkha sequence forms
the uppermost member of a largely
subaqueous evaporite sequence (Fig.
19B). However, the abundance of
organic matter and dissolved sulphate
in hypersaline waters normally induces
reducing conditions within which
sulphate-reducing bacteria thrive. Their
activites cause reduction of gypsum, the
formation of hydrogen sulphide with
precipitation of carbonates and pyrite as
by-products (Friedman, 1972) and per-
haps formation of patterned carbonates
(Dixon, 1976; Kendall, 1977; Fig. 19B).
Removal of calcium and sulphate from
the offshore water body may severely
restrict gypsum and anhydrite forma-
tion in adjacent sabkha environments
(Fig. 19R and C). On the other hand, the
shallow subaqueous evaporites may be
transported onto the sabkha by storms,
there to form clastic beds of gypsum,
anhydrite or even halite debris. Such
sabkhas could be largely composed of
such beds (which would be difficult to
distinguish from shailow subaqueous
evaporites) or the clastic units could be
intercalated with non-storm sabkha
sediments.
The atmosphere adjacent to large

bodies of normal marine water is too
humid for halite to persist in the sub-

aerial environment (Kinsman, 1976). If
the water body is a concentrated brine,
however, its water vapour pressure may
be low enough not to increase atmos-
pheric humidity. Halite can thus
become an accumulative phase in
sabkhas that neighbour hypersaline
water bodies (particularly those satu-
rated or near-saturated with respect to
halite). Shearman (1966), Friedman
{1972) and Smith (1971, 1973) have
described halite rocks that appear to
have formed by displacing or replacing
earlier carbonate-sulphate sabkha sedi-
ments. Such sediments form adjacent to
halite-precipitating water bodies (Fig.
19D).

D) Diastrophic Control. Shoaling-
upwards sequences terminated by
coastal sabkha deposits can form as a
result of three different events. The most
commonly offered interpretation is that
each sequence is a separate pro-
gradational event. Sabkha plains are
generated by sediment accretion with
little or no significant sea-level fall.
Mossop (1979) and Ginsburg (in Bosel-
lini and Hardie, 1973) have independ-
ently developed hypotheses which gen-
erate successive shoaling-upwards
cycles in carbonate-producing areas in
a regime of continuous subsidence.

On the other hand, sediment emer-
gence, with formation of supratidal sur-
faces, can also be achieved by relative
falls in sea-level, independently of any
sediment up-building. Sea-level
changes may be the result of external
events (glaciations?) or of restriction of
the water body from the world ocean
and subsequent removal of water by
evaporation (evaporative downdraw).
Criteria for distinguishing cycles that
form from progradational events from
those that reflect episodes of evapora-
tive downdraw are not evident. Taylor
(1980) argues that cycles resulting from
sealevel falls (or drops in the brine level
within isolated evaporating basins) will
be stunted. Rates of evaporation would
cause rapid regression and basinward
migration of the shoreline. Taylor calcu-
lated rates of shoreline regression that
could have occurred during deposition
of the Werraanhydrit (Permian) of the
North Sea of 150 m/year - 20 times as
fast as the progradation of the Trucial
Coast sabkhas. Meagre algal mat
development, precipitation of small
quantities of calcium sulphate and only

negligible dolomitization would be
expected for such single-batch dessica-
tion cycles. On the other hand, evapora-
tive downdraw need not be as fastas
Taylor suggests. Evaporation may be
reduced by high humidities (Kinsman,
1976), or evaporation losses may be
more nearly balanced by marine inflow
or seepage. In either case, rates of
shoreline retreat might be more com-
patable with those caused by sediment
progradation in which case the sabkha
sequences may be difficult to
distinguish.

When greater subsidence occurs
towards the basin centre it is possible to
recognize distal from proximal locations
{Mossop, 1979). Basinwards the cycles
are thicker and are dominated by thick
subtidal units. Short-lived or less exten-
sive transgressive events may not reach
basin margins so that marginal succes-
sions contain fewer and thinner cycles
that are dominated by supratidal
(sabkha) members. Coalescence of
several supratidal units may also gener-
ate thick evaporite sequences at margi-
nal locations.

E) Topographic Control. The Abu Dhabi
‘norm’ is associated with a relatively
simple progradational sediment wedge
undissected by active channels, mari-
time lakes or ridges formed by former
beach or offshore spit deposits (Fig. 22).
This situation reflects the constant con-
ditions (slightly falling sea-level) that
have occurred since the sabkha began
to form and the protection afforded by
an offshore island chain. When protec-
tive barners are absent, or if sediment
supply or rates of sea-level change are
variable the accumulation of supratidal
sabkha sediments are more discontinu-
ous and parts of the intertidal and sub-
tidal environment are isolated by growth
of beach bars and spits. Here we have
an arid-zone equivalent of the chenier
plain - an environment recently des-
cribed by Picha (1978) from Kuwait but
to date one that has not been recog-
nized in the ancient.

Drowned valleys or former tidal
channels, isolated by spit development
or by the formation of beach barrier
ridges, may occur within the sabkha
environment. if connection is retained
with the sea, flow into the former chan-
nels occurs in response to a lowered
water level caused by evaporation from
the standing body of water. Such
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Figure 22

Contrasting patterns of supratidal sedimenta-
tion. A) simple sediment wedge. Recent Abu
Dhabi sabkha; B) inferred environment for

Figure 23

Displacive gypsum crystals (centre) distorted
by growth of later but still early-diagenetic
anhydrite nodules. Frobisher Evaporite. Sas-
katchewan. Slab is 10.5 crm wide.

' part of Frobisher Evaporite (Mississippian) in

southeastern Saskatchewan—numerous
shallow maritime lakes isolated by narrow
Strips of supratidal sabkha.

depressions will also attract ground-
waters from beneath the surrounding
sabkha and disrupt the more normal
pattern of groundwater flow. The
Sebkha el Melah (Busson and Perthui-
sot, 1977) was such a depression but
has since been filled with evaporites
including a halite sequence 30 m thick.
Beds of subaqueous gypsum, patterned
dolomites (representing bacterially-
reduced calcium sulphates) or halite
beds within ‘'normal’ sabkha deposits
may represent the fills of depressions
on the sabkha surface.

The evaporite portion of sabkha
cycles in the Mississippian Frobisher
Evaporite of Saskatchewan (Figs. 13, 14,
20, and 23) is dominated by large,
subaqueously-precipitated gypsum
crystals (now pseudomorphed by anhy-
drite). They pass laterally into more
‘normal’ sabkha sequences composed
of nodular and mosaic anhydrite. The
former gypsum crystals are also
deformed by anhydrite nodule growth
(Fig. 23) indicating they were trans-
formed to anhydrite or bassanite during
early diagenesis. Since more than 90
per cent of the sulphate was precipi-
tated subaqueously a provisional
environmental reconstruction having
resemblance to the humid sub-tropical
environment of Florida Bay is sug-
gested. Deposition occurred in hyper-
saline lagoons separated by narrow bar-
riers upon which ‘normal’ sabkha
sequences were formed. The gypsum
crystals were precipitated in the lagoons
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but as progradation of the lagoon com-
plex occurred, older lagoons became
more distant from the open sea and
dried out to become part of the sabkha
plain. In this desiccated environment
gypsum dehydrated and new anhydrite
grew displacively as nodules.

It is probable that most environments
which include supratidal sediments
have arid-zone equivalents within which
evaporites have formed. We have still to
look for them in the rock record.

SHALLOW WATER EVAPORITE
FACIES

Deposition of shallow-water evaporites
occurs in brines that were at or near
saturation with respect to gypsum or
halite and in environments that may
have been subject to strong wave and
current action, causing sediment scour,
transport and redeposition. Algal activ-
ity was significant in more protected (or
deeper?) environments and many sed-
iments were subject to periodic drying.
Whereas water depths may range from
a few centimetres to 20 m or more, most
facies probably formed in water less
than 5m deep. In fact, many evaporites
considered subaqueous may have been
deposited on evaporitic flats that only
became flooded during storm surges or
particularly high tides. Since all deposi-
tional events are subaqueous, the inter-
preted environment is so identified even
though the depositional site may have
been subaerially exposed for most of
the time. Evaporite precipitation may
occur at the air-water interface, at the
sediment-water interface or beneath the
sediment surface and varying amounts
of continental and marine-derived sedi-
ments may be periodically transported
into the evaporitic environment.

Most of our knowledge of shailow
water evaporites has come from the
interpretation of ancientexamples - par-
ticutarly from the Miocene of the Medi-
terranean (Schreiber et al., 1973, 1977;
Hardie and Eugster, 1971; Vai and Ricci
Lucchi, 1977; Garrison et al., 1978).
More recently, however, studies of Hol-
ocene and Recent salinas (saline lakes
adjacent to the ocean in which the sal-
ina water level is below that of the ocean
and is replenished by seawater seep-
age; Warren, 1982; Kushnir, 1981 and
Arakel, 1980) have provided valuable
information confirming the older inter-
pretations of ancient evaporites and
suggesting others.
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A) Laminated Sulphates. These may be
similar in character and origin to deep-
water sediments but most apparently
consisted of current-deposited micrite
and clastic gypsum particles in reverse
and normally-graded laminae. Laminae
were ariginally composed of siltand
sand-sized gypsum crystals or cleavage
fragments which grew: 1) as crusts on
the depositional surface and so were
easily broken and reworked, or 2) as
acicular crystals precipitated at the air-
water interface which sank and became
reworked on the bottom. Other crystals
may have grown displacively within the
bottom sediment and then were
reworked. All crystals and fragments
suffer overgrowth on the bottom and
laminae become converted into inter-
locking gypsum mosaics.

In some sediments the gypsum crys-
tals have suffered little if any transport,
and in many the crystals displace or
poikilitically enclose algal mat carbon-
ate and organic material. Lamination in
these sediments is largely a reflection of
algal mat lamination (Fig. 24). Similar
algal-laminated gypsum may form by
the encrusting of mats, or the mats may
act as sediment traps for carbonate or
gypsum muds and silts. Conversion of
the gypsum to anhydrite during bunal
will normaliy obscure the differences
between these types of laminite.

Cross-bedding, ripple-drift bedding
(Fig.25), basal scoured surfaces and rip-
up breccias testify to environments with
periodic high energy events, such as
storms. Some small asymmetric ripple-
marks with oversteepened sides at the
tops of some laminae may represent
adhesion ripples and indicate depositon
of wind-blown gypsum detritus onto
moist surfaces . Shallow-water deposi-
tion is also shown by the occurrence of
micritic, organic-rich stromatolites bet-
ween, or within, some laminae; by bird
or dinosaur footprints, or by fossil brine
shrimp.

Clastic sedimentation is apparently a
dominant feature in the shallower,
higher-energy environments of inter-
tidal or supratidal-lagoonal (marine or
salina) settings with layering due to tide-
or wind-induced influx of sediment or
seawater.

Laminae are interpreted as storm
deposits. Each lamina forms during a
storm when evaporitic tidat flats are
flooded by sediment-charged water.
Blue-green algal mats, which cover the

Figure 24

A) Anhydrite after displacive gypsum crystals
which grew within mud-cracked stromatolitic
carbonate. Each gypsum crystal is now
represented by a small, angular anhydrite
‘nodule’. Souris River Formation (U. Devon-
ian, Saskatchewan), core is 9 cm across. T
B) Anhydirite after incorporative gypsum

crystals which grew within an algal stromato- - e

lite, Souris River Formation, Saskachewan. - T e .
Core is 8 crn wide. o

flats, collect and bind evaporite sedi-
ment and, as the storm subsides, the
coarser load is deposited as a traction
layer or as a settle-out to produce a
normally graded lamina. Algae grow
through the new lamina, re-establish
themselves on the surface and protect
the underlying sediment from erosion.
The analogy may be made with the

formation of storm laminae in other
tidal-flat sediments.

Reverse-graded laminae are variously
interpreted. They may record episodes
of brine dilution that induce recrystal-
lization of gypsum in the upper-most
parts of laminae, or this feature may be
of depositional origin. Upward segre-
gation of coarser particles may have



Figure 25

i.aminated anhydrite containing minor
amourts of disserminated dolomite that
deling famination, ripples. minor cross-

stratification and scoured surfaces. Poplar
Beds (Mississippran). Saskatchewan. Core s
10.5 ¢cm across.

occurred within highly concentrated
flowing sand sheets in very shallow
waters upen tidal flats during storm
surges. The reverse grading may then
be emphasized by early diagenetic
recrystallization and lithification during
quiet periods hetween storms. [nversely
graded layers, adhesion npples, algal
mats and early-diagenetic cementation
cf gypsum are recorded from evaporiic
flats of the Laguna Mormona (Baja Cali-
fornia; see Horodyski and Vonder Haar,
1975).

Gypsum laminites that have been
aliered 10 anhydrite rarely provide suffi-
cient evidence for environmental recon-
struction. Scme laminites suffer perva-
sive recryslallization to coarse gypsum
mosaics which transect all earlier fabric
elements. if replaced by nodular anhy-
drite such crystals may yield rocks that
superficially resemble sabkha anhydrite.

It was originally believed that
althcugh shaliow-water laminite units
could be laterally persistent they typi-
cally contained fewer laminae than
desper-water facies and that individual
laminae could not be traced for long

distances. Now it is kKnown that depc-
sitional environments that suffer wide-
spread fioods (salinas, some tidat flats)
undergo periodic episodes of surface
dissolution and reprecipitation as the
flocdwaters evaporate with the forma-
tion of a sedimentary sequence com-
posed of laterally persistant thin beds or
laminae - some of which are traceable
over the whole environment or over the
extent of the flooding,

Shallow-water laminites may alsc be
distinguished by their association with
ather facies. Pessibly the manner in
which laminites deform provides evi-
dence for different environments. Eva-
poritic flat sediments, which become
emergent and suffer extensive early-
diagenetic cementation, fracture and
become incorporated into rip-up brec-
cias. In contrast, some laminites inter-
preted as subaqueous, have suffered
folding, slumping and plastic stretching
(Fig. 26) suggesting that they did not
become lithitied during early
diagenesis.

8] Coarsely Crystaliine, Selenitic Gyp-

&7F

Figure 26

Deformed (slumped?) faminated 1o thin-
bedded anhydrite which can easily be con-
fused with dispiacive nodular anhydrite,
Ordovician { Herald Fm. ), Saskalchewan.
Core is 10.5 ¢m across.

sum. This occurs as single crystals,
clusters, crusts and as supenmposed
beds. This facies is best known from the
Miocene of Italy butis also recognized
inolder sequences, now altered o anhy-
drite. Similar gypsum has been des-
cribed from man-made salinas,

Beds of crystalline gypsum are
mainiy composad ot orderly rows of
vertically-standing. elongate and com-
monty swallow-tail twinned crystals that
range from a few centimetres to a few
metres in height (Figs. 27, 28, and 29).
Crystals are commonly euhedral and in
aggregate detine a vertical pallisade
fabric or may be arranged into radiating
upwards conical clusters {cavoli). indi-
vidual crystals are separated from each
other by micrtic carbonate, fine-grained
gypsum or gypsum sands; or secondary
overgrowth produces an interlocking
crystal mosaic. Other gypsum crystais
exhibit more bizarre growth and twin-
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Figure 27

Coarsely crystalline, selenitic gypsum facies.
A) Palisades of gypsum crystals, Miocene of
Sicily. Photo courtesy B.C. Schreiber.

B) Layered anhydrite with pseudomorphs

Figure 28

Swallow-tail twinned gypsum crystal (25 cm
across) with dissolution surface at arrow.
Inset is a cleavage plane surface of the same

after gypsum crystals, Otto Fiord Fm.
{Pennsyivanian), Ellesmere Island. Photo-
graph courtesy N.C. Wardlaw. Scale div-
isions in cm.

crystal revealing numerous inclusion-defined
growth layers. Miocene of S.E. Spain. Photo-
graph courtesy B.C. Schreiber.

Swallow-tail gypsum crystals pseudo-
morphed by halite and anhydrite. Gypsum is
unstable in contact with halite-saturated
brines and dissolves to create molds that are
subsequently plugged with halite. Clear Fork
Formation (Permian) Texas. Photograph
courtesy C.R. Handford. Core is 8 cm wide.



Figure 30

Anhydrite pseudomorphs of extensively
twinned and split gypsum crystals within a
dolornite matrix. Frobisher Evaporite (Missis-
sippian), Saskatchewan. Cores are 10¢cm
across.

ning patterns and suffer crystal splitting
to generate paimate to fan-shaped clus-
ters of subparalle! crystals (Fig. 30; for
details see Schreiber, 1978; Orti-Cabo
and Shearman, 1977). Twinning occurs
at a variety of angles, probably as a
consequence of the inclusion of organic
matter along curved crystal faces (the
greater the amount of impurity, the
more obtuse the twinning angle). Other
results of impurity absorbtion are that
one twin arm may fail to grow or the
crystals split into a wide and bizzare
group of growth forms.

The crystals contain faint lamination
(Fig. 28), defined by carbonate and
anhydrite inclusions, which pass
through the crystalline beds, paraliel to
bedding. Inclusions lie parallel to crystal
faces, recording successive positions of
the growing crystal, or defining solution
surfaces. Many crystals include algal fil-
aments and appear to have invaded
algal mats (Fig. 24B).

Most authors now conciude that
these gypsum crystals are primary and
are mostly of very shallow-water origin.
Schreiber (1978) notes that in salinas
gypsum growth occurs mainly at depths
shallower than five metres. Observa-
tions made in solar ponds reveal that
the largest gypsum crystals form in
environments of constant and active
brine flow. The crystals record nuclea-
tion and slow incremental growth, pre-
sumably in quiet waters. The internal
lamination and included algal mats
indicate the crystals grew poikilitically,
enclosing surficial veneers of sediment.
Phases of slight undersaturation create
minor dissolution surfaces that truncate
the crystals. Renewed precipitation,
however, commonly takes place upon
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the etched surfaces, burying the surface
within the crystal (Fig. 28). More severe
interruptions may include: 1) a new
phase of nucieation, producing a new
bed of crystals, 2) lateral dissolution
along crystal sides, perhaps with
accumulation of residual impurities in
the dissolution cavities, or 3) in extreme
cases, crystals become disoriented and
form residual gypsum breccias.

Beds originally composed of gypsum
crystals may be difficult to identity when
converted to anhydrite. Inclusions may
define crystal faces within massive or
mosaic anhydrite, but if the original
crystals possessed numerous inclu-
sions that defined laminae, the
replacement can be mistaken for
laminar sulphate. Gypsum crystals are
most easily identified when the pseu-
domorphs are set within abundant car-
bonate matrix (Fig. 31). Much of the
polyhalite from the Permian of New
Mexico appears to have replaced and
pseudomorphed selenitic gypsum (see
Schaller and Henderson, 1932, Pls. 29
and 30).

Beds of gypsum crystals can become
replaced during burial by mosaic anhy-
drite (Rouchy, 1976) which can closely
resemble, and thus can be confused
with, sabkha displacement-nodular
anhydrite. Furthermore, if the gypsum-
to-anhydrite transformation occurs in a
low-permeability hostrock, the expelled
water cannot easily escape. The sul-
phate becomes thixotropic and flows or
fractures to nodular-anhydrite replace-
ments of gypsum. | would interpret the
peculiar anhydrite-structures in the
Ferry Lake Anhydrite, describe by
Loucks and Longman (1982), in this
manner.

Figure 31
Parallel laminated, cross-stratified and load-
casted gypsum sandstones (gypsarenites).

Miocene of Sicily. Photo courtesy
B.C.Schreiber. Penknife gives scale.
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C) Coarse Clastic Gypsum. Gypsum
sands and pebbly sands, composed of
worn gypsum cleavage fragments with
variable amounts of carbonate and
other materials, may be locally abun-
dant but only rarely constitute major
rock units. They do indicate, however,
that gypsum may be transported and de-
posited in the same manner and envir-
onments as other clastic sediments, so
long as the water body is gypsum-
saturated. Such sands exhibit structures
indicative of current or wave activity or
may be penecontemporaneously dis-
turbed and contain load cast or ball-
and-pillow structures (Fig 31). Clastic
gypsum occurs as shoestring sands or
in sand sheets; represents channel,
beach, offshore shoal or spit deposits or
may occur as intercalations between
beds of laminar or selenitic gypsum.

Vai and Ricci Lucchi (1977) have
interpreted wavy bedded and laminar
gypsum (composed of mm-sized gyp-
sum) with accompanying poorly-sorted,
broken gypsum-crystal sands, as fluvial
deposits that prograded into a basin.
This facies first appears between beds
of subaqueous selenite but increases in
abundance upwards and includes sele-
nitic nodules interpreted to have been
supratidal anhydrite. It grades into a
facies of disoriented large gypsum crys-
tals and fragments in a clayey matrix

that represents deposits of subaerial
debris-flows. Growth of subaqueous
gypsum apparently became more and
more interrupted by sheet-floods that
carried selenite fragments. Progradation
caused development of wide supratidal
flats composed of this transported
material and in this environment sabkha
anhydrite was emplaced.

D) Halite. At least three main facies are
present: detrital halite, halite crusts, and
halite that grows displacively in pre-
exisiting sediments. It is uncertain what
controls which particular facies will be
developed.

Halite crusts constitute the best
understood facies - one for which there
are detailed descriptions from the
ancient (Wardlaw and Schwerdtner,
1966), from Recent salt pans (Shear-
man, 1970) and from experimental stu-
dies (Arthurton, 1973). Crusts form: 1)
by the foundering of, and continued
growth upon, rafts of halite crystals
which nucleated on the brine surface;
2) by upward and lateral growth of
floor-nucleated crystals; and 3) by
accumulation of, and overgrowth upon,
detrital halite particles. Various halite
growth habits are observed but the most
common is layered halite, formed by the
superposition of crusts (each crust
separated by films or thin beds of detri-

tal carbonate, sulphate or terrigenous
sediment) and identified as ‘chevron hai-
ite’ (Fig. 32 A-C). Each halite layer is
composed, in part, of vertically elongate
crystals that contain abundant brine-
filled inclusions. The crystal fabric
results from an upward competitive
crystal growth on the sea or lake floor
such that crystals with coigns upper-
most are the most favoured. Inclusions
are concentrated in layers parallel to
cube faces (100}, so that in the elongate
halite crystals with coigns uppermost,
the zoning appears as chevrons with
upwardly-directed apices. The upper
surfaces of halite layers: 1) may exhibit
crystal growth faces (interruption in
growth caused by only temporary and
slight brine undersaturation), 2) are
truncation surfaces associated with cav-
ities in the underlying halite crust
(recording more extreme episodes of
brine undersaturation and halite disso-
lution), or 3) are flat truncation surfaces
(possible deflation surfaces cut during
episodes of emergence). Each halite
layer is usually composed of two types
of halite; the zoned chevron halite and
clear halite which fills former dissolution
cavities made in the crust.
inclusion-rich layers in zoned halite
crystals form where brines are highly
supersaturated and growth is rapid.
Reduced brine concentrations (the

Figure 32

Chevron halite. A) Layers of chevron halite
interbedded with laminated anhydrite, Souris
River Fm. (U. Devonian), Saskatchewan.
Core is 10 cm across. B) Thin-section

through chevron halite layer containing

cloudy inclusion-rich and clear void-filling
crystals, the former truncated by an anhy-
drite lamina. Prairie Evaporite, Saskatche-

wan. ( Thin section loaned by N.C. Wardlaw).
C) Isolated crystals from halite crust on bot-
tomof brine pool in a Saskatchewan potash
mine. Largest crystal is 3.5 cm long.



result of halite precipitation) then allow
slower and more perfect (inclusion-free)
halite layers to be deposited. Zonal
laminae are 0.1 to 0.3 mm thick; thick-
nesses that could be expected to result
from precipitation caused by diumal
fluctuations of evaporation rate and/or
temperatures. Because brine reconcen-
tration (necessary to cause deposition
of succeeding inclusion-rich halite lay-
ers) can only occur by evaporation of
the brine, the numerous alternations
between inclusion-rich and inclusion-
poor layers in chevron halite, indicate
that rapid changes in brine concentra-
tion occured. This can only be achieved
in bodies of brine of small volume. The
layering in chevron halite is thus indica-
tive of shallow water precipitation and
contrasts with the clear halite crystals of
deep-water deposits.

Displacive halite has been described
previously in connection with playa-flat
and sabkha evaporites but may also be
of subaqueous origin. It is recorded
from the floor of the Dead Sea where it
occurs as large (5 to 10 cm) cubes with
hopper-like pyramidal hollows on each
face (Fig. 33). Zoned inclusions of the
enclosing sediment, parallel to all cube
faces, indicate the crystal grew dis-
placively within the mud. Sediments
containing significant quantities of dis-
placive halite cubes are termed Hasel-
gebirge (see Arthurton, 1973) and rock
units composed of displacive halite
(with host sediment reduced to mere
pockets or thin film between crystals)
constitute the upper parts of the Prairie
Evaporite and other Devonian halites in
Saskatchewan.

Detrital halite is probably more impor-
tant than published studies would sug-
gest, perhaps because this facies seems
particularly susceptible to re-
crystallization - so that depositional
fabrics are lost. Detrital halite is com-
posed of fragmentary surface-grown
hopper crystals and small cubes that
may represent overgrown hoppers,
crystals precipitated during brine-
mixing (Raup, 1970) or reworked mat-
erial from bottom-growing crusts. Detri-
tal halite is commonly ripple-marked
and may exhibit cross-bedding and
inciude other detrital material. Crystal
growth may continue after deposition,
by means of small-scale sediment dis-
placement, and the detrital origin can
become obscured.

Weiler et al. (1974) suggest that halite
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Figure 33
Displacive halite crystals (with hopper faces) the Dead Sea (Photo courtesy B.C.
that grew in micritic ooze at southern end of Schreiber).

anhydrite nodules

storm trensport
of detrtal gypsum

offshore gy psum
wnd bars
elenitic
gypsum

lsminsted suxinic & sigsl mat
gypsum ~ carbonate

sabkha overprint
in laminated &
slenitic gy psum

reworking
of older evaporites
by ephemeral streams

Figure 34
Models for deposition of shallow water sul- and Eugster (1970); below Vai and Ricci
phate evaporite facies. Above, after Hardie Lucchi (1977).
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crusts grow preferentially in shallow,
quiet-water environments, whereas det-
rital halite, commonly ripple marked,
dominates in higher energy environ-
ments because there the sunken
surface-grown crystals are subject to
bottom movement sufficient to prevent
crust development.

Halite deposits may become consoli-
dated early in their history by early
diagenetic processes of crystallization
and re-crystallization. Garrett (1970)
concluded from studies of brine ponds,
that in shallow-water deposits, much of
the salt deposited in the evening redis-
solves during the day and subsequently
recrystallizes. This tends to consolidate
the deposit and with time and burial the
porosity decreases progressively and
rapidly (40% initially, 20% under 30cm
of salt, 5 to 10% under 6 to 12 m of salt
and to 0% with deeper burial). Not all
salts, however, appear to follow this
trend and the Holocene salt of Lake
Macleod (Western Australia), up to 12m
thick, has porosities of 25% throughout
its thickness and acts as an aquifer
(Logan, pers. commun., 1982).

Much less is known about the tex-
tures and structures of potash-
magnesia salts. Halite-sylvite in the
Oligocene of the Rhine Valley exhibits
varve-like banding (Baar and Kuhn,
1962). Because sylvite solubility is much
more temperature-dependent than that
of halite, the sylvite bands are inter-
preted to represent precipitation during
periods of higher (summer)
evaporation.

Most potash-magnesia salts, how-
ever, appear to be diagenetic replace-
ments of, or additions to, earlier halite or
sulphate deposits. All textures and
structures may be diagenetic, but less-
altered beds may still exhibit surpris-
ingly well-preserved depositional fea-
tures. Lowenstein (1982) describes
primary textures in halite and anhydrite
(after gypsum) from the potash ore
beds of the Permian Salado Formation
of West Texas-New Mexico.

Wardlaw (1972) has described crusts
of bottom-grown carnallite (KCI-MgCl,-
6H,0) interbedded with layers of detrital
and surface-grown (?) halite. The salts
are deformed by synsedimentary folds
and by the displacive growth of large
carnallite crystals within the sediment.
Deformation of the sedimentary layer-
ing suggests that the salts were never
subaerially exposed or lithified and that

subaqueous salts remain unlithified and
are capable of being deformed by
slumping and differential loading. The
occurrence to tachyhydrite (CaCly
2MgCl,12H.0) in these evaporites, a
mineral that cannot survive exposure to
the atmosphere, aiso indicates evaporite
deposition was entirely subagueous.

Shallow Water Evaporite Models

Two models are proposed for shallow-
water sulphates; both created for the
Messinian evaporites of Italy (Fig. 34).
Hardie and Eugster (1971) invoke depo-
sition of coarsely crystalline selenite in
the quiet waters of a shallow tagoon or
gulf, adjacent to a littoral belt of lami-
nated gypsum. Gypsum in the laminites
and in associated gypsum sand bodies
(beach or offshore-shoal deposits) was
derived from the area of selenite deposi-
tion and transported shorewards onto
the marginal evaporitic flats during
storms.

Vai and Ricci Lucchi (1977), on the
other hand, working on a sequence that
lacked gypsum laminites, suggest
transport of gypsum toward the basin
centre. Gypsum was reworked from
older, emergent beds of selenitic gyp-
sum by ephemeral slope-controlled
agents (torrential streams and debris
flows) which built up shallow alluvial
cones that enchroached the basin. This
cannibalistic model can be integrated
with Hardie and Eugster's model: Vai
and Ricci Lucchi's interpretation applic-
able to times of regression, when oider
evaporites become exposed in marginal
areas and subject to reworking, and
Hardie and Eugster's interpretation
appropriate to times of transgression or
when the regression occurs entirely as
a consequence of sediment outbuilding
(when gradients will be low).

Whereas we possess a reasonable
idea about details of the depositional
environment of shallow-water halite
(since we have a modern-day equival-
ent; Shearman, 1970), interpretation of
the mechanism for depositing the
enormous volumes of this material that
occur in many evaporite formations
remains problematical. As an example,
the lower part of the Middle Devonian
Prairie Evaporite consists almost
entirely of chevron halite with
carbonate-anhydrite laminae (Wardiaw
and Schwerdtner, 1966) and represents
deposition in shallow brine pools and
salt fiats. This environment apparently

stretched across Saskatchewan from
Central Alberta and the source of the
brine was from the northwest and would
have had to have travelled more than
1600 km. It is difficult to imagine how
this brine could have travelled across
brine pools and salt flats without evapo-
rating away before it had travelled for
more than a small part of its journey.
Interpretations of other large units of
shallow-water halite would appear to be
afflicted by the same problem.

DEEP WATER EVAPORITE FACIES

In this environment the brine is at or
near saturation with respect to gypsum
and/or halite. Crystal growth probably
occurs mainly at the air-water interface
and crystals settle through the water
column as a pelagic rain. Regular inter-
lamination of minerals of different solu-
bilities (calcite and gypsum, with or
without halite) reflect variations in brine
influx, temperature or evaporation rate.
Some calcium sulphate may grow
within the upper layers of the bottom
sediment and some salt may be precipi-
tated during the mixing of brinesina
stratified water body (Raup, 1970). Eva-
porite turbidites and mass-flow de-
posits, derived from shallower water
carbonate and evaporite accumulations,
may also be emplaced within this
environment,

The depth of water in which “deep
water” evaporites accumulate is difficult
to determine. Where turbidites (com-
posed of basin-marginal materials)
occur at the basin centre, the centre to
basin-margin distance combined with a
minimal 1° slope suggests a minimum
depth. Such a calculation for the Sicilian
Basin during the Messinian (Upper
Miocene) suggests depths exceeding
175 m (Schreiber et al., 1976).

A minimum water depth can also be
obtained by observing the relation of
basinal evaporites to topographic eleva-
tions. Laminated evaporites at the base
of the Muskeg-Prairie Evaporite Forma-
tions (Middle Devonian of the Elk Point
Basin described by Wardlaw and Rein-
son, 1971; Davies and Ludlam, 1973)
cover flanks of Winnipegosis - Keg
River carbonate buildups to heights of
at least 20 m. Persistance of laminae up
such slopes and the lack of associated
lithologic change suggest deposition
occurred from a brine body at least 40
m deep.

Detailed log correlations aross basin



margins can sometimes be used to
identify the basin configuration and
thus be used to determine the depths at
which basin-central evaporites were
deposited. Colter and Reed (1980) and
Taylor (1980) have attempted this
procedure for Zechstein (Permian) eva-
porites of the North Sea. They trace
individual evaporite units from the basin
up onto a pre-existing carbonate depo-
sitional shelf and this implies basinal
evaporites were depostied in up to 200
metres of brine. Evaporite units identi-
fied as deepwater by this method
include thick anhydrites, halites and
halite-polyhalite which implies the pres-
ence of a deep basin filled with brine
capable of precipitating bittern saits.
Such an environment is not even
remotely approached in the Recent.

Geochemical evidence can some-
times be employed to calculate water
volume and, by implication, water
depth. The smaller the volume of brine,
the less the evaporative system is buf-
fered and therefore the greater the pos-
sibility for larger variations in salinity
and trace-element concentration.

Katz et al. (1977) have used the stron-
tium content of aragonite laminae,
some interlaminated with gypsum
(Begin et al., 1974), from the Pleistocene
Lisan Formation of the Dead Sea region
to establish a water depth of between
400 and 600 m.

A) Sulphate mm-Laminites (Figs. 35 and
36). Laminar sulphate (originally gyp~
sum), either alone or in couplets or tri-
plets with carbonate and/or organic
matter, is probably the commonest
deep-~water evaporite facies and occurs
in the Permian Castile Formation of
Texas and New Mexico (Anderson and
Kirkland, 1966; Anderson et al., 1972), in
the Permian Zechstein group of Ger-
many (Richter-Bernurg, 1957; Anderson
and Kirkland, 1966), in the Jurassic
Todilto Formation of New Mexico (And-
erson and Kirkland, 1966) and in the
Middle Devonian Muskeg and Winnipe-
gosis Formations of Western Canada
(Davies and Ludlam, 1973; Wardlaw and
Reinson, 1971).

Laminae are thin (1 to 10 mm thick)
and although they are typically
bounded by perfectly smooth, fiat sur-
faces they may be uneven, crenulated
or plastically disturbed. Over short sec-
tions, laminae are nearly of uniform
thickness and individual laminae are

Figure 35

Cycles of varve-like laminated carbonate
(light coloured) passing upward (in figure up
and to the left) into interlaminated carbonate-
anhydrite and into highly disturbed and dis-
torted laminated anhydrite. Each cycle is
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abruptly overlain by the lower carbonate lam-
inite of the succeeding cycle. Ratner Member
(basal Priarie Evaporite), Middle Devonian,
central Saskatchewan. Top left is top of core,
lower right is bottom of core: core is 8cm
wide.



margins can sometimes be used to
identify the basin configuration and
thus be used to determine the depths at
which basin-central evaporites were
deposited. Colter and Reed (1980) and
Tayior (1980) have attempted this
procedure for Zechstein (Permian) eva-
porites of the North Sea. They trace
individual evaporite units from the basin
up onto a pre-existing carbonate depo-
sitional shelf and this implies basinal
evaporites were depostied in up to 200
metres of brine. Evaporite units identi-
fied as deepwater by this method
include thick anhydrites, halites and
halite-polyhalite which implies the pres-
ence of a deep basin filled with brine
capable of precipitating bittern saits.
Such an environment is not even
remotely approached in the Recent.

Geochemical evidence can some-
times be employed to calculate water
volume and, by implication, water
depth. The smaller the volume of brine,
the less the evaporative system is buf-
fered and therefore the greater the pos-
sibility for larger variations in salinity
and trace-element concentration.

Katz et al. (1977) have used the stron-
tium content of aragonite laminae,
some interlaminated with gypsum
(Begin et al., 1974), from the Pleistocene
Lisan Formation of the Dead Sea region
to establish a water depth of between
400 and 600 m,

A) Sulphate mm-Laminites (Figs. 35 and
36). Laminar sulphate (originally gyp-
sum), either alone or in couplets or tri-
plets with carbonate and/or organic
matter, is probably the commonest
deep-water evaporite facies and occurs
in the Permian Castile Formation of
Texas and New Mexico (Anderson and
Kirkland, 1966; Anderson et al., 1972), in
the Permian Zechstein group of Ger-
many (Richter-Bernurg, 1957; Anderson
and Kirkland, 1966), in the Jurassic
Todilto Formation of New Mexico (And-
erson and Kirkland, 1966) and in the-
Middle Devonian Muskeg and Winnipe-
gosis Formations of Western Canada
(Davies and Ludlam, 1973; Wardlaw and
Reinson, 1971).

Laminae are thin (1 to 10 mm thick)
and although they are typically
bounded by perfectly smooth, flat sur-
faces they may be uneven, crenulated
or plastically disturbed. Over short sec-
tions, laminae are nearly of uniform
thickness and individual laminae are

Figure 35

Cycles of varve-like laminated carbonate
(light coloured) passing upward (in figure up
and to the left) into interlaminated carbonate-
anhydrite and into highly disturbed and dis-
torted laminated anhydrite. Each cycle is
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abruptly overlain by the lower carbonate lam-
inite of the succeeding cycle. Ratner Member
(basal Priarie Evaporits), Middle Devonian,
central Saskatchewan. Top left is top of core,
lower right is bottom of core: core is 8cm
wide.
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Figure 36
Lateral correlation of individual carbonate-
anhydrite laminae within Ratner Member of

Saskatchewan. Cores are from wells located
several kilometres apart: cores about 8 cm
wide.

traceable over long distances (Fig. 36),
(up to several hundred kilometres). The
Castile - Lower Salado laminites are 440
m thick, comprise more than 250,000
anhydrite-carbonate couplets and some
laminae have been traced laterally for
more than 110 km (Anderson et al.,
1972).

Some anhydrite laminae exhibit evi-
dence that they were originally com-
posed of small lenticular gypsum crys-
tals, arranged parallel to bedding
(Shearman, 1971) and are similar to
those in gypsum laminae from the Lisan
Formation. Similar lenticular gypsum
crystals precipitate from the water
column (7) in shallow solar-salt ponds
or grow displacively in algal sediments
(Schreiber, 1978). Laminae that lack
evidence of lenticular gypsum may have
accumulated on the basin floor from a
rain of fine gypsum or primary anhy-
drite needles precipitated at the air-
water interface.

Nodular anhydrite intervals occur
within the Castile Formation but are the
result of a reorganization of pre-existing
sulphate laminae, the nodular anhydrite
rarely completely losing its laminated
appearance. However, some intervals

do approach, in appearance, those
formed in supratidal settings. Some
authors (notably Friedman, 1972) would
use the presence of nodular anhydrite
to suggest that the entire Castile suc-
cession is shallow water in origin, where-
as others (Dean et al., 1975) conclude
that this type of nodular anhydrite is not
diagnostic of supratidal environments.
The occurrence of nodular anhydrite at
horizons where anhydrite laminae are
thick or immediately beneath halite
layers suggests nodule formation was
associated with increased salinity.
Laminated sulphates record the pre-
cipitation and deposition of sediments
in a water body whose bottom was
unaffected by wave action and currents.
Such stagnant, permanently stratified
water bodies need not be particularly
deep and carbonate laminae form in
comparatively shallow waters of the
Dead Sea (Neev and Emery, 1967) as a
result of “whitings"at the brine surface.
Lenticular and needle gypsum crystals
precipitate in shallow brine ponds and
also are non-diagnostic of water depth.
The interpretation of some laminated
sulphate deposits as deep-water thus
rests primarily upon: 1) the wide-spread

occurrence of individual laminae, 2) the
lack of other facies indicative of shaliow
water, 3) the size of the evaporite unit,
and possibly 4) the presence of gravity-
displaced sediments.

Unfortunately the utility of criterion 1
is questionable in that iaminae of wide
distribution are found in some shallow-
water to subaerially exposed environ-
ments (see below). It has been heid that
shallow-water laminites are prone to
current and wave reworking. Unfortun-
ately abrupt brine stratification in the
brine column can dampen wave motion
at shallow depths, leading to a false
impression of “depth”.

B) Laminated Halite. Deep-water halite
is difficult to recognize because many
examples have suffered recrystalliza-
tion, abliterating original characteristics.
Even so, deep-water halite is invariably
finely laminated and contains anhydrite-
carbonate laminae (Jahresringe) similar
to those of deep-water laminated sul-
phates (which commonly underlie or
are interbedded with the halite). Lamina-
tion within the salt beds bounded by
anhydrite-carbonate laminae is com-
mon and is defined by variations in
inclusion content (liquid inciusions or
very fine grained sulphate or pelitic
material). Salt layers and laminae have
been traced for many kilometres
(Schreiber et al., 1976; Richter-
Bernburg, 1973; Anderson et al., 1972).

Many halites are thus banded with
alternations of clear transiucent halite
and dark grey to black halite. Dark
colours are caused by light dispersion
that is caused by anhydrite and/or talc
inclusions. In some banded halite the
dark layers contain clay or quartz silt
and suggest episodes of clastic influx
into the basin that alternated with peri-
ods of basin-floor halite growth.

The classic description of a sub-
aqueous basin-central halite deposit is
that of the Salina (Siiurian of Michigan
Basin) by Dellwig (1955) and Dellwig
and Evans (1969). Salina salts exhibit a
clear salt- cloudy salt banding (in2t0 9
cm thick couplets) in addition to
dolomite-anhydrite laminae. Banding is
absent or only poorly developed in
some basin-marginal locations where
there is additional evidence for shallow-
water conditions. Cloudy layers are
inclusion-rich and are described by
Dellwig as being composed of numer-
ous pyramidal-shaped hopper crystals



that grew on the brine surface. When
broken or disturbed, these skeletal crys-
tals were swamped, sank and accumu-
lated on the bottom as a sediment. They
subsequently developed syntaxial
inclusion-free overgrowths, and
assumed cubic habits.

Cloudy and clear salt banding was
interpreted by Dellwig (1955) as a pro-
duct of variations in halite saturation on
the basin floor. Sinking hopper crystals
caused bottom brines to become sat-
urated with respect to halite. A tempera-
ture rise in the bottom brines, however,
caused undersaturation and some dis-
solution of previously accumulated
hopper crystals. Subsequent cooling of
the brine allowed the brine to become
supersaturated and promoted growth of
clear, inclusion-free halite as over-
growths of surviving bottom hopper
crystals and as a new, clear, halite layer.
Supply of new hopper crystals from the
brine surface formed a new layer of
cloudy halite on top of the clear layer.
The early diagenetic origin of clear sait
layers and of hopper overgrowths is
shown where carbonate-anhydrite
laminae drape over overgrowth crystal
faces or when similar carbonate-
anhydrite laminae overlie flat dis-
solution surfaces that cut across both
hoppers and their overgrowths.

If Dellwig's interpretation of the clear
halite is correct, then this may account
for the recrystallized appearance of
other deep-water halites. it is not
known, however, whether a deep body
of brine would suffer sufficient variation
in bottom temperatures to promote this
wholesale solution-reprecipitation.

Many of Dellwig’s conclusions have
been challenged by Nurmi and Fried-
man (1977). They identify much-of the
cloudy salt as having grown on the
basin floor as crusts of upwardly-
directed crystals and infer a shallow-
water origin for it (see section on
shallow-water halite). However, Dellwig
categorically describes some halite
crystals as being downwardly-directed
so that both bottom-grown and surface-
grown (hopper) halite may be present.
Nurmi and Friedman aiso identify some
clear halite crystals, interpreted as
recrystalized halite by Dellwig, as prim-
ary. Such halite occurs as well-
developed cubes and is interbedded
with stringers of carbonate and anhy-
drite which drape over underlying halite
crystals (Fig. 37). The clear character of
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Figure 37

Deep-water halite layers, composed of cubic
crystals, interbedded with laminated carbo-
nate and anhydrite, Basal A-1 salt (Salina
Group) Michigan basin. Vertical scale bar:

1 cm. Photo courtesy R.D. Nurmi.

Figure 38

Carbonate and anhydrite turbidites from a

facies that flanks M. Devonian (Winnipegosis

Fm.) carbonate buildups: Saskatchewan.
Graded carbonate turbidites at left are
inserted within laminated carbonate and
anhydrite. At right poorly-graded anhydrite
layers occur in association with thinner
(autochthonous?) anhydrite laminae. Cores
are 8.5 cm across.

these crystals reflects slow precipitation
from a brine body that did not suffer
rapid compositional changes. This,
together with a restriction of this facies
to the lower part of the lowest (A-1) Sal-
ina salt and to the basin centre, sug-
gests deposition in somewhat deep-
water environments. All other salt is
reinterpreted to be of shallow-water
origin.

C) Gravity-Displaced Evaporites. Clastic
evaporite intervals, interbedded with
deep-water laminated evaporites or with
non-evaporite sediments, are inter-
preted as slump, mass-flow and
turbidity-current deposits. Their pres-
ence is possibly the best indication of a
large body of brine during deposition.
Gypsum or anhydrite turbidites are
seemingly identical with non-evaporite
equivalents. Sometimes the entire
Bouma sequence is present (Schreiber
et al., 1976) but most beds are only
composed of graded units or have
poorly developed, parallel laminae in
uppermost parts (Schlager and Bolz,
1977). Beds may be entirely evaporite in
composition or contain carbonate and

other types of clastic material. Gypsum-
rich turbidites from the Miocene of the
Periadriatic Basin (Parea and Ricci Luc-
chi, 1972) constitute a thin horizon
within a thick siliciclastic flysch
sequence, interpreted as a deep-sea fan
deposit. Turbidites within some eva-
porite deposits are entirely carbonate in
composition (Davies and Ludiam, 1973)
indicating an entirely carbonate upslope
source, or that evaporites at such loca-
tions contained no coarse-grained
material. Centimetre-thick anhydrite
beds (Fig. 38), some exhibiting poorly-
developed grading, associated with
carbonate turbidites in flanking beds
around Winnipegosis banks in Saskat-
chewan, suggest that the deposits of
turbidity currents which only carried
fine-grained sulphate may be difficult to
distinguish from “normal” basinal eva-
porites that are deposited as a pelagic
rain.

Mass-flow deposits are represented
by breccias composed of clasts of
reworked sulphate, either alone or with
carbonate fragments. They occurin
well-defined beds:; clasts are tightly
packed and large fragments (upto a
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Flgure 39

Schematic diagram of deep water and slope
evaporite environments (after Schlager and
Bolz, 1977).

metre in size) may be concentrated at
the base of beds. They are commoniy
associated with beds affected by slump-~
folding. Confinement of deformation to
certain horizons and possible truncation
of deformed beds beneath undisturbed
beds are indications that sediment
transport down siope was
penecontemporaneous.

Deep Water Evaporite Model

The deep-water evaporite model is only
just beginning to be understood and to
be recognized in ancient sulphate eva-
porites. When initial basin siopes are
gentle, the basin periphery becomes the
depositional site of thick shallow-water
evaporites that build upwards and out-
wards into the basin and construct a
ramp or platform (Schlager and Bolz,
1977) (Fig. 39).

In large part, this difference in sedi-
mentation rate between basin centre
and flanks is the result of the greater
degree of evaporation that can occur in
shallower waters. Additionally, deeper
waters (below the photic zone) have lit-
tle or no free oxygen, so that sulphate-
reducing bacteria are able to prevent
gypsum-precipitation or dissolve that
which had been precipitated in shal-
lower oxic waters. Deepwater sulphates
must be transported to their final resting
site from oxic waters either by settling
from surface waters or by lateral dis-
placement. Rate of sulphate supply
must also exceed rates of removal by
bacterial activities. Because evaporite

deposition at the deep basin centre is
slower than upon the platform, steep
depositional slopes develop at the plat-
form edge. Upper parts of slopes are
sites of slumping and mass flow, where-
as lower parts of siopes contain graded
beds that were emplaced by turbidity
currents. Laminated sulphates (gyp-
sum) are deposited on basin floors and
slopes.

Not ail deep-water evaporite basins
are flanked by sulphate platforms. Bas-
ins flanked by lithified carbonate build-
ups, for example, possess no source of
evaporite detritus and are largely com-
posed of laminites, possibly with minor
carbonate turbidites at basin flanks.

Conversely, not all deep-water eva-
porites need have been emplaced under

- saturated waters. Some mass-flow de-

posits described by Parea and Ricci
Lucchi (1972) were deposited after eva-
porites had ceased forming on the plat-
form, and were presumably preserved in
the undersaturated waters of their new
environment by their fast mode of
transport and burial beneath protective
non-evaporite sediments.

Deep water halite accumulates in the
same general environment as sulphate
laminites but the brines became super-
saturated with respect to halite. Periodic
retumns to sulphate precipitation, form-
ing Jahresringe, suggest pulses of sea-
water entry into the basin - perhaps
seasonally. Restriction of clear, cubic
halite facies to central parts of the Mich-
igan Basin suggest graduai desiccation
of the basin occurred so that deep-
water deposition became progressively
restricted to the basin centre (Nurmi
and Friedman, 1977).

Colter and Reed (1980) have shown
that the same pattern of basin filling that
occurs when calcium sulphates are
deposited may occur during deposition
of deeper-water halites and potash salts.
Individual units are traceable from basin
to depositional shelf and are arranged in
a foresetting pattern with units exhibit-
ing a thinning towards both the basin
and shelf.

EVAPORITE SEQUENCES

Facies models are developed from the
characteristics of individual facies and
from the succession and arrangement
of these facies. The thickness of many
shoaling-upwards subaqueous sedi-
mentary sequences also have com-
monly been used to estimate a minimum
depth of water at the time deposition
commenced. It is not possible to use
this method for subagueous-evaporite
successions (although it has been
attempted) because the upper deposi-
tional limit, the brine surface, is rarely
static. Cycles in subagueous evaporites
can result as much from brine-tevel
lowering (due to evaporation) as from
any sedimentary upbuilding. Thus the
“minimum” estimate of brine depth (for
lower parts of the cycle) can be very
much an underestimate. Conversely,
because subaqueous evaporite deposi-
tion occurs in locations where the brine
surface may be lowered by evaporative
downdraw, the thickness of cycles need
not even record minimal water depths at
the start of deposition. Unlike sea-level,
which is commonly a more or less static
confining surface for marine sedimenta-
tion, the level of a brine surface may rise
to offset the effect of sediment upbuild-
ing, so maintaining a similar depth of
water. In this way, shallow water eva-
porites may accumulate for many tens
of metres without necessarily passing -
vertically into shallower facies.
Shoaling-upwards cycles reflecta
gradual decrease in brine depth but this
need not occur at the same rate as sed-
imentary accretion.

It cannot be expected that brine
depth will be stable over any great
length of time. The very fact of evaporite
precipitation means that the brine
volume has been depleted by evapora-
tion. In the absence of significant water
input, precipitation of evaporites must
be accompanied by dramatic lowering
of the brine surface (evaporative down-
draw) and even when water input



offsets this brine-loss it is most unlikely
to balance the evaporation rate exactly
and brine-level fluctuations will occur.
Downdraw and desiccation may cause
shallow-water and supratidal sediments
to be located only a short distance
above those formed in deep water.
Conversely, basin refill and dilution may
cause episodes of non-evaporite deep-
water sedimentation. Thus deep deposi-
tional basins may contain both deep
and shallow-water deposits. Application
of a single depositional model through-
out the history of basin filling is unlikely.
Three types of vertical succession
occur within marine evaporite sequen-
ces and each corresponds to deposition
in a different part of a basin (Fig. 40).
Basin-marginal sequences (which in
shallow basins may extend well into the
basin) are characterized by sabkha
deposits, with evaporites growing within
the sediments. Calcium sulphate satura-
tion is only achieved in upper intertidal-
supratidal environments and shallow
water evaporites are either absent or are
confined: 1) to existing depressions on
the sabkha surface, or 2) to brine-flats
that develop if the rate at which the
supratidal surface is raised by displacive
evaporite growth falls below the rate of
subsidence, and the former sabkha sur-
faces thus becomes flooded with brine.
Leeder and Zeidan (1977) interpret
laminar sulphates above nodular anhy-
drite as forming in this last-mentioned
situation but, because the brines would
have been derived from sabkha
groundwaters (therefore calcium and
sulphate depleted), salt-pan halite is
more likely to be precipitated in such a
situation. Halite in the Stettler Forma-
tion (Upper Devonian of Alberta; Fuller
and Porter, 1969) may have been depos-
ited in such supra-sabkha depressions.
In shallow basin or shelf sequences
(which may also be located on the
floors of partially desiccated deep bas-
ins) gypsum saturation is reached in the
shallow subagueous environment. Ver-
tical variation is caused: 1) by sedimenit
upbuilding, 2) by lowering of brine level
by evaporation or drainage (commonly
associated with cannibalism of earlier-
formed evaporites), or 3) by changes in
the rate of brine-recharge that occur as
aresult of brine-level rise toward the
world sea-level, brought about by sedi-
ment upbuilding. Decreased recharge
will result in desiccation and regressive
sequences, whereas increased recharge
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will produce transgressive sequences.
Changes in recharge will also affect the
salinity of brines. Salinity increases are
recorded by upward transitions from
carbonates into sulphates, perhaps via
patterned (or pyritic) carbonates that
record sulphate precipitation and con-
temporaneous sulphate-reduction (Fig.
41). By the time halite saturation is
reached, the brine-level in the shallow
basin or shelf environment has been
lowered to such an extent that only shal-
low subaqueous or brine-pan salt is
deposited.

Lowenstein (1982) describes cycles
of magnesite, anhydrite and halite (with
diagenetic potash mineral overprints)
from the Salado Formation of the Dela-
ware Basin. They involve numerous (74
cycles in 160 m of core) passages from
shallow lagoonal gypsum-carbonate
deposits upwards into shallow lagoon -
salt pan mud-free halites and, at the top,
dry salt pan, displacive muddy halites.
These sequences were compared with
those described by Arakel (1980) from
Hutt and Leeman Lagoons of Western
Australia although the factors that
caused these Holocene cycles (pro-
gressive restriction of the lagoons by
growth of barrier beach and dune com-

plexes) are unlikely to be similar to the
Permian examples.

A most valuable Holocene analog for
interpreting sequences of shallow-water
gypsum has been described by Warren
(1982) (Figs. 42 and 43). From a
comparison of the inferred hydrologic
changes that have occurred in South
Austratian salinas and the depositional
sequences present, Warren has been
able to make sense of some of the
depositional features. The salinas began
as perennial brine lakes up to 10 m.
deep. The volume for the brine pond
was large and its waters were strongly
density-stratified. Sediments were
initially precipitated therefore from a
stable, gypsum-saturated brine that was
unaffected by seasonal input of meteoric
waters that affected the shallow water-
layers of the salina. This stable setting
aliowed continuous deposition of gyp-
sum and aragonite in, and on, a surface
covered by an algal mat. Gypsum crys-
tals pushed aside the aragonite to form
an interlocking mosaic of large gypsum
crystals with an intercrystalline matrix.

Later, as the salina began to fill with
sediment, the volume and depth of the
brine ponds decreased and seasonal
freshening of surface waters became
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Figure 41

A) Part of Souris River Fm (U. Devonian,
Saskatchewan) evaporite cycle. Light
coloured laminated carbonates at base pass
up into pyritic-stained carbonates (marking
episode when brines were gypsum saturated
but gypsum failed to accumulate because of
bacterial reduction in the sediment) and then
into laminated anhydrite (deposited when
rate of gypsum precipitation exceeded the
rate of its removal). A further salinity
increase is revealed by the highly dendritic
halite crystals that grew within the laminated
carbonates. Core is 8 cm across. B) Evapor-
ite cycle in Ratner Member (M. Devonian,
south Saskatchewan ) composed of varved

B

dolomite passing rapidly but gradationally
into laminated and varved anhydrite (per-
haps representing several cycles like those
seen in Fig. 19), abruptly overlain by massive
anhydrite (after gypsarenite ?) and chevron,
layered halite. Cycle represents a period of
increasing salinity and decreasing water
depth. It starts with subaqueous (deep ?)
calcium carbonate and sulphate and abruptly
is overlain by shallow subaqueous to subae-
rial (salina) subphate and salt-pan halite.

progressively more importantin control-
ling salina sedimentation. This induced
a pronounced aragonite-layering within
the gypsum crystals and poikilitic
enclosure of some of the carbonate
matrix. Initially carbonates were depos-
ited upon the upturned crystal faces of
the gypsum crystals (outlining them)
but eventually the seasonal freshening
caused the dissolution of the upper
parts of the newly-precipitated gypsum

crystals to form truncation surfaces.
As the sediment surface approached
sea-level, the brine-pond became
ephemeral with rapid changes in salinity
and saturation conditions. This pro-
moted multiple gypsum-crystallite
nucleation and gypsum precipitated as
an annual crop of sand-sized crystals.
Deposition changed from precipitation
of large gypsum crystals (typical of
more stable conditions) to a laminated

gypsarenite unit. During the transitional
period, gypsarenite forms in the shal-
lower margins of the salina and selenitic
gypsum in the deeper, more central,
parts. Similar sequences of gypsum to
those which formed in the South Aus-
tralian salinas have been described from
the Miocene of Italy (Schreiber et al.,
1973; Vai and Ricci Lucchi, 1977;

Fig. 42-4).

Calcium sulphate saturation is
reached in the central deep-water parts
of some basins and laminar sulphates
overlie starved basin deposits. Some
pyritic basal limestones may represent
the by-product of subagueous sulphate
reduction (Friedman, 1972) and the
change from carbonate to sulphate
marks an increase in the rate of sul-
phate production so that some of the
sulphate survives bacterial reduction.
Halite saturation may be reached in
shallow or deep-water environments
but some basins seem to pass directly
from deep-water sulphate laminites into
brine-pan halite. The absence of deep-
water halite from these basins presents
a considerable problem. Upward
sequences are produced: 1) by brine-
level lowerings, caused by net evapora-
tive loss, which causes precipitation of
more saline and shallower water evapor-
ites above deeper, less saline deposits;
and 2) by flooding events that may
cause deeper water, less saline deposits
to abruptly overlie shallower, more
saline evaporites. Taylor (1980) sug-
gests that cycles in the Werraanhydrit of
the North Sea (Fig. 42-5), which are
composed of laminar carbonates that
overlie laminate anhydrite and nodular
anhydrite at the base, formed during
conditions of progressively lower
supersaturation and during episodes of
transgression. To date this is the only
transgressive evaporite deposit recog-
nized. Most halite appears to have pre-
cipitated upon brine-flats, and thick
sequences of chevron halite (the lower
part of the Prairie Evaporite for exam-
ple) must record sediment upbuilding
coincident with a similar rise in brine-
level on the floor of a fairly deep desic-
cated basin.

DEPOSITIONAL SETTINGS

OF EVAPORITES

(DEPOSITIONAL MODELS)

Rather than discuss the classic models
that have been applied to subaqueous
evaporites (such as the bar model of
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Evaporite cycles up, forming a dry salt pan or saline mud-flat seasonal freshening events.

1) Salinity cycle composed completely of
deepwater laminites from the Castile Forma-
tion (Permian) of west Texas—New Mexico
(after Dean, in Handford et al., 1982). Lami-
nites are initially calcitic and very fine (i) but
pass up, via calcite-anhydrite couplets into
thicker laminites composed of anhydfite (ii)
which at their top become nodular (iii). The
cycle is terminated by thin-bedded halite
containing anhydrite laminae (iv). Below the
halite the carbonate-anhydrite laminite
sequence closely resembles that seen in the
Ratner Member of Saskatchewan (see Fig.
35) but there the deepwater anhydrites pass
directly into salt-pan halite (Fig. 418).

2) Lagoonal to salt-pan cycle from Salado
Formation (Permian) of west Texas and New
Mexico (after Lowenstein, 1982). (i} Mud
containing magnesite is followed by alterna-
tions of anhydrite (after gypsum) and mag-
nesite and then by anhydrite laminae after
clastic and in-situ gypsum (ii) which repre-
sent shallow lagoon or hypersaline lake de-
posits. Mud-free halite with chevron and
hopper structures (iii) were deposited in a
perennial lagoon or lake that eventually dried

within which chaotically-bedded muddy
halite was deposited (iv). All parts of the
Salado cycle may contain potash minerals
that are diagenetic overprints. The cycle
records the progressive increase in salinity
and the desiccation of a lagoon or lake. It is
the reverse of the sequence seen at the base
of the Lotzberg Salt of northern Alberta (Fig.
8) which must illustrate the passage of a
saline mud-fiat into a halite-precipitating
saline lake.

3) Salina cycle from New Lake, South Austra-
lia (after Warren, 1982). Selenite domes
composed of coarsely-crystalline gypsum
and with indistinct layering (i) pass transi-
tionally upward into selenite with aragonitic
laminae that drape over and define gypsum-
crystal terminations. Overlying bedded,
vertically-oriented gypsum crystals (ii) con-
tain solutional surfaces overlain by aragonite
laminae, all poikilitically enclosed within the
gypsum crystals. The uppermost part of the
cycle is composed of laminated gypsarenites
(iii). The cycle was formed by the progressive
filling of a coastal salina, the sediments of
which were progressively more affected by

4) Gypsum cycle from Messinian (Miocene)
of Northern Apennines, Italy (after Vai and
Ricci Lucchi (1977 ). (i) Bituminous shale is
overlain by carbonate-gypsum algal laminite
(ii) and massive selenite that has enclosed
algal-mat sedment (iii). Upward the coarsely-
crystalline gypsum becomes bedded and
more finely-crystalline with the appearance
of dissolution surfaces. The upper part of the
cycle is composed of lenticular to laminated
gypsum (iv) with beds of chaotic selenite (v)
interpreted to be cannabilized parts of older
gypsum deposits. The sequence of selenite
types closely resembles that from South Aus-
tralian salinas (Warren, 1982).

5) Anhydrite—carbonate cycle from Werrann-
hydrit (Permian) of North Sea (after Taylor,
1980). Nodular to nodular-mosaic anhydrite
(i) passes up into finely laminated anhydrite
(ii) and carbonate (iii). This sequence is the
reverse of that seen in the Castile Formation
or the Ratner Member (Fig. 35) and has been
interpreted to result from a progressive
decrease in basin-water salinity, perhaps
brought about by a slow transgression.
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Ochsenius, the surface reflux model of
King and the seepage reflux model
developed by Adams and Rhodes) -
models that are adequately described
and discussed by Stewart (1963), Hsu
(1972), and Kirkland and Evans (1973) -
attention is directed towards three cur-
rently accepted and competing deposi-
tional models (Fig. 43). Deep- and
shallow-water evaporites are also con-
trasted in Table 2.

Deep Water Deep Basin Model

The deep water, deep basin model is
founded upon evidence that giant eva-
porite basins were deep togographic
depressions. Evidence of this comes
from: 1) the rate of evaporite deposition
compared to possible rates of basin-
floor subsidence, and 2) from paleo-
geographic reconstructions.

The Zechstein (Permian) of Germany
locally contains almost 2,000 m of eva-
porites which accumulated at an aver-
age rate, based upon varve measure-
ments (assumed to be annual), of 10
mm/year. Even if the Zechstein basin
subsided at rates comparable with
those of geosynclines (0.1 mm/year), a
postulate for which there is no confirm-
ing evidence, the initial depth of the
Zechstein basin could not have been
less than 1,165 m (Schmalz, 1969). The
depositional rate may be disputed
because the annual nature of the eva-
porite varves is uncertain (see Shear-
man, 1970). Other evidence, however,
indicates that evaporite depositonal
rates can be very high. More than two
km of salt in the Messinian of the Medi-
terranean accumulated in less than two
million years and more than 300 m of

evaporites in the Muskeg-Prairie Eva-
porite Formations of the Elk Point Basif
(western Canada) were deposited in thel
time interval corresponding to a fraction]
of a conodont zone - possibly only
500,000 years. Such rates require that
deposition was initiated within a pre-
existing deep basin.

Carbonate buildups (reefs or mud-
mound complexes) are commonly i
associated with basin-central evaporites
and occur in marginal or basin-central !
locations. They accumulated either
before evaporite deposition was
initiated or are (in part) contempor-
aneous with evaporite deposition. The
height of pre-evaporite portions of the
buildups can be used to determine
depth for the basin and such evidence
commonly indicates pre-evaporite bas-
ins were at least hundreds of metres
deep.

Evaporite deposits also commonly
include intercalations of euxinic sedi-
ments, such as black shales. These are
considered, by some, as evidence for
deep-water deposition (Schmaiz, 1969).

There is thus considerable evidence
for the postulate that many evaporites
were deposited on the floors of deep
basins. Unfortunately, most of these
criteria identify the basin depth but not
the depth of water in which the evapor-
ites formed. Many evaporites and genet-
ically related sediments exhibit evidence
for shallow-water or subaerial deposi-
tion. Nevertheless, there are some eva-
porite deposits whose internal charac-
toristics strongly suggest deep water
deposition and, as will be seen, the shal-
low water, deep basin model must pro-
gress through a deep water, deep basin
stage in its development.

Shallow Water Shallow Basin Model
The shallow water, shallow basin model
accounts for the sedimentologic and
geochemical evidence for shallow water
and/or subaerial depositional environ-
ments for basin-central evaporites; evi-
dence that commonly is overwheiming.
The main argument against the applic-
ability of the shallow water, shallow
basin model is the structural and strati-
graphic evidence that deposition
occurred within pre-existing deep topo-
graphic depressions - depressions that,
from the evidence of the evaporite
facies themselves, must have been only
partially filled with brine. There are also
difficulties in generating thick evaporite




Table 2

Sedimentary Aspects of Deep-Water and Shallow-Water Evaporite Deposits.

Shallow Water

Mineralogy Deep Water

Sulphate Laminites thin, traceable over long
distances.
nodular anhydrite

developed from laminated

sulphates.

Clastic Sulphates

Selenitic Gypsum

in form of gravity flows,
slumps and turbidites.

thicker than in deep water,
individual laminae may be
laterally impersistent.

evidence of deposition by
currents: clastic textures, ripple
drift and X-bedding, rip-up
breccias, reverse and normal
grading.

associated stromatolites,
footprints.

nodular anhydrite
developed displacively in
inter-and supratidal sediments.

in form of offshore bar,
channel, beach and sand spit
deposits and as intercalations
between other facies.

layers of swallow-tail twinned

crystals.
Halite finely laminated with layers separated by
carhonate-sulphate laminae. terrigenous or carbonate-

Inclusion-defined laminae

sulphate laminae.

traceable over long distances.

clear, inclusion-free

halite cubes.

associated with potash salts.

inclusion-rich ‘chevron’ halite
with clear cavity-filling halite.

detrital halite, ripple-marked
and cross-bedded.

emersion surfaces, salt-thrust
polygons.

Note that recrystallization and other diagenetic changes commonly destroy the evidence
necessary to place evaporites into environmental settings. No single criterion is diagnostic.

deposits by this model because it must
be assumed that the basin floor sub-
sides at approximately the same rate as
the evaporites were deposited - unlikely
in most tectonic environments. Further-
more, it is also necessary to postulate
that the barrier zone, which controls
ingress of oceanic water (needed to
account for the volume of evaporites
precipitated) and egress of refluxing
brines (required to prevent isochemical
successions from being formed),
remains at approximately the same alti-
tude. The barrier can neither subside
(as does the basin) nor rise. The first
would permit entry of fresh sea-water,
which would dissolve previously depos-
ited salts, and reflux out of the basin the
concentrated brines. The second, uplift

of the barrier, would permit the basin to
dry out and no further deposition of
marine derived salts would occur.
Because the rates of evaporation and
corresponding rates of salt deposition
are high in arid climates, the rates of
basin subsidence would have to be both
rapid and constant. Estimated rates of
evaporite deposition thus do not sup-
port theories of shallow-water deposi-
tion with contemporaneous subsidence
for the formation of vast bodies of salt.
On the other hand, the shallow water,
shallow basin model is certainly appli-
cable to evaporite formation in satellite
basins and to formation of thin evapor-
ite deposits in basin-central locations.
The latter occur at the top of sedimen-
tary cycles which can be numerous and
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superimposed such that, in aggregate,
the evaporites constitute a major pro-
portion of the sedimentary sequence.
Examples of such sequences in the Wil-
liston Basin occur within the Ordovician
(Kendall, 1976), the Upper Devonian
(Wilson, 1967; Dunn, 1975) and the
Poplar Beds of the Mississippian,
although the subaqueous nature of
much of these evaporites has not been
previously recognized or is disputed.

Basins bound by active faults are
locations where rates of subsidence
could be fast enough to keep pace with
evaporite deposition. Rates of isostatic
readjustment deduced from the Lake
Bonneville (Utah) area indicate that
such movements can be both rapid and
responsive to very small differences in
load - in this instance, the weight of
water in Pleistocene Lake Bonneville.
This leads to an interesting possibility
(so far unexplored) that varying climatic
conditions control the volume of brine
in some basins and the weight of these
brines induces isostatic subsidence or
uplift with the formation of sedimentary
cycles that appear to be of purely tec-
tonic origin. Windsor (Mississippian)
evaporites of the Maritimes accumu-
lated in graben (Evans, 1970) and could
theoretically, have been deposited in
shallow water, shallow basin environ-
ments that suffered continuous
subsidence.

Shallow Water Deep Basin Model

The shallow water, deep basin model
was developed to account for pre-
existing deep basins that become filled
by evaporites with internal evidence for
shallow water and/or subaerial deposi-
tional environments.

Calculations made by Lucia (1972) on
the degree of basin restriction required
to promote gypsum and halite precipita-
tion suggest that the barrier between
the open sea and the hypersaline basin
must be almost complete. Sea-water-
supplying channels into gypsum-
precipitating basins can only be of very
small dimensions and salt deposition
implies complete surface disconnection
from the ocean. The source for the hai-
ite is from episodic flooding over the
barrier. A coroliary to Lucia’'s argument
is that when a deep basin undergoes
restriction and loses connection with
the world ocean (a requirement needed
before evaporites can be precipitated)
there may be little to prevent desicca-
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tion or a pronounced depression of the
brine level in the basin well below sea
level.

The shallow water deep basin model
was developed largely to account for
two major evaporite deposits - the Mid-
dle Devonian Elk Point evaporites of
western Canada {Muskeg and Prairie
Evaporite Formations) and the Miocene
Messinian evaporites of the Mediterra-
nean. Fuller and Porter (1969) and
Shearman and Fuller (1969} identified
laminated dolomites and anhydrites at
the base of the Prairie Evaporite, located
between carbonate buildups, as algal
mat and sabkha deposits and so postu-
lated desiccation of the Elk Point Basin.
The laminated beds are now interpreted
as subaqueous deposits (Wardlaw and
Reinson, 1971; Davies and Ludlam,
1973) but immediately overlying halites
(described by Wardlaw and
Schwerdtner, 1966, re-interpreted by
Shearman, 1970) testify to deposition of
salt flats and imply basin desiccation.
Most support or the shallow-water deep
basin model, however, comes from the
DSDP program in the Mediterranean
(Hsu et al,, 1978). During the Late Mio-
cene the Mediterranean basins were
covered by deep marine waters when
evaporites were not being formed, but
the evaporites were deposited in shal-
low waters, brine-flats or subaerially on
the floor of the basins, thousands of
metres below sea level.

Evaporation of the entire Mediterra-
nean Sea would yield only enough salts
to reach 60 m in thickness locally. Part
of the Messinian evaporites may have
been derived from the salt content of
waters that drained into the desiccated
Mediterranean, but Hsu et al. (1973)
estimated that at least 11 flooding-
desiccation events would have been
required to generate the Messinian eva-
porite sequence. In this calculation no
attention was paid to groundwater con-
tribution. Deep basins must intersect
the groundwater pattern of neighbour-
ing areas and. if deep enough, would
constitute a major sink for groundwater
flow. Much shallow water, deep basin
evaporite may thus be derived from
groundwaters, The low bromine halite
of the Lower Elk Point in Alberta may
have been entirely derived from such a
groundwater source (Holser et al.,
1972).

" During basin desiccation and after
basin isolation from the world ocean the

desiccating sea must pass through a
deep water. deep basin stage within
which deep water sulphates and halite
are precipitated. Hsu (1972} calculates
that the Mediterranean would have
reached saturation with respect to gyp-
sum while still more than a thousand

metres deep. Friedman (1972), however,

argues that deep water sulphates will
not be preserved because organic mat-
ter in the brine promotes bacterial
reduction of dissolved sulphate or of
already precipitated gypsum. This
argument assumes that the rate at
which sulphate is bacterially reduced
will always exceed the rate at which
sulphates are precipitated, itself
dependent upon the evaporation rate.
The assumption is clearly incorrect in
locations where subaqueous sulphates
are being precipitated today, like the
brine ponds described by Schreiber et
al. (1977) and Schreiber and Kinsman
(1975).

Upon complete desiccation the floors
of basins in which major bodies of eva-
porite formed (such as the Mediterra-
nean and Zechstein basins) must have
lain one or more kilometres below sea
level. Such large depressions would
provide conditions that are unlike any
now present on the earth’s surface. Air
temperatures would be high (perhaps
exceeding 60° C), brine temperatures
even higher (80° C or more) and humidi-
ties would be very low because of the
extreme continentality of basin floors
and because of reduced vapour pres-
sures, caused by the high temperatures.
Such conditions should markedly influ-
ence the type of evaporite minerals
formed and it is possible that primary
subaqueous anhydrite might have been
able to form during the extreme desic-
cation stages of the Mediterranean.

SUMMARY

Ths paper has emphasized interpreta-
tions based upon evaporite fabrics and
structures but has largely ignored geo-
chemical evidence. Postash and similar
evaporites have also been little menti-
oned because few sedimentologic stu-
dies have been attempted for these
rocks. In part, this sparsity reflects the
major changes imposed by diagenesis
causing few dispositional characters to
survive. The treatment given to other
evaporites has also been subject to
considerable personal bias. Interpreta-
tion of evaporites is still very much an

art and many stratigraphic units have
been interpreted in very different ways.
Important new interpretations seem to
appear each year.
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