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ABSTRACT

Primury laminativn in an evaporite s caused by periodic
changes in the brine chemistry. Some geologists inferpret later-
atly extensive, horizontal mum laminae in ancient evaporiles as
subnguecus “deep water phenumena; others huve said evaporite
luminge can form wnder subaerinl conditivns. This difemma of
interprerarion is in part due tu the lack of subogueous Holocene
analops. However, laminated and non-laminated evaporites are
forming subaquenusly in some Halocene salinas fraline ground-
water lakesj along the sourhern coastline of Australia.

The overall facies pattern in the South Aasiralion salfnas is o
bulls eye. Laminuied and/ or fenesiral carbondtes containing
stromtelites and tepee strucrures surround i more basimward.
refatively pure, gypsum unft. In some safinas the bull of the gyp-
st unit (8 0 mm Lirminated gypsaremite, i others the unit is
compased of bedded to finely minaled coarser grained gypsum
{selenite). The laterally extensive, mm lominaied gypsum formy
in a subugueous environment where Lhé brine pond is subject to
perivdie (but not necessarily seasonal} fresttening. However, not
wll the subpqueous salina gypsum is laminated. In the deeper

portions (< Hbm depth) of these density siratified brine pornds
there are large, poorly layered domes of pypsum forming under a
regime of continuously subagueous, stable brines. A laminated
gypsum umit whvays passes up into @ non-laminated, relatively
pure gypsarenite unit which formed in o seasonally vadose v sub-
aerial environment.

In South Ansivalion salinas ¢ pypsum unit with o laterally ex-
tensive mm lamination forms in ¢ subaqueous, nof intertidal, en-
virorment. Bui, & non-lominated gvpsum does nor abways form
subaerially. If a relinble paluecenvironmental determination is
mude in unclent evaperiles, where gpprizm s now anhydrile, then
ithe marphology and textural relarionships in such anclent limi-
nated end non-luminated evaporites must be considered as pri-
mary indicaivrs of palechydrological stability. Lamination in the
archydrite probably indicares subaquesus deposiiion, but water
depth cars be best determined by studving evaporite texvures in
confunction with o study of the depositionul environment of the
laterally equivalent limestones.

INTRODUCTTON

Thick beds of laminated CaSQO, rich evaporites occur in
many ancient sedimentary basins. One of the best known
is the Castile Frm. {(Ugpper Permian) in the Delaware Basin
of West Texas and New Mexico. Most gealogists accept
the Castile as our best examyple of a “deep wafer” evap-
orite and the diagnostic anhydrite-carbonate (organic
rich} laminae as annual evaporite varves (Anderson et al.,
1972 Dean and Anderson, 1978). The laiest studies on
this sequence have shown deposition of the Castile was
controfled by climatic changes which were related to
Milankovitch cycies {Andersom, 1982). Laminated or-
ganic rich CaSQy sediments are also characteristic of the

‘subagueous Oito Fiord Fm. (Miss. -Penn.) of the Cang-

dian Arctic Archipelago (Nassichuk and Davies, 1980) as
well as the Middle Devonian Winnipegosis Fm. in Sas-
katchewsan and the shallow-water lagoonai deposits of the
Ordovician Red River, Stony Mountain and Stonewall

Formations (Shearman and Faller, 1969; Kendall, 1973).
Laminated gypsum is found in many Late Miocene (Mes-
sinian) sub-basing of the Mediterranean where Schreiber
et al. {1978) have shown the lamination formed in sub-
agueous, cuphotic zones.

Many Pre-Quaternary laminated anhydrites such as
those of the Castile Fm. and the Winnipegosis Fm. can be
followed over thousands of square miles. In the Castile
Fra, individeal anhydrite-CaCQ; couplets have been cor-
related over distances of greater than 100 km (Anderson et
al., 1972), In their study of the laminated cycles in the
Castile, Dean and Anderson (1978} conclude that “water
depth may have varied during individual safinity cycles,
bui the sediment-water interface was always below base.”
They reasoned that any evaporite sequence above fair
weather wave base would be subject to reworking, so de-
stroying any widespread correlation of larmina thickness.
Kendali {(1979) proposes such widespread laterally exten-
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sive laminae arc one of the better indicators of evaporite
deposition in deep water. Anderson and Kirkland {1966)
used a similar shallow water argument to explain the rela-
tively poor correlation of laminae thickness in the Jurassic
Todilto Fim of New Mexico,

Laminated evaporites, with or without dark organic
films have also been interpreted as “of algal origin or asso-
clation” and in soixe cases such laminae have been used as
a signature for tidal-flat, algal-rich environments {Shear-
man and Fuller, 1969; Kendail, 1979; Dean et al., 1973},
It seems laminae in evaporitic sequences have heen used
Lo interpret sequences as deep water, shaliow water and
intertidal. For example, the Winnipegosis Fm. has been
interpreted as both a basinal, turbidite-mass flow depesit
and as a sabhka evaporite (Kendall, 1973; Shearman and
Fuller. 1969). 1t appears that little definitive information
on the environment of deposition can be deduced from the
presence of lamination in ancient evaporites. Conflicting
opinions on the environment of deposition of a laminated
evaporite sequence may be due, at leastin part, tothe lack
of a Holocene analog for snhagueous laminar and layered
evaporite deposits. However, there are a few Pleistocene
analogs in both “shallew™ and “deep” subaqueous en-
vironments, Schreiber and Kinsmaa (1973) have de-
scribed shallow water, Jaminated gypsum sequences from
the Pleistocene of Montaliegro, Sicily, while Neev (1978)
siates coarsely crystalline halite, gypsum and aragonite
are now precipitating in the relatively deep waters of the
Dead Sea.

The present paper will discess the significance of evap-
orite famination based on the depositional regime now
forming faminated, gypsum-aragonite sequences in many
saline groundwater lakes along the south central coast of
Southern Austraiia (Figure §). This is one of the few areas
in the wortld where thick (up to 10 m} beds of laminated,
subagueous gypstm have been deposited in the last 6000
years {Warren, 1982a). The depositional modei deduced
{from this area can be used as an analogy for the deposi-
tional setting of some ancient faminated evaporites.

THE HYDROLOGICAL SETTING OF THE
SOUTH AUSTRALIAN COASTAL SALINAS

Holocene salinas in South Ausiralia are situated in the
interdunal corridors of an extensive Quaternary beach-
dune system. Many salinas have never had a surface con-
nection with the Holocene ocean but formt as seca-water-
ted groundwater fakex in areas where the level of the dune
cortidor is below the present sca level. Al the coastal sa-
linas have a ‘bull's eye’ pattern of sediment distribution
with a fringe of carbonate surrounding a central gypsum
unit {Figure 2). Today much of the salina surface is within
0.5 m of sea level, but wherever the surface sediments of a
salina are subaerially exposed they may be blown inte
lunettes which rise up ta 10 m abave the level of the undis-
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Figure 1, Locality map of the large gypsum-filled coastal
salinas.

turbed salina surface. The present paper considers only
the laminated gypsum now usually found in the subsur-
face, not the near surface lunette gypsum. However, other
gypsum fextures, as well as aragonitic tepees, laminated
stromatolites, intraclast breccias and many other interest-
ing carbonates ovcur in these salinas {Warren, 1982, b,
1983).

Thie climatic setting of the area is semi-arid and strongly
seasonal with cool, wet winters alternating with hot, dry
surmmers, Evaporation of ponded marine-derived ground-
waters from SKH-6000 vears ago to the present has filled
the central portions of the salinas with subaqueous gyp-
sum sequences up to 10 m thick, The gypsum fabrics
change up sequence in a regular fashion, reflecting
changes in the hydrologic conditions controlling sediment
deposition. Six thousand years ago the lakes were rela-
tively deep. the volume of a brine pond was large and the
water was densiry stratified. Sediments forming on the
bottom of the salina at this time were deposited from sta-
ble, probably gypsum-saturated, brines (Warren, 19822),
These “deeper waier’ brines were little affected by seasonal
mput of fess dense, meteoric waters inio the near surface
waters layers of the salina (Figure 3a). As the sedimeat
column aggraded, the volume and depth of the brine pond
decreased. Each winter a freshening of the sarface water
by meteoric water became more and more important in
controfling salina sedimentation (Figure 3b}, The shoal-
ing sediment surface was not always covered by a gypsum
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Figure 2. Geological maps of three sakinas showing the bulf's-eye pattern of sediment distribution. Deep

Lake is a few km west of Marion Lake.

saturaied brine; meteoric water mixing with the near bot-
tom brines diluted them te a point where gypsom deposi-
tion slowed ar ccased each year and definiie times of arag-
onite depeosition occurred. Finally as the sediment column
approached z level equivalent to near sea level the brine
pond became ephemeral (Figure 3c) and as is seen today
chenical sedimentation stopped in the winter and some
surface sediments were dissolved (Warten opp. ot ).

GYPSUM IN SOUTH AUSTRALIAN SALINAS

Attribuies
In the South Australian salinas there are three types of
gypsum: gypsite, gypsarenite and selenite. Gypsite is com-
posed of mainly silt-sized gypsam crystals, gypsarenite of
" sand-sized crysials and selenite of coarser than sand-sized
opsum crystals (Warren opp cit.). Araponite laminag
only occur in the gypsarenite and selenite units, so only
these units are defailed in this paper. For a comprehensive
discussion of gypsum in the South Australian salinas the

interested reader is referred to Warren (1982a). Laminae
in both the gypsarcnite and the selenite units are com-
posed of layers of sand-sized aragonite pelletoids. In fact,
aragonite is the major carbonate phase in all these gypsum
depositing salinas; this is in marked contrast 1o the dolo-
mite precipitating {non-gypsiferous) salinas of the Coor-
ong Region some 100 km to the west (Eriksson and War-
ren, 1983 Warren, in prep.).

A vertical section in a mature gypsum precipitating sa-
lina often contains all three gypsum types. In a complete
section a basal selenite unit passes up into & gypsarenite
unif, which in turn may pass into 2 gvpsite unit. Not all sa-
lings contain a selenite unit; in fact, some satinas have
been compiletely filled in by laminar gypsarcnites. Like-
wise, not all salinas have a well developed gypsite cap;
Warren (opp cit.) shows gypsite forms only where a soil
moisture zone has developed, thus gypsite only ocecurs
where stable gypsiferous areas are subjected to long pert-
ads of desiceation.

Although not all satinas contain a complete vertical suc-
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Figure 3.  Schematic of the volume changes in the brine pond caused by the aggradation of gypsum unit to
ithe sediment surface. a} Subaquenus gypsum deposition below a perennial haloeline, b) Subayueous gyp-
sum deposition under influence of scasonal freshening. ¢) Subaertal-subagueous deposition as seen today in
most wnmined salinas, Also shows the influence of inflowing frecher walers, as some gypsum is cannibalized
by “freshet” resurping groundwaters (see Warren 1982b),

cession, this paper considers the general case and there-
fore will discuss the deposition and development of a com-
plete subaqueous gypsum cycle as it exists in New Lake
and parts of Marion Lake {Figure 4). The wlenite unit at
the base of the section is composed of domal cores of ran-
domiy-aligned, coarse-grained gypsum crystals forming
bodies up to 40 to 50 cm across, These cores are the central
portions of overlying poorly layered selenite domes, In
three dimensions the domes have an cgg-carton-like shape
{Figure 5a). Aragonite peHletoids form the layering in the
domes but are randomly distributed through the underly-
ing nonlayered cores. Slightly higher in the section the
dome amplitude decreases as the degree of lavering in-
creases; at the same time the relative proportion of arag-
onite pefletoids increases slightly (Figure 4b). At this jevel
in the selenite unit the aragonite laminae have zig-zag or

chevron-like outlines which mimic the crystabographic
outlite of the associated gypsum (Figure Sb). Higher in
the section the dome amplitude decreases further as the
zig-zag laminae pass into smooth, flat laminae (Figure
5¢). Finaily, dome amplitide decreases to & point where
the domes disappear as they pass upward into horizontally
laminated selenite {Figure 3d4). At this level the zig-zag
laminae have also disappeared and the aragonite laminae
are smooth, mm-spaced horizonzal layers.

As the dome amplitnde decreases, the alignment and
apparent size of individnal gypsum crvstals increases.
Near the base of a selenite unit individual gypsum crystals
are poorly aligned and up fo 10 cm long. Higher in the sec-
tion, in the upper parts of the domes and in the horizon-
tally laminated selenites, the individual gypsum ervstals
are up to 2 m long. At this level individual crystals appear
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to cross-cat the near horizontal aragonite laminae. How-
ever, a close exandnation of each selenite crystal shows it
is constructed of smaller selenite subcrystals (Figure 6).
The development of these subcrystals within the larger
selenite crysials is critical in controlling the style of arag-
onite laminae (see later).

The faminated selenize passes up into a horizental to
undalose laminated gyvpsarenite. Ripples make their first
appearance in these laminated gypsarenites and in some
gypsarenite-rich areas such ripples comprise the butk of
the preserved salina section (Figure 5f). The rippled gyp-
sarenites are composed of gypsum prisms strewn in the
bedding piane, a result of mechanical reworking. In con-
trast the horizontally lanvinated gvpsarenites are often
composed of In situ prisms-gypsum crystals whose long
axig are usuatly subperpendicular to the aragonie lami-
nae, In a complete section the laminaied gypsarenite
passes upward into a non-laminated gypsarenite and then
upward into a non-layeted gypsite unit. However these
units are not laminar and will not be further considered in
this paper {sec Warren, 1982a}.

Mineralogically there are two important observations
10 be made on the gypsum sequences preserved in these
coastal lakes, One, there is no anhydrite present in the se-
quence, and two, the propartion of aragonite increases to-
ward the top of the section (Figure 4). The first implies
that climatic conditions are not sufficiently hot or arid for
anhydriie formation and the second that the waters depos-
iting the salina evaperite sequence were projmessively
freshened toward the top of the sequence,

Significance

In the South Australian salinas selenife forms only un-
der subaqueons conditions. To form it requires refatively
stable botfom conditions where waters immediately above
the sediment surface are not subject to rapid salinity
changes. The poorly layered selenite domes formed below
a perenniat halocline where bottom waters were not sub-
jeet to seasonal freshening, Lavering in the domes began
o form as waters beneath the halocline were freshened by
a significant influx of near surface metcoric water. In the
initiat stages of salina sedimentation such fgesher water
influxes to the bottom waters were not necessarily annual
events, and freshening of the sub-halocline waters to the
point of the cessation of gypsem growth may have oc-
curred during exceptionally wet years, perhaps onk once
every 10 to 20 years. Therefore, counts of the preserved
layering in this portion of the section will not give a good
estimate of the annual deposition rate, since we have no
estimate of the frequency of freshening events. The zig-
zag shape of the aragonite laminae so common at this level
refiects the outline of the growing depositional surface,
That is, the large gypsum crystals were growing npward,
with intact upper surfaces subjected to a periodic mantle
of aragonite pelletoids. This depositional surface was not
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Figure 5.

subjected to prolonged periods of exposure Lo fresher
waters.

As the salina continued to fili with sediment the volume
of the brine pond decreased. Fach year the effect of the
winter input of meteoric water became volumetrically
mofe imiportani in diluting the predominantly marine-
derived brine pond (Warren opp cit.). This had two ef-
fecis: one, the relative proportion of deposited aragonite
ingreased {Figare 4}, and two, the sediment surface was
seasonally covered by water undersaturated with respect
ta both gypsum and aragonite. 1n other words, there wasa

feontinuedi

time each year when the halocline disappeared or was par-
tially destroved. H is at this point that the stvle of lamina-
ion in the selenite changed from a zig-zag to a flat lami-
nae. The present three dimensional expression of such Hat
laminae is a horizonial pavement on some sclenite units
¢Figure 5e). A fossil horizontal pavement is preserved
abont the margin of Marion Lake and an active pavement,
cross cut by gypsum-carbonate pressure ridges, can be
seent in the central portion of Deep Lake. An cxamination
of the upper surface of these pavements shows they are
composed of large. vertically aligned, truncated selenite
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Figare 8, (cqufn;iéd}-

prisms; each prism is i turn composed of smaller selenite
suberystais. The pavement is a surface of nondeposition
when covered by brackish waters. As the overlying waters
become more saline in the late spring and summer then
aragonite pelletoids settle on the pavernent. As the salinity
of the brine pond increases further, gypsam is deposited
on the pavement, In selenite depositing areas the bottom-
water salinites inerease slowly so that gypsarenite erystals
are nol found atop the pavement. Rather, the selenite sub-
crystais grow upward as they poikilitically enciose the re-
cently deposited aragonite pelletoids. In Mariot Lake and
New Lake succeeding episodes of this growth cycle have
deposited a number of meiers of selenite; the gypsum
forms a horizontally-laminated selenite unit cross cut by
near vertical selenite crystais, '

The continued depaosition of subaqueous gypsum in the
safina further decreases the valume of the brine pond (Fig-
ure J). At the same time the relative scasonal importance
of the meteoric input to bottom waters further increases.
Most importantly, the annual rate of salinity change of the
near hottom waters increases to a point where pypsum no
longer grows in crystailographic continuity with the
underlying selenite sueberystals. Instead a new crop of sub-
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Figure 6. Schematic of gypsum growth {after Warren 19%2a). a)
Zig-zag lamination: the upper selenite surtace is rarcly dissolved
by brackish waters. Each of the large cyestalsis actaally composed
of smaller sub-crystais. These sub-crystals grown in crystallo-
graphic continuily as they poikifitically enclose the seasonally
deposited argonite pelletoids. The aragonite mantles the re-
entrants of the farge gypsum twins. b) Flat lamination: the upper
selenite surface is flag, This is a resuly of seasonut dissolution of
the sub-crystals when the grawing surfacce is covered by brackish
water, The surface is horizonta] and aragonite is deposited as a
thin hotizonial covering. Subsequent growth of the selenite sub-
crystats {in crystallographie contineify} passes ap through this
horizontal layer of aragonite. The end result is a flat lamination
which appears 0 be crogs-car by larger selenite crysials.

agueous gypsarenite prisms forms each year and the depo-
sitional style changes from flat-Jaminated selenite to flat-
laminated gypsarenite. Some salinas do not contain thick
selenite units but are filled with laminated gypsarenites.
The difference in depositional stvle between such salinas
reflects a relatively larger seasonal input of fresher water
throughout ihe history of the salina and/or the lack of a
weil-developed vertical stratification of the salina water.
Both processes will form a gypsarenite filled salina. Once
faminaled gypsarenite privms form, then boftom sedi-
ment can be rewarked inio wave-rippled gypsareaites,

Within rippled gypsarenites the mechanically depos-
ited prisms may have been reworked from more than one
underiying aragonite layer. In stich reworked sections the
preserved individual aragonite laminae mark annual
events, but avernges over a number of laminae will not
give reltable average deposition rates, because the total
section has heen erosively shortened.

The last stage of deposition, and in many salinas the
present stage, is when the sediment fill in the salina has
reached a point where the surface brine pond s an ephem-
eral rather than a perennial feature. Any gypsam depos-
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ited on or near the saling surface is now subject to desic-
cation, aeolan reworking and soil-forming processes.
Gypsum formed in this environment is characierized by
iis lack of faminae, #s acolian hedforms and the develop-
ment of gvpsite crusts {Warren opp. cit.).

THE SIGNIFICANCE OF EVAPORITE
LAMINATION

The gypsum deposited in the South Australiat salinas
was faid down under shaliow water conditions {< 10 m
depth}. Depositional processes active in these zalinas
could have been active in many ancient laminated anhy-
drite sequences. An understanding of the significance of
evaporite lamination is very important, especially where
the primary gypsum structures {e.g., crystal morphology}
have been at least partially deszroyed by the processes of
anhydritization, leaving only a laminar anhydrite unit.

Following are some of the major conclusions and infer-
ences drawn from the study of gypsom in the South Aus-
tralian Salinas:

(1), Gypsum units characterized by a laterally exten-
sive, mm spaced CaCO, faminae are forming today in
subagueous, saline groundwater lakes, in ponds where
the brine depth has never exceeded 1) meters.

(2) In thesc lakes there is coarse-grained gypsum form-
ing both as non-laminated selenite beds (containing
dotaes) betow a perennial halocline and as laminated scle-
nite where the bottom waters are subjected to seasonal
freshening. Laminaied fine-grained gypsum also occurs
in sizbagueous areas associated with relatively rapid salin-
ity changes.

{3} The style of deposition, namely selenite versus gyp-
sarenite and/or laminated versus non-laminated, is re-
lated to the stability of the brine pond profile. Within a
single hrine pond the bottom water stability can he
toughly correlated with #s depth. However, some brine
ponds (such as the Streaky Bay Lakes) are filled with up to
9 m of laminated gypsarenite; in such brine ponds the rel-
atively large volume of meteoric input or the lack of & well
developed halocline has prevented the formation of exten-
sive selenite units,

{4) In the semi-arid setiing of South Australia the up-
section decrease in laminae spacing is due to the decreas-
ing volume of the brine pond and the concurvent increase
in the refative import of meteoric waters within the pond.
However, in an extremely arid seiting one could expect
greater salinity excursions with decreasing brine pond vol-
umes. Under a regime of Httle or no meteoric input, the re-
sulting salinity excursion into the extreme hypersaline
coutd deposit hatite and poiash salts in the upper portions
of a cycle,

{3) Dissolution and/or mechanical reworking means
the laminated evaporite sequences are not always depos
ited as successive annial varves, An average depositional
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rate caleufated from a laminated sequence will be a mini-
mum rather than an absolute depositional rate.

{6} The lateral continuity of individual laminae in a
selenitte unit is not necessarily controlied by wave base. It
may be related to the depositional style created by the pres-
ence of the laterally extensive, seleniie pavement which, by
its inherent wave resistive properties, can formm above wave
base ay 4 laterally extensive horizontal surface.

(7) By ttself, lamination in an ancient evaporite is diffi-
cult to interpret as either deep or shallow water. The thick-
ness of evaporite laminae and fayers in the South Austra-
lian salinas range from submillimetre to decimetres.
Individual laminae are often characterized by a degree of
lateral continuity not observed i storm deposited tidal
flat laminae (Kendall, 1979). An interpretation of the
depth of deposition of an ancieni laminated cvaporite
must consider not only the evidence preserved in the lami-
nite. It must also consider the environment of deposition
of the adjacent carbonates as well as other geochemical
and palaeohydrological data and the overall basin
geometry.
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