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ABSTRACT

Reciase salfine minerals are readity altered even o shaliow
Buriut. ¢ full canfrontatizn of the critical prablem of disrin-
mdshing syndepositiaral (= priviarpt jron posi-buried {5 sec-
uneiteyt features should be vn absolute provequisite o airy sty
af an ancient evapoyite. Toward resalution of this probies we
affer the following crireria:

* Sundepositional Features—{Ii sedimentary structuies. e.g..
famination, ripple marks, vic., 20 detrital frumewerk rex-
tuees, borh raction and sertfe-our, e.g., curauluies, 31 upeir-
spuce’ cevstal growth textyres, e.g.. vergtoud compeiitive
growth of cheveans, eic., identified psing the cemens criteria
of Buthursr 11975), 41 dissolwrion-reprecipilution fearres.
such ws roanding awd syriaxial rebuilding of eubedra, ete, 3j
Sluid inclusives that show fow hoaagentzation iemperatures,
shrinkage bubbles ux vpposed 1o vapor wrnder prossuie, sud
barding vhat records svstemaric chunges in salininy from core
o rim, and 0f absence of high temperatire safts.

& Post Burigi Fearures — 1o massive erestalline mosaics withouw
hedding, 2} crivrafline mosaic patches that crosg cut bed-
ding, 3} surwred mosaic textures. identified nusing the neo-
murphiv spar critevia af Bathurse {1975 4} polygonal nrosaic
textures with 1207 friple functions, e.g.. 'fodm " structures
due 1o anecaliing recrpsiadliizarion, 5p solid inclusions, ere..
purged to grain boundaries during recrystaflization. 6} high
remperaiure salis. as mosates. enhedra, nodiles or pseudo-
morphans replecernents, 7 jlaid inclusions that show high
hamogenization tempeardtures. vapor biehbles under pres-
swre, und o sysremaric salinity changes from core 1o fim. 8
defarmativn features such as folids, veins, joliarion, siviofires.
sbip bunds, ere.

* Ambiguons Features-—minerals with wide femiperature sta-
bility runges thal occur us {) pseudomorphous replace-
rments, 2 intragsediment growths as ewhedra ar rodules. 3)
void-filling cemenis.

INTRODUCTION

Evaporites carey an impartance in the geological rec-
ord that is oul of proportion to their relatively Hmited
abundarce. Apart from their economic value, cvaporites
are significant indicators of palecclimate and of rift-val-
Iy wetonie settings. In addition, they are major sources
of selutes for deep-circulating hydrothermal brines and
sedimentary basin formation waters, and in terms of ¢he
tlohal chemical budget, they arc massive subsurface
“warehoutses” for storage of the soluble by-products of
chemical weatherisg of the crust. Most significantly. of
all cie‘p(}sits it: the sedimentary record, evapovites are tlie
prenuier recorders of the chemistry of ancient sea warers,

lake waters and other surface waters. If we are to properiy
exploit these special assets of cvaporites, particalarly
those involving palecchemistry and paleoenvironments, it
is absolutely essential to be able to separate those miner-
als, textures and structures that are of primary deposi-
tional origin from those that are due to secondary alicra-
tion on buriai.

It has tong been recognized that evaporite minerals are
easily altered on burial by even modcst increasas in fom-
perature. As a consequence much attention in the past
was given lo such burial mctamorphism (see Stewart,
1963, pp. 42-43; Borchert and Muir, 1964, pp. 93-147,
158~179, 237-254; Braitsch, 1971, pp. 108-130, 175~
193}, but unfortunately little agreement emerged as to
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which features were due to burial alteration and which
were depositional features, However, in recent years
there has been considerable progress in the recognirion of
primary and early diagenetic features through studies of
modern evaporite environments, It scemed worthwhile,
therefore, to attempt to compile and evaluate an up-lo-
date sct of working criteria for distinguishing hetween
syndepositional and iater burial features in evaporites,
despite the fact that a number of longstanding questions
about alteration remain unresoived al the present time,
in our compilation we offer no uneguivocal solutions to
the complex probiem of primary verses secondary fea-
tures. Qur abjective is really to open a dialogue, 10 refo-
cus attention on 2 critically important but rather ne-
glected aspect of evaporites. Most of the criteria we
discuss are best examined in thin section, and it is & fur-
ther hope of ours that we can encourage a refurn to the
kind of petrographic wark so splendidly carried out by
Schaller and Henderson (1932} on the Salado evaporites,
Finally, our examples are very heavily biased roward
gypsum, anhydrite and halite deposits. This is due to the
overwhiclming weight of published observarions an such
deposits and the paucity of appropriate descriptions on
potash, aikali sulfates. alkali carbonates and other evap-
orite minerals. We hope the present paper will stimulate
evaporifologists to correct this imbalance.

PRIMARY VERSUS SECONDARY FEATURES:
DEFINIFIONS

There is no real consensus on the meanings of the
terms primary and secondary as applied to evaporites. At
the 1962 International Conference on Saline Depasiis
(where this problem was considered as a priority by the
deposition and peochemistry work sessions group) pri-
mary minerals were defined as those “precipitated di-
rectly from the solution’” and secondary minerals as thase
“formed later than the primary ones” (Ingerson, 1908,
. 671}, Stewart held similar views in that he dealt with
both “*penecontemporaneous changes” and “postconsali-
dation changes” under secondary changes (Stewart,
1963, p. 42). Braitsch {1971, p. 92), on the other hand,
included early diagenetic alteration in his definition of
“primary precipitation.” These differences are in one
sense merely semantic, since all acknowledge that initial
precipitates may be altered soon after deposition, so it be-
comes a4 matter of preference as to whether to include
early alteration under primary (as does Braitsch) or un-
der secondary (as does Stewart). On the other hand, the
distinction between early diagenetic changes and later
burtal changes is & truly pivoial decision and we need
terms that explicitly acknowledge the timing of such
changes, In terms of timing, a mingeral, mineral assem-
blage, texture, fabric, {luid inchusion or structure counld
be
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I. depositional, L.z, formed at the time of deposition
of & sedimentation unil or deposited in s eaisting
form

2. post-depositional bur pre-burial, ie.. formed
diagenetically soon after deposition by processes

controlled by the existing depositional environment

or

3. post-burial, Le., formed by lare diagenetic or meta-
morphic-metasomatic processes controlled by the
subsurface burial environment.

‘The first two classes, one primary (depositional) and

the other secondary {diagenetic), both depend on pro-
cesses operating in the depositional environment. They -

both house valuable information about primary environ-

mental paramerers and for this reason we have grouped
them together under syndepeositiona! features, as distin-
guished from pase-buriad features, In a depositional con-.
text, then, we could regard all svndepasitional features’
including early diagenetic (penecontemporaneous) alter-
ation as “primary.” Post-burial features would be “sec. -
ondary.” However, we prefer to emphasize the timing as-

pect of the problem and so in compiling criteria we have

followed the syndepasitional versus post-burial classifica- .

tion.

But there remains a class of features that are equivocal

in that there are no decisive criteria that peint to their
time of origin, We have grouped these under ambigrous
features.

To complicate matters it is not uncommeon to find ex-

tensive secondary changes in minetalogy with no change-
in the primary texture {e.g., pseudomorphous replace--
ment by halite of vertically oriented gvpsum euhedra,
Lowenstein. 1982, Pigure 4} or alteration of texture that .
does nof entirely obliterate the original depositional
structure (e.g.. Deliwig, 1935, Figure 2; Hardie and Eug-

ster, 1971, Figure 11A). Despite the alteration aver-

prints, we regard such recognizable primary textures and -
stractures as syndepositional features because they carry”
legible information about depositional processes und en-

virenments,
Finally, the terms primary and secondary are not easily
applied to evaporite deposits as a whole because so many

deposits carry both syndepeositional and secondary altera-

tion features (and often in the same hed or crystal, as just
discussed above). Should the need arise to use such terms
for the overall deposits, then we suggest "primary evapo-

tite” might be used to deseribe thuse deposits not suffi-
ciently altered to obscure the primary syndepositional
features. Or perhaps “modified primary evaporite™ .
might be better where alteration is extensive but where it
has still been possible 1o “read through” the alteration.
Sccondary cvaporites would be those deposits so thor-
oughly altered on burial that few if any syndepositional :

features can be unambiguously identified.



pistinguishing Features In Evaporites

CRITERIA FOR SYNDEPOSITIONAL FEATURES

Criteria for syndepositional features basically comprise
(a) mechanical sedimentary structures and detrital tex-
cures and fabrics produced during vraction and suspen-
sion load deposition of chemical sediment particles; (h)
crystatiing textures and fabrics produced as chemically
precipitated minerals grow in place on and within botrom
sediment; and (¢} fearures indicative of contemporangous
cementation, dissofution and reprecipitation of salts, Ad-
ditional eriteria come from fiuid inclusions and mineral
srability ranges,

Sedimentary Structures

it is well documented that mechanical sedimentary
structures typical of clastic deposition are comimon
evaporite deposits, particidarly those involving gypsum-
anhydrite and, 10 & lesser extent, halite {Deliwig, 1968;
Dellwig and Evans, 1969; Hardie and Eugster, 1971; Pa-
rea and Ricci-Lucchi, 1972; Ricci-Lucchi. 19731 Schrei-
her et ab., 1976; Schiager and Bolz, 1977; Schreiber and
Hsu, 19500, These are essentislly stratification and bed
forin structures, but other primary structures such as
slump folding (Schlager and Balz, 1977, p. 60G2), sole
markings {Parea and Ricei-Lucchi, 1972, Figure 24},
muderacks and flar pebble conglomerates {Hardie and
Eugster, 197}, Figure 20) have been reported.

Stratification m evaporites is gxpressed as bolh tex-
tural and mineralogical variations from layer to layer,
Traction load depesition is recorded in ripple cross-fami-
natien und other cross-strapification structures (Hardie
and Eugster, 1971, Figure 13; Schreiber and Hsu, 1980,
Figures 18 and 19; Lowenstein, 1982, Figure 5A) and in
flat baminaied coarse prainstones (Hardie and Fugster,
1971, Figures 14 and 16). Settle-out from suspension i
recorded in graded bedding (Schlager and Bolz, 1477,
Figure & Schreiher et al,, 1982, Figure 7A) and in the
repetitions interlamination of clay or carbonate mud with
saline mineral crystal mud (Lowenstein, 1982, Figure 4A
and 57}, Srtratification types may be organized inta
Bouma sequences, as have been described from several
CaS0, deposits (Schreiber et al., 1974, Figure 4, Parea
and Ricei-Lucehi, 1972, Figure 23), and into other sim-
pier fining-upward sequences (Schiager and Bolz, 1977,
Figures 4 and $). Bed forms reported from evaporites are
ypicaily wave ripple marks {Kaufman and Stawson,
I950; Weilker et al., 1974, Figure 2; Nurmni and Frivd-
man, 1977, Figure 14; Schreiber gt al., 1982, Figure 7C)
and are found capping both gypsum and halite grain-
stone favers,

The preservation of all these structures in evaporite
sedimentation units not only testifies against pervasive
‘{“‘W‘m‘ﬁw recrystaflization, replacement and deforma-
Hon of the deposit but it allows valuable interpretations
1o be made ahoar depositional processes and the environ-
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ments in which they operated. This follows, of course, be-
¢ause these sedimentary structures carry the same genetic
messages as their siliciclastic and carhonate counter-
parts, about which much has been written {e.g.. Collin-
son and Thompson, 1982). However, as with many car-
bonate rocks, close cxamination of layered evaporites
may show that both mineralogy and (exiures have been
altered by recrystaliization or replacement without de-
struction of the primary macro-structures (Figure 6). As
long as the structures sutvive the alteration then there
shouid be no serious loss of informarion about primary
depositional processes (sce Lowenstein, 1982, pp. 286
289).

In contrast, one should be on guard against misidenti-
fication of deformationai flow banding as primary depo-
sitional lamination or as primary soft sediment shump
folding.

Detrital Framework Textures

As with other sedimentary rocks, the classic criterion of
a framework of grains with point contacts should firmly
establish a primary detrital texture in evaporites. Fer ex-
ample, in gypsum grainstones the detrital framework may
be made np of abraded fragments of sefenile single crys-
rals (¢ ., Hardie and Eugster, 1971, Figures i3 and 16)or
of stacks of gypsum ncedle euhedra orviented parallel to
foreset iaminae (Figure 1; Lowenstein, 1982, Figure 5A).

Halite detrital textures are subtle features casily over-
inoked. Such textures may be of two tvpes: (1) mechani-
cal accnmulations of cubes that precipitated in the water
coblumn and settled to the bottom: and {b) frameworks of
abraded crystals sorted by bottom currents. Crvstalliza-
tivn of halite from an evaporating brine begins at the air-
brine interface as hopper-shaped nucket {Defiwig, 1955,
Individual hopper cubes and laterallv-linked “rafis” of
hopper cubes wilt grow on these nuclei at the surface vntil
their weight evercomes the surface tension. They then
founder and sink {o the bottom where they accumulate as
a framework of small cabic graims {mm-scale} and fiat,
elongared sheets of connected cubes (“rafts”™). 4 behav-
lour observed in medern saht pans and readily repro-
duced in laboratory experiments {Arthurtorn, 1973}, Our
own obsgrvations on natural and artificial salt pans and
on faboratary experiments indicate that the foundered
cubes have cloudy, inclusion-rich cores (representing
rapid initial growtls of skeletal hoppers) and cleat, inchu-
sion-poar rims (representing slower syntaxial infilling of
holjow hopper faces), In shallow unstratified brine pools
typical of salt pans the foundered cubes act as nuclet for
extensive and continued synfaxial growth on the botiom
which soon modifies the initial detrital texture and re-
places it with competitive-growth erystalline fabrics as
disenssed in the next section. In contrast, in the absence
of botrom growth the foundered cubes and rafts will sim-
ply continue to pile up as mechanical accumulates. The
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Figure 1. Thin section photograph of part of a wave ripple composed of prismatic gypsum pseudororphs, viewed perpendicuiart
the strike of the ripple crest. Clear erystat fragments with gypsum morphologies but now composed of halite, are aligned along
foresets. Dark surrounding sediment is microcrystafline anhydrite and polyhalive. Vertically oriented prismaiic gypsum pscude-.
morphs {(bottom), composed of halite and seme sylvite {arrow, lower right), are the same size and shape as the gypsum pscudomerph:
comprising the wave ripples. Sumple from Salado Fm. laminated anhydrite/polyhalite rock. Scale bar is 3 rum long.

“ecumulate” texture of such mechanical settle-out is well-
preserved in certain beds in the Permian Salado forma-
tion of New Mexico (Figures 2 and 3; see also Lowenstein,
1982, Figure 7). Beds of halite with detrital cumulate tex-
tares signifv, we believe, either {1) periods of rapid nucle-
ation of hoppets on the surface of shatlow unstratified
salt-pan brines where settiing rates were faster than syn-
taxial bottom growth {(see next section}, or {2} accumula-
tion of settled hopper eubes on the bottom of a strarified
brine hody. We experimented with two layer stratified
systems in which the bottom brine stratum was saturafed
with respect to halite and isolated from the atmosphere
by 2 less dense surface brine stratam. Many months of
continued operation fatled to prodace syntaxial enlarge-
ment of bottom seed crystals either as overgrowths or as
crusts of “chevron’ and *‘cornet’ halite, testifying 1o the
difficulty of supersalurating the bottom layer of such sta-
biv stratified brines. (n the other hand, as soon as we

destroyed the brine stratification either surface nuclea: .
tion of hoppers dominated (when evaporation rate was -
rapid) or bortom growth of chevrons and cornets took |

over (when evaporation was slow). We saggest, therefore,
that cumulaie textures not only indicate primary detrital

deposition but alse signify cither settling in a stratified
brine system or very rapid evaporation in an unstratified

system, It is also possible that deep water favors cumulate
depusition because rates of surface evaporafion may be

faster than rates of transpertation of supersaturated .

bring ¢o the bottom, but this is very specuiative, Cumu-

late textures formed in any of these ways may also exhibit

reverse grading (Figure 4), the upward crystal size in-

crease perhaps due (¢ longer and longer surface residence
times as the surface brine density progressively increased

with progressive evaporation.

Where bottom currents are strong enough fo agitate -
the foundered halite cubes and work them into bed .
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Figure 2. Thin section photograph of randomly oriented, mm-scale, detrital halite cobes wirh cumatiate texture. Daurk clots and
bands in halite cube cores are Auid inclusions. Dark material interstitial fo hatite is microcrystatline polyhalite. Sample from Satado
Fen. mud-free halite rock. Scale har is 2.5 mm long.

forms, a framework texture of sbraded and sorted halite
grains results. This is, of course, most likely to happen in
moderately shallow wave-agitated brine poels, as for ex-
ample, has been reported by Weiler et ab (1974) along
the shores of the 6m deep South Basin of the Dead Sea.
Here, in the foreshore zone a fine sand of halite crystals is
beautifutly wave-rippled (Weiler ef al.. 1974, Figure 2}
while the beach berm of the backshore is buik of spectac-
ufar sand- to granule-size hakbite ootds abraded by storm-
wave transport (Wetler ef al., 1974, Figures 3-6),

Crystafline Framework Fahries

Fabrics diagnostic of in situ, open space crystal growth
on the botton of hrine pools are commonly preserved in
modern and ancient evaporites, particularly for gypsum
and halite {Schaller and Henderson, [932; Stewart, 1949,

1951: Hardie and Fugster, 1971; Schreiber and Kins-
man, 1975 Caldwell, 19768; Schreiber and Schreiber,
1977 Arakel, 1980 Warren, 1982; Lowenstein, 1982,
1983, for gypsum, and Gottesmans, 1963; Jones, 1963;
Wardlaw and Schwerdiner, 1966 Shearman, 15707 Ar.
thurton, 1973 Handford, 1981 Lowcensiein, 1982, 1983,
for halite). Such fabrics for other zalts have been reported
(see Fugster, 1970, for trona, and Wardlaw, 1972, for
svlvite), but, unfortunately, there are no compicte de-
scriptions,

The dominant fabric of open spave precipiiation is &
layered, syniaxiaily-grown crystalline framework consist-
ing of verticallv-orienicd and vertically-elongaied crys-
tals. In essence. this fabric represents comyetitive crystal
growth upward info a free-standing. saturated brine, a
process identical in style to void-filling cement orystalli-
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Figure 3. Thin section photograph of a laterally elongated sheet of connected halite crystals (“sunken hopper raft” —arrow) sur
rounded by randomdy oriented detrital halite cubes {“cumulates™). The dark lamina at the base is microcrystalline polyhalite. Sample

from Salado Fm. mud-free halite rock. Scale bar is 2 mm long.

zation. Therefore, the cement criteria carefully docu-
mented by carbonate peirographers (see Bathurst, 1975,
pp. 416-423} serve as guides to the recogaition of open
space bottom growth of a crystalline framework fabric in
evapaorites. When specifically applied to the evaporite
minerals gypsum and halite as viewed in thin section, the
basic fabric criteria for svndepositional bottom growth
are as follows:

1. for gypsam, vertically oriented prisms with euhe-

dral terminations (commeniy “swallow-tail’’ twins},
and for halite, vertically directed “chevrons™ (syn-
taxial overgrowths on upward facing cube coigns)
and “cornets’’ {syniaxial overgrowths on upward
facing cube faces) with euhedral terminations and

fiuid inciusion banding paratlel o crystal growth

taces {Figure 5)

upward coarsening and widening of crystals {Figure

6; Hardie and Eugster, 1971, Figure 21; Arakel,
1980, Figure 9) where, during comipetitive growth,
crystal bottoms abut the substrate and sides of crys-
tals abut one another along compremise boundaries

(Shearman, 1970; Bathurst, 1975, pp. 421-425 and

Figure 303}, Crystal growth is therefore most rapid on
upward-directed faces. For example, for halite, the
upward-facing cube faces and coigns of foundered

hoppers that setiled randorly on the bottom become .
the dominant growth directions, producmg “cor--

nets” and “chevrons’ respectively.
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Figure 4. Thin section photograph of reverse grading within a
halite crystat cumulate layer. Halite cubes, with dark fliid in-
clusion handing in crystal cores, invrease in size upward. Dark
grav layer at the base is microerystalline polybalite. Sariple
from Sajada Friv. mud-free hatite rock. Scale bar is S mm fong,

Additional textural evidence that supports a syndepo-
sitional origin of vertically orienied crystal fabrics is

3. growih originating from 2 comimon, laterally con-
tinuous substrate, pacticularly where the basal
zones of the growth layer consists of detrital seed-
crystals

4. mud drapes or crystal cumulates immediately above

vertically oriented crystat layers thicken in depres-

sions and thin ovet tops of the framework crystals,

This demaonstrates that vertically divected growth

must have occarred before deposition of overlying

tayers te.g., Hardie and Eagster, 1971, Figure
2EAg

dissolution or erosion surfaces that truncate vertical

ctvstals and act as substrates for growth of a new

erystatline layer (see next section).

b

_ Crystalline framework fabrics produced by syndeposi-
tonal open space growth on the bottom of a brine body
preserve a wealth of information on primary environmen-
tal conditions. For these framewarks to grow the physical
onditions must be such that continuous supplics of su-
persaturated brines must be allowed to come into direct
fontact with the bottom growing crystals, Our experi-
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menis with strarified and unstratified brine svstems
showed that these conditions are difficult if not impossibke
to achieve in a stably stratified brine (¢f. previous section)
but are readily met in very shallow, freely mixed brine
sheets. We believe, therefore, that syntaxially-grown crys-
talline frameworks are not only primary features bui
strong evidence for shaltow unstratified cvaporite environ-
ments. The presence of dissolutivn-reprecipitation fea-
tures (see next seetion) provide additional confirmation of
this view because such features require either ephemeral
conditions or shallow cnough brines wo allow significant
brine dilution by updersaturated flood water influxes,
The abundance of crystalline frameworks showing disso-
bution features in modern salt pans (Lowenstein and Har-
die, 1982) amply support this contention. Finally, the
flaid inclusions that outiine growth layering in halite crys-
talline frameworks, for example, can add significant in-
formation about the physicochemical conditions during
primary growth {(see later},

Dissolution-Reprecipitation Peatures

Syndepositional dissolution-reprecipitation features in
gyprum-anhydrite (e.g., Hardie and Eugster, 1971, Fig-
ure 21; Schreiber and Kinsman, 1973, Figure 7; Warren,
1982, Figure 12, 15B} and haiie deposits {e.g., Dellwig,
1953, Figure }1: Wardlaw and Schwertdaner, 1966, Plate
3, Figure 4; Shearman, 1970, Figure 6; Arthurton, 1973,
Figure 9; Lowenstein, 1982, Figure 6D) indicate dra-
matic fluctuaticns in solation composition during crystal
growth and layer accunwlation.

Unequivocal evidence of syndepositional dissohition is
hagically of two types:

. sharp but siooth trancations paraliel to bedding of
vertically oricnted crystal frameworks overlaim in
turn by lavers of detrital mud, crystal cumulates or
vertically ortented crystals (e.g., Figure 7. see also
Wardluw and Schwerdiner. 1966, Plate 3, IFigure 4,
Arthurton. 1973. Figure 9}

2. rounding of enhedral terminations of single crystals
followed by syntaxial rehealing (Figure 8} For ex-
ample, large selenite crystals have been found with
rounded {erminations draped by thin mud laminae
and rehealed by renewed syntaxial prowth that pre-
serves botil the rounded faces and the mud laminac
within the vertically grown crystals (Hardie and
Fugster. 1971, Figure 21; Schreiber and Kinsman,
1975, Figure 7).

More complex dissolution and reprecipitation
features accompany the above phenomena in mod-
ern ephemeral sali pans where halite crystailine
frameworks are forming. Ephemeral sait pans go
through a repeanng three-stage cycle of events: (1}
an initial flooding stage when undersaturated fiood-
waters irundate the pan after a storm, (2} a saline
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Figure 5. Thin section photograph of vertically oriented halite chevrans {upward directed
edges and corners) and cornets (upward direcred cube faces). Within single crysials, dark
bands rich in fluid inclusions alternate with lighter bands conthining few fluid inclusions.
White arcas ure clear inclosion-poor halite. usually present as rims on chevrons and cornets.
Sample from Salado Fm. mud-free halite. Scale bar is 3 mm ong,

lake stage when evaporative concentration teads to
growth of a erystaliine framework layer, {3 & desic-
carion stage when the pan surface dries up and only
subsurface, intracrustal brines remain (Lowensicin
and Hardle, 1982), The initial flood stage, in addi-
tion to producing dissolutional truncation of the
framework and rounding of individeal halite crys-
tals, causes extensive tubular networks of vertical
and horizontal dissolution cavities thas follow grain
boundaries between vertically eriented crystals and

along bedding planes. Subseguent evaporafive con-
centraiton of the floodwaters results in halite satu-
rated brines and renewed crystal growth. Dissolu-
tion cavities become Jined with inward prowing
cleat halite crystal cements and rounded and dis-
solved enhedra will be rehealed by syntaxial growth.,
At the desiccation stage the brine sinks below the
pan surface and the voids in the upper halite crust
become partly filled with a cement of clear halite
{Lowenstein and Hardie, 1982}, All these features
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Figure 6. Thin section photograph (crossed nieols) of upward coarsening and widening haiite erystals
{black} ontlined by gray microcrystaltine polvhalive. Halite corness {center), with epward {acing cube
faces, are flat-topped {arrow) and overlain hv smaller verticaily oriented crystals. Sample from Salade

Fm. mud-free halize rack. Scale har is 2 mm long.

are syndepositional, formed concurrently with de-
position of the halite framework lavers, but they
may not be easy {o distinguish from some burial dis-
solution-reprecipitation features in ancient evapo-
rites. Burial dissolution, cementation and reerysial-
lization could give rise to rounded voids filted with
clear halite coments as well as to patches of clear
halite mosaies. Care must be taken to fook for other
evidence of the timing of dissolution and cementa-

tion, such as internal sediment overlying cement,
truncation of void fills by primary layering, ete.

Fluid Inclusions
We present here a brief discusston of the eriteria for
scognizing syndepositional evaporite minerais on the ha-
sis of fluid inclustons, We refer the reader to the Appen-
dix for terminclogy and a summary of technigues of heat-
ing, freezing and crushing of inclusions,




20

Figare 7. Thin section: photograph of fluid inclusion-banded
halite crystal with a sharply triuncated upper surface. Light ha-
lite lamina {1 em thick) is overdain by gray microcrystalline
potyhatite. Sample fram Salade Fm. mud-free halite rock,

Primary evaporite brines are considered to be brines at
or near the earth's surface. These brines therefore should
be at temperatures found in modern evaporite basing or
sak pans, temperatures typically much less than 100°C.
The brines should be connected to the atmosphere and
therefore be at or near atmospheric pressure, In deep wa-
ter seftings the composition of the brine increases slowly
during salt precipitation, while in shallow water settings
or salt pans brine composition in¢reases rapidly during
salt precipization. Modern evaporitic brines are almost
al} multicomponent systems, The heating, freczing and
crushing behavior of such systems may now be developed.

Svndepositional evaporite inclasions should contain
“normal shrinkage bubbles” or vapor which does not
change on cracking, as determined by crushing stape
tests. It may be possible to develop vapor under pressure
in inclusions doe to organic decomposttion: however, for-
mation at higher T, I conditions in a system with a solvus
is more hikely. Only homogenization or melting tempera-
ture data obtained from inclusions with “normal shrink-
age bubbles” should be considered reliable for syndepuosi-
tional evaporite inclusions regardless of the petrographic
interpretation.

Those syndepositional evaporite inclusions with “nor-
mal shrinkage bubbles” should homogenize at tempera-
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tures much less than about 100°C. Inclusions that
formed near 25°C or lower may have to be chilled in order
to nucleate bubbles {{o as low as —23°C in some cases),
Studies of inclusions of halife. which appear on petro-
graphic evidence 10 be syndepositional {e.g., “rafts” and
“cheveons'} from the Permian Salado Formation, New
Mexico {Roedder and Belkin, 1979) show homogeniza-
tion temperatures within this range. Roedder and Belkin
{1979} veport on more than 300 inclusions, the majority
of which homogenized beiween 20°C and 50°C. _

Although the homogenization temperatures are within
the range of modern evaporite basinis and salt pans, there
is some guestion as to the reliabifity of the resuits. Roed-
der and Belkin (1979) discuss the tendency of haliie in-
clysions to “streteh™ during heating, and for inclasions
heated to temperatures greater than the homogenization
temperature to homogenize at higher temperatures dur-
ing subsequent rens. This 1s probably due to solid-fhuid
mefastability. The selubility of most salts is temperatare
dependent, and therefore as a erystal is heated the con-
tained inclusions may grow so that upon cooling a super-.
saturated brine {denser than the original brine) may per-
sist in the “expanded” inclusion. An inelusion volume
change of about one percent results in a2 homogenization
temperature increase of nearly 20°C. A grear deal of cau-
tion needs to be exercised during sample preparation of
halite; these samples should not be heated. As a result of.
the tendency for inclusions in halite to “expand”™ (espe-
cially above 50°C), homopenization temperatures taken:
from a grain of sal should also be taken with a grain of
salt.

Syndepositional evaporite inciusions should begin
melting around — 30 to —607C {although this may be dif-
ficult {o observe} due w the multicomponent nature of
evaporaiing brines. Final melting is dependent on the
eoncentration of species in solution; for inclusions in hal-’
ite or more scluble salts the final melting phase will usu-
atly be a hydrate and notice. A systematic change in first
tuelt behavior and final melting temperature may be ob-
served from core to rim {(2specially in shallow water evap-’
orites) duc to compositional variation in the fluids. The:
case of sea water evaporation during halite formarion
(Figure 9) wilt be nsed as an example of changing fluid’
compaosition and melting behavior. The fluid composi-
tion remains in the same system {(Na*, K%, Ca?*, Mg?™*.
Ci~ SOF ) throughout, The fluid, us halite begins to pre- =
cipitate, contains a large proportion of Nat and Ci™, Al «
though melling begins at the six component entectic”
{~ —379C), relatively litile melt will form. As evaporitic
concentration continues Ma™ and CI™ are butfered in so--
lution by halite precipitation, while Mg?*, SOi~ and K¥ |
increase in concentration. Melting will still begin at the
six component eutectic; however, a larger proportion of
meit witl form at lower temperateres due to the increased
concentration of Mg, SO5 ™ and K in sobution. There

:
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Fignre 8, Thin section photograph of dark gray fluid inclusion-banded verti-
cally ariented halite. Chevron halile eryseal contains internally rounded cuhe
coigns that have syntaxiully rehealed (arrow). Clear, inclusion-poor halite lo-
cated between chevrony and cornets. Sample from Salade Fro. mud-free halite

rock. Scale bar s 3 mm long.

fore, a systematic increase in the amount of melting near
the eutectic is expected in inclusions from core torim in a
vrystal,

A similar change is expected in the final mebting fem-
perature of inclusions from core to rim of a crystal. Al-
though it is often difffcult to determine the final melting
phase, changes ave likely in the temperature at which fi-
nal melting accurs. The final meltting phase from most
evaporite inclusions is likely to be a hydrate. Meliing will
therefore be (aniong others) a function of the activity of
H.0 in solution. A given hydrated phase is therefore ex-
pected {0 melt or dissolve at lower temperatures from so-
tutions with higher concentrations. Primary evaporites
are formed as 4 result of brine cvaporation; therefore as a
C}')’stal grows, solfion concentration increases and inclu-
stons pear the core of a crystal melt at higher tempera-
tures than those toward the rim.

In summary, Huid inclusions in syndepositional salt
crystals should show the following features:

-

. “Normal shrinkage babbles” or vapor bubbles that
do not change on crushing

Low hamogenization temperature § < 100°C)
Low temperature of first melting {~ 30 to —60°C)
Systematic changes in the guantity of first melt in
inclusions from erystal core to rim

Systematic changes in the temperature of final
melting in mclusions from erysial core o rim.

:&.(..Jt“.i
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CRITERIA FOR BURIAL
ALTERATION FEATURES

Qur congern here is to identify features that clearly ve-

flect alteration, both dizgenetic and metamorphic, due to
the increased pressures and temperatures of burial, as
well a5 changes due to metasomatism by invading suhsur-
face waters. We are on somewhal ancerfain grounds here
because many of the criteria must be inferred rather than

o e R e b T N T
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Figure 9. Major glement compositiomal changes predicted
during the evaporation of seawater using the methods of Harvie
et ak, {1980). The stages where gypsum () and halite (b} first
precipitaie ate afso shown.

obtained directly from comparative studies of active
modern systems. Nonetheless, we have put together a ten-
tative working setof criteria, some of which we have listed
more as a basis for discussion than as accomiplished facts.
In the main the criteria involve texiures and structures
that record disruption, deformation and destruction of
primary features, together with mineral assemblages and
fluid inclusion data thar point to elevated temperatures
and pressures,

Disraption and Destriiction of Sedimentary Structures
The absence of primary bedding or the presence of only
scattered remaants of primary bedding or other sedimen-
fary structures in massive crystafline mosaic salis points
to destrnctive secondary crystal growth. The early stages
of this destructive growth will be seen as irregular isolated
crystalline mosaic paiches (see next section) that cross-
cut primary sedimentayy siructures (e.g., Schreiber et
1., 1976, Figare 18}, This criterion is most persuasive of
buriai aiteration when found in monominerailic {or es-
sentially monominerallic} rocks because then the crystal-

Sixth Internetionat Sympositm on Sgit, 1983—vVoi

Hie mosaics must surely be the result af destructive re
crystallization. Such ¢rysialling mosaics will have sutire
or polygonal grain houndaiies (see below) quite disting
from porphyroblasts and from the isolated displacive, in
corporative or poikilotopic growth of euhedra and nod
ales typieal of syndepositional intrascdiment crystalliza
tion (see below},

Sutured Mosaic Textures

Crystailine mosaic textures in which grain boundarig
are sutured in the manner of neomorphic spar of carbes
ate rocks (compare Hardie and Eugster, 1971, Figut
11A, with Bathurst, 1975, Figores 336 and 338) clearfy
indicate a secondary grain growih origin. However, the
conditions unider which thissecondary mosaic formed an
not known. Such an interpenetration of grains may vepre
sent a low temperature, non-equilibrium texture (Volf; %
1960); it certainly stands inmarked contrast to the ek
librium polygona} mosaic textures formed experimenta
by annealiing recrvsialhzatien {next section). Supporty
of this conigntion are the confrasts between the polygos
testure of marbles and the tortuously sutured boundar
of most diagenetically aitered but unmetamorphose
limestones. More insight into the significance of suture
mosaic textures in evaporites must await futare work, W,
are presently trying to attack the problem by looking
voung (Quaternary) halite thai has been aliered by shai
low burial of only a few tens of meters.

Polygonal Mosaic Textures

Paolygonal mosaic textures have long been documente
in experimentally treated metals and metaihc ore mimp
als (Buekley, 1951, Burgers, 1963, Stanton and Gorwi
1968). Similar textures are typical of metamorphic re
(Voll, 1960} There is o consensus that these polygon
mosaic fextures are a prodact of annealling recvysialliz
tion whereby grains “optimize” their size, shape and- Bt
entation to minimize the encegy in the manner of bubb
in foam (Stanton and Gorman, 1968).

Evaporites, because of the ease with which they are:al
tered at the femiperatuves and pressures of even maod
burial, shoald be very susceptible to such annealling.
crystallization. We have found halite in the Permian Sa+
lado formation of New Mexico and the Devonian Pralri
evaporite of Canada with equigranuiar mosaic textuyi
(Figure 10; see also Lowenstein, 1983). This halite not
bly lacks vertical orientation, cumulate textures, bandes
fluid inclusions or any other feature diagnostic of prim
growth, Instead, the anhedral mosaic consists of cledr:
grains that meet at teiple junctions that approach 1
angles in typical annéalling recrystaliization polygona
mosaic fashion {Stanton and Gorman, 1968, Figures:2
and 7). The crystals have few inclusions (large rectang
tar fluid-filled cavitics and blebs of mud}, as most of !
“forcign’” matter appears to have been purged to the hak:
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Figure M. Thin section photograph of halite with equigranular mosaic textare {"'feam" lexture). Mote the number of curvad crysial
boundariss thar meet zt iriple junctions with angles appreaching £20°. Mud (black) is included within halite or ocaled at halite
erystal boundaries. Smalf gray bubbies scattered throughout were {urtificizlly) trapped doring thin section preparation. Sample from
Salade Fm. muddy halite rock. Scate bat is & mm long.

ite crystal boundaries during recrystaliization (cf. Kiihn,
1968, Plate 2, Figure 2). These are all features typical of
“foam structure” produced hy experimental recrystal
lization of metals and ores and aftests to a destructive
burial recrystallization proeess that Jeads to complere Joss
of any primary signature. However, such recrystallization
may be very patchy, as we have seen in the Permian Sa-
lado evaporite of New Mexico and Devonian Prairie evap-
orit of Canada where primary, unaltered “"chevron™ hal-
fe co-exists at the same or greater burial depths as
“foam” structured halite,

Flaid Inclusions
Fhe etiteria for post-burial evaporite inclusions are

based on the nature of secondary evaporite brines. See
ohdary evaporite brines are isolated from the eartht's sur-

face, Temperature in secondary brines may fall in the
same gange as primary brines. or may be higher. Temper-
afure and pressure comditions may aliow miscibility of
Huids that are immiscible pnder fuboratory conditions,
Fluids may be multicomponeant or single salt svstems
{e.g., material obigined by disselution). Temperature
and pressure changes ere the pritary drive for crystalii-
cation; therefore, fluid composition remains nearly con-
srant.

Past-burial evaporile inclusions may behave in any of
he three manners described upon crushing {see Appen-
dixy. “Normal shrinkage bubbles’” or vapor bubbles
which do not change during crushing are found in pri-
mary eviporite inclusions, but inclusions with “vapor un-
der pressure’” are almost certainly relafed to post-deposi-
tional processes,
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Inclusions with "“normal shrinkage bubbles” or “vapor
under pressure’ may yield reliable information on the
temperature of formation measured by homogenization.
High temgperature of formation is indicative of post-burial
conditions. Due 1o the expansion of halite during heating,
Llemperaiures in excess of 30°C may be unreliable; thosein
excess of 100°C are almost certainly unreliable. Although
the exact vemaperature of formation may be incorrect, the
high temperatutre is indicative of post-depositional forma-
tion.

Post-burial evaporite inclusions may coniain mulu-
component brines with refatively low remperature of first
melting. Brines that have derived solutes primarily from
evaporite dissolution may also form crystals with inchy-
sions, These brines will vield inclusions with higher first
meling temperatures ( ~ — 20°C} and final meiting tem-
peratures near those for the simple eutectic salt —H,0
system. Crystallization tends to be driven by tempera-
ture-pressuce changes, therefore increased concentration
of the brines does not occnr (boiling is ap exception). No
systematic change in inclusion meling behavior is ex-
pected from core o nim of crystals under these condi-
tions,

In summary, fluid inclusions in evaporites altered by
burial may have Lhe following characteristics that are dif-
ferent from inclusions of syndepositional deposits:

Vapor under pressure

High homogenization temperature

High temperature of first melting (—20°C)
Uniform melting behavior of inclustons.

N

Deformation Featurey

Apart from the obvious macroscopic deformation
structures sueh as folds, fractures, veins, flow banding,
pressure solution surfaces, ste. {c.g., Balk, 1949; Gold-
man, 1952; Miiller et al., 1981) there are more subtle mi-
croscopic deformation features o lnok for in thin section
or in etched, polished slabs of evaporites {(Shlichta,
1968). Stanton and Gorman (1968) have discussed the
mauin types of deformation textures recognized in metal-
lurgical studies and applicable to rocks (see also Voll,
1960, 1976}, These deformation texiures are {1) deforma-
tion twins, {2} slip lines and slip bands, (3} lattice distor-
tion features such as undulose extinction, bent cleavages,
etc., {4) sub.grain domains and (5) flattening of grains
leading to formation of foliation. We leave the reader to
seck help from the above and oiher works (e.g., Prucha,
1968: Mossop, 1979 in recognizing deformation features
in evaporites,

AMBIGUOUS FEATURES

There are a number of fzatures that could have formed
etther syndepositionally ur after burial. In the absence of
other criteria to aid in their futerpretation the time of ori-
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gin of such features must remain uncertain, To thiscla
+ ambiguous features belong (1) mineral growth withi
the sediment as euhadra or nodules, (2) pseudomorphor
replacements and () void Hning or filling cements,

inirasediment Growth of Euhedra
Evapetite minerals thai have grown within sedim
commonly oceur as randomly oriented, isolated or iny
tocking crystals with a euhedral or subhedral habit, S
crystals may incorporate sediment during growth ort
may form displacively by pushing aside the host sedires
during crystallization, The Permian Salado evapori ;
New Maxivo (Lowenstein, 1982, 1983} carries many g
examples of this stvle of intrasediment growth by
minerals gypsum (Figure 11), halite (Figure 12), pla
berite { Figure 13) and langbeinite {Figurc 14),
Incorporative growth provides unequivocal eviden
post-depasitional crystatlization, but ihe difficulty-
distinguishing betwecn carly syndepositional growt
tater metamorphic porphyroblastic growth. There
some indirect ways of getting at the matier of {imin
trasediment growth of low (emperature minerals suc
gypsum, mirabilite and epsomite is common in mod
plavas and sabkhas (Hardie, 1968; Batler, 1976
Thompson, 1968; Logan et al.. 1970; Lowenstein, 1953
so if we find the same low temperature minerals with,
same intrasediment growth textures in ancient evapari
then we could argue in favor of a syndepositional ori
by analogy. Also, in a rock where the same mineral dis
plays beth primary growth textures (sce earlier) and
trasediment growth features then it is perhaps reasona
to argue that the intrasediment growth features ave sy
depositional in origin. For example, the abundanc
primary textures in gypsum and halite in the Permian’
lado of New Mexico (Towenslein, 1982, 1983) stron
suggests that the incorperative intrasediment gro
enhedra in Figures 11 and 12 are relatred to near surf
crystallization from primary brines, On the other ha
intrasediment growth of eahedra of such elevated tew
perature minerals as langbeinite (Figure 14) and loewi
probably indicates burial crystallization, although as
have pointed out below, temperatures high enough
reach the langbeinite stability field have been repo
from some modern evaporite surface sediments (cf. Bt
ler, 19700b). :

Intrasediment Growth of Nodules

1t was the discovery of nodules of anhvdrite in the Ho
ocene sediments of the Persian Guif {Curtis et al., 1%;3
Shearman, 1966; gtc.) that essentially rekindled interes
in evaporites among sedimentologists. Since then thet
have been an agronishing number of papers publisk
that have calted on nodular anhydrite, or its presunye
pseudomorphs, as a eriterion fer syndepositional gro
of evaporites in a sabhka environment. But we must B
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Figure 11.  Thin section pholograplh of mud-incarporative gypsum crystals {pseudomorphously replaced by microcrystaliine anhy-
drite), Surrounding mud contains magnesite and anhydrite. Sample from Satado Fm. laminated anhydrite rock. Scale bar is 2 mm
tong,

very wary here because anhividrite nodules can form ander
a variety of conditions, such as, for example, from the
Red Sea hot brines in the Auantis i Deep under 2000 m
of water (see Degens and Ross, 1969, color plate between
. 366 and p. 367). One major mechanism for the genera-
tion of anhydrite nodules is the dehydration of gypsum
crystals to make porous piastic masses of tiny anhydrite
laths that are eusily deformed inio nedular shups, This
conversion may just as eastly occur on deep burial as dur-
mg primary susrface deposition. The same reasoning
Noids tor aill other evaporite minerals that age preserved
s nodules composed of masses of small erystals cmbed-
ded in a host sediment, such as, for crample, the displa-
cive nodular kieserite shown in Figure 13.

Wirhout independent evidence, then, nodules may nof

give unambiguous information about their time, mode or
epvironment of formation.

Pseudomorphs

Pseudomorphs are unequivocal evidence of secondary
replacement, However, the reason that we put such
psendomorphous replacement under ambiguous eriteria
ts that it may not be possible without additional evidence
to decide whether the replacement was of svndepositional
or later burial origin {(cf. Stewart, 903, p. 42).

Recognition of pseudomorphous replacement rests on
the identification of rhe crysial morphology of the parent
mincral, and such replacements have been widely ob-
served in ancient evaporites for gyvpsum {Schaller and
Henderson, 1932: Steward, 1949, 1951, 1953; Borchert
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Scale bar is 5 mm loag.

and Baier, 1953; Kerr and Thompson, 1963; Jones, 1905;
Nurmi and Priedman, 1977, Handford, 1981; Presley
and McGillis, 1982; Crawford and Dusnham, 1982; Low-
enstein, 1987, 1983; cte.) as well as a number of other
salts (Schaller and Headerson, 1932; Stewart, 1963,
p. 41; ete.} Pseudomorphs commaonly preserve crysialline
framework and other primary features of the parent min-
eral and thus sllew interpretation of primary mineralogy.
primary processes and depositional environment, despite
the mineralogical alteration. For example, the Permian
Salado deposit of New Mexico contains pseudomorphs
after gypsum (now composed of anhydreite, polyvhalite,
halite and syivite) as vertically oriented stubby prisms
and as foreset laminae in wave-rippled cross-siratified
grainstones (Fipures 1 and 16} Clearly, we can read
through the alteration and extract important information

gray to black} and sparse fluid inclusion bands {hght gray}. Dark areas that fill voids between the halite “framework”™ cu
compused of large sylvite comeat crystals zoned with hematite inclusions. Sample from Salado Fm. “ote zone™ muddy halite rog
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legible. :

Several different types of psendomorphous repla
ments have been recognized in evaporite deposits, Th
ave (1) "dehydralion pair” replacement {e.g.., gypsum
anhydrite), {2) “reaction patr” replacement involvin
common compeonent {e.g.. gypsum — polyhaiite) and
“non-reaction pair” replacement wherein the origi
and replacing minerals have no common compone
{e.g., gypsum ~ halite}, Borchert and Muir (1964,
126-144} consider alt types of pseudemorphous repla
ment to be metamorphic, bul it has heen snequivecab
established that both dehydration and reaction pair ¢
replacements can form by syndepositional interaciion
tween an carly formed mineral and the evaporatif:
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Figure 13, Thin section photograph {cressed nicols) of randomly oriented, zoned, incorporative
glauberite euhedra, now pseudomorphously replaced by halite {dark gray w bluck} and anhydrite
tlighter gray). Surrcundieg sediment is microcrystaliine anhydrite and magneyite-rich nusd. Sam-
ple from Salade P, laminated anhvdeite rock. Scale bar is $ mm long.

mx:}therliq uors in the normal course of evotution of evap-
onte brines. For example, both anhvdrite and polyhalite
van be synthesized al low temperatures (Hardie, 1967 for
Mhy.dr'ite and Aurenreith, 1955, for polyhalite), both are
predicied from thermodynamic considerations to form
From E¥psum with progressive evaporation of sea water
{Harvie et ai_, 1980} anc both have been found as replace-
ments of gypsum in modere sabkhas (see Butier, 1970a,

for anhydriie, and Hulser, 1966, for polvhalite). None-
theless, we still have no direct and unambiguous way to
delermine [n an ancient evaporiie whether sich replace-
menis were carly or late.

The third pseudomorph type, the "non-reaction pair”
replacement, involves minerals weally unrelated chenii-
cally 1o cach cther. For example. a most commion non-
reaction pair pseudomorph in ancient evaporites is the re-
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Figuve 14. Thin section photograph of isolated, randomly oriented teirakedral !&ngbéiaiite {2MgS 0y K550 ér)'sta!s with -i-ﬁcﬁrpoA
rated mud in ctystal cores, The larger crysial contains fangbeinite in its core {light gray}. The rim and the entire smaller crystal have
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been pscudomorphousiy replaced by microerystaitine leonite (Mg80, - K»80, - 4H,0) plus kainite (MgSO,4-KCl- 3H,0). Surrounding
arca is mud (biack) and halite (light grap). Sampie from Salado Fm. muddy halite rock, Scale bar is 5 mm long.

placement of euhedral gyvpsum prisms by halite {Stewart,
1963, p. 41; Lowenstein, 1982, Figures 4 and 5). We have
ne reported examples of this pseudomorph type in mod-
ern cvaporites so that conditions necessary for such re-
placement must be inferred. All we can really say about
this replacement process is that it cannot occur during
simple equilibriam evaporative concentration of a single
solution, as is predicted for chemically refated reaction
pairs. Thus, for the pseudomorphous replacement of
gypsum by halite we must call on the introduction of a
new solution capable of dissolving gypsum withont chem-
tcaliv reacting with it (e, without forming a reaction
pair}. Replacement by halite may either be simultaneous
with gypsum dissolution (i.e.. a halite saturated but gyp-
sum undersaturated solution) or may occur tater, Again
the question of timing, whether syndepositional or after
hurial, for this replacement sequence observed in ancient

evaporites is ambiguous, However, no matter what the
timing, a sew solution must come into contact with a pre-
viously crystaflized mineral, Thus, fluctuating solition
compositions and introduction of “alien” brines are pre-
requisites for this type of pseudomorphous replacement.

Cements

Cements have gone essentially unnoticed in evaporites
despite the faut that undeformed and uncompacted
buried salis typically have negligible porostties, and yet
thelr analogous unburied primarcy deposits may contain
more than 50% void space (2.g., Lowenstein and Hardie,
1982). This anomaly suggests that cementarion must be
an important process in evaporite diagenesis,

Cements are posi-depositional features, bui they could
form either syndepositionally {as is comumeon in salt pans,
Shearman, 1970, Lowenstein and Hardie, 1982} or on
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Figure 15. Thin section photograph of displacive Xdeserite nodufes (gray) encircled by mud (black), Kieserite in nodules is 2 fine
grained grapular mosaic. The uncertaintics involved in inlerpreting this sexture volve the timing of kieserite growth and whether
kieserite is 2 dehydration product of & more hydrated magnesium suifate mineral {i.e., epsomite); and i so, what was the timing of
dehydration? Sample from Salado P muddy halite rock, Scale bar is 5 mim long.

buriat. In some cases it may be possible to decide on the
timing of cementation fromi petrographic evidence. For
cxample, menicus cements surely call for a vadose setting
and this in turn implies a syndepositional origin. Also, i
erosion or dissolution surfaces cut across cements, or if
intermal sediment overiles a cement, then there can be lit-
ile doubr about the syndepositional nature of the ce-
ments, All too commonly, though., there is no such direct
petrographic evidence and so the timing of cementation
remains ambiguous,

We have recognized two basic styles of cementation in
modern and ancient evaporites: (1} infergranular ce-
ments and {2) vug and cavity cements,

Intergranular cements usually consist of a mineral fin-
ing or filling the pore spaces of a primary granuiar frame-
work., For example. in Figure 12 coarse sylvite cement

fills the voids between cubes of halite in the Permian Sa-
lado Formation, These voids are identical in size and
morphology to primary uafilled voids so typical of porous
crusts of halite in modern salt pans (Lowenstetn and Har-
die, 1982). Other common features of this type of ceimen-
tation are isopachous color bands within cement crystals
that follow original void boundaries and coarse poikilo-
tapic crystals that may enclose many framework grains.

Cavities and vugs lined or filled with cement are com-
mon in modern evaporite deposits. In halite sait pans ver-
tical and horizontal networks of dissolution cavities and
shelter vugs are lined with enhedral cement crystals made
of vlear halite (Lowenstein and Hardie, 1982), In modern
gvpsum pans we have seen shelter vags beneath rumpled
surface crusts lined with masses of gypsum “swallow-tail”
twins {cf. Warren, 1982, p. 628). Such cavity cementation
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Figure 16. 'fhm sec’mn phqfograph of. vemcall; orignted stubby gvpsam prisms pseudumorphumly xepiac(.d by microcrystalline
polvhalite. Note'gypsum “swellowtat!™ twin crysial to right of center. Gypsuni pseudomorphs, originating from a common subsirate,
are overiain hy peloidal mad {(black} and smali ray domily orfented gypsum pseadomorphs {gray. now composad of polvhalite). Sample

from Salade Fm. laminated polyhafiie rock. Scale bar is & mm long,

has mot been explicitly reported [rom ancient evaporites,
bur it is likely that the ¢lear rims of halite on cloudy chevrons
and cornets so common in ancient halite rocks (e.g., Ward-
taw and Schwerdtner, 1966, Plate 2, Figure 4; Lowenstein,
1982, Figure 6C) are cavity cements {cf. Shearman, 1970},
The difficulty here is the timing of such cementation, In
madern salt pans clear halive rims form syndepositionally as
overgrowths on porous chevron and cornet frameworks dur-
ing the saline lake and desiceation stages (Lowensiein and
Hardie, 1982), but similar textures can just as easily be pro-
duced on burial. Only the presence of truncation surfaces,
internal sediment and renewed chevron overgrowth wiil
provide positive cvidence of an early syndepesitional origin
for such cavity cements, A different type of cavity cement
has been commonty observed tn ancient evaparites. This is
where pseadomorphous replacetnent takes the form of a
void Hning cement. For example, in the Permian Salado
Formation, gypsum molds that exquisitely preserve the
“swallow-tail” twin marphology are lined with an isopach-

ous, euhedraliy-terminated fringe of anhydrite and polyhat-
ite, which, in turn, are covered by a void-filling halize ce-
ment (Figure 17; see also Schaller and Henderson, 1932,
Plaie 9}, These spectacular features demonstrate that gyp-
sum was first dissolved without destroying the externat form
of the gvpsum crysizls and the mold was then filled succes-
sively by preciptiation of anhydrite then polyhalite and then
halite, This sequence provides important information on
the nature and composition of cement-depositing brines
{Lowenstein, 1983), but the timing of the cementation is
unresolved.

Far more attention needs (o be paid to cements in evap-
ortte diagenesis studies.

Temperature Dependent Safts

The use of salts that have restricred temperature stabil-
Tty ranges is an attractive option in deciding a syndeposi-
tional or burial origin, However, a difficulty arises here
because there is a large overlap in temperatures experi-
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Figure 17. Thin section photograph of & verlically otlented gypsum “swallow-tall” twin
pseudomarph with void-filling cement texture. Proceeding Inward from the psesdomorph rim
to the ¢ote is: {1} a mud band {arrow), {2} ashydrite stubby prism lining (A}, {3) microcrystal-
tine polyhalite lining (F), (4} inward projecting polyhalite prisms with euhedrai terminations,
and (57 a clear halite core. This cement texture is interpreted as having formed after a gypsum
crystal dissolution event, with a relative minerai precipitation sequence of anhydrite ~ paly-
nalite —~ haiite. Sampte from Salado Fm. Jaminated anhydrite/polyhalite rock. Scale bar is |

s long,

enced by primary depositional environments and second-
ary burial environments. While brines in modern evapao-
rite settings typically remain at temperatures below 40°C
the yeur around (e.g., Persian Gulf sabkha, Butler,
}93’0:1._ . 123}, temperatures near S0°C due to soiar heat-
g have been measured in shallow stratified brine ponds
(Hudec and Sonnenfeld, 1974} and values of over 100°C

are reached in hot spring brine pools (Holwerda and
Hutchinson, 1968), Temperatures of surface sediments
on salt flats commanly go above 50°C in the summertime
{e.g.. Butler, 1970h). In the normal geothermal gradient
temperatures of 50°C are reached at about 900 m depth
and 100°C at about 2400 m depth. This overlap in envi-
ronment temperatures means that “high temperature”
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salés such as langbeinite, loewite, vanthaffite, ete., stable
anly at temperatures greater than 407 to 30°C (Siewart,
1963, Figure 10}, coutd be of either syndepositionat or
burial origin. Nonctheless, despite this ambiguity, the
presence of such salts in & deposit tell us that tempera-
rures were ahove at least 40° to 50°C (they are “minimum
remperature” geothermometers). This should at least
raise the possibility that the deposit had undergone burial
metamorphism hecause femperatures over 40°C are not
the norm in modern surface brine bodies. In conrrast the
absence of these "high temperature’ salts suggests pre-
servation of a low temperature syndepositional mineral
assemblage. But here tos there is considerable uncer-
tainty because brine composition and stage of brine evo-
tution may have been such that the stability fields of these
minerals were never reached even though the tempera-
tures may in fact have been high enough,

These “high temperature’ salts have been found in
maiy of the world's potash deposits as (1) unbedded fine-
to coarse-grained meosaic patches composed of anhedral

crystals, (2) isolated nodules consisting of single crystals -

or erveralline mosaics and {3} isolated cuhedral crystals.
Most imporiant of the magnesium sulfate “high temper-
ature” minerals is langbeinite which is found in minable
amounts in several evaporites (Rempe, 1982). Spectacu-
lar examples of farge (cm scale) isolated langbeinite tetra-
hedral crvstals that record a partly displacive partly in-
corpotative growth style oceur in the Miocene of Russia
{Lobanova, 1953), Permian of Germany {Borchert and
Muir, 1964, Figure 20) and Permian of New Mexico (Fig-
ure 14, see also Rempe, 1982; Lowenstein, 1983).
Finully, the question of the actual temperatures of for-
mation can he tackied directly using fluid inclusions (see
appropriate sections above and the Appendix), but even
here we have difficulties, Low homogenization tempera-
tures of inclusions (below 40° to 30°C) in salts with sym-
depositional textures appear to be accurate and refiable
and support 2 jow temperature primary origin for the
host {e.g., the Salade halite measurements of Roedder
and Belkin, 1979; see also p. 1183-84), Very high filling
temperatures of over 100°C, while almost certainly inac-
curate {p. 1188), clearly point to substantial burial. Intet-
mediate homogenization temperatures (507 to 100%C)
raise difficolties in interpretation, not only hecaysa of the
environmeni temperature overiap discussed above, but
because of the unreliability of the measurements (pp. 21-
22). For example, in the Devoniun Prairie halite Hartzell
{1963) measured temperatures of between 51°C and
164°C in more than 400 inclusions. Yet these halites ex-
hibit excellently preserved chevron and cornet fabrics
typical of primary halites. It is possible that heating on
burial has caused the primary inclusicns to stretch {see p.
1188 and Roedder and Betkin, 1979} without obliterating
the origin syndepositional fabrics. The filling tempera-
tures would then reflect the burial temperatures, but the
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host would still retain its primary depositional texture cri-
teria.

CONCLUDING REMARKS

In this paper we have tried to draw together a prelimi-
nary set of criteria for distinguishing syndepositional
from burial atteration features. We have mainly tried o
atilize advances made recently in understanding svnde-
positional features of modern evaporites. But the prob-
lern remains a good way from resoluiion, as shouid be
clear from our rather skeichy compilation. Some of the
shorteomings of our treatment lic in onr Jack of first-
hand knowledge of many of the great deposits of the
warld. Nonctheless, we hoped that in committing onr
rather limited ideas io paper we would prod other work-
ers into searching for better and more comprehensive so-
hitions fo this crucial question. The spirit behind our ef-
fort is the belief that a full confrantation of this problem
shoudd be an abisolute priority in any evaporite study of
any kind. Without first deciding which features are syn-
depositional, which are due to burial alteration znd
which are ambiguous, how can we confidently interpret
depusitional history, geochemical history, source of in-
fiow waters, hydrologic cvents, etc. of an ancient evapo-
rite basin? Certainly we can say nothing of the chemistry
of ancivnt oceans and lakes unless we resolve this matter.
"The danger is especially obvious in the practice of using
chemical tracers such as isotopes and trace elements fo
unrave! evaporite origin and history without prior resort
to an exhaustive petrographic analysis to defineate synde-
positional from burial features.
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APPENDIX

The Use of Fiuid Inclusions in Evaporite Snudies
by R. I. Spencer

INTROBDUCTION

Useful informaiion on svaporiie mineral origing may be ob-
tained from flaid inclasions. In addition to defining some of the
posizive petrographic evidence for syndepositional or burial
evaporites, flinid inclusions are present in crystals the origin of
which may be ambiguous on the basis of petrographic ¢riteria.
For example, crystals formed by intrasediment growth or as
void filling cements may contain inclusions that will allow these
crystats to be identitied in terms of a syndepositional or burial
origin, A variety of tesis are available which help (v decide the
origin of the [luid in inclusions; hence the origin of the enclos-
ing evaporite mineral, These tests, mainly involving heating,
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frecring and vrushing behavior, are outlined below. Desails of
fhuid ineluston methods may be found in Roedduer (1962, 1963,
(970, §9723 and Holtister znd Crawford (1931).

PRIMARY AND SECONDARY FLUID INCLUSIONS

The existing terminology on fluid inclesions ineludes pri-
mary and secondary inclusions, 1n the present context of
dist':-nguishing betwean primary and sceondary evanorites
these fiuid dnclusion ferms may be confusing so care must
be taken with their use. Primary inclusions ave inclusions
that form at the time of erystal growth, be il syndepositional
o post-burial (herein fies the potential {or canfusion). Sec-
endarv inchusions are mchisions which form in a crystat af
ter the crystal has grows; these may be syndepesitional of
post-deposittonal. Criteria for recognition of primsry and
secondary fluld inclusions have been discussed by Roedder
(1976, 1974, 1981). The reader is referred 1o Roedder (1981,
p. 1381373 for a summary of petrographic criteria wsed to
distinguish primary from secondary inclusions.

FLUID INCLUSION MICROTHERMOMETRY

The most common usage of fluid inclusions is in the area
of microthermometry. ‘This technique consists of measuving
the temperaiure of phuse vraesitions within an inchasion us-
ing & heating/cooling stage. Fhuid. irapped in a crestal as
the crystal grows, or introduced along ¥ractares after a crys-
tal forms, is isolated by the enclosing erystal. A given vol-
wme of fluid is therefore consained in & given volume wirhin
the crystal. The changes in volume of solid crystals are gen-
erally much less dependent on lemperature than the volume
of fluids (Figurs [8). Therefore, assuming that the valume
of an ipclusion remains constant after it furms and thut the
material within the inclusion remains isclated, cooling of the

inctuston will result in the shrinkage of the fluid, This

resulrs in the [ermation of rwo phases {liqoid-vapor} within
the inciusion. Upon reheauing, the fluid within the crystat
wili expand and evenmally refili the inclusion with a single
fluid phase. The femperatire af whick this occurs {fempera-
ture of homogenizaiion) gives as indication of the tempera-
ture ur which the [luid was trapped.

I addilion o Hqeid-vapor two phase inciusions, one or more
slid phinses may by present in an incjusion (Figure 19), The
solids may have been trapped as the inclnsion formed {inchided
crystals) or may have grown from the trapped Auid within the
inclusion {daughter crystals), Deughter erysial-fluid homogent-
zation in some instaccss yields reliabie data on the temperatore
of formation of inclusions, Difficulty in distinguishing inciuded
from davghter erystals, the sluggishness of many {fnid-salid re-
actions and metastability in fuid-sobid ineractions cause finid-
solid homogenization 0 be lesy reliable rhan lquid-vapor bo-
magenization 1t determining the temperature of formation of
inciusions.

A second type of microthermousetric measurement iy that of
the temperaiure of meling after the fluid in an mclusion has
been frozen. Two points on the melting curve are generally de-
termined, the lwmpevature of fiest mekting is used 0 estimure
e componens salis in solution; rhis remperature, depending
on e ability to observe initial melting, should represent the
entectic meliing point for Lhe system. Some of thy eatectic tem-
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Figure 18. Chanpes in volume for 2 constant mass as a fune-
tion of temperature are shown for yuartz, balite, sylvite, watar
and g 26% NaCl solution.

peratures for chioride saits in agueous sclution are given below
{afrer Crawford, 1951

BT ~ et KC-Rat| - 32.9%C

Mall - 208°C MgCh- Nl - 35
(metastabie — 25°0)

MgCl, - 33.6°C Calhy-NaCl e 5305C

Cally  ~19.8°C MgCly-CaCly-NaCt  —57°C

Most fluids enconniered in evaperite brines will conlain the
four major cations Na™, K7, Ca? ™, MgZ* and chioride us well
as suifawe und bicarbonate-carbonate in varying amounts,

The second temperaiure poing measured on the melbting curve
is the temperaiuce of final melting, The temperature of tinal
mueliing enables the estimation of the concentration of salt in
sofution, The eutecric systeny HyO-MaCl shown in Figure 20 wii)
be ased vo ilustrate the estimation of concentration, A frozen
tnclasion in this system would contain ice plus NaCi-2H,0,
first meliing would be obsaeved ar about —HE7C. Warming
abave this lesuperature would reguire either all of the Na-
Cl 2H (0 to mebt (i the systew contains < 23.3% NaCl) or alf of
the ice to melt §if the sojution contains == 23.3% NaCl}. Contin-
ued warming of the inclusion will result in the remaining phase
gice or NuCl 2H;0) melting; the final melting remperature of
ive will yield o composition along curve A (Figure 20), the final

;
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Figure 13. Fhiid invlusion in halite from the Permian Salado
Fr., Bed 119, showing three phases liquid-vapor-solid (anby-
drite?). Incleesion is approx. 0.05 mm in length.

Sixth iniernationsi Symposivm on Salt, 1983—Vol. !

bur of gas clathrates may form. Some of the phases thal may be
present a8 the last melting solid from evaporite inclusions zre
{isted below.

{ee—H,0 Clathrates
Hydrohalite—NaCl-2H,0 €0,
Antarcticite—Call - 6HLO CH,

Natron-—Na;C05- 10H,0
Mirabilite—Na 50, 10H,0

CRUSHING BEHAVIOR

A relalively seidom esed but powerful tool o [luwid inclu-
sion work iy the crushing stage. The crushing stage allows
the vbservation of an inclusion as it Is opemed {o aimo-
spheric pressure (Roedder, 1970} The grain containing the
inclusion is placed in oil berween two glass plates and ob-
served as pressure is applied w erack the grain, Two phase

100 T ¥ ¥ T k) i
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50T A 1
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g
&
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50 £ B /NaCi 2H0
ce + L. Dal
N -208°
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Na(l

Figure 24. The Hy0-NaCl escectic system. The eutectic {E) is at ~ 20.87C and the co-
existing phases are ice, NaCl-2H>O and an aqueous solution. Systems containing < 23
weight-percent NaCl follow curve A above the cutectic temperatare while systems con-
taining > 23 weight percent NaCl follow curve B. After Crawford (1981},

melting temperatere of NaCl-2H30 wilf yield a composition
along Curve B (Figure 20). ¢ is important to identify the phase
that is mekting {a final melting point of 07C or +0.1°C with ice
meling indicates 0% NaCl in solotion, while with NaCl- 2H,Q
melting there i 26 3% NaCl in solution). In practice this is not
abways possible as a variety of low temperature hydrated salts
may form from multicomponent systems. In addition, a aun-

tiquid-vapor inclusions may behave in one of three ways
upon cracking:

. the vapor shrinks and disappears

. the vapor expands

. the vapor does not change ur shrinks slightly but re-
mauing.

el e
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{a)

{o) tdd
Figure 21, Time sequence photos showing vapor expansion upon cracking under the crushing stage of twe phase vapor-tiguid inclu-
ew Merxico (Bed 119, McNutt zone), (A) inclusion with gas under pressure prior to

sion tn halite from the Permian Salado Fm., N
cracking. (B} crack entering inclusion and beginning of vapor uxpansios. (C} continued expansion of the vapor. (3} finul stage 35

seconds after cracking. Long side of the imelusion is 0.1 mm.
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Figure 22.  H,0-CO; solvus as a function of [cmperature and
maole fraction of CGy {X{n;:‘ at three differen( pressures (bars).
Abuve each solviis a single Thutd phase is present but below he
solvug twa phases, one rich in H() the other in CO., are
present,

The first cese of the vapar shrinking and disappearing indi-
cates a “normal sheinkage bubble” formed due 1o the de-
crease i fluid volume on copling of an inclisiom. The pres-
sute in the vapor was less than atmospheric pressure.

The second case where the vapor expands or cracking of
the inclusion indicates a noncondensible gas under pressure
{(Figuee 21). This is usually the result of variable fluid im-
miscibility in systems contaipiog a solvas, Arn example of
such a system is CO9-HoO (Figure 22). An lnclusien formed
from a single fluid along or above the solvos will contain
two immiscible phases {HyO-rich and CQOy-rich) at room
temperature. The U0y-sich phase may be a gas under pres-
aire or a liquid or both., Upon cracking this phase will ex-
pand. In addition {0 C03-H;0 systems other aguepus-gas
mixtures {CH,-H-0, Ha8-HO0, ete) may result in similar
behavinr. Additionaily. & vapor may form nnder pressure due
to reactious within an inclusion after trapping. Organic material
trapped in an inclusivn may be altered o €Oy or CHy within the
inchston, forming vapar umder pressure,

The thitd case of the vapor remaining at its initial s{ze or de-
creasiny slightly upon cracking indicates either leaking or ini-
tial ewo phase Jiquid-vapor trapping to have occurred. In elther
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case, erroneoushy high hamogenization temperatures would be
obwined from heating this tvpe of inclusion.

COMPLETE ANALYSIS

1deally, the hehavior of a single inclusion on heating, freezing
and crushing shorld be observed, I this is attempted, heating
should be observed Fiest, followed by freezing and then crush-
tog. B is necessary in nieasuring homogenization termperatures
that the integrity of an inclusion be maintained, Inclusions of-
ten crack on freezing and are vnsuilable for further sindy after
crushing. It may be more practical to divide a erysial into three
samples and examine petrographicatly similar inclusiony with
gach tevhnique,

SUMMARY

Useful information on evaporite crystat origin may be
obtained from fluid inclustons. In addition ta petrographic cri-
teria, criteria developed using heating, freczing and crushing
cbservatioms are helpful. Criteriz for primary and secondary
evaporitic inchisions are listed in the teyi. A suggested method-
ology for using the criteria is to first consider unambiguous pet-
rographic criteriy fe determine the primary or secondary origin
of {e erystal, Primary gvaporite crystals may contain primary
and/or secondary cvaporite inclusions, Sccondary evaporites
should contain only secondary evaporite inchusions, Those ¢rys-
tals which have ambiguous origins on the basis of petrographic
evidence may be classified v the basis of inclusion eriteria, f a
crysial contains primary evaporite inclusionys t should probably
be vonsidered s a primary evaporite. If only secondary evapo-
rite inclysions are present as primary fluid inclusions the crystas
15 prubably of secondary evaporite origin.
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