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ABYTRACT

One uf the puzzling characteristicy of marine evaporite deposits
is sulfute deficiency exclusive of caicium sulfate. Sulfaie is the
third most abundant lon in seawater, el lzss thon 40 percent is
removed by gypsumsanhydrite precipitation. Therefore, murine
evaporites should normully contain an abundance of other sul-
Jate minerals.

An attractive explanation is bacrerial veduction of .‘)‘()5" aitd
conseguent escape of ydrogen sulfide to the utmosphere, a pro-
cess ohserved in modern evaporite environments. Measured rates
uf reduction in marine systems, however, stggest only o minor
effect on brine modification. An additlonal constraing ineludes
the large velume of orgenic matter required as an erergy source
by ihe bocterin. Furihermore the calcium or mugnesium carbon-
aies which are a necessary byproduct of the bacteriad process are
missing in most depoyits. Sulfute depletiom can also be braugh!
about by the Haidinger reacrion: however, if seems unlikely that
sufficient Ca®t woild have been aviilable, cither from marine
influxes or continental runoff, for the reaciion ro be effective.

Tt iy proposed that the kev to suifate depletion s brine
mudificatton vhrough Ca?* enrichment, because the sirong af-

traction of Ca2¥ for SGI can result in allof the sulfate fon betng
precipiated as gypsum. Several mechanivms can affect Ca®™ en-
richment, including dolomilization and pofvhalitization of pre-
wously deposited limestone and gypsum, and substicution of
Mgt KT and Net for Cal™ in reucrions berween detrial cluy
minerals and brine. (Geologic evidence it most marine evaporites
appears to fivor dolomitizaiion. A pood example are the middle
Pennsylvanion evaporiies in the Paradox Basin of southeast Urah,
which are notably sulfate deficivnt. Studies of Paradox evaporite
cyeles show that the annual supply of CaS0y FASC) in the halite
of the oldest cycles was snmewhar less than the maximum yield
vhtaineble from evaporation of @ seqwater brive. It was aot untdl
after the deposition of several dolomite units that younger halite
beds began ro show ASC values in excess af evaporative CaS0y.
These excess vulues are bolieved to represesi “reaction” CaSOy
produced by the reaction Qf.S‘Og_" with Ca?™ release by dolomiti-
zation. Additional evidence for peaction Cal€ly was obrained
Srom analyses of brive inclustons i halite rock which showed
hivhesi Cast walnes in cyeles in which the ASC was olsa igh.

STATEMENT OF THE PROBLEM

The seven most abundant ions n seawater include the
vations Na™, Mg?t, Ca’, apd K™ and the anions CI™,
SOL™, and HCO, . When seawater is concentrated by
cvaporation these kons shouid combine to form a series of
minerals which includes a high percentage of magnesium
sulfate if evaporation proceads as far as the potash facies.
Most marine evaporite deposits, however, are character-
ized by a deficiency or sametimes total absence of magne-
siwmn sulfate minerals and this constitutes what is generably
referred to as the “sulfate problem” in marine evaporites,
The magnitude of the problem can be ilustrated when the
major seawater ions, expressed as milliequivalents per
liter, are plotied in histogram fashion. Such a plot (Figure
1} gives a visual accounting of cation-anicn balance after
precipitation of the early phase evaporite minerals. Forex-
ample, during evaporation of scawater Ca’™ s lost first by
precipitation of calcium carbonate, then gypsam. At this

point, the brine is tofally depleted in Ca**t but asshowsn on
Figure 1 almost 70 percent of the original SOZ ™ still re-
mains in the brine. With further evaporation this SOI~
will combine with the other cations, principally Mg®t, so
that in theory marine evaporite deposits derived from this
stage of brine concentration should contain an abundance
of magnesium suifate mincrals,

Severad thearies have been proposed to explain the mag-
nestum sulfate deficiency in marine evaporites. The best
known and probably most widely accepted of these is bac-
terial reduction of sulfate (Borchert, 1940 and 1959},
Another intriguing and long standing theory calls for re-
action hetween the suffate fon in basin evaporite brines
and fluvial influxes of calcitm bicarbonate {Lotze, [938:
Sturmfels, 1943; D'Ans, 1947, and Valvashko, 1958},
Garrett (1970) proposed that deposition of sulaie mine-
rals around the margins of evaporite basing, followed by a
later phase of dissclurion and basin flushing, could ac-
count for the sulfaie deficiency. If the composition of an
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Figare 1. The major ions in seawater, Milligrams per liter ¢con-
verted to mithiequivalents per liter.

evaporite brine is modified by enrichment in Ca?* from
processes such as dolomitization {Braiteh, 1962) the sul-
fate can be removed by precipitation as gypsum. This pa-
per will concentrate on explaining the merits of this latter
theory and support it with data from several evaporite
deposits. In addition, it will be shown why bacterial redue-
tion of sulfate is probably not the answer ta the problem.

BACTERIAL REDUCTION OF SULFATE

Although several organisms are capable of sulfate re-
duction the most impartant from a geologic standpoint are
bacteria belonging to the genus Desuffovibrio. These mi-
crobes are found in a wide range of anaerchic environments
including hypersaline conditions, They derive energy in
anaerabic conditions by oxidizing organic compounds
with axygen obtained by reduction of the sulfate ion. Gen-
erdlized reactions for this process are:

2CH,O + S0%7 -» HCOT + HS ™ + (0, + H,0
ar

2CH,0 + SO~ — 2HCO, + H)S.

Because the Hp5 produced by this process could subse-
quentiy be lost to the atmoesphere, bacterial reduction of-
fers an attractive solution to the sulfate problem. How-
ever, evidence from lzhoratory, natural environments and
evaporite deposits suggests that although under some con-
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ditions this is an important geologic process, # was not
responsible for large-scale removal of suifate from ancient
marine evaporite envigonments,

RATES OF BACTERIAL REDNUCTION
OF SULFATE

The amounts of sulfate that must be removed from ma-
rine evaporite basins are very large. The effectiveness of
bacteria in this semoval can be judged only if known mod-
ern eates of bacterial reduction of sulfate are considered.

One of the highest known rates of sulfate reductionina
natural environment is in Lake Ain-ez-Zauia, Libya. But-
lin and Postgate (1954) reported that in this smali lake
symbiosis between sulfate reducers and sulfur bacteria
produces about 100 tons of elemental subfur annually, This
wortld require the daily formation of about 55 g/1 of H,S.
However, this extremely high rate of production may be
mislcading because warm springs that feed the Izke may
supply a significant amount of H, S (Kuznetsov et al., 1963,
p. 108), In certain sulfaie lakes in the USSR it wasreported
that bacterial production of H,S ranging from 0.0002 to
24.26 mg/1 per day (Ivanov, 1961, Table 4}, In the Carpa-
thian suifur deposits, bacteria produce H;S at the rate of 2
to 3 mg/1 per day (Kuenetsov and others, 1963, p. 200).

Under ideat laboratory conditions cultures of sulfate re-
ducing bacteria have produced as much as 3,000 mg/1 of
H, 5 per day (Buthn and Postgate, 1955). Such high rates of
suffate reduction can only be obtained when the cultures
are constantly purged of H,5, otherwize the bacteria would
be overcome by the toxicity of their own metabolic wastes.
Thus in nasural envirenments, the very nature of the pro-
cess is self Hmiting in terms of reduction rates.

After considering the various measured rates of suifate
recduction in aatural environments it was concluded that
formation of HL,S at the rate of 10 mg/i per day is a rela-
tively high production rate and probably greatly exceeds
rates in apeient marine evaportie basing. However, even
when this high rate is used, some interesting deductions
can be drawn in regard to the effectiveness of microbial sul-
fate removal from snch basins.

In natural subagueous conditions most bacterial activity
iy concentrated in the first few centimeters of sediment and
the sediment brine interface. A good example is the Pead
Sea where Neev and Emery {1967, p. 93) were unable to iso-
tate sulfate reducing bacteria from the water colummn, They
reached the conclusion that organisms capable of produic-
ing hvdrogen sulfide were present only in the bottom sedi-
ments. A similar coneclusion was drawn by Nissenbaum
{1973), Thus the capacity of an evaporite basin to reduce
sulfates is not a function of total volume of brine in the
hasin, but is probably restricted to no more than ¢ { mthick
layer of sediment on the basin floor. Keeping this in mind
and using the 10 my/| per day of H,S production, it is pos-
stble to caleulate the effectiveness of bacterial reduction in
a theoretical marine cvaporite basin as follows:
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Suitate Problem in Marine Evaporites

Sulfare Budget for Basin X
Area of basin = 1 km?
Eyaporation rate = 2 m/yr (seawater)
Sulfate reduction rate = 10 mg H,8/1/day (reducing

zone of I m}

Sulfate reduction capaciry (basin) = 1,063 tons/'yr
Sulfate Balance {Motrictons/yr)
Infhax 5,798
Gypsumprecipitation  —1,642

3,656
Sulfate reduction 1,063
Surplus 2,693 tons

Fron: these calculations it can be seen (hat even with a
high rate of sulfate reduction a large yearly increment of
SO7F " will accumalate in the evaporite brine,

REQUIRED AMOUNTS OF ORGANIC MATTER

The metabatism of sulfate reducing bactetia is depen-
dent on organic compounds as a source of enetgy and for
carhon for cell growth. Therefore, microbial reduction in
an evaporite environment will be limited by the amounts of
binmass that are either generated in the basin or are swept
in from the sea. Hach mole of SO}~ that is reduced requires
oxidation of 2 moles of organic carbon. The actual amount
of organic matter is much higher because oniy patt of the
organic matter can be utilized by the sulfate-reducing bac-
teria. The evaporite environment is capable of high organie
productivity (Kirkland and Evans, 1981); unfortunately
specific rates are generally not well know. Elsewhere the
highest known rate of hiomass production is.300 g C/m?/yr
or more in the areas of oceanic upwelling (Tisset and
Welte, 1978, p. 29). Assuming that the productivity of the
evaporite environment is not likely fo exceed LG g
Crmt/yr, this figure can be applied to the previously con-
sidered theorctical basin with the following resuits:

Organic Matter Reguirements Basin X

Metrictons
Sulfate after gypsum precipitation 3,056
Organic C required for bacterial
reduction 3,656 X 2 = 0,312
Organic C production in basin = 1,000
Defictency 5,312

Considering the magnitade of organic matter deficiency
shown by these caleulations it scems unbikely that marine
cvaporite basins can produce the necessary amounts of
organic matter for effective removal of sulfate by bacterial
reduction.

THE MISSING EVIDENCE

_ H bacterial reduction of sulfate was a significant process
1 the formation of ancient evaporite deposits some geo-
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logic eviderce of this process should remain in the depos-
#s., For example, as shown in the previously written reac-
tion, bacterial reduction of sulfate resulis in the formation
of the bicarhonate ion, Electrical balance must be main-
tained in this reaction so the loss of SO3 " must be replaced
by HS™ + HOOGY, or 2HCO; (Braitsch, 1971, p. 246;
Berner, 1971; and Carpenter, 1978). In seawaier brines,
HCO; should combine with Ca’* and Mg* to form
alkaline-carth carbonates (cajcite, dolomite, magnesite,
ete.}. Thus each mole of MgSQ, missing from an evaporite
deposit should be represented by 2 moles of MpCO; or
Ca(CO,. It is true that carbonate minerals are found in
most marine evaporite deposits. Generally, howsver, these
carbonates are not disseminated through the evaporites
but oecur in discrete {ayvers and more likely represent a
depesitional response to influxes of bicarbonate-bearing
seawater. This inferpretation is supported by the fact that
the deposition of the carbonate layers was usually pre-
ceded and then followed by deposition of caleium suifate.
If the carbonate layers were formed as the result of sulfate
reduction and removal then subsequent deposition of cal-
cium sulfate seems unlikely. It is also difficull to accepi the
explanation that an evaporite-basin periodically under-
goes a reducing phase, during which carbonate layers are
deposited and the basin brine depleted in sulfate, with the
acquired suifate depietion lasting through a subsequent
phase of halite deposition (Borchert and Muir, 1964, p.
120). It i generally accepied that some influx is constant
in all marine evaporite basins even during deposition of
potash ninerafs. For that reason, bacterial reduction of
sulfate would have to continue at a high rate even during
the deposition of the chloride evaporites in order to keep
the basin briite depleted in suifate. Thus, an abundance of
carbonate minerals should be dissemninated through halite
and potash rocks. Most of these rocks, howevet, contain
only trace amounts of carbonates.

Hydrogen sulfide is very rare as a gas in halite-bearing
marine evaporites. When present, it probably represents
an introduction of sulfate-reducing bacteria to the deposit
by meteoric waiers. Becanse other gases, such as nitrogen,
carbon diexide, methane and hydrogen, which are the by-
products of the decay of organic matter, are trapped in
these deposits, it seems likely that i sulfate reduetion were
vary active during deposition then some hydrogen sulfide
would also be trapped. Hydrogen sulfide released from the
tloor of an evaperite basin should be oxidized inorganically
or by bacterts fo elemental sulfur or sulfate when it reaches
the uxvgenated surface layer. Some of this elemental sulfur
should sink back through the brine column angd be incor-
porated in the sediment layer; however, none has been re-
ported in evaporite deposits. In the Dead Sea all of the
hydrogen sultide is probably oxidized fo sulfate (Neev and
Emery, 1967, p. 94) and is recycled back to the brine. This
modern example suggests that even if bacterial reduction
of sulfate was taking place at high rates on a basin floor,
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significant sulfate removal from the brine might not be
possible.

Limited isofopic data from modern marine evaposite
environments do not indicate significant bacterial reduc-
tion of sulfate. A prime example is the deep brine poois of
the Red 3ea where Craig (1969, p. 402) observed—""The
absence of 8348 enrichment in the brine sulfate and the ab-
sence also of §1°C enrichment in the dissolved carbonate
indicate . .. that sulfate was not removed from the original
water by reduction processes. . .” Similar conclusions can
be drawn from the isotopic composition of sulfaie minerais
in ancient marine evaporite deposits. Because all marine
evaponte basins were connected te the same surface ocean
sulfate system, hasins of the same geclogic age should show
similar 83S values, Only where a particular basin environ-
ment was characterized by large-seale bacterial reduction
of sulfate would there be sufficient fractionation of the sul-
fur isotopes to create a notable mismatch with the data
from other hasins of the same age {Holser, 1979}, Extensive
sampling of the ancient deposits shows data fitting within
a narrow range of values on the 48 isotopic age curve
(Claypool and others, 1979). Although the age curve shows
wide isolopic variations through geologic time, these vari-
ations reflect changes in the total oceanic reservoir {sur-
face) of suifate rather than change (isotopic fraction by
bacterial reduction of sulfate) within individual basins,

THE HAIDINGER REACTION

The Haidinger reaction, which seers to be betrer known
to carhonate sedimentologists than to evaporite geologists,
is also of great importance to evaporite sedimentation. This
reaction was named by Krotov (1925) {see Lippman, 1973,
p. 150) and was written as:

dolomite anhydrite
2CaC0y + MgSOQ, — CaMpg(C0,), + CaS0,.

Although they did nof specifically refer to the Haidinger re-
action, various authors, notably Lotze (1938), Sturmfels
{1943}, D'Ans (3947}, and Valyaskke (1958), have pro-
posed that a similar reaction between influxes of continen-
tal calcium bicarbonate waters and basin evaporite brines
can deplete brines in sulfate.

Confrary to Borchert and Muir {1964, p. 39) a Haidinger
type reaction i a viable mechanism and can be demon-
strated in the laboratory. However, experiments by the au-
thor showed that calcite or aragonite would not react with
a magnesium sulfate brine but that a calcium bicarbonate
solation would. In addition, the product of the reaction
was gypsum instead of anhydrite, snd no carbonate min-
eral formed. The hicarbonate and magnesium ions stayed
in solution for the duration of the experiment, Accordingly
then, a modified version of the Haidinger reaction can be
wrilten:
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Ca’* + HCOy + Mg*" 4 SO + 2H,0 -
CaSQ, - 2H,0 + Mg*™ + HCO5 .

it should alse be noted that for the moditied Haidinger re-
action to rake place, an influx of seawater or continental
ranoff containing Ca?" and HCOT must mix with an
evaporite brine that is at the chloride precipitating phase.

Although it can be shown that the modified Haidinger
reaction is probably not a significant factor in explaining
the magnesium sulfate deficiency iz marine evaporites, it
nevertheiess can bring about some important modifica-
tions of brine chemistry involving the bicarbonaie fon.
Normally, ender conditions of static evaporation the early
precipitation of caleium carbonate consumes all of the
HCQOy in seawater (Clarke, 1924, p. 2200, Under dynamic
conditions, where a halite precipitating brine continues to
be teplenished by influxes of seawater, the modificd Haid-
inger reaction can aciually permit an increase in the
amount of HCOJ . Thus a seawater brine that originally
tost all of its HCQJ through precipitation of calcium car-
bonate can be altered by the modified Haidinger reaction
to the extent that the HCQ; conceniration increases
agein. This process is well demonstrated by the data of
Morris and Dickey (1957} from the Bocana de Virrifa of
Peru where halite-saturated brine (1.243 sp gr) contained
948 ppm HCO5 , or about 6.7 X the bicarbonate content
of seawater. It should be noted, however, that the
C17 /HCQy ratio of seawater is 134, compared to about
200G for the Bovana de Virrila hrine. Under the dvnamic
conditions of an evaporite basin, with its nearly constant
influx of seawater, the modified Haidinger reaction would
produce sediments showing a significeni increase in the
Ca85Q,/CaCO; ratio that is normally cbtained from static
evaporalion of secawater. Furthermore, because the reae-
tion produces brines enriched in Mg** and HCOj . it
seems only logical to assume that it affords a mechanism
for the formation of dolomite and magnesite.

Solving the magnesium sulfate problem by the modified
Haidinger reaction seems unfikely. The amount of SO~
brought into an evaporite basin by influxes of seawater
would greatly exceed the amount precipitaied by the reac-
tion. Where continental waters are invobved, Ca* ig hal-
anced principafly by HCO;™, and SOF~ is subordinate
(mean composition of river water HCQ; /8§03~ = 5.3}
and the reaction couid accomplish the job; however, be-
cause of thelr dilute nature the required volumes of influx
wouid be enormous. The scale of the probiem was noted by
Garrett (1970), who showed that a flow the size of the Mis-
sissippi River would have been needed as a hypothetical
Ca?* source for a basin the size of the Devonian Efk Point
Basin of Canada. Such a requirement would obviously
dilute the basin brine to the extent that deposition of evap-
orite salts would be prohibited.
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Sulfste Prablem in Marine Evaporites

BRINE MODIFICATION TG THE CALCIUM
CHLORIDE TYPE

Through the years there has been a growing accumula-
tion of data suggesting that enrichment of hrine in Ca’¥ is
a common phenomenon in the marine evaporite environ-
ment. 1t is proposed that this form of brine modification is
the key to solving the suifate problem, because when a nor-
mat seawater brine {({(Mg?™ + 5077) 3 Ca’") mixes
with a modified evaporite brine (Ca?™ >» SOI7), there is
an immedtate and dramatic reaction resulting in precipi-
tation of gypsum. This reaction can be written as:

Mg?" + Cal' + 80§ 4+ 2C17 + 2H,0 -
Mg?* + 2C1 + CaSO, - 2H,0.

Fhus if the brine in an evaporite basin in some maaner he-
comes modified to a caleitm chioride type most of the
50377 in subsequent seawater influxes will be pracipitated
as gvpsum rather than magnesinm sulfate.

Strong evidence for brine modification fo the calcium
chloride type is provided by the presence of large quanti-
ties of tachyhydrite {CaMg,Cl, - 12H,0) in several marine
evaporite deposits, For example, very large deposits of the
mineral have been found in the Cretaceous evaporites of
the South Atlantic (Wardlaw, 1972; Hite, 1972) as well as
in the Cretaceous evaporites of Thailand and Laos (Hite
and Fapakasetr, 1979}, Although tachyhydrite is a major
mineral in the aforementioned deposits, it is still some-
what rare in other evaporite deposits. This is not surpris-
g, because extreme desiccation is required for its forma-
tion. Most evaporite deposits seldom reached this stage of
desiccation, but evidence that the brines from which they
formed were enriched in Ca* is found in chemical analy-
ses of tiny brine inclusions in halite rock {Kramer, 1965;
Raoedder, 1963, 1$79a, and 19790).

ENRICHMENT MECHANISMS

Seawater brines can become enriched in Ca’t several
ways, One well-known process is the conversion of gypsum
or anhydrite to polvhalize, such as CaSO, - 2H,0 + K* +
Mg?*+ —+ Ca, K;MglSO,)4 - 2H,0 + 2Ca?™, when bittern
brines react with these previvusly deposited suifates, Poly-
halitization could only be a significant factot in enriching
evapurite brines in Ca?t where large deposits of the min-
cral are present. In many evaporite deposits, however,
poiyhalite i onlv found as a trace mineral. A notable ex-
ception is the Permian Salado Formation of New Mexico
which has very large deposits but is characterized by a
higher than normal amount of magnesiom and potassitm
sulfates, suggesting that Ca® enrichment through this
process was minimal. Although polyhalitization occurred
it some evaporite deposits, it was either on insufficient
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scale or was such a late diagenetic event that the host brine
layer was relatively unaffected.

The substitution of Na* for Ca’" in the exchange sites
of continentally derived smectites can also achieve Ca?™
enrichmeal, The evaporite sequences in basins where this
process made significant contribations of Ca?™ would be
charscterized by high clay-to-salt ratios. For example, if
we assume that the smectites involved have maximum ex-
change capacity of approximately 150 millequivalents per
100 g {Grim, 1968, p. 189), then complete SBE— removal
(5.78 g} from a liter of brine saturated for NaCl would re-
quire about 40 g of clay. Expressed in terms of an evaporite
sequence, each meter of halite should be balanced by
about (.39 m of claystone. Most evaporite deposits, espe-
cially those showing strong evidence of Ca®* enrichment,
have much lower clay-to-salt ratios. Although this process
probably took place to some extent in all evaporite basins,
the reguired clay:sajt ratio, plus the drastic dilution of
basin brine by the continenial wafers necessary to trans-
port the clay. suggest that this process is probably not the
major cause of Ca?* earichment.

The tachvhydrite deposits of the South Atlantic are
associated with an iron-rich evaporite sequence. In a
paper presgnted at the 27th Brazikian Geological Congress
(Hite, 1973}, the author suggested thal there might be a
direct relationship between the chemistry of iron in the
South Atlantic brines and Ca2?* enrichment, It was theo-
rized that oxidation of Fe?* in solution in the brine pro-
duced the abundant hematite and gocthite in the evaporitic
sediments and at the same time refeased H ™ to the brine.
The latter then reacted with limestone or dolomite to
release Ca’* 1o the brine. This process can be demon-
strated in the laboratory and may have contributed some
Ca’?* in vertain basins, but as pointed out by Peter Szat-
mari {oral commun., [978) the amount of iron needed o
effect large-seale Ca?' enrichment greatly exceeds the
amounts observed in most evaporite deposits, including
those of the South Atlantic,

The most common mechanism of Ca?t enrichment,
and probably the most fogical candidate to bring about
large-seale modification of an evaporite brine, is dolomiti-
zarion. This process, which can be written as:

CaCO3 + Mg?* -+ CaMg(COy}); + Cal*

can only effect Ca?™ enrichment when previousiy depos-
ited limestones, cither underlying or adjacent to the brine
body, are dolomitized {Braitsch, 1971, p. 248); primary
deposition of dolomite will only remove Ca®* from the
brine. An examination of many marine evaporite deposits
shows that dolomite is present in quantities sufficient to be
a major factor in brine modification. A specitic example is
described in the following section.
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PARADOX BASIN EVAPORITES

The Middle Pennsylvanian of the Paradox Basin in south-
east Utah and southwest Colorade contains a thick se-
quence of marine evaporites. 'This sequence is charactet-
ized by a series of potash-bearing evaporite cycles (Hite,
1961}, most of which are notably deficient in magnesium
sulfate. In additton, carbonate rock, principally delomsite,
is an ubiguitous element in each evaporite cycle. Although
the brines from which these deposits formed reached very
high concentrations, as evidenced by the abundance of
potash minerals and by high bromide levels in many halite
beds, no tachyvhydrite was deposited. However, numerous
oceurrences of brines with high calcium-fo-magnesium
ratios have been reported from these deposits (Mayhew
and Heylmun, 1966). Petrographic relationships, plus
nemerous plots of the vertical distribution of bromine in
the Paradox halite beds (Raup, 1966; Hite, 1983), suggest
that this is a primary sequence. Thus, the Paradox Basin
evaporites are probably ideally suited to use as a test case
for brine modification by dolomitization.

Recently the Department of Energy, as part of a pro-
gram of evaluation of the suitability of salt deposils in the
Puradox Basin for nuclear waste disposal, drifled a deep
test hole in the west-central part of the basin on a sal anti-
cling known as Gibson Dome (Figure 23. This hole {GD-1)
was cored continuously through the entire evaporite se-
guence of the Paradox Member of the Hermosa Forma-
tion. At the Gibson Dome locality, the Paradox Member
includes 19 halite-bearing evaporite cycles (Figure 3}. The
Paradox Member, as defined in the GI-1 hole, is bounded
by the top of Salt 4 and the base of Salt 26 (Hite, 1960},
Curnulative iithologies in this interval, as determined by
XRD, include: halite (includes some potash}, 617 m; an-
hydrite, 93 m: delomite and minor fimestone, 39 m; and
clastics, which consist of about 50 percent clay minerals,
38 m. The entire sequence shows a pronounced defiviency
in maynesium sulfate minerals. Kieserite (MgSQ, - H,O)
was observed only in minor amounts in Sait 6, where it is
associated with carnatlitic halite.

HALITE-ANHYDRITE COUPLET STUDIES

Stmilar fo many other deposits of marine halite, the
halite of the Paradox Member is distinetiy banded by anhy-
dritc faminae. The couplets formed by each anhydrite
lamina and its adjacent overlying band of halite can be used
to cafculate the CaSQy supply to the evaporite basin,
which in turn allows certain conclusions to be drawn re-
garding modification of the basin brine. Three assump-
tions are made here about these haliic-anhydrite couplets:
{1) they are annual, (2} each €aS(0y lamina represents a
new inflax of SO -bearing seawater, and (3) during de-
paosition of these couplets the basin fioor was covered by a
thick fayer of highly concentrated brine. Whether or not
these cotuplets are annnal units of sedimentation has never
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Figure 2, Straiigraphy of tht Paradox Member in the GD-1
corehole, Paradox Basin, sec. 21, T. 3¢ 5., R. 21 E., San Juan
County, Utah.

been totally resolved (Braitsch, 1971, p. 231, and Shear-
man, 1970). In the Paradox deposits, however, these &
strong evidence for this interpretation. For example, the
amount of CaSQy present in coupkets in the basal halite
beds is close to the theoretical amount derived from one
year's evaporation of seawater. Many couplets show a reg-
ular increase in halite crystal size from base to top, which
could only be due to seasonal change in brine temperature
or evaporation rates. Furthermaotre, corrosion surfaces,
such as those seported by Wardlaw and Schwerdiner
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Figure 3. Cumulative lithologies of the Paradox Member in the
GD-1 corehole. At this locality the anhydsie Lo hafite and car-
bunstes to hafite ratios are (0,152 and 0,063 respeetively.

(1566, Figure 4) are very rare i any of the couplet se-
quences, suggesting that the sedimeatational record is
~ essentially complete.

Graphie logs showing the thickness reiationships of the
halite and anhydrite units of each couplet were prepared
for each of the halite beds in the GD-1 core hole. In addi-
tion, the watet-insoluble content in weight percent was
determined for continuous 0.61 m composite samples for
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Figure 4. The annual supply of caleinm sulfale {ASC) in the
haliwe tock of salt 24 Paradox Member, GD-1 corehole.

ail of these beds, and XRI) analyses showed that these in-
sofuble residues were generally 95 percent anhydrite. By
dividing each weight-percent insoluble value by the num-
ber of aphydrite laminae in the same interval, the average
annual supply of CaSQy (ASC) for each 0.61 m interval
was determined for all of the halite beds. When these data
were plotied (weight percent was converted to thickness) it
became apparent that the CaSOy supply changed signiti-
cantly during the deposition of the Paradox halite beds, In
Sait 24, near the base of the sequence {Figure 3), the ASC
is rather uniform, and through mueh of the bed, remains
below 0.5 mm (Figure 4). Plots of the ASC for stratigraphi-
caily higher halite beds show a much different picture. For
example in Salt 19 the ASC siaris at about 1.0 mm and
shows a gradual upward increase except for the uppermost
10 m3 where it falis back to a lower range of values {Figure 5).
The middle one-third of this bed has many ASC values ex-
ceeding 3 mm. Under maximum known rates of evapora-
tion (2.0 m/y), it is possibie to obtain an znnual precipitate
of about 0.713 mm of CaSQy from seawater (Braitsch,
1971, p. 254). In the Paradox Basin it is quitc likely that
pre-concentration of seawater influxes took place on the
broad shaliow accessways alony the southern and south-
western basin margins so that the influx brines were al-
ready saturated for Cal(0, when they reached the Gibson
Dome area. In that case, and again at maximum evapora-
tion rates, about 1.6 m of CaSQ, saturated brine could
have evaporared, leaving a 2.0 mm-thick deposit of CaS50,.
However, uader normal conditions the average thickness
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haole,

was probably about 1 mm. It becomes apparent then that
for halite beds such as Salt 19 there are large yearly sur-
plases of CaS0,. Two explanations for the surplus CaS0,
seen in the Paradox halite deposits, as well as many other
marine halites, can be offered. First, there is the modified
Hazidinger reaction. which, as previeusly shown, is fikely to
have operated to some extent in most marine evaporite
basins. This reaction could result in all of the calcium ion
in marine influxes being precipitated as CaSQ, - 2H,0 at
the expense of CaCQ,. However, because the ratioof weights
of CaC( to CaSO, inevaporative seawateris sobow (1:12),
the modified Haidinger reaction could only account for a
small part of the observed excess of CaSQ,.

The second explanation involves the reaction of influx-
ing SO~ with basin brines enriched in CaZ~. Using this

mechanisin a logical explanation can be made for the ob-
served ASC relationships in the Paradox deposits. For ex-
ample, during the deposition of basal halite beds, such as
Salk 24, the basin brine was probably not yet enriched in
Ca®" and only CaS80; produced by surface evaporation
was deposited. Later, during the deposition of Salt 19,
brine enrichment had takes place so that the CaSO, asso-
ciated with the halite was the product of both evaporation
and chemical reaction. Studies of individual halite-anhy-
drite couplets in Paradox halite rock show that as much
a8y, is disseminated through the halite portion of the
couplet as is in the anhydrite laminae (Figure 6}.

The anhydrite Jaminae of the couplets probably repre-
sent evaporitic CaSQ0,, whereas the anhydrite crystals dis-
seminated through the halite portion of the couplets may
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Figure 6. Typical distribution of CaS0y in a halite-anhydrite
couplet in the Paradox Member, GI-1 corehole.

be mostly “reaction” CaSQ,. In phase A of this process
(Figure 7), a seasonal infiux overrides the deeper and more
concentrated brine layers in the basin. This thin influx
layer loses all of ity calcinm as CaS0, duc to surface evapo-
ration. The surface precipitate settles through the brine w
the fioor of the basin where # forms a thin and essentiatly
monomineralic layer of evaporitic CaSQ),. With furiher
_evaporation the surface brine layer, which wauld stilf con-
tain nearly 70 percent of the otiginal ieflux SO5”, be-
cottwes heavy and sinks through the chemocline where the
507" reacts with the Ca®” -enriched bottom brines and
deposits addiional €a80, to the sediment layer. Thus the
bottom sediment derived hy this model has different spa-
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tial as well as temporal origins. Petrographic studies of
Paradox Basin halite-anhydrite couplets show that most of
the halite in the couplets is the resuli of basin bottom crys-
taitization. The tops of these bottom-growih halite exystals
are frequently sharply outlined, and the microtopography
created by their upward projection filled in, by the over-
lying anhydrite lamina. This suggests that the anhydrite
faminae represent rapid surface sedimentation of CaS0,,
as in phase A of the model (Figure 7). On the other hand,
the sedimentation rate of reaction CaS{y, is controlled
fargely by slow rates of mixing between the upper sulfate-
rich layer and the bottom calcium-rich layer. This slow
and rather continuous sedimentation of CaSQ,, which
would be contemporancous with more rapid halite crystal-
fization on the bottom, would result in the CaS(Q), being
widely dispersed through the halite as has been observed in
the halite portion of the Pazadox couplets (Figure 6).

Considering that the evaporites of the Paradox Member
show ample evidence of brine modification by Ca’™ en-
richment, it remains to examiae these deposits in terms of
a suitable brine-modification mechanism.

BRINE MODITICATION BY DOLOMITIZATION
IN THE PARADOX BASIN

Because dolomite is 2 major component of the evapora-
tive sequence of the Paradox Member, the sequence was
examined for geochemical and mineralogical characteris-
tics which would test the applicability of the dolomitiza-
tion mechanism to brine modification in the Paradox Sca.

At least two models of dolomitization may apply to evap-
orite sequences such as the Paradox Member. One model
assumes that dolomsite formed during a high scalevel
stage when basin influx and refiox were maximal (Fig-
ure 8A). Such conditions zre strongly indicated by pre-
vious studies of lithofacies relationships in the Paradox
evaporite cveles {Hite, 1970). Circulation in the basin at
this time is anti-estuatine with refluxing light-weight brine
shiding back to the sea across a heavy brine trapped behind
the basin sill. The mode! involves dolomitization of slowly
settiing caleinm carbonate particles which are precipi-
tated as the result of evaporalive concentration of the sut-
face influx tayer. As the particles fall through the chemo-
cline they are dolomitized by the magnesium-rich brine
trapped behind the basin sill. This results in the release of
calciym ions back to the deep brine body. As long as sea
level rernains at a relatively high stage, so that reflux is un-
inhibited, the deep brine bady will continue 1o be enriched
in Ca®™. One important aspect of this model is that alf of
the caleinm lon carried in by the influx carrent can be uti-
lized in brine entichment while the accompanying sulfate
ion would be refluxed. The modified Haidinger reaction
would not be a factor because the influxing Ca?* would
combine with HCO5 before there was an opportusnity for
reaction with deeper brines with high SOI™ concentra-
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tions. The dolomites of the Paradox Member exhibit pe-
trographic relationships that support this model. These
roeks are very fine grained, with high percentages of detri-
tal quartz grains and also dolomite crystals that appear to
be detrital. They conzain abundant palynomorphs which
are preserved with exquisite detail (B. F. Rueger, personal
commun., 1983). Normally palynomorphs are poorly pre-
served in dolomite because of intensive recrystallization.
Thus the excellent preservation of the Paradox palyno-
morphs would be compatible with rontemporancous ac-
cuinulation with a slowly settling dolomitic sediment such
as calfed for by the modet,

it is also possible that dolomitization of previously depos-
ited limestones may have brought about Ca?t enrichment
(Figure 88). In the Paradox Member, however, evidence
of a fimestone precursor has not been found.

The biggest problem with both models is that dolomiti-
zation, at least in the beginning, must start in a high sul-
fate environment. This would seem incompatible with the
findings of Baker and Kastner {1981), who showed that
the suifate fon inhibits dolomite formation. Despite the
question of just how dolomitization would begin, once it

began, the consequential depletion of the sulfate ion would
probably intensify the process. However the process oc-
curs, it sheuld be remembered that it must take piace be-
iow or in the deap brine body i the calcium jon is to play a
role it sulfate temoval,

To appraise the potential of deolomitization as a brine
modification mechanism, the evaporite sequence of the
Paradox Member was evaluated in terms of volume of do-
lomite present-and the amount of CaSOy that could be pro-
duced by release of Ca?* hack to the brine hy the dolomiti-
zation process. Figure 9 shows the thickness of CaSQ, that
theoretically eould be produced from the underlying dolo-
mite of each Paradox evaporite cyele, The numbers to the
right of the curve are the range of caleium values (ppm)
that were obtained from the analysis of brine inciusions
from halite rock from several cycles. From this figure it is
apparent that Ca?* in the brine inclusions increases dras-
tically above eycle 21. Because these inclusions probably
represent connate brine trapped during the deposition of
the halite, the cakeium values probably reflect the poten-
tially large amounts of calcium released back to the brine
by dolomitization during cycle 21. Using the potential
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{CaMgXCO3 1

A CaCO‘E

Figmre 8, Theoretical mode! of dolomitization in the Paradox Basin. (A) Represents high sea
level stage where calcium carbonate, precipitated as the resuki of surface evaporativn, is dolo-
mitized as it falls throagh the magnesiam-rich chemocline causing enrichment of the brine in
the calcium ion. (B) Represents another possible process where a precurser ayer of limestone is
dolomitized releasing calcium tons back ta the brine.

amount of reaction CaSO, formed by this process, plusthe
total amount of CaS0, derived from water-insoluble anal-
yses, a CaSOy, budget for each evaporite cycle in the GD-1
corehole was prepared {Figure 10},

The amount of evaporative Ca80, for cach cycle was
based on the assumption of a yeurly precipitate of | mim
times the number of anhydrite laminae in the halite bed.
‘This value was then subtracted from the total CaSQy in the
water inscluble residues of the halite rock to give the
amount of reaction CaSQy for cach cycle. The resulting
CaSO, budget for the Paradox sequence suggests that re-
action CaSQ, did not form in the early cycles because suffi-
cient cumulative entichment of Ca?' | asthe result of dolo-
mitization, had not yet taken effect. Furthermore, the
gvaporite seguence contains more than enough dolomite
to account for all of the veaction CaSQy.

Additional evidence that dolomitization was probably
the chief means of brine medification in the Paradox Sea
are the Mg:Br ratios of several connate brine samples
associated with the Paradox Member evaporites. These
brines have an average ratio of about 13.0. According to
Collins (1975, p. 235) the Mg: Br ratio for seawater brine
in which dolomitization has completely removed SO ™ by
reaction with released Ca®" should be about 13.6. If bac-
terial reduction of SO;™ is responsible for removai then
the ratio shoutd be 20.0.

CONCLUSIONS

Bacterial reduction of sulfate in modern evaporite envi-
ronments 18 a welk-known process and it's existence in the
ancient cnvironments is ot denied. However, because of
questionable adegnacies of reduction rates and supply of
organic matter, it is uniikely that this process effectively
depieted evaporite brines in the sulfate ion. If bacterial
reduction of sulfare was quantitatively an important pro-
cess it should have left behind ceriain mineralogical or geo-
chemical evidence. This evidence has not been observed in
marine gvaporite deposits,

The composition of fluid inclusions, assoviated connate
brines, and the mineralogy of many marine evaporite de-
pusits suggrest that brines from which these deposits formed
were enriched in the calcium ton. Such brines become de-
pleted in the sulfate ion due to the strong reaction

Ca’™ + SO + 2H,0 ~ CaS0, - 2H, 0.

Studies of geachemical and mineralogical relationships in
the evaporites of Middle Pennsyivanian age in the Paradox
Rasin support this mechanism of sulfate depletion and
suggest that dolomitization is the principal cause of the
Ca?* enrichment. This tvpe of brine modification, rather
than bacterial reduction of sulfate, may be targely respon-
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sible for the deficiency of magnesium suifate minerals in
marine evaporites.
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