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To establish the brine chemistry associated with the evaporites in the Pennsylvanian Paradox Basin of southeastern Utah and southwest-
ern Colorado (USA), the composition of presumably primary fluid inclusions was determined in sedimentary halite from two drill cores,
one near the central part of the basin (Shafer Dome 1) and one from a more marginal location of the basin (Gibson Dome 1). Chemical
analysis of halite fluid inclusions was made on six samples from three different evaporite cycles of the Paradox Formation: cycle 10 in the
Shafer Dome core and cycles 6 and 18 from the Gibson Dome core. Inclusions that range in size from 2 to 80 microns across were ana-
lysed using the Petrychenko (1973) method. Large inclusions (40 to 80 microns across) that were analysed contain one fluid phase with a
carnallite or sylvite daughter crystal. Also reported in this study are fluid inclusion homogenisation temperatures for sylvite or carnallite
from primary or recrystallised halite crystals in the Gibson Dome 1, Shafer Dome 1, Cane Creek 1 and Elk Ridge 1 cores. The relationship
between K" and Mg“" in chloride-rich inclusions corresponds to their proportion in MgSO, — depleted marine waters concentrated to the
stage of carnallite deposition. A correlative relationship was observed between K" and Mg®" sulphate-rich inclusions and their predicted
proportions in seawater not depleted in sulphate. In this suite of measurements, the sulphate-poor mineralogy and sulphate-poor inclu-
sion brine compositions occur in the lower cycles of the Paradox Formation, while the sulhpate-rich mineralogy appears to be better de-
veloped in the shallower cycles. The mineralogy of the Paradox Basin Evaporite Formation has previously been explained by one of the
authors (S. Williams-Stroud) as dues to the dolomitisation reaction of seawater brine with associated carbonates where mixing of seawa-
ter and meteoric water occurred in an evaporite basin that was intermittently closed to direct seawater inflow. However, the apparent tem-
poral relationship of the mineralogy is also consistent with global seawater chemistry changes between MgSOg-rich to MgSO,4-poor
compositions that have been proposed by other workers. A transition from MgSO,-rich to MgSO,4-poor seawater composition may have
occurred between Pennsylvanian and Permian times. This paper presents a possible alternative explanation to those already proposed in
the literature, that the Paradox Formation mineralogy resulted from an intermediate seawater composition that records the global transi-
tion from MgSO,-rich to MgSO,-poor seawater.
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INTRODUCTION ing (Raup, 1970), dolomitisation of associated limestones
(Williams-Stroud, 1994a), interaction with hydrothermal wa-

ters, and clay mineral cation exchange (Hardie, 1996). More re-

The existence of two chemical types of potash-bearing
evaporite deposits has been widely recognized in the literature
(Valiashko, 1962; Borchert and Muir, 1964; Hite, 1983;
Hardie, 1984; Spencer and Hardie, 1990; Petrychenko et al.,
2005). The mineralogy of potash evaporite deposits such as
those in the Paradox Formation that are lacking or deficient in
MgSO, minerals predicted to precipitate from modern seawa-
ter has been explained by sulfate depletion through brine mix-

cent work determining fluid inclusion compositions in primary
halite shows that their brine composition is consistent with
global fluctuations in the major ion composition of seawater
during the Phanerozoic (Kovalevich et al., 1998; Lowenstein et
al., 2001). At least one change in evaporite basin brine chemis-
try characterized by the Na-K-Mg-Ca-Cl (sulphate-poor)
chemical composition, characteristic of the early Paleozoic and
Devonian, to a brine chemistry characterized by a
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Na-K-Mg-SO,-Cl (sulphate-rich) composition, typical for the
Permian, is interpreted to have occurred during the Carbonifer-
ous (Kovalevich et al., 1998). The majority of evaporite depos-
its from the Carboniferous reached only the gypsum/anhydrite
evaporative stage, with only a limited number of potash
evaporite basins preserved in the geological record during that
period (Zharkov, 1984). Because of this lack of Carboniferous
potash deposits and the lack of data on the chemical composi-
tion of relict brines in inclusions in sedimentary halite, it is dif-
ficult to draw conclusions about the rate and the transition time
of one chemical type of brine in evaporite basins into the other.

The presence of kainite, langbeinite, Kieserite, and other
sulphate-bearing evaporite minerals (Table 1) has been used by
previous workers to conclude the occurrence of
Na-K-Mg-SO4-Cl composition brines during primary deposi-
tion (Borchert and Muir, 1964). Polyhalite can also be associ-
ated with such a mineral association (Holland, 1984), but ac-
cording to the experimental data of d'Ans (1915) the polyhalite
can nucleate due to interaction of gypsum and concentrated
brines of the Na-K-Mg-Ca-Cl type. Because of this possible
back-reaction origin of polyhalite, it can be regarded as an indi-
cator of the brine chemistry type only if other sulphate minerals
are also present.

The middle Pennsylvanian Paradox Formation of south-
western USA is the only evaporite deposit from the Carbonifer-
ous for which extensive chemical data are available. Out of
more than thirty halite-bearing cycles, eighteen reach potash
mineralisation. The magnesium sulphate minerals kieserite and
polyhalite have been identified together in the potash zone of
cycles 6, 13 and 18 (Hite, 1961; Peterson and Hite; 1969; Raup
and Hite, 1996). The Paradox Evaporite mineral paragenesis
suggests that a sulphate-rich brine composition similar to that
of modern seawater was present in this Pennsylvanian basin,
but our preliminary data on inclusions in sedimentary halite in
several cycles of the rock salt suggest that the brine chemistry
of at least the earlier evaporite cycles lies on the sulphate-poor
side of the Ca-SO, chemical divide (Spencer and Hardie, 1990;
Hardie, 1996; Kovalevich et al., 1998). Sulphate was measured
in the inclusion brines in sedimentary halite of cycle 18, but the
concentration was at the lowest detectable level of SO? that
can be measured by the Petrychenko method, about 0.5 g/l
(Petrychenko, 1973; Petrichenko, 1979; Petrychenko and Wil-
liams-Stroud, 1995). In addition to the presence of sulphate,
these samples contain up to 30 g/l CaCl, indicating these brines

Table 1

Sulphate-bearing evaporite minerals interpreted
to indicate seawater brines

Kainite MgSO, - KCI - 3H,0
Langbeinite K,SO, - 2MgSO,
Kieserite MgSO, - H,O
Polyhalite* 2CaS0, - MgSO;, - K,SO, - 2H,0

* —because polyhalite can nucleate by interaction of gypsum with concen-
trating brines it should be considered part of a primary mineral paragenesis
only if other sulphate minerals are also present

initially had a higher concentration of calcium than is charac-
teristic of MgSQ,-rich seawater evaporites.

Williams-Stroud (1994a) previously attributed the origin of
the brines to closed-basin interactions of brines similar to mod-
ern seawater composition with limestones and clays, combined
with the mixing of basin brines. The brine-mixing and wa-
ter-rock interaction model of Williams-Stroud effectively ex-
plains the mineralogy of the Paradox Evaporite Formation, but
the stratigraphic position of this formation relative to the strong
evidence of temporal fluctuations of seawater composition dur-
ing the Phanerozoic indicates that examination of an alternative
hypothesis for the observed mineral assemblage should be con-
sidered. In addition, there is currently no geochemical data
available for coeval evaporite deposits reported in the literature,
which leaves the Paradox Formation as the only potential rep-
resentative of seawater composition from mid Pennsylvanian
times.

Because evaporite deposition involves both chemical and
hydrological evolution, recognizing the dominant factors that
have influenced the development of a particular mineral assem-
blage can be difficult (e.g., Hardie, 1984; Fanlo and Ayora,
1998). An examination of the relative Ca and SO, concentra-
tions in many ancient evaporite deposits by Kovalevich et al.
(1998) showed that the scale of compositional influence from
factors other than global seawater composition could be sec-
ondary when compared to secular changes of chemical compo-
sition of basin brines. In this paper we present the results of
chemical analysis of fluid inclusions in seven samples from two
locations in the Paradox Basin, and stable isotope data and fluid
inclusion homogenisation data from the same cycles from four
locations within the basin, with the aim of establishing the
chemical type of brines that existed during deposition of
evaporites in the Paradox Basin.

GEOLOGICAL SETTING

The Paradox Basin is located in southeastern Utah and
southwestern Colorado (Fig. 1) and contains extensive
evaporite deposits of middle Pennsylvanian age. The basin, lo-
cated in the Colorado Plateau province, is usually defined by
the extent of Paradox Formation salt, which was deposited in an
elongate asymmetrical trough bounded to the north-east by the
Uncompahgre Uplift (Fig. 1; Wengerd, 1958). The uplift is in-
terpreted to have been a positive feature of high to moderately
high relief, with the asymmetrical deep portion adjacent to the
Uncompahgre fault line that defines the north-east basin mar-
gin (Johnson et al., 1991). Seawater access into the basin is in-
terpreted to have been through the moderate to low relief plat-
forms to the south-east, west and north-west (Hite, 1970).

Episodic incursions of seawater into the rapidly subsiding
basin alternated with evaporitic periods, which resulted in the
deposition of a cyclic succession of salt beds (Fig. 2) separated
by clastic interbeds (Raup and Hite, 1992). As glacio-eustatic
sea levels fluctuated, a sequence of evaporites estimated to be
between 1800 and 2500 m thick was deposited in the foreland
part of the Paradox Basin (Hite, 1961; Trudgill, 2011). The
evaporite deposits interfinger with coarse clastics in the
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Fig. 1. Location of Shafer and Gibson Salt domes in the Paradox Basin

(after Raup and Hite, 1996)

Dashed line oriented NE-SW through the basin indicates the approximate
orientation of the schematic section in Figure 2; stars indicate core locations

foredeep on the eastern side of the basin and with carbonates
around the basin margins. The Paradox Evaporite Formation it-
self consists of a cyclic deposit of a repetitive sequence of pri-
marily halite, with minor clastics, organic shales and anhydrite,
with economic oil and gas accumulations in some of the car-
bonates and black shales. Goldhammer et al. (1994) identified
three superimposed orders of stratigraphic cyclicity in their
study of the vertical stacking patterns of the marginal carbonate
facies; each individual evaporite cycle is considered a
fourth-order sequence (Weber et al., 1995). A total of thirty
three halite-bearing cycles were identified by Hite (1961) in the
Paradox Formation, numbered from cycle 29 at the base to cy-
cle 1 at the top, with an additional four cycles above Hite’s cy-
cle 1 that were discovered by later drilling (Williams-Stroud,
1994a). Hite (1961) interpreted the base of each individual cy-
cle to occur at beginning of a period of influx of seawater or a
freshening of the brine, marked by an erosional or dissolutional
contact between anhydrite and an underlying halite bed. The
brine-freshening episodes represent the beginning of a period
of influx of seawater, or a freshening of the brine in the basin
due to sea level rise and climatic changes that resulted in in-
creased precipitation (Hite and Buckner, 1981). The
depositional environment during evaporite precipitation has
been characterized as a restricted marine environment (Hite,
1970), and also as a playa salt deposit in a deep desiccated basin
(Kendall, 1988). Evidence of both these end-member environ-
ments is present in the Paradox Basin (Williams-Stroud,
1994a). Each of the halite beds in the evaporite formation rep-
resent a depositional period of the order of only thousands of
years, so that most of the Paradox Formation deposition could

have occurred in either an open marine or restricted
marine environment, as supported by the numerous
carbonate shelf and algal mound deposits found
within the basin (Hite and Buckner, 1981; Johnson
et al., 1991; Goldhammer et al., 1994). Sub-aerial
exposure evidence in the marginal facies such as
chicken wire gypsum and halite dissolution fea-
tures consistent with salt-pan halite deposition in
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50% sylvite (Williams-Stroud, 1994a). Potash is
found in eighteen of the halite cycles (Hite, 1985),
and is present over a large area of the salt deposit
(Fig. 1). The potash occurs as sylvite (KCI) or car-
nallite (KMgCls; - 6H,0) that generally occurs near
the tops of the salt beds (Fig. 2). Salt beds in indi-
vidual cycles have thicknesses of 7 to 270 m in the
centre of the basin, pinching out to zero thickness
on the flanks of the basin (Hite, 1961).

Identification of the depositional environments of
evaporites is critical for any study of the brine chemistry that
is done to determine the significance of the original brine
composition, and several different environments of deposi-
tion are represented by the textures in the halite beds. The ma-
jority of the halite appears to have been deposited
subaqueously, though there is also abundant evidence for
sub-aerial exposure, particularly along the margins of the ba-
sin. Depositional textures indicating subaqueous exposure in-
clude the halite cumulates, which consist of small euhedral
halite crystals formed by evaporation of brines near the sur-
face which sink to the bottom of the brine pool and accumu-
late, and chevron halite crystals that grow up from the base of
the brine pool (Williams-Stroud, 1994a). Though the halite
cumulate is a primary depositional texture, it could form ei-
ther as a result of brine mixing, or of high surface evaporation
rates in a stratified brine (Kendall, 2011).

MATERIAL AND METHODS

Samples were analysed from a total of seven cycles from
four different cores taken from the Paradox Basin (Fig. 1). The
drill core locations include a location within the salt basin but
outside the distribution of potash, Elk Ridge 1 (ER-1), a loca-
tion within but near the boundary of the potash extent, Gibson
Dome 1 (GD-1), and two locations that are near the centre of
the basin, Shafer Dome 1 (SD-1) and Cane Creek 1 (CC-1).
The CC-1 core location is the most basinal and is located where
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Fig. 2. Location of samples studied in the Cane Creek 1 (CC-1), Shafer Dome 1 (SD-1), Gibson Dome 1 (GD-1),
and Elk Ridge 1 (ER-1) cores collected in the Paradox halite projected on the diagrammatic north-south cross-section

across Paradox Basin, along the Utah—Colorado State line (after Raup and Hite, 1996)

Numbers and letters indicate samples listed in Table 2

the salt is thickest among the three core locations. Samples
from cycle 6 were analysed from the SD-1 and GD-1, cycles 7,
10 and 13 from the SD-1, and cycles 3 and 5 from the CC-1
core, and cycle 13 was analysed from the ER-1 core. The only
location from which the deepest cycle is this study, cycle 18,
was analysed was the GD-1 core.

Three different types of analyses were performed on fluid
inclusions in this set of studies:

1. Determination of the chemical composition of individual
inclusions by the Petrychenko (1973) method;

2. Fluid inclusion homogenisation temperatures, which
provide information about the temperature of brines during
precipitation or recrystallisation and some qualitative informa-
tion about salinity and relative amounts of solutes in the inclu-
sion fluids;

3. Stable isotope analysis of inclusion brines.

The analyses include results that have been compiled from
different studies done by the authors over the years, and al-
though they lack a corresponding sample distribution (i.e. the
sample locations and depths used to determine homogenisation
temperatures is not the same as that used for the chemical anal-

ysis), there is enough overlap in the data sets to show trends in
the chemistry of the halite. The fluid inclusion compositions
were analysed using the Petrychenko (1973) method of glass
capillaries with applied ultra-microanalytical techniques (see
Lazar and Holland, 1988). This method makes it possible to se-
lect the most typical inclusions considering their size and phase
composition (which usually is one-phase, fluid) and to elimi-
nate the inclusions related to microfissures as well as the inclu-
sions containing gas-oversaturated fluids. This is not the case
when modern, high-precision analytical techniques of inclu-
sion fluid extraction are applied (cf. Kovalevych and VVovnyuk,
2010).

The halite is dissolved with a thin jet of water to within a
few tens of micrometers of the inclusion walls, and then, after
the halite crystal is dried, the inclusion is opened. The inclusion
fluid is extracted with a capillary tube (3 to 20 um across), and a
reagent is then added to determine the solutes in the inclusion
fluid (see Petrychenko, 1979; Petrychenko and Peryt, 2004, for
details). The capillary is then sealed and centrifuged. The vol-
ume of precipitate formed during this process is measured and
then compared to that formed from a standard solution, accord-
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ing to the formula published by Petrychenko (1973, see his ta-
ble 4). Depending on the amount of the fluid extracted, all com-
ponents or some of them can be studied in one inclusion; in the
case of the sedimentary forms of the Paradox halite in >60% of
inclusions studied all components have been determined. The
analytical error of this method, after two to three repeated anal-
yses, is 16-17% (Petrychenko, 1973). The minimum quantity
of the studied ions needed for such an error is (in g/L): 0.8 for
K, 1.0 for Mg, 0.9 for Ca, and 0.5 for sulphate ion, and the
lower values are semi-quantitative. It is preferable to use aver-
age values of ion contents in inclusion brines of each sample
for interpretations because the analytical error can be larger
than possible changes of brine composition in different inclu-
sions from the same sample.

Fluid inclusions in studied samples of sedimentary halite
are arranged along the growth zones of the cubic crystals, occur
in abundant accumulations and usually do not contain allogenic
material. The inclusions are 2-80 wm across, usually 30-50 um
across. We have studied typical inclusions >40 um across. It
should be stressed that the typical size of inclusions in zoned
halite crystals is important: there are known cases (e.g., middle
Miocene — Badenian halite from Wieliczka, Southern Poland)
of typical co-occurrence of large (up to >1 mm) and small (a
few wm across) fluid inclusions that do not differ in
composition, as established with the use of the Petrychenko
(1973) method (Galamay et al., 1997) and the cryo-SEM
method (Garcia-Veigas et al., 1997).

Fluid inclusions in diagenetic halite are larger (>200 um),
isometric, can occur in groups or as separate forms without any
regular pattern, often contain allogenic anhydrite and as a rule
show a higher gas saturation.

Samples with two-phase inclusions containing daughter
sylvite and/or carnallite crystals (typically 10-20 um across)
were chosen and heated to homogenise the inclusions. Heating
runs were performed using a chamber with an accuracy of
0.5°C, and the heating rate was 0.5-1°C/min. In three halite
samples, bromine content was determined by X-ray
fluorescence (using a Philips PW 2400 spectrometer): sample 1
—80 ppm, sample 3— 117 ppm, sample 5— 195 ppm; these val-
ues fit well with the extensive set earlier published by Raup and
Hite (1996).

Gas saturation was measured using the following proce-
dure. The sample with fluid inclusions was heated for 6-8
hours at a temperature of 110-120°C which led to overheating
of fluid inclusions and to the formation of microcracks around
the individual inclusions and their filling by fluid. During the
cooling of the sample to room temperature, the volume of solu-
tion was decreasing as, after cooling, part of it had a smaller
volume compared to the original one. Such a deficit of solution
volume was compensated by dissolved gases and water vapor.
Subsequently, the slide was gradually dissolved in a
30-40%-water solution of glycerine that contained a CO,
absorbant, i.e. Ba(OH),. The examination of the gas fraction
was carried out under the microscope, in plane light. The diam-
eter of the gas bubble was measured prior to and after the inclu-
sion opening as well as after CO,-reagent absorption, and then
the gas pressure was calculated applying the Henry principle.
For simplicity it was assumed that the average gas (nitrogen +
methane) saturation in NaCl-saturated brines is 2 cm?/l. The

chemical composition of inclusions was also estimated by ob-
serving the freezing/melting behaviour of the fluid (Davis et
al., 1990). The temperatures for final melting of ice in the inclu-
sion was recorded, and correlated with the presence of a daugh-
ter crystal of sylvite (for KCI concentration) or carnallite (for
MgCl, concentration). These values were used as a rough indi-
cator of the presence of magnesium chloride-rich versus potas-
sium chloride-rich brines.

The measurements of homogenisation and dissolution
temperatures were carried out on a petrographic microscope
fitted with a fluid inclusion heating-cooling stage. The mea-
surements of dissolution temperatures are taken as a more re-
liable indicator of temperature of crystallisation because of
the possibility of vapor bubble origin by stretching of the in-
clusion after exposure to high temperatures (Roedder, 1984).
Fluid inclusion daughter crystal dissolution temperatures
were recorded and categorized by chevron halite textures, iso-
lated inclusions, and fluid inclusion textures, whether they
contained sylvite or carnallite daughter crystals, or no daugh-
ter crystal at room temperature.

Stable isotope analyses were done on samples from cycles 3
and 5 (CC-1 core), cycles 6 and 13 (GD-1 core), and cycles 6, 7
and 10 (SD-1 core). The values of 80 and 8D were measured
using an inductively coupled plasma mass spectrometer, and
are interpreted as an indicator of source waters flowing into the
basin by comparison to the isotope ratios in modern seawater
and in modern meteoric water (Kyser, 1987).

DESCRIPTION OF SAMPLES

A total of 48 halite samples were selected from the four dif-
ferent cores taken through the Paradox Evaporite Formation.
The locations of the cores (Fig. 1) shows that two of the cores
(Cane Creek 1 and Shafer 1) are in a basinal location in the mid-
dle of the potash facies, the Gibson Dome 1 core is on the edge
of the potash facies, and the one sample analysed from the Elk
Ridge 1 core is within the halite facies but outside of the potash
facies. The schematic cross-section of Figure 2 shows the rela-
tive locations of the core samples with the halite beds sampled
from each core.

Sample 7, from cycle 18 in the GD-1 core, is the oldest ha-
lite cycle analysed in this study. Potash mineralisation is pres-
ent in a thin interval near the top of cycle 18 in the form of
sylvite and carnallite (Hite, 1961). Evaporites of cycle 18 were
deposited after sedimentation of the thick evaporite sequence
of cycle 19 where potash mineralisation occurs primarily in the
form of sylvite (Hite, 1983). The bromine concentration is high
at the very base of salt bed 18 (180 ppm) and quickly drops to
about 80 ppm within a few feet above the base, indicating mix-
ing of meteoric water with the highly concentrated brines of the
underlying cycle (Hite, 1985). The halite analysed is laminated,
with laminae 10 to 15 mm thick composed of relatively large
(up to 10 mm across) crystals of bottom-growth halite. Fluid in-
clusions show a zonal pattern, and in some cases they outline
almost the full form of the crystal cube. The inclusions contain
brine and daughter crystals of sylvite or carnallite. The larger
inclusions (>50 um) contain carnallite and are interpreted to
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Fig. 3. Inclusions of salt-forming brines in halite from the Pennsylvanian Paradox Formation, Gibson Dome

A - fluid inclusion with a large carnallite daughter crystal in the zone of overgrowth of sedimentary by diagenetic halite (cycle 18,
depth 1371.3 m, sample 7); B — inclusions in sedimentary halite with carnallite daughter crystal at the periphery
and one-phase inclusions in the central part of the grain (cycle 6, depth 954.6 m, sample 5)

have formed in recrystallised halite (Fig. 3A), and smaller in-
clusions contain sylvite.

Sample 4 comes from cycle 13. Halite from near the base
of salt bed 13 contains layers of fine-grained (1 mm grain
size), relatively pure halite 2-5 cm thick, alternating with lay-
ers of coarser-grained (5 mm to 1 cm) euhedral halite with
anhydrite. There is a weak vertical elongation of the
coarser-grained halite crystals, which are rimmed by
fine-grained anhydrite. Fluid inclusions in the larger crystals
are isolated, and none contain sylvite crystals at room temper-
ature. Near the top of salt bed 13 in the SD-1 core is a potash
zone containing sylvite-rich layers with euhedral halite grains
in a framework — supported fabric. The sylvite forms contigu-
ous crystals in former void spaces. These layers alternate with
layers of small cubic halite (0.1-0.2 mm) crystals rimmed by
fine-grained anhydrite. Each halite crystal in this layer is de-
fined by a core of rows of mutually perpendicular fluid inclu-
sion banding. These layers of small cubic halite crystals
(Fig. 4D) are probably a type of halite cumulate formed when
evaporation of brine causes precipitation of small crystals on
the brine-air interface (Lowenstein, 1982; Lowenstein and
Spencer, 1990). When the crystals grow to a size (several
mm) that could no longer be supported by the surface tension
of the brine, they sink down to the bottom and pile up in the
cumulate layer. Cumulate layers can also form as a result of
brine mixing. Fine-grained halite cubes from 1 to 250 mm
were precipitated experimentally by Raup (1970) from mix-
ing of brines at the interface between brines of different com-
positions. The small grain size of the layers of halite cubes in
the potash zone at the top of cycle 13 halite in the SD-1 core
suggests the crystals more likely were formed as a result of a
brine mixing mechanism.

The fluid inclusions that were analysed for brine composi-
tion (sample 4, SD-1 core, cycle 13) are composed of
interbedded sylvite (1-2 cm thick) and halite of mixing-brine
origin with finely crystalline anhydrite. In the mixing-brine ha-
lite, inclusions are one-phase fluid, zonal arranged, and <20 um
across (mostly <10 um). Brine inclusions are characterized by

a very high gas content — up to 70 cm?I. Individual crystals of
mixing-brine halite reach 200 um (Fig. 4A). Some of the larger
euhedral halite crystals containing isotropic cubic inclusions do
not respond to heating or cooling; these inclusions are probably
solid sylvite crystals within the halite.

Samples 1-3 come from cycle 10. The halite of the cycle 10
is potash-barren. Salt bed 10 is distinctive in that internal layer-
ing in the salt from the SD-1 core is almost non-existent in por-
tions of the core, but remnants of fluid inclusion-rich primary
halite crystal growth are abundant. The crystal edges of the
fluid inclusion-rich halite are rounded, and often occur in
patches (1-8 mm across) where “chevron” and “cornet” crys-
tals are found in coarsely crystalline clear diagenetic halite.
Sedimentary halite contains clear fluid inclusions up to 80 um
across, with the majority of the inclusions <40 um across. The
secondary inclusions are gas-fluid and these can reach 800 um
across (Fig. 4C).

In sample 3 only diagenetic inclusions, >100 um across,
gas-fluid, occur; they contain xenogenic material (usually
anhydrite — Fig. 4B). The inclusions that are <40 um across are
one-phase fluid. The diagenetic inclusions in this sample are as
large as 500 wm across. Such large inclusions in samples 1-4
are very rare. The sedimentary texture of the samples 1-3 and
the lack of daughter crystals in all of the inclusions analysed
from cycle 10 suggest deposition of recycled halite in a salt pan
environment; the small inclusions in these samples are not de-
posited from primary seawater brines.

Samples 5 and 6 come from 954.6 m in the rock salt of cy-
cle 6 in the GD-1 core, which is overlain by potash deposits.
The rock salt itself is composed of diagenetic halite with rare
grains of sedimentary halite. Inclusions in the sedimentary ha-
lite are two-phase with sylvite or carnallite. The smaller,
zoned inclusions contain sylvite daughter crystals, and the
zones of clear halite that appeared to be void-filling precipi-
tates generally contain a carnallite crystal when a daughter
crystal is present. Within individual grains of sedimentary ha-
lite, centre inclusions are <40 wm with a sylvite daughter crys-
tal or without a solid phase. Closer to the grain periphery, in-
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Fig. 4. Inclusions of salt-forming brines in halite
from the Pennsylvanian Paradox Formation, Shafer Dome 1

A —one-phase inclusions in zoned sedimentary halite (cycle 13, depth 1215.5 m, sample 4); B — large fluid inclusion with anhydrite crystals in
diagenetic halite (cycle 10, depth 1175.2 m, sample 3); C — inclusions with gas phase (arrowed) which originated at the periphery of sedimen-
tary halite (cycle 10, depth 1134.9 m, sample 1); D — zoned halite crystal of brine-mixing origin with one-phase fluid inclusions (cycle 10,

depth 1140.0 m, sample 4)

clusions are larger (up to 80 um and even more) and contain a
carnallite daughter crystal (Fig. 3B), possibly the result of en-
trapment of carnallite crystals precipitating via back-reaction
of the brine with existing precipitates as halite cement formed
around the sedimentary halite crystals.

RESULTS

The results are shown in Tables 2—4 and in Figures 5-7. Ta-
ble 2 shows the fluid inclusion daughter crystal and gas phase
homogenisation temperatures, ice melting temperature (C), gas
content (cm*/1) measured in the core samples. Hydrogen (deu-
terium) and oxygen stable isotope ratios were measured in the
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Table 2
Homogenisation temperatures, fluid inclusion content, stable isotopes,
and inclusion types analysed in halite cores from the Paradox Formation
To[°C] | To [°C] | Tw [°C] | TmeLT | G 18 ;
Sample | Sample | Depth | ~ D D H ascontent | d®O | dD | Inclusion content -
ycle | daughter | daughter as °C 3 Inclusion type
no. | source | [m] (carnallite) | (sylvite) | phase I-“|ce] [em™/1] [%0] | [%] [at 26°C]
a CC-1 712.0 3 59 -36 3.6 | -39 single phase isolated
b CC-1 821.1 5 33 -38 single phase isolated
two-phase, fluid inc.
c CC-1 832.7 5 106 -30 -1.7 | =37 widaughter banding
two-phase, fluid inc.
d CC-1 | 8260 5 85 w/daughter banding
e CC-1 826.0 5 36 single phase isolated
two-phase, fluid inc.
f cc-1 837.3 5 70 w/daughter cluster
g CC-1 850.4 5 60 -0.7 | -52 single phase isolated
h ER-1 837.4 6 85 =27 single phase isolated
ff ER-1 958.8 | 13 -04 | -72 single phase chevrons
two-phase, .
5) GD-1 954.6 6 99 78 3.0 widaughter primary
two-phase, :
GD-1 954.6 6 97 76 4.0 w/daughter primary
two-phase, :
GD-1 | 954.6 6 108 82 3.0 widaughter primary
two-phase, .
GD-1 955.0 6 w/daughter primary
GD-1 | 954.3 6 93 78 30 -38
_ two-phase, chevron
n GD-1 | 954.6 6 105 98 45 -7.7 | -61 widaughter and isolated
0 GD-1 | 954.6 6 68 63
p GD-1 | 954.6 6 64 79 -17 -10.2 | -82
two-phase, isolated,
q GD-1 | 9875 6 109 50 -3.8| -70 widaughter secondary
r GD-1 | 997.3 6 108 -11.2 | -101 isolated
s GD-1 |1021.4 6 46 49 isolated
two-phase, -
7 GD-1 | 1371.2| 18 82 87 40.0 widaughter primary
two-phase, :
GD-1 |1371.2| 18 86 89 60.0 widaughter primary
two-phase, :
GD-1 |1371.2| 18 84 50.0 widaughter primary
t SD-1 937.0 6 44 single phase isolated
two-phase, fluid inc.
u SD-1 963.5 6 35 widaughter banding
\Y% SD-1 984.5 6 61 10 isolated
two-phase, isolated
w SD-1 995.5 6 57 -4 w/daughter ?primary
X SD-1 | 1017.9 7 29 =37 fluid inc. cluster
y SD-1 | 1020.9 7 28 -35 sparse banding
z SD-1 | 1024.6 7 38 -30 isolated
aa SD-1 | 1027.5 7 36 -38 isolated
bb SD-1 | 1027.5 7 43 -38 fluid inc. cluster
cc SD-1 | 1030.8 7 48 -38 0.15 | -56 isolated
dd SD-1 | 1034.2 7 36 -34 1.8 —-45 isolated
. two-phase, primary,
1 SD-1 (11349 10 33 35 gas bubble chevron
- two-phase,
SD-1 | 11349 | 10 31 15 gas bubble
SD-1 | 1134.9 | 10 33 2.0 two-phase,

gas bubble
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Tab. 2 cont.
To[°C] | To [°C] | Tw [°C] | TmeLT | G 18 ;
Sample | Sample | Depth | ~ D D H ascontent | d®0O | dD | Inclusion content .
ycle | daughter | daughter as °C 3 Inclusion type
no. | source | [m] (carnallite) | (sylvite) | phase [ice] [em™/1] [%0] | [%0] [at 26°C]
2 SD-1 | 11400 | 10 29 3.0 one-phase primary,
SD-1 | 1140.0| 10 29 3.0 one-phase
SD-1 | 1140.0 10 18
2 SD-1 | 1140.0| 10 secondary
one-phase + secondary,
3 SD-1 11752 10 trapped anhydrite isolate!
ee SD-1 | 1141.0| 10 -33 -9.6 | —67 one-phase chevrons
4 SD-1 | 12155 | 13 29 60.0 primary
two phase, cummulate
99 SD-1 112186 13 49 w/daughters banding
hh SD-1 |1262.8]| 13 30 —44 Vm;ggﬁtsgrs isolated
i SD-1 |1264.4| 13 36 -45
kk SD-1 | 1257.1 13 34 60 isolated

Gray shaded cells denote samples analysed for chemical composition by the Petrychenko (1973) method; core sample sources: CC-1 - Cane Creek 1, ER-1
—Elk Ridge 1, GD-1 - Gibson Dome 1, SD-1 - Shafer Dome 1; Tp, — decrepitation temperature; Ty —homogenization temperature; Tye t — melting temper-

ature

samples selected, and are also shown in Table 2. The descrip-
tion of the inclusion contents and types of inclusions (Table 2)
and the sedimentary textures of the halite samples (Fig. 3) were
used to classify the samples as either primary depositional sedi-
mentary halite or diagenetic halite. The results of the chemical
study of inclusion brines from sedimentary (primary) halite are
shown in Table 3 and results from diagenetic halite are shown
in Table 4. The locations of the samples which were analysed
for their chemical composition are highlighted in the gray
shaded cells in Table 2.

CYCLE 18

Homogenisation temperatures of inclusions with carnal-
lite of cycle 18 are 82-86°C, and with sylvite are 87-89°C
(Table 2). The brines of those inclusions are highly gas-satu-
rated (40-60 cm?/l). The chemical analyses of several inclu-
sions from this sample show high concentrations of magne-
sium and calcium, with smaller potassium concentrations.
The sulphate content is at the detection limit of the
Petrychenko method (0.5 g/l). The results shown in Table 3
indicate a magnesium sulphate-poor brine. The data refer to
the inclusion fluids from which carnallite has precipitated,
and Figure 7 (point 7) shows the composition of the inclusion
brine close to the carnallite-bischofite mineral stability fields.
However, the results of analyses of inclusion brines with
sylvite or carnallite crystals are not suitable for the recon-
struction of chemical composition of ocean water (Zimmer-
mann, 2000; Horita et al., 2002), as the ratios of the principal
ions in brines of such high concentration can substantially dif-
fer from ratios of seawater from which those brines have orig-
inated.

Stable isotope values for D and §*%0 from a sample from
cycle 10 at 1141 m (Table 2) are one of three sample results
with values nearest to the meteoric water trend of all samples
measured (Fig. 5). None of the inclusions measured in this cy-
cle contained daughter crystals, and none were precipitated
when the inclusions were cooled (Table 2).

CYCLE 13

The small sizes of fluid inclusions (<20 um) in sample 4
shown in Figure 4D made it possible to realize only qualitative
analyses for the presence of Ca and SO, ions; they revealed the
presence of Ca ions and the SO, content was close to the detec-
tion limit (Table 3). Brine inclusions are characterized by a very
high gas content — up to 70 cm*/l (Table 2).

CYCLE 10

Chemical analyses of samples 1 and 2 showed a low gas
content (1.5-3.5 cm¥1) in fluid inclusions in sedimentary halite
(Table 2). In transparent halite which we interpret to be of
diagenetic origin, gas-fluid inclusions (Fig. 4C) containing
20 cm?/l of gas were recorded. The homogenisation tempera-
tures of those inclusions range from 29 to 33°C (Table 2). The
fluid inclusions in sedimentary halite (Table 2) are of CaCl,
type.

Fluid inclusions in diagenetic halite of samples 2 and 3 are
shown in Table 4. The homogenisation temperature of those in-
clusions is 29°C (Table 2). Rare, very large fluid inclusions in
diagenetic halite of sample 3 are of CaCl, type as well but they
are characterized by much higher Ca concentration; the compo-
sition of brine inclusions in one such large inclusion (500 wm)
is shown in Table 4.
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Table 3
Chemical composition of inclusion brines in sedimentary (presumably primary) halite of the Paradox Formation
sample Sampling location Content [g/1] Indices
no. Well Depth [m] Cycle K* Mg?* Ca?* SOy 2K Mg Ca | so,
11.0 54.8 5.7 0.5
14.5 56.2 7.7 0.5
1 D1 1134.9 10 15.3 53.7 8.3 0.5
n.d. 57.0 10.2 0.5
n.d. n.d. 4.5 n.d.
13.6 55.4 7.2 0.5 6.4 | 86.9 6.8
9.6 35.1 9.1 0.5
) SD-1 1140.0 10 13.7 38.4 5.8 0.5
11.0 25.7 7.9 0.5
11.4 33.0 7.6 0.5 87 | 802 | 11.1
4 SD-1 1215.5 13 n.d. n.d. traces 0.5
3.3 70.0 0.7 27.1
5 6D-1 9546 6 5.6 81.1 0.7 23.3
3.1 n.d. n.d. 33.2
4.0 75.5 0.7 27.8 1.4 | 90.2 8.4
5.5 90.0 0.7 36.1
7.8 78.8 0.7 23.2
7.7 83.8 n.d. 325
6 GD-1 955.0 6
8.0 n.d. n.d. 25.3
n.d. n.d. n.d. 24.7
7.2 84.2 0.7 28.3 2.3 | 90.0 7.7
6.9 57.8 49.4 0.5
7.6 59.3 59.4 0.5
10.7 50.4 57.7 0.5
! 6b-1 18712 18 8.8 n.d. 33.3 n.d.
n.d. n.d. n.d. n.d.
8.4 55.8 49.9 0.5 30 | 632 | 338
Average values are shown in bold; n.d. — not determined
Table 4 CYCLE®6
Chemical composition of inclusion brines in diagenetic halite Inclusions in the sedimentary halite of
- samples 5 and 6 are two-phase with either a
Sample | Depth Content [g/1 Indices sylvite or carnallite daughter crystal. Within
Cycle o y g y
no- [m] K' | Mg* | ca® | SO; | 2K ‘ Mg ‘ Ca individual grains of sedimentary halite, centre
138 | 338 9.0 05 inclusions are <40 um with a sylvite daughter
132 | 254 7.5 05 crystal or without a solid phase. Closer to the
2 1140.0 10 145 | 232 8.0 n.d. grain periphery, inclusions that appear to be in
nd. | 220 | nd. n.d. diagenetic halite possibly formed by dissolu-
13.8 | 261 | 81 05 [122]741] 137 tion and reprecipitation of the original pri-
17.7 | 39.9 | 444 0.5 mary crystal are larger (up to 80 and even
210 | 50.0 | 288 | nd. 120 wm) and contain a carnallite daughter
3 1175.2 10 n.d. nd. | 333 | nd crystal (Fig. 3B). The homogenisation tem-
tnd. | nd. n.d. n.d. peratures and gas contents are shown in Ta-
190 | 449 [ 355 [ 05 | 83 [621] 206 ble 2. Brine inclusions in these samples have a

All samples are from Shafer Dome 1, cycle 10; for other explanations see Table 3

relatively high content of sulphate (23-36 g/I;
Table 3). The contents of Caand Mg are in the
range expected for brines from which carnal-
lite has precipitated, and they are located close
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to the boundary of stability fields of chloride
minerals: carnallite and bischofite, and the

Stable isotope ratios
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Ocean Water
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Paradox Basin
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__a——. Mmeteroric water

sulphate mineral kainite (Fig. 7). 40
204
INTEPRETATION o
AND DISCUSSION
-204
The results suggest the presence of two 40,
types of salt-forming brines: Ca-rich and sul-
phate-rich. An apparent trend of MgSO, en- &= 4|
richment can be seen from the lowermost beds 2
sampled of the evaporite sequence to the 801
youngest beds. The models of Kovalevich
(1988) and Hardie (1996) both attribute -1001
changes in evaporite composition to changes
in seawater chemistry. The Hardie model con- 1201
centrates largely on fluctuations of the Mg/Ca 1401
ratio due primarily to hydrothermal brine flux B
from mid-ocean ridge spreading. Mg/Ca ra- 160
tios larger than 2 are associated with aragonite -25

seas from which high Mg calcite or aragonite
precipitate, and Mg/Ca ratios less than 2 pro-
duced calcite seas (Hardie, 1996). Kovalevich
(1988) proposed that secular variation in sea-
water was caused by volcanism and
mid-ocean ridge spreading, changes in sea
level, climate, atmospheric composition, and
biosphere evolution. Variations in seawater
composition in this model are dependent on
the amount of SO, in the seawater system. Both Hardie (1996)
and Kovalevich et al. (1998) identified trends in the evaporite
sedimentary record that place the Pennsylvanian Paradox
Formation in a transitional composition, intermediate be-
tween the MgSO,-rich Permian evaporites and the
MgSO,-poor evaporite deposits of the Devonian. Petry-
chenko et al. (2002) showed that the Visean waters were char-
acterized by Na-K-Mg-Ca-Cl-type brines, with a low SO;
content in seawater. In the Permian, marine brines correspond
to the Na-K-Mg-CI-SO, (SO,4-rich) chemical type, but impor-
tant variation occurs in the relative content of sulfate ions as
expressed in Janecke units in fluid inclusions from the early
Permian to Late Triassic (Kovalevych et al., 20023, fig. 9).
The first indication of a sulphate-type brine observed in
this study appears in cycle 6, where kieserite and polyhalite
precipitated in the central parts of the basin associated with
evaporative drawdown. The central part of the basin corre-
sponds to the later time of sedimentation, whereas the more
marginal areas of the evaporite formation contain sylvite with
few MgSQO,4 minerals. The mineral paragenesis of the mar-
ginal areas is interpreted to be an earlier phase in the basin
brine evolution for that cycle. A seawater composition where
Mg concentration is nearly equal to that of Ca would precipi-
tate sylvite as the first potash mineral, followed by carnallite
(Williams-Stroud, 1994b). Carnallite precipitates at the ex-
pense of sylvite as it is consumed through back reaction with
the brine. The presence of kieserite and polyhalite in this cycle

-15 5 5 15 line

5O [%]

Fig. 5. Stable isotope ratios for fluid inclusions from the Paradox Basin samples

The sample from cycle 10 at 1141 m depth (indicated by the cross symbol) is closest
to the meteoric water trend line, supporting a primarily recycled

secondary halite origin for that sample

suggests that the sulfate content had increased relative to pot-
ash beds lower in the sequence. The measured sulphate con-
tent of fluid inclusions in this cycle is high, which is consistent
with the appearance of magnesium sulphate minerals in this
cycle. The content of the sulphate ion was higher than the
equivalent content of Ca**. Accordingly, it may be assumed
that MgSO, occurred in the marine water, which caused the
episodic precipitation of kieserite. The relative content of sul-
phate ions as expressed in Janecke units in fluid inclusions in
halite of cycle 6 (7.7 —see Table 3) is very similar to the aver-
age content in the Asselian of Ukraine (8.5 — Kovalevych et
al., 2002b) and is considerably smaller than the SO, content
(in Janecke units) in modern seawater concentrated to the on-
set of halite sedimentation.

Seawater is the most logical source of sulfate, considering
the Br content in the halite (Raup and Hite, 1996), the palaeoge-
ography (Peterson and Hite, 1969; Williams-Stroud, 1994a),
and the mineralogical composition of the evaporite series
(Raup and Hite, 1996). All these data indicate that salts derive
predominantly from marine water. The formation of
sylvite-carnallite deposits is related to the influence of CaCl,
brines flowing into the basin, especially in the zone of develop-
ment of the Uncompahgre Trough, from the underlying sedi-
mentary deposits. A considerable CaCl, concentration in the
buried marine brines during hardening of halite deposits and
formation of rock salt is fixed in inclusion brines in diagenetic
halite (samples 2 and 3 of cycle 10; Table 4).
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Fig. 6. Homogenisation temperatures of fluid inclusion samples from the different cores

A — chart shows homogenisation temperatures plotted by halite cycle number;
B — chart on the left shows homogenisation temperatures plotted by depth
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Mg go bischofite = goCa
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Fig. 7. Average ion contents of the inclusion brines (as shown in Ta-
ble 3) in primary inclusions of sedimentary halite in sedimentary ha-
lite of the Pennsylvanian evaporite formation of the Paradox Basin at
a temperature of 25°C plotted on the Janecke projection of the
quinary system Na-K-Mg-SO,-ClI-H,0 at 25°C

MSW - modern seawater saturated with respect to halite; location of
points indicating the composition of brine inclusions in sedimentary halite
of the Pennsylvanian evaporite formation of the Paradox Basin at a tem-
perature of 25°C; the black squares with numbers correspond to samples
studied

A proposed geochemical model anticipates a steady deficit
(with respect to modern marine waters) of the sulphate anion
and the steady presence of CaCl, in basin brines during NaCl
precipitation. The erosional contact between the top of each ha-
lite bed and the overlying anhydrite indicates a sudden freshen-
ing of the basin with dilution of highly-concentrated brines and
dissolution of salt. It seems that during the final stages of halite
deposition and in some cases of potash deposits, remnant
brines were of the chloride type with a considerable CaCl, con-
centration. For example, assuming that the interpretation of the
zoned inclusions as primary deposition of halite from seawater
is correct, this situation is shown by inclusions in the halite of
potassium-bearing deposits of cycle 18 (sample 7); it was
found that the Ca”* content in those brines could reach 59 g/l
(Table 2). Therefore, the inflow of marine waters provided sul-
phate that caused deposition of the basal bed of calcium sul-
phate that denotes the next cycle above each halite bed.

Comparing the composition of the deepest halite bed ana-
lysed in this study (cycle 18) to the shallowest beds (cycles 3,
5 and 6) the sulphate-poor nature of cycle 18 compared to the
high sulphate content of the samples analyse for chemical
content in cycle 6 are suggestive of a transition recording a
temporal change in seawater composition. Ambiguity exists,
however, when the fact that daughter crystals of both sylvite
and carnallite are abundant in both the shallow and the deep
potash beds. There is no clear correlation between dominance
of sylvite over carnallite with depth in the fluid inclusion sam-
ples, making the interpretation of the fluid inclusion chemical
analyses equivocal. There is no doubt that basin brines were
periodically saturated with regard to CaSQ, as indicated by

allochthonous anhydrite in fluid inclusions in sedimentary
and diagenetic halite in sample 3 from the Shafer Dome 1 core
(Fig. 4B) and the consistent presence of anhydrite in rock salt.
The anhydrite crystal drapes on top of bottom-growth chev-
ron halite (Raup and Hite, 1992; Williams-Stroud, 1994a) are
evidence of brine mixing, possibly with meteoric waters that
caused precipitation of fine anhydrite crystals into the stand-
ing halite-saturated brine. Many of these anhydrite crystals
were apparently trapped in large inclusions of the secondary
halite.

All of the analytical results (Table 2 and Fig. 7, points 1, 2
and 5-7) are clearly located within and nearby the carnallite
field on both 2K-Mg-Ca and 2K-Mg-SO, diagrams for 25°C.
This very strongly suggest a main marine source of water as
waters of other origin do not contain enough Mg®* and K" ions.
This supports a primary origin of carnallite deposits that is also
supported by the presence of authigenic carnallite, which pre-
cipitated from relict inclusion brine due to temperature de-
crease (Fig. 3A, B). As is known (Borchert and Muir, 1964), on
the 2K-Mg-SO, diagrams for temperatures >40°C the carnallite
field decreases considerably in size, and points 5 and 6 are in-
cluded in the kieserite field that justifies the occurrence of this
mineral among sylvite-carnallite deposits (Fig. 7).

The temperature conditions had an essential importance for
mineral formation during times of high basin salinity. How-
ever, results of homogenisation of inclusions with carnallite or
sylvite daughter crystals, which are shown in Table 2 and Fig-
ure 6, need comment. There are no special remarks regarding
the values of 30-35°C (samples 1, 2 and 4), as those tempera-
tures agree with models for conditions of halite crystallisation
in modern, shallow salt lakes with relatively low concentrations
of potassium and magnesium salts. Those temperatures, evi-
dently, were typical also of the Paradox Basin at the beginning
of halite precipitation.

The values characteristic for the time of precipitation of po-
tassium-magnesium salts (samples 5 and 7) indicate former,
high brine temperatures, although it may be supposed that they
were lower than the actually measured values (80-100°C). In
part, this can be explained by the take off the carnallite or
sylvite inclusions during the halite growth (Cenddn et al.,
1998). This is possible, although it might be expected that such
inclusions have various relations between fluid and solid phase
and, accordingly, a great scattering of temperature measure-
ments. In the slides studied from samples 5 and 7 the inclusions
have the same phase relations and small differences in tempera-
tures with regard to the average value. Therefore, the following
explanation is proposed.

Experimentally, it was found that, in well-defined stable
conditions, saturated brines become supersaturated with regard
to some salts during the temperature decrease (Khamskiy,
1967). Compounds having crystallisation water in their compo-
sition are especially susceptible to the formation of supersatu-
rated solutions (Khamskiy, 1967). Carnallite is one such com-
pound. It is possible that during the formation of sedimentary
halite in samples 5 and 7 from highly mineralised brines, brines
supersaturated with regard to carnallite have been conserved
within inclusions. Therefore, the degree of temperature in-
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crease regarding real values could depend on the degree of
brine supersaturation: the higher the brine supersaturation, the
higher the homogenisation values of inclusions. Ignoring this
supposition, it is evident that during precipitation of potassium
salts the brine temperatures were considerable, although no
doubt they were below 100°C. Sample 4 (salt bed 10) is an ex-
ception; the halite in this sample originated due to brine mixing
(Fig. 4D) at low temperatures (<30°C), as indicated by
one-phase fluid inclusions arranged in growth banding in the
mineral.

The deuterium and oxygen-18 stable isotope analysis of
the fluid inclusions analysed clearly shows the influence of
both meteoric water influx and mixing with basin brines
(Fig. 5). Both 8D and §*®0 are lowered with dilution of sea-
water with meteoric water. For instance, in the Baltic Sea,
which has much lower salinity than seawater due to dilution
by meteoric water, values for 8D are —50%o (Friedman et al.,
1964). The values plotted in Figure 5 and shown in Table 2
are consistent with those measured by Craig (1961) for
closed-basin brines relative to the values that define the deute-
rium and *®0 stable isotope ratios for meteoric water. Al-
though the stable isotope analysis clearly supports the mete-
oric water and basin brine mixing model previously proposed
by Williams-Stroud (1994b), the geochemical modelling for
that study was based on the mineral paragenesis of cycle 5,
one of the shallowest halite beds in the Paradox Formation.
The analyses presented in this study suggest that the transition
from magnesium sulphate-poor to magnesium sulphate-rich
(similar to modern seawater) composition occurred prior to
deposition of cycle 5. The influence of brine mixing is evident
in the halite and potash facies of all salt cycles in the Paradox
Formation, but the mineral composition is clearly dominated
by solutes supplied to the basin by seawater inflow.

CONCLUSIONS

1. Evidence for the transition of seawater brines of the
Na-K-Mg-Ca-Cl characteristic of the Devonian and the lower
Carboniferous to the Na-K-Mg-SO,-Cl seawater brines char-
acteristic of the Permian has been found in the Paradox
Evaporite Basin.

2. It appears that between cycles 18 (older) and 10 (youn-
ger), the magnesium concentration of the waters in the basin
increased so that the lowermost cycles studied contain sylvite
without carnallite, then carnallite + sylvite, followed by the
magnesium sulphate minerals kieserite and polyhalite. The
seawater composition indicated in the younger cycles is still
not clearly that of aragonite seas, because sylvite is found in
conjunction with magnesium sulphate minerals instead of

carnallite. This relationship may be explained by non-equilib-
rium precipitation of sylvite through cooling of surface brines
that are in equilibrium with carnallite (Lowenstein and
Spencer, 1990).

3. It is clear that the mineral assemblage of the Paradox
Formation represents an intermediate Mg/Ca brine composi-
tion between modern seawater and MgSO,-poor seawater, but
it is not possible to pinpoint in which cycle (or cycles) the
transition occurs. It is more likely that the composition oscil-
lated between the two compositional end-members while a
general trend toward MgSQO,-rich brines developed. The time
required for the switch to aragonite seas could have lasted the
entire Desmoinesian —the period spanned by the Paradox For-
mation.

4. While the stable isotope analyses do not support conclu-
sive interpretation of seawater as the main basin fluid, they are
in the range of values supporting a closed basin environment
(Craig, 1961) which is consistent with evaporite deposition.
The impact of brine mixing is indicated by the isotopes, but the
overall mineral paragenesis supports a predominantly marine
origin.

Without additional detailed and systematic study of the
geochemistry of the halite beds with particular attention to the
older potash beds, the possibility that a change in Paradox Ba-
sin brine chemistry due to a temporal change in seawater chem-
istry cannot be unequivocally eliminated. Specifically, resolv-
ing ambiguity around the primary versus secondary nature of
halite fluid inclusions in this deposit could provide a better un-
derstanding of the rates of processes affecting seawater compo-
sition. The identification of those rates will, in turn, help to
better understand the relative importance of the various factors
related to changes in the rate of ocean crust production (Hardie,
1996), atmospheric composition, biosphere evolution, and cli-
mate change.
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