Sixth international Symposium on Salt, 1983—Vol |

Saft instituts

Polyhalite Replacement After Gypsum at Ojo de Liebre Lagoon
(Baja California, Mexico): An Early Diagenesis by Mixing of
Marine Brines and Continental Waters

Catherine Plerre
Laboratoire d Hydrolpgie et de Geochemie fsutopigue,
University of Pariy-Souh,
Orsay-Cedex, France

ABSTRACT

The presentce of pofvhalite in the supratidal evaporite fluis
araund the Ojo de Livbre lugoon was first discovered by Holser
F1966), who attribuzed its origin ro the diagenesis of gypsum by
interstitial marine brines. A lurge purt of this area Is now accu-
pied by artificial salt ponds. However, some remnanis of the un-
cient evaporite flats are sill wecessible, for example, on the
sowtheast coast of the evaporitic complex, where sedimenivlog-
ical, chemical and Isvtopic investigations were performed on
evaporitic sediments and interstitial solutions. In May 1979, the
evaparitic succession way mainly compuosed of gypsum; u few
centimeters below the surface, polyhalite vwas present in the form
of small nodules that were partivily replucing former gypsum
erystals. In May 1936, this evaparitic succession was drastically
modified, since gypsum sediments [ping below the water table
were iotully replaced by polyhafite. We have thus an exact timing
for the mineral transformarion. which clearly points te some
chemival evolution of the solutlons permeating the sedimenis.

During this one-year period, ionic concenirations of in-

terstitial brines have increased from X 13 to X 18 with respect o
semwater concentrations. Besides. chemicul data indicate that
5 03_ concentrations of interstitial solutions are higher than in
normal marine brines and progressively increase fn « landward
direciiun, ihus suggesting gypsum dissolution by groundwaters.
That both water and agueous sulphate uf the sofuiions in this
busin huve @ mived mortne and coniinental origin is alse sup-
povted by isoropic analysis ('O and 2H of water, %0 and 7S of
SO} Thus, it appears that suiphate Jons are provided for one
part by marine brines. and for the ather parl by continental wa-
ters which have dissofved Plefstocene gypsum present at depth.
The replacement of gypsum by polyvhalite requires not only high
Mg?" and K, But also high 5037 concentrations in the solu-
tions {Braitsch, 1971).

These remclis dhutrole @ peculior case where the gypsum di-
agenesis fnta polyhalite is promoted by the mixing of concen-
trated marine brines and yulfute ivn-bearing continental waters.

INTRODUCTION

Natural polyhalite (Ca,MpK,(50,3,;,2H,0) was first
discovered by Holser (1966} in the southeastern part of the
cvaporite flats around the Ojo de Liebre lagoon (Figure 1).
It occurred as either a hard white layer just under the wa-
ter table or dispersed in the underlying sands. Petro-
graphic cbservations indicate that it formed by replace-
ment of former gypsum jn those sediments permeated
with Mg?* and K7 rich brines (Holser, 1966; Holser ez af,
1981).

As deseribed by Holser (1981), the typical evaporitic
succession is represented by a surficial halite crust (up to 2
metres in thickness) interbedded with a few layers of gyp-
sum sand and of polvhalite, and alternating layers of
black silts and banded gypsum sands up to about 2 metres

thick. These deposits overlie brown silis and sands which
contain some marine shells. In these detrital sediments,
gvpsum is also present, generally at a depth between 4 and
7 metres more rarcly near the surface, as large (up to 10
cm) lenticular poikilitic crystals, enclosing sand grains,
and commonly concretionary. Such a gypsum crystal habit,
similar to the “sand-rose” facies, is also encountered in
the southern part of the complex, outcropping as discon-
tinueus layers at the margins of the evaporite flats, Their
formation is obviously related 0 an evaporitic episode, or
several episodes, which are tentatively afrributed to a low
sea levef stage at the end of the Pleistocene (i.e., late San-
gamonian) (Ortheb, 1978, 1979%a, 1979b; Ortlieb and
Pierre, in prep.; Plerre, 1982).

Since 1957, a large part of the natural evaporite flats
has been progressively transformed into artificial sakt
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Figure 1. Schematic map of the Ojo de Libre evaporitic complex in Baja California (N.W, Mexico).
Present day sttuation: {1} artificial salt pans; (2) natural algal [lats; (3) residual natural evaporile flats;
(4} location of the sites of polyhalits oceurrence found by Holser in 1960-1961; arrow: location of the site

of the newly formed polyhalite.

pans for extensive halite production. As a result, most of
the area previously studied by Haolser is now flonded, ex-
cept some remnants of the natural evaporite fiats along
the easterss and southern margins which are isolated by
artificial dikes from the adjacent concentrating ponds
{Figure 1).

During a search for polyhaiite at Ojo de Liebre in 1979,
it was finally found i a small salt pond of nearly 1.5 km
fength and 300 m wide, at the southeastern margin of the
evaporitic comptex (Figuare 13, This basin s sarrounded
by sand dunes 3 to 5 metres high; it is rimmed along the
northwest by & five-metre-high artifical dike, such that
marine brines from the nearby concentrating area can only
seep laterally through the sediments toward the basin. As
& resuli, the brine level n the main sakt pan controls the

water table depth in the connected basin, This explains
why the water table in the small pond dropped a few centi-
metres after the main salt pan dried up between the two
sampling periods of May 1979 and May 1980,

Samples of sediments and interstitial brines were col-
lected in small hand dug pits during May 1979, May 1980
and Aprit 1981, As will be discussed below, the sedimen-
tary succession in the central part of the hasin was dras-
tically modified between May 1979 and May 1980, because
polyhalite parily replaced former gypsum deposits. Chenmi-
czl and isotopic analyses were therefore conducted on in-
terstitial brines in order to determine the origin of water
and ionic species and to follow the geochemical evolution
of the solutions that cause the diagenesis of sulphate
minerals,

T T T T W L o aran P R e e 4 @ 2 o o e o = <



Folyhaiite Repiacement After Gypsum

THE SEDIMENTARY SUCCESSION

In May 1979, the evaporitic succession in the central
part of the basin was mainly composed of gypsum sedi-
ments, with a2 maximum thickness of 30 em, overlain by a
millimetre-thick halite crust (Figure 2). A few centimetres
helow the surface, a discontinuous clasey-sandy layer was
invaded by millimetre-size gypsum crystals more or less
replaced by polvhalite; there, polyhalite appeared to he
millimetre-size white nodules, sometimes containing relicts
of former gypsum crystals in their core. At depth, in the
underlying gypsum sediments, the lenticular gvpsum crys-
tals range up to a few centimeires in size. Other minor
gvaporitic mincrals were locally associated with gypsum:
glauberite (Na,Ca{50, )} occurs as white crystals pseado-
morphing gypsenm crystals; millimetric white nodules of
celestite (5r50Q,) were scatiered within the sediment.

The following year, in May 1980, gypsum sediments fy-
ing just below the water table in the centre of the pond
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were totally replaced by polyhalite. This mineratogical
transformation is accompanied by a large volume in-
crease. Standard state molar volumes for gypsum and
polyhalite are. respectively, 74.32 em?® and 216,54 cm?®
{Berner, 1971). In the case of an equimolar replacement
of gvpsum by polyhalite, the variation of volume is thus
+150%. In this way the detrital sedimentary matrix is ex-
pelled; whereas formerly pore spaces existed between gyp-
sum crystals, these pores are largely filled by polyhalite.
As a result, this pelyhalite fayer appears as a homogeneous
white soft paste, with locally hard cancretions.

During the third visit, in April 1981, the massive poly-
hafite bed was more hardened and the upper nodular
polyhalite tayer was thicker than before, reaching nearly
LG em.

These ficld observations confirm Holser's conclusions
for the diagenstic origin of polyhalite after gypsum. Fur-
thermore, this diagenesis appears very rapid and is obvi-
ausly related to the chemistry of interstitial sofutions.

Figare 2. Schemaric map of the salt pand lncated at the southeastern margin of the Ojo de Ligbre evaporitic complex, and lo-
cation of the samplescoliected in May 1979 (0t 7), in May 1980 {11 10 107) and in Apefl 1987 (201 0 208). Schematic cross-section
of the salt pond along its transverse axis, showing the sedimentary succession in May 1979, Evolution of the evaporitic stecession
in the central part of the salt pond during May 1979, May 198(} and April 1981, 1. halite crust; 2: gypsum sedimenis; 3: nodular
polyhalite; 4: massive polyhalite; 5 sands and clays: 6: sands with marine shells; w.t.; water table,
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THE INFTERSTITIAL SOLUTIONS
Chemical Data

Density measurements and varations in ionic concen-
{rations document how brine chemisiry affects the carly
diagenetic patterns.

In the centre of the pund, the densizy of interstitial soln-
tions was 1,218 in May 1979, 1,226 in May 1980 and 1.229
in April 1981 {Table 1). The concentration factor of these
solutions refative to scawater (evaluated from Li* concen-
frations, using Li* = 28.10~% m.kg™ ! water for mean sca-
waler coneentration) increased from X13 in May 1979 1o
K18 in May 1980 and to X 23 in April 1981, thus clearly
demounstrating that the increase of brines concentration is
due to an evaporation effect and not to the dissolution of
any sal phase,

‘The evolation toward higher salt concentration in these
solutions is related to the higher degree of evaporation of
the inflowing brines from the adjacent main salt pan as a
resubt of its desiccation.

Physico-chemical parametres (density, temperature,
pH, EH) were measured én situ (Table 1} From the centre
toward the edpes of the pond, densities decrease rapidly,
thus arguing for difution of the brines by continental wa-
ters. The pH values {6.2 < pH < 7.8} increase due to in-
creasing water activities. Temperatures are quite constant
(t == 24 & 2°C). High redox putential vatlues (210 <EH
mV < +410) indicate strictlv oxidizing conditions in the
ovetall interstitial environment in the small pond, while
reducing conditions {EH = — 160 mV} prevail lovally in
sediments of the main sakt pan.

Tonic concentrations of the solutions collected in the
small pond are very different from those of marine derived
brines. This is well depicted in the triangular plots (Fig-
ure 3} where the relative concentrations in €17 - Mgt
=SS0, Mgt —S0]" —K7, and Ca?t =507 — Mgt
of the solutions are compared with chemical data for evap-
orating seawater up to halite saturation (Hermann et of,
1573},

Ionie ratios for the solutions sampled in the main salt
pan and at the entrance of the small pond (i.e.. just be-
hind the dike) are very simiiar to those of marine brines
satgrated with respect to halife.

Traversing the smali poad and toward its margins, the
interstitial solutions become progressively richer in €™,
$OZ™ and Ca? " jons; it thus follows that the observed ex-
cesses in the solutions for these ionic species derive from
halite and gypsum and dissolation by continental waters
s.l. {i.e., mainly groundwaters in such an arid region, al-
though dissolution of the halite erust is due to meteoric
warers),

‘These resulrs show the double urigin of ionic species ko
the solutions of the small pond, which are supplied both
by marine brines seeping faterally from the adjacent salf
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pan and by continental waters that have dissolved gypsum
and halite.

Isotopic Data
Oxygen and hydrogen isotope composition of water. 550

values of water of the interstitial sojutions decrease pro-
gressively from the centre of the pond to the marginsg
where they become negative (8150 = —1.2%), thus con-
firming the dilution of the brines by groundwaters inflow-
ing toward the basin. This dilution effect is also detected
in the solutions of the adjacent salt pan (Table 1).

The same conclusions follow from 5§80~ 82H values of
water of these seltutions when compared with the isntopic
behaviour of scawater during evaporation in the Ojo de
Licbre saft pans (Figure 4). This is well depicted in the
8180 — §2H diagram showing, on one hand, that the sols-
tions result from mixing between marine brines and the
focal meteoric waters and, on the other hand, that these
solutions are subject to capillary evaporation in the basin.

Furthermore, oxygen isotopic composition of water of
solutions collected in May 1979, May 1980 and April 1981
are rather similar, showing only a slight increase in their
degree of evaporation, as indicated by their increase in
salt concentrations,

Oxygen and sulphur isetnpe composition of aqueons
sulphate. The 550 and "5 values of agueous sulphate of
the solutions exhibit a wide range of variations throughout
the basin {+8.2<§¥0 < +11.7; +17.3 <85S < +19.1)
and diverge considerably from those of normal seawater
sulphate (4:%Q = 9.5, Longinelii and Craig, 1967,
Liovd, 1967, 1968; 534S = -+ 20.0, Thode ez af., 1961].

Because oxidizing conditions in this environment pre-
clude any bacieriat sulphate reduction (except in the adja-
cent salt pan), these isotopic variations may only be related
to incrganic processes such as dissolution or crystalliza-
tion effects.

The § values of agucons suiphate were the same in the
centre of the basin for both May 1979 (sampling site 3}
and May 1980 (sampling site 101), This means that the
gypsum-polyhalite transformation does not affect the iso-
topic composition of the aqueous sulphate pool (ie., the =
aqueous-solid sulphate pouls have evolved under closed
system conditions}. It may thus be inferred that the iso-
topic fractionations during gypsum and polyhalite crystal-
lization zre identicai and that all the gvpsim used by the
reaction has been replaced by polvhalite.

The §:30— 58 data plot between two poles is shown in
Figure 3, The first with low 6130~ high 538 values, repre-
sents the entrance of the basin; the second, with high
8180 - low 5 S values, represents the margins of the basin.
The distribution within the basin corresponds to a mixing
zone between these iwo different agueous sulphate pools,
one being of marine origin, the other one continental.
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Figure 3. Plots of refative onic concentrations (ECl + Mg +
SOy = 100; TCa + Mp — SOy = 100, EMg + 80, + Ky =
100} of interstitial solarions coliccted in May 1979 (filled circle),
May 1980 {open circle), and Aprit 1981 (triangle). Dotted line
gives evolution of seawster (star) during evaporation up to halite
saluration as calculated from data of Hermann et af (1973},

These results fit well with the evolution within the basin
for both SO~ concentrations and 580 values of water of
interstitiai brines.

Far the solutions from the adjacent salt pan, §°S values
of the dissolved sulphate account for a single marine
etigin {(+19.6< S < + 19.8). The 5180 anrichment
{(+11.3<53%0 < +12.9} relative to the mean seawater
sulphate impfies that aqueous sulphur compounds and
water are submitted to oxygen isotope transfer during bac-
terial oxydo-reduction reactions, according te a steady-
state mechanizm similar to that described in the salt pans
of South of France (Fontes and Pierre, 1978, Pietre, 1982;
Perre and Fontes, 1983),

Furthermore, when crossing in the small pond, these
solutions are progressively diluted by more and more con-

Sixth international Symposium an Saft, 1983—Vol. |

Figare 3.  (continued}

tinental waters containing allochtonous aqueous sulphate
from gypsum dissofution. These SO~ ions provided by
groundwaters are characterized by 678 values lower than
+17%.

Such values were measured for the large poikilitic gyp-
sum crystals attributed to Sangamonian sediments, which
were sampled in outcrops at the scuthern margin of the
evaporite flats, Oxygen and sulphur isotope compositions
of these gypsum depesits {+12.0<8B0< +137;
+ 15,4 <88 < +16,4) are aot consistent with a marine
origin becanse §'S values are lower by nearly 5% than
Cenozoic marine gypsum (Thode and Monster, 1963
Holser and Kaplan, 1966; Claypool er of, 1580). The
strontium content (250 < St ppm < 380} is about ten times
lower than in gypsum that crystallizes from marine brines
{Holser et al., 1981). Therefore, according to the facies
“sand-rose,” the sparse distribution in the sediments, the
48 and Sr contents, it may be concluded that this gypsum
does not have a marine origin but represents tepically pedo-
genetic products (i.e., gypscretes} developed in a conti-
nental environment.

The “sand-rose” gypsum was commeonly encountered
as part of the ariificial dike fill, which implies that this
tvpe of gypsum oceurs at a shatlow depth in the sedimenis
of the basin. The dissclution of these deposits by graund-
waters would provide SO%~ ions, which would explain
variations in the i sitn 20 and #§ of aqueous sulphate of
the solutions toward inland margins.

CONCLUSIONS

At the landward edge of the Ojo de Licbre evaporitic
complex, the pelyhalite replacement after gypsum wasob-
served to occur within a one-year period in a small evapo-
rite pond.
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Figure 4. Relationship between 3'%Q and §7H values of water of sotae interstitial solusions collected at the
sontheasters margin of the Ojo de Liehre evaporitic complex. Dagrams give the 6 values expressed on an active
scale (A} or a concentration scale (B) following Sofer and Gat carrections for saline sohations (1972, 1975),
5.M.O.W. corresponds fo the Standard Mean Ocean Water. The large-pecked curve represents the isotopic
Behavior of seawater during evaporation az measured in marine brines collected in the sait pans of the Olo de
Liebre evaporitic complex (Plerre, 1982} The local mereoric waters (open thomb), coflected in wells about 26
&m iniand, are tocated on the general metearic water line (3°H = 8 6'0 + 10). Effects of evaporation and
ditution by meteoric waters in the interstitial solutions are respectively represented by the smali-pecked lines
and curves and by the dotied-pecked lines.
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Figure 5.  Oxyeen and sulphur isotope compostiton of agueous
suiphate of interstitial solotions colfected in the salt pond at the
southeastern margin of the Oja de Liebre evaporilic complex,
The § values of Sangamonian gypsum were measured on samples
collected about 6 km southerly at the margin of the evaporite
flals. The mean d values of the seawater ayueous sulphate are
reported by comparison.

The geochemical evolution in space and time of the
agqueous solution-mineral system was deduced from chemi-
cal and isotopic data on interstitial brines. The mixing of
Mg?* — K *-tich maring btines with SO}~ -bearing ground-
waters has caused this diagenesis of sulphate minerals in
those sediments permeaied with the solutions, after a
stight modification in the chemistry of inflowing marine
brines.

With respect to the phenomepological aspects, these
fietd observations and analytical results are consistent
with the theoretical predictions of evaporitic mineral
paragenesis based on thermodynamic equilibria between
solutions and solid phases at sedimentary temperatures
{Braitsch, 1971; Eugster et al., 1980; Harvie and Weare,
1980; Harvie er af., 1980), '
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