The Chemistry and Origin of Potash Deposits

ABSTRACT

The potash salts occurring throughout the world
are predominantly of oceanic origen, forming in the
frnal period of desicealion af sea water basins.
Hoawever, the physical chemistry of evaporating sea
water does not allow syluinite (KCl pius NaCl) to
be directly crystailized under any circumstances,
and also reguires the Jormalion of massive quanti-
ties of the relatively wminar mineral, kivserite
(MgSO, L1, ). A new theory & presented to ex-
Plain these anomalies. IU assumes the yolor evap-
nratmg, closed sea water basing to have undergone
extensive [imnological stratificatron. The normally
erystallizing potash salts {as requived by the mets-
stable solubilily relationships) schoenile
(K. SO, MgS0,-6H,0), leonite  (K,80,
MgR0,-4H, ), and kainite (KCIMgSG, -2.75H, O;
were converted to carnallite (KCIMygCl, 008, 0) in
passing through or residing in, the strong lower
brines; the carnellite i tarn was converted Lo svi-
vite (KL in the final flnoding of the basia for thal
polash stage. Epsomite (MgSO,7H, O} was re-
moved from the brine by being crvstaflized in the
cooler evenings or winiers in the shallower zones,
and finalty was redissolved and [lushed from the
deposit at the same lime as magnesium chlovide
Jrom the carnallite. Since halite (Na(l) erystaliizes
continuously, it would heve ovcurred wilh the car-
nallite, forming sylvinite In the final mixture.
Other polash minerals or mixtures could be formed
as simple vartaiions of thiv depositional sequence,

CHEMICAL DESCRIPTION OF
POTASH DEPOSITS
Ameng the many geochemical mysteries of our
times, perhaps one of the most thoroughly studied
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and documented by physical chemistry and geolog-
ical date, and yet one that is stll very far from a
satisfactory solution, 1s the chemistry and origin of
potash deposits, The problem revolves around the
[act that potash (here defined as all water soluble
potassinm compounds) is guite common, occurring
with many halite (NaCl) deposits, and predomi-
mamtly as sylvinite, o physicad mixture of svleite
{KCi) and halite. Svlviniie represents perhaps 75 to
R0 per cent of the K, O content of known oceanic
occurrences, whereas carnallite (KCIH-MgCH-6H, O},
found mixed with halite hke the vther potash min-
erals, may represent about 1H Lo 20 per cont of the
K, O conienty the remaining 5 to 10 per cent is
abouwt equally divided berween kainite
(KCEMgS80,-2.751,0) and polvhalite (K80,
Mgi0, - 2Cu80, -2H, Q). OF course many  other
polash minerals are known, and some, such as lang-
heintie (K, 80, -2MgS0, ), even oeowr in locally
cconomic guantities, [owever, if & theory of origin
were o explain sylvinite and carnallite it would
quite adequately cover most ol the world’s potash
DCCUITENCES.

Another unusual choracteristic of potash de-
pasits is {e relatively small amount of MgSO4 or
its compounds m or near the deposits. Kieserite
(MeSO, H, O} is common in a few deposits, but its
total percentage in the world potash mineral mven-
tory is very low. Double salts with Mg8O, are
more common, such as the kainite, langbeinite, and
polvhalite previously mentioned, but these still
would nor represent an cquivalent MgSO, econtent
of more than a small percentage of the K, O m
most deposits, In the same manner, beds, adjacent
deposits, or cven remotely separated deposits in-
volving sulfate compounds that might have been
companion compounds to tho portash arc well
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known, bur their total quaniity is also relatively
small. These include minerals such as thenardite
(Na;S0,), astrakanitc or bloedite (Na; 50,
Mg80,-4H, 0), and many others.?

These two busic characteristics of most potash
deposits are in direct conflict with the physical
chemistry of evaporating sea water, which as noted
by Landes {1963}, and Borchert and Muir {1964},
is the unquestioned and well-substantiated origin
of most of the world’s potash deposits, First, syl-
vite cannot be deposited directly from sea water
(i.e., it is neither z stable nor metasizble phase}
except after removal of most of the Mg and 80,4 in
the sea water, or under extreme winter conditions.
Also, secondary, or retrograde, crysiallizations of
the normal oceanic salts yield potash only under
unusually demanding and special conditions. Thus,
it is hard to explain on a widespread basis the meve
presence of KCi, let alone its being the most com-
mon and dominant mineral.

Similarly, one of the hydrates of MgSO, should
be present in an amount roughly equal to the po-
tassium mineral, and various Mg8Q,; double salts
should also be present in about the same amount
from any normal sca water depositional cycle. Usu-
ally the equivalent KCl content of potash salts de-
posited from sea water in solar ponds cannot rise
above about 20 to 25 weight per cent during any
portion of the evaporation cycle, and sulfate ex-
pressed as MgSO, varies between 25 and 30 per
cent. In potash deposits, howcver, the sulfate con-
tent is normally low; at best there is nccasionally a
zone of seam all ol one sulfate mineral. The spar-
sity of the magnesium sulfate compounds in ithe
hght of the stoichiometric amounts of Mg and S0,
that shouid accompany potash depositing from sea
waler has never been adequately explained,

CURRENT THEORIES OF ORIGIN

In atrempting to explain these anomalies and the
origin of potash deposits, a great deal of excellent
and generally quite uscful physical chemical data
have been developed. The comprehensive studies of
Vant Hoff, D’Ans {1947) and their associates ini-
tially had the explanation of potash deposits as an
objective, und rather complerely defined rhe phase
relations of the Ca-K-MgNa-80,-Cl system and
many of its sub-systems. This work, together with
a large number of related studics, such o the trace
mineral analyses of Braitsch (1966}, has been very
useful to potash processing plants as well as adding
to geneval phase chemistry knowledge. [t has also
clearly indicated the mechanism of some alteration
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and sub-sequence development in potash deposits,
especially as they have occurred in Germany, How.
ever, it has done little 1o clarify the general mech-
anism of potash deposition.

Theories now prevalent on the origin of potash
depaosits start with the “no sulfate” part of the
problem, and propose that either: {1} sufficienr
high-Ca, low-50,; ground water entcred the sea
water basin to precipitate most of the oceanic syl-
fate us gypsum {D’Ans, 1947} or, (2) the oceanic
80, was converted by suilate reducing bacteria to
H. 8 (Borchert and Muir, 1964, p. 234).

Both theories are interesting, 2nd both certainly
could explain some lecal occurrences, but they
have serious limitations as general explanations.
Immense guantities of Ca-bearing water would be
required for the precipitation theory. For instance,
for the large Canadian potash deposit, a river the
size of the Mississippl and wilh the mineralization
of the Colorade would have to have flowed into
the basin steadily for about 40 million years prior
to the time of salt deposition, but after cssentially
complete isolation (or only inflow) of the brine
from the sea. Thousands of feet of gypsum and
limestone would have been deposited, and s con-
nection with the sea could have been re-csrahlished
only after the final potash formation. The salt de-
posited between the sccond and third potash layers
wodd have had to eriginate from re-dissolved salt
of the earlier deposited salt layers.

Although such a process may have operated ro
some degree, it would appear to be much too de-
manding lor general application to most of the
world’s potash deposits. In some, however, such us
in Ethiopia, where the amount of anhvdrite asso-
ciated with the sylvinite is much too large to be
explained by the natural ratio in sea water, either
an inflow of Ca-bcaring water must he assumed
during the potash crystallization period, or a Ca-
rich intruding ground water must have entered at a
later date. Likewise, seams ol anhydrite, gypsum,
or dolomite between layvers of salts {such as in the
Alsacian and Paradox Basins deposits) and as insol-
ubles {when greater than about 2 per cent) in the
saltz, must have originated in this manaer or alter-
natively during a prolonged interruption of the salt
depositing eyele. However, the fact that the ratio
of gypsum to halite or potash in the solid saline
deposits 1s similar to the ratio in sea water [urther

1. It shoutd be remersbered thai the only suifate being considered is
that present in the sea water after the basin was isolated from the
sea, This consequently exciudes much of the sulfute underlying
most salk deposits,
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reduces the plausibility ol this explanation for the
phenomenon of generally low sulfate in potash de-
posits.

The bacterial sulfate reduction theory would
also appear 1o be too extreme for most chemists to
accepi. It is true that such bacteria are amazingly
prolific, having besn found in sea marshes, a few
dry lakes, occasionally in some ocean basins or
estuaries, and even in some ancient salt deposits.
However, these occurrences still provide littde evi-
dence to support the bacteria’s ability to convert
most of the sulfate in a very great number of very
large isolated ocean basins; even though some ha-
lite deposits contain traces of H, S gas, and occa-
sionally sulfide or sulfur zones are found nearby.
In the most prolific sulfate reduction examples
known today, the conversion has been extremely
small, such as at the deepest Scarles Lake high-
sulfate zones (30,000 years old). The bacteriai re-
duction has also heen essentially nil in most sca
water-type, salt-depositing or ‘*‘closed,” hasins
known today {Great Salt Lake, Caspian Sca, many
coastal areas as shown by Kinsman (1966}, and
literally hundreds of basins containing related sul-
fate systems. ]

A corresponding formation of Na, SO, , CaCOs,
MgCO;, sulfur, or similar material to match the
S0, removal lrom the sea water would also be
required, and should be quite noticeable with or
near the potash deposits. The overall chemical reac-
tion for the bacterial metabotism of organic matter
and sulfate ion produces H; S gas and €O, :

SOT + 20 + 21, 0 B2y ¢ 4 o0, 4

20U~ 11, § + SHCO,

The CO, may be immediately reabsorbed, which is
the basis for a popular Na; CO; - origin theory; at
least one soda ash {Na;CQOs)- trona (NayCO,-
NaHCQ; -2H; O) deposit has been fairly certainly
formed in this manner (Hash-Issa or the Wadi-
Natroun in Egypt). However, since sodium carbon-
ate compounds are essentially unknown in potash
deposits {as is magnesium carbonate, except as doi-
omite), and the precipitation of calcium carbonate
would have required the same aforementioned im-
probable amount of excess caleium to have entered
m run-off waters, this lack of a companion product
implies very strongly the absence of major bacterial
reduction of sulfaic in oceanic potash deposits.

A final consideration for the sulfate-reducing
bacteria theory is the changes observed in the
S*%/S*? vatio. The bacteria apparently have a fair
selectivity for §°2 and as a consequence, should
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tend o deplete this isotope if H; S escapes from
the brine. This can be seen by a decrease in the
5834 8% for sullides formed by sulfate-reducing
bacteria, not uncommenly reaching values of
383%= .20, while the original sea water was about
854 = +20, Thus, for a large amount of S0, to be
remaved by bacterial action, the SO, that survived
and remained to be precipitated as potash double
salts or kieserite (Mg8Q, *H; O) should be predomi-
nately $°*, or have a high value of §S$3* . Analyses
ol the sulfate content of the soluble salls present in
several potash deposits have not shown this to he
the case, and Holser and Kaplan (1966) noted an
actual decrease in §8%% over the oceanic distribu-
tion. Since run-ofl waters have a low 858** content,
the sulfate isotope distribution would imply that at
least a reasonable amount of fresh water had en-
tered the salt and potash depositional basin.

In cach of these theories the elimination of
sulfate from the brine allows carnallite to become
the stable potash mineral crystalliced when the
modified zea water is evaporated. The theories, as
summarized by Borchert and Muir (1964), gener-
ally then go on te assume that ground water or
water of hydration [rom any or all minerals nearby
decomposes the carnallite into KCl. While this later
conversion must accurately represent what in gen-
eral did happen, it is very doubtful that the decom-
position could occur so consistently and
comaplete]ly by such an uncertain and difficuls
means as ground warer intrusion, and water of
hydration could never accomplish more than part
of the decomposition. Certainly a great deal of
lacal alteration could, and must have, occurred
from ground and hydration water, but not the gen-
eral initial conversion of carnallite to sylvite.

Much attention has been given to secondary
transformations that might occur long after the de-
posit was laid down. Uscful data have been devel-
oped from this work, and some local occurrences
in deposits with very simple and isolated systems
have been quite positively identified. However,
because of the great complexity of the basic sea
water system under dynamic crystallizing condi-
tions, much of this work is of little general value.
The laboratory reactions do not usually coincide
with the same reactions on a larger scale (such asa
manufacturing plant), and are far from those found
to oecur i punds or present-dayv deposits. Further-
more, these theories on retrogression, metamor-
phism, and diagenesis, have no possibility of
explaining a removal of MgSQ,, or the crystalliza-
tion of sylvite, since there is no more opportunity
in a secondary reaction for either its removal or
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formation than there was in the original sca waler
crystallization. This is the case irrespective of tem-
perature, pressure, or time of reaction, (Le., post-
burial conditions), and can be simply verified by a
host of recent dala. As a consequence, the detailed
work on meramorphism and diagenesis 1s most use-
ful in explaining occasional unusual deposits
{which are not the subject of this paper), but does
fittle to explain ihe general origin of potash de-
posits,

SOLAR POND
EVAPORATION DATA

In considering what actually did cause potash
deposits to form in their present staie, it is immeodi-
arely appuarent that more miormation i1s needed.
Geological guesses based upon equilibrium phase
data and metastahle or transienl dala, can show no
logical path to convert sea water to KCl ar cven ta
account for most of the secondary transforma-
tions, so dala must be examined which represent
mare accurately the actual evaporaling basin condi-
tions. Surprisingly, in the industrial practice ol
processing complex K-Mg-Na-50,-Cl-etc. ores or
brines, and in the evaporation of sea water bitterns
from solar salt plants, a great deal of pertinent data
are available. Specific details ol this industrial prac-
tice will first be examined in relation 1o various
facets of the question of patash origin.

First, what salts actually do crystallize from sea
water {bitterns) under dynamic crystallizing condi-
tions? There is no single precise answer to this
guestion, since the exact depositional sequence de-
pends upon the climate of the arca and the depth
of the pond. However, for all cases that have been
examined, including those from a wide variety of
climates and basic dimensions, the pattern is rea-
sonably similar 10 that shown in Figures 1 and 2.2
It should be neted that at no point does the actual
concentration path follow any pubhished stable or
metastable phase diagram, and yet Lhe curve is very
broadly reproducible in Feld (pend) conditions.
Assuming that halite crystallizes at all times,
epsomite (Mg8O, <7H, O} is the next major minexal
to crystallize, and 1t continues usually to the end
of Lhe uchievable carnallite Feld, although perhaps
changing to the 4-hydrate near the end. Mirabilite
or glauber salt (Na; 304 -10H;0) may precede
epsomite in the winter or on cold cvenings, and
occastonal smull quantilies of astrakanite or
bloedite can form, but these are somewhat special
osccurrences. The epsomite crystallizes predomi-
nantly in the evenings, and although much of it
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Figure 2. Typical potash salty composition dunng sea wiker evaporas
tiok,

may casily redissolve during the day, some remamns
crystallized.

Kainite is the pext major crystalligation, rsing
to a peak and then dropping off after carnallite has
been well estublished. Some schoenite (K; 80+
Mg8Q, 6H, O) may precede it, but the amount is
normally not great unless the sulfate concentration
is higher than normal. The final major product is

2, In all phasc diagrams the physical chemists' conventions will be
used. Thus NaCl and KCE will be shown as the equivalens divalent
forms Nas$ly and Ky Clg.
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carnallite, although bischoffite (MgCl; 61, 0) can
follow if the ponds are shallow and the tempera-
tures high. Normally, under good conditiens, the
total potash zone salts might be distributed as 60
per cent potash double Salts 25 per cent epsomite,
and 15 per cent halite (15 per cont). The distribu-
tion of potash salts varies widely with the area,
season, and evaporating conditions, but might rypi-
cally be 70 per cent kainite and 30 per cent carmall-
tie (+20 per cent).

These data, along with processing experience,
throw some light on the guestion of whether Kl
cant form directly [rom sea water. Actually it can in
several different but very restricted ways, First, rel-
atively short exposure of partially concentrated
brine tw modest winier temperatures {less than
10°C) can remove quiic large quantitics of sultate
(up to 60 per cent aider the coldest conditions) as
mirabilite {glauber salt}, and similar amounts {(up
to 40 per cemt} as mirabilite and epsomite from
stronger brines—-both with no loss of potash, At
higher concentrations more epsomitc can be rve-
moved but potash selts also begin to crystallize
prolifically. If the sulfate removal is over about 20
per cent, the first potash salt to crystallize upon
continued cvaporation will be KCL Not much of
this sylvite will be formed, but whatever docs will
be fairly pure and relatively free of epsomite. Mas-
sive glauberite (Na,SO, -CaS80,), mirabilite,
thenardite (Naz 50, ), or kieserite {MgSO, -H, O)
deposits that occur in the deep Nevada salt forma-
tion, Great Salt Lake brine (similar to sea water),
and the upper Caspian basin {Rorchert and Muir,
1964, p. 225) clearly indicate that such “cold
weather” deposits can form, but their general im-
portance to potash deposits is still probably minor.
Such cold winter temperatures were probably not
prevalent during the formation of most of the
world’s deposits, and this mechanism cannot ac-
count for a large amount of potash, even if the
cooling-removal of sulfare was very effective.

There are several sther mechanisms uvsed indus-
rrmlly by which KCl can be divectly deposited
from sea water, but the vondiions are sufficiently
demanding and the producis so unstable that these
is essentially no likelthood of their having occurred
w nature. With unusually high temperatures early
in the depositional cvele lungbeinite could form,
and at lower temperatures during the same period
schoenite could form. Subsequent brines of me-
dium-to-strong MeCl, conceniration can convert
these minerals to KClin a quick metastable trans-
formation. However, the companion product,
cpsomite, comparatively quickly {in one 1o several
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days} will reunite with the KCi to form kainite and
free water,

Another fucior of importance to the mechanismm
of polash origin s the porosity of the deposit. The
potash salts vary widely in their crystal size and
shape, a variance at least partly velated to concen-
trationn of the brine from which they cryswualhize.
However, the initial potash salt deposit usually
contzins 30 to 30 volume per cent voids, and over
the normal dav-night temperature cvcle in basing
less than 20 feer deep, much of the salt deposired
in the evening redissoives during the day, and sub-
sequently recrystallizes (this cycle would be longer
for deeper basins). This tends to consolidate the
deposit, and with the normal packing effect cansed
by the consolidation and filling-m of later de-
posited salts, the void volume progressively de-
creases. A rypical example of such porosity values,
cstimated from many sca watertype deposits
might be: 40 volume per cent mitially, 30 per cent
when under six inches of salt, 20 per cent under
one foor of salt, 15 to 20 per cent under iwo feet
of salt, b to 10 per cent under 20 to 4G feet of sall,
and then gradually to nearly zera with decper
covering (some other salt systems might require
several fold these packing depths). This implies
that the mother liquor has only a Hmited time to
reside with its salts, or to pass through them il the
hottom structure is porous and allows brine leak-
age {as it nearly always docs). Likewise, once the
porosity is reduced, intruding ground water hus
very little opportunity to contact the salts. This is
espeaislly true if, as Landes {1063) reports, msol
ubles in the deposit further seal the Interior as the
exterior salts are dissolved; a classic example is the
anhvdrite mantle formed around salt domes.

PROPOSED THEQRY OF ORIGIN
Characteristics of Lhe depositional basin.

On the basis of thase general background data,
the specilic formation of potash deposits can be
considered. A ryptcal sea water evaporalion basin
may be roushly characterized as shown in Figure 5.
As bLandes {19G3) states, the evidence points to-
ward subhsiding busins as a necessary and chavacter-
istic feature of deep marine deposits, but this
requirement has little importamnce for the potash
portion of the cycle because of the comparative
speed of depesition. The irregularly shaped, nearly
closed basin, so common among both inland and
ocednic basins today, is probably more churactens-
tic and easier to viswalize as the environment for
potash deposits.
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Fignre 8, Schematic representation of the Canadian deventan potash
deposil.

Various hquor depths can be expected in any
natural basin, and there should always be some
comparatively shalfow arcas. With such a shallow
and deep configuration the classic himnologieal
brine stratification gradicnts would exist. Evapora-
tion proceeds more rapidly in the shallow zones,
and the stronger brines tnal are formed migrate
slowly as layers to the deeper parts of the basin.
‘This in turn induces surface currents which cause a
general flow from the deeper io the shallower
zones, and tends to make the surface (top 10 to 20
feet) composition morc uniform, with only a slight
concentration gradient per unit of distance,
Stronger brines as they are formed in the shallow
zones continue to replace the layers formed earlier
until a fairly well stratified sequence of brine densi-
ties exists, Such stratification is very commeon i all
large bodles of water, and a present day example
can be seen in the Red Sea, as well as {less exacily,
but also typically} in the Black Sea, Caspian Sea,
Dead Sea, and Great Salt Lake.

Brme lavers of differing strengths i semiclosed
evaporating oceanic basing adequately explains the
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random, and somelimes low brine concentration
from which salt crystallized just prior to the pre-
cipitation of potash salts, and the fossil content of
salt deposits noted by Tasch (1963). Because of
the comparatively constant distribuiion coefficient
of bromides forming a solid solution in sodium
chloride, kainite, carnallite, and sylvite, the anal-
ysis of bromide in evaporite deposits gives 2 good
indication of the bromide concentration (and thus
the extent of evaporation) in the brine from which
the salt was deposited. However, while some salt
deposits show a steady Increase n bromide up to
the potash point (Fig. 4}, most do not. They show
either & very crratic sequence, or low levels until
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Figure 4. Typicul hromide concentrations i halite depasits {from
Raup, 1966),

just before potash crysiallizes, and then usually an
abrupt Increase. This can be explained by assuming
for the uniform case (Fig. 4a) a rather well-mixed
or isolated hrine (at least in the nitial NaCl crystal-
lizing range), and in the other more general case
(Fig. 4h) essentially only surfuce brines crystalliz-
ing salt from a well straiified basin. The pernodic
inflow of sea warer to the basin would mix with a
somuewhat variable amount of the lower, sironger
brine, and then evaporate to crystallize salt. Thus
from a relatively thin layer of comparatively weak
sea water on the surface, sall (NaCl) could be
crvsizilized and deposited immediately before
potash salts crystallized from the denser underlying
brines. Such a mechanism would alse explain much
ol the calcium sulfate with the salt in ratios similar
to that in sea water, whereas most of the calcium
sulfare should have deposited well before sult
crystallized, and thus have been in beds or massive
lavers.
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As salt crystallized in a basin of variable depth,
it would, as z Lirst approximation, deposit a uni-
form thickness of salt per unit surface area, This
would, it general maintain the deep-and-shallow
features of the basin, even though there would be
some preferental filling in and smoothing of the
hattom. A “sagging basin” would of course sllow
she underlying salt 1o have a variable (hickness.
Because of the constant shrinkage of the shore Hne
and consolidation of the stronger brines into the
remaining deeper areas it is quite rommon for
thick salt zones to have thick potash deposits aver-
lving them, especially over comparatively small or
local deep structural features. The slow compac-
tton (constant solution and recrystallization, some
plastic flow, etc.) of the salty {urther aids this
thickening phenomenon, since with the deeper
salts the total amount of compaction is naturally
grealer.

Formation of carrallite.

In relating the foregoing factors o the forma-
tion of potash salts, it is first proposed that alf of
the potash was either deposited as, or soon con-
veried to, carnallite. Laboratory and solar pond ex-
periments can readily show the ease with which
various potash salts are converted to carnallite by
strong MgCl; brines. Concentrations easily ob-
tained by the solar evaporarion of sea water
{greater than 65 moles MgCl; /1000 moles H, Q)
can convert porash salts 1o carmallite, as indicated
in Figures 5 and 6. Since in the shallower marginal
zones of the basin evaporation is comparatively
tast, theve arc ultimately produced strong MgCl
liquors which sink to the decper area. The brine
volume reduction required ro deposit the potash is
small compared to that required to initiate and
matntain salt deposirion, so this formation of high-
MgCly, brine would normally precede the crystalli-
zation of potash salts in the decper basin, The salts
formed by evaporation un the surface would thus
have to pass through the stronger MyCl, brine and
come Lo rest in it. Depending upon the tempera-
ture and the MgCl, concentration, only contact for
a few hours to a few days is required to compleiely
convert schoenite or kainite to carnallite. The
weiker (in MgCl, ~the principal component repre-
senting density and extent of cvaporation) brine
produced from the reaction would ultimately be
returned to the upper layers for further evapora-
non, and the carnallite would remain in the deposit
{Figs. 7u 7h).

As a second and final means of completing this
reaction, there is always some seepage down {or
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Figure 5. K-Mg-Na-{F50s syslem at 25°C. Stable and mekustable
eguilibrium data for epsorile and carnallite leaching,

along) and threugh the deposit, and the final brine
undergoing this secpage loss would be the strongest
MgCl; hiquor. The floor of the basin is never com-
pletely impervicus and often there is some escape
route for denser brines through the floor of the
deposit, Such is the case on a microscale for basins
closed off by a sand bar such as the S8cchura Desert
estuary i Perw, where brines with densifies above
about 1.30 appear to have a sufficient driving force
to escape through the bar. Whatever the driving
force, this final contact with high MgCl; brines
would be sufficient to converr all of the remaining
potash salts to carnallite.

MgS0, removal.

The fate of the MgSO, can be explained by a
somewhat sitnilar mechanism. Figure 1 lor the ini-
tial leaching, and Figure 5 for the final conversion,
are informative phase relation guides, although the
transient behavior of epsomite {or the six or four
hydrates of MyS0O,) does not follow Lhe diagrams
very well. 1t is an easilv demonstrable fact that the
higher hydrates of Mg80,, and especially
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epsomite, will dissolve rapidly in most brines far
heyond their metastable cquilibrium values, and
then slowly come back to equilibrium. In the
oceanic potash deposits much of the epsomite that
crystallized with the potash salts would be dis-
solved in falling through the stronger brines in Lhe
bottem of the basin, as would the epsomite formed
by the conversion of kainite into carnallite. The
lower level strong brines shouwld be somewhat
warmer than the surface brines, owing both to the
transparency of the weak brine compared with the
stronger ones (a phenomenon often noted in lami-
nated layer solar ponds), and to the higher temper-
atures reached in the shallow marginal zones. This
would increase the tendency of epsomiie io dis-
solve and offser the cooling resulling from the exo-
thermic heat of reaction of carnallite hy the greater
endothermic heat of solution of the epsomite. Con-
sidering Lhe large mass of strong brine available for
such leaching and the rapidity of rhe epsomire
solution rate, very little cpsomite should have
reached the basin bottom with the carnallite. The
MgSO, —rich brine, being lighter than the original
strong MgCly brine {both intrinsically and because
of the seven moles of water liberated by the
epsomite), would quickly rise to higher levels and
mix with weaker brines where the MpS0O, content
would be stable. This phenomenon Is illustrated in
Figure 7.

Such a mechanism could adequarcly explain the
scarcity or lack of sulfate in the potash depuosir,
but not its absence from the toral salt basin. How-
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Figure 8B. Influence of brine composition on conversion of kainite
0 carnatiite.

ever, the winter cooling effect to remove both
glauber salt and epsomite, and the evening cooling
effect to remove epsomite, might provide a means
for the sulfates being carried along in a deposit
(i.e., not being permanently removed from Lhe so-
tution} like the bulk of the MgCh; and finally
either being flushed from the basin in the terminal
flooding, or precipitated as gypsum (combining
with excess calcium in run-off waters) during the
last evaporation period when salt saturation was
not realized. Prior to each porash deposition cycle
the sulfate would have been crystallized by winter
or evening cooling and consequently reestablished
m the residual brine a near-normal sea water ratio
of salts, largely in the enlarged salt margins on the
basin, with the same mechanism of warm-brine
leaching of surface-crystallized epsomite prevailing
for its removal from the deeper zones. The sulfate
salts in the margins would then be redissolved dur-
ing each major reflooding cyele through surface
contact or by percolation of the weaker brines
through these higher, porous salt zones (Fig. 7e).
This mechanism, along with a reasonable (and
quite variable) amount of sulfate removal by excess
caleiumn entering in surface and ground waters dur-
g the entire evaporation period, could well
account for the total or partial absence of sulfate
from each of the world™s potash deposits.

Carnallite conversion to sylvite.

At the end of a potash deposition period one of
two basic kinds of events could oceur:

e
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Figure 7. Hypothetical brine stratificatioa pattern and sabt deposi-
dun in a semi-closed oceanic hasin,

{1) An earth movement, massive storms, long pe-
riods of nearly complete desiceation or other acts
of nature could stop the potash cycle and lay down
thick lavers of clay or silt. Increased, but still mod-
est, inflows of brine could also siop the potash
cvele, but still allow deposition ol salt. Either
event could possibly scal off the deposit so that it

ture.

{2} For the more general case, the depositional
cycle would be stopped by an influx of fresh sea
water entering the basin, row shallow enough, ar
with cnough turbulence, so that considerable mix-
ing tock place between the previously stratified
bririe and the new sea water. Lhis would interrupt
the potash depusition process, as would turbulence
or mixing in the stratified brine alone, and allow
salt to crystallize again.

The dilute brines would be effective in decom-
posmg the camaliite into KCI (Fig. 3}, and the re-
sultant higher MgCl, brine produced would form a
new stratification layer to protect the KCl from
being leached or reconveried to double salts until
additional halite, carnallite, or insolubles had been
deposited {Fig. 7c¢). Because of seepage and lateral
low through the salts, the weaker (lower in
MgCl; ) brine would pass through the deposit and
eveniuslly decompose all of the carnallite except
for those poekets and zones from which it became
blocked by clay, lack of porosity, erc. This brine
would alse have a fairly good dissolving capacity
for Mg80., and could remove small quantities of
¢psomite or other sulfate compounds that were
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still present. This would be especially true if the
percolation rate were moderately rapid and cquilih-
rium could be maintained at the metastable carnall-
ite-KCl-cpsomite composition {Fig. 53) where the
MeSO, concentration is quite high. Because of the
generally higher potash content over a broad range
of the mixed, partially evaporated brines, the car-
nallite decomposition can result in more KCI
crystallizing than was ongmally present in the car-
nalite. Of course, some potash loss would have
resulted if the carnallite were in contact with very
weak brines, but as evaporation continued, the
chance for this loss would become progressively
less.

Consequently, there should have been consider-
able cpportunity for potash to form from the de-
composition of curnallite, continuing until such
time that a sullicient depth of additional salis
crystallized to “compact” or seal the underlying
salts and minimize further brine penctration
through the polash zone. The six molecules of
water in the carnallite molecule should have fur-
ther aided in the decomposition process, since as
much as 40 per cent of the water needed for the
decomposition could come {rom this source alonc.
‘the slow-to-moderzle percolation rates and the
counter-current narure of the contact would allow
large KCI crystals to grow. The high NaCl content
of the brine would also result NaCl deposition.
Later, the variation i temperature within the bed,
either with or without a major liquid phase pres-
ent, would result in crystal growth and consolida-
ton to enlarge both the NaCl and KCl crystals.

This mterruption of the potash erystallizaton
cyele followed by decomposition of the carnallite
and additional salt crystallization appears to have
occuwrted with some frequency, at least for brief
periods, judging by the layering effect noticed in
many putash deposits, This thinner bed decomposi-
tion of the carnallite would have aided in the com-
plete formation of KCI.

Kamite deposits,

The basic theory as vudlined above sarisfactorily
explains the sylvinite deposits, bur needs some
modification to explain more complex deposits.
There are a few areas, such as Sicily, where a fairly
pure kainite-salt mixture is found. Since the solu-
tion concentrations for MgSO,4 removal are nearly
the same as those required [or carpallite formation,
it is likely that the deposit was originally a carnall-
He-sall mixture, with perhaps some exira undis-
solved epsomite, and that it was formed in the
normal manner. A small amount of epsoniite in the
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deposited salts is not strictly necessary for the later
formation of kainite, but it is quite likely that
under some circumstances it could oceur. If the
hasin were shallow, and/or the leaching zone thin
or cold, or very litile sulfate were removed by pre-
cipitation with calcium in surface waters, some
epsomite might get through intact. The principal
mechanism tor the formation of kainite, however,
must oceur in the leach cycle. If the amount of
new sea water enfering at the end of the potash
depositional cycle was limited, or if only & small
amount of mixing took place, the carnallite decom-
position could be effected by brines of a composi-
tion that remained in the kainite [ield (Fig. 5).
With a sufficient flow of these brines, or with suffi-
cient epsomite originally present, all or part of the
carnallite might have been converted o kainite.
Such a conveysion can be produced in the labora-
tory and is even practiced commereially. Iis occur-
rence in oceanic basins can be visualized by merely
adding one more requirement to the sequence pro-
ducing sylvinite.

Svlvimite-kieserite-kainite deposits.

As a variation on this tvpe of deposit, if some
epsomite were carried through with the carnailite,
or if some kainite were formed as discussed above,
later when high MgCl, brines began to percolate
threugh the salt mass, some epsomite would be
relormed from the kainite transfornmation into car-
nallite. Such brine could also reconvert KCl to car-
nallite, bur since this brine would normally develop
at a much later period when the porosity was re-
duced, both carnallite from this source and
epsomite should be lexs abundant and more re-
stricted i extent than sylvite. The strong brines
would slowly convert epsomite into the stable
form, kieserite. In this manner complex mixtures
of sylvite, kivserite, carnallite, and kainite can
oceur and even be quite variable within a restricred
zone o the total salt deposit depending upon the
basin depth, the salt porosity, and its content of
insolubles. As with the pure kainite deposits, how-
ever, such occurrences require o more complex set
of environmental conditions than the formation of
sylvinite and consequently are samewhat less com-
Mot

Langbeinile depostis.

Lungbeinite in a deposit represents a rather spe-
cial case and vel s {ormation must have followed
the same general rules. Tt has been assumed that
the stronger, deeper brines were somewhat hotter
than the surface waters, this accounfing lor the
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dissolving of epsomite [ormed at the surface,
Sometimes, however, very shallow basins or pools
must have occurred adjucent to deeper ones which
fed them brine, and bottom temnperatures could
have become very high (over 55°C). Under these
condilions langbeinite is stable, and can form rap-
dly and in large quantities. Since it generally pre-
cipitates as very small crystals, the permeability of
the salt mass would be low, and modest amonnts
of wind-blown or river sediments would tend to
make it sufficiently impervious to be stable aganst
fater leaching. However, its presence in a salt de-
posit should never be more than an unusual scam,
zone, or pocket, which appears to be the case.

Tracer analysis

An interesting comment on this proposed theory
can be seen in the bromide tracer analyses men-
toned previously. Work on the Canadian potash
deposits by Schwerdiner {1964) and on the Zech-
stein 2 unit m Germany has revealed bromide con-
tent in K€l that was much too low for the KCl to
have been crystallized from sea water directly, and
yel ioo high to have come from a fresh water (or
hydrate} decompesition of carnallite. Conse-
guently, an intermediate-strength oceanic brine de-
composition of carnallite would appear to be the
most logical explanation, as is further borne out by
the low bromide value mn the accompanying salt
which would have resulted from the deposition of
new salt from the brine onto the existing salt de-
posit. In the same study it appeared that some of
the carnadlite found in the deposit had bromide
values similar to those in deposits precipitated
from strong MgCl; bitterns, while other portions
of the deposit had much lower values indicating a
secondary formation, Each of these facts ties in
well with the proposed theory. Since the bromide
content of the chloride salts is less than that in the
brine from which they crystallized, and the
rubidium content of the potash salts is much
higher, more detailled examination of potash de-
posits with both tracers should greally aid in test-
ing this theory.

MISCELLANEOUS FACTORS

Brine depih in depositional basin.

The volumetric relations n a sea waler cycle
provide an interesting sel of limits on the depth of
the brinc in the basin. The equivalent KCI conient
of evaporating sea water brines cannot rise much
above 4 weight per cent BCl even under super-
saturated conditions, and the total salts content at
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this point is zbout 30 weight per cent, with the Mg
concentraiton about 4.5 per cent. Potash salts be-
gin to crystallize slowly from that point until the
Mg content 15 about 6.0 per cent, at which time
ihey begin to crystallize prolifically. About 90 per
cent of the potash has been crystallized at an aver-
age end point of 7.5 per cent Mg, when the total
solids content is about 3% per cent. Thus, 2 18460t
bed of 31 per cent K; O sylvinite {about 30 per
cent KCH would have required roughly 220 feet of
original (4 per cent KCI) brine, 110 feet of end
figuor {assuming 50 per cent enlrainment}, and 80
feet of water evaporated. Secpage losses and
greater initial entrainment could partially account
for lowering the depth of the end liguor {possibly
even reducing it to nearly zero in some cases). Shal-
low udjacent basins could alse account for a con-
centration action, and thus reduce the initial
depth. However, examination of such possible pre-
potash crystallizing areas indicaies that in sall de-
posils the ratio of salt to potash arcas would rarely
he greater than ten to one, and usually not over
three to one (Richter-Bernburg, 1964: Wardlaw
and Schwerdiner, 1966}, To reduce the initial
brine depth by these ratios would require a leach
and secondary recovery and vedeposilion of the
small amount of potash that formed in the shallow
zones. However, this probably did happen to some
extenr, and thus basins with an avcrage depth of
from 30 to 200 {eee at the start of potash deposi-
tion, and from 10 to 50 feet at the end of the
potash cycle, might have been minima, and perhaps
somewhat close to typical. Of course, in industrial
solar ponds, such deposits could have formed with
ne more than § inches to 10 fect of depth, but it is
most unlikely that such exactly sequenced brine
movements would have been approached on a com-
mon, naturally occurring basis. Fairly deep basins
must thus he inferred even with a reasonably well
sequenced progression of brine.

Time required for deposilivn.

Evaporation in such deep basins would not be
unusual 4t a net rate of about one to two feet per
year, assuming that little fresh or sea water entered
the basin, and that a warm, dry climate prevailed.
Thus, only about 80 yecars cowld have been re-
quired to deposit a 10-foor bed of potash, and it
would be very hard to explain much more than a
moderate multiple of ihis figure. Wardlaw and
Schwerdtner {1966) report that scasonal deposi-
ton cycles for salt in Devonian deposits have typi-
cal values of 2 o 10 ¢m per cycle, the former
figure also implying abour 75 years to deposit the
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10 fect of potash in the above example, assuming
that two seasonal lavers occurred per year. Scudies
of other deposits have indicated deposition of a
lesser thickmess of salt per year, some as low as
several tenths of a centimetver. This could most
fikely resull from heavy rainfall or mtlow of river
water during that period, bul nevertheless would
have lengthened the potash period only several
told.

Insoluble matter.

Insoluble matiter i the sylvinite can perhaps
best be explained as either wind-born sediment or
clay amd silt from surfuce runoff waters cntering
the basin, Commercial solar ponds might typically
contain .1 to 0.2 per cent wind-blown msolubles
in a year's cycle, thus implying that the 0.5 to 10
per cent commonly found in sylvinite deposits may
have required 2 5 to 50 times sfower evaporation
rate {2 to 3 feet evaporation per year might be
typical m commercial ponds}, or 2 to 20 tmcs the
previously estimated 80-vear [ormation time. How-
ever, the very fine clay mincrals that Droste {1963)
has found to predominate in many deposits, rather
than the wide variety of particles {and of a gener-
atly lurger size) that might be expected from wind,
transport perhaps throws more evidence toward
runoff water entering the basin as a major agent of
transport of the insolubles, This would help ex-
plain clay seams in the deposits, as well as some
sulfate removal, and would account for the fairly
high percentage of anhvdrite and dolomite ofien
found in the insalubles.

Residual brines.

As onc final factor in examining the origin of
potash deposits, attention might he turned to the
brincs that seep through the deposils, or the
mother liquor that is squeezed from them. The
rather common occeurrence of polyhalite can prob-
ably be explained by the slow penetration of such
brines through underlying gypsum or anhvdrite
beds, slowly surrendering their potassium content.
Likewise, it has been long established thul such
brines on encountering limestone will convert it 1o
dolomite. Both reactions can be demonstrated in
the laboratory or by recent geological transforma-
ttons  {Kinsman, 1966). Even thouyh these high
MgCl, “end liquors” from the ancient potash de-
posits must have almost enlircly cscaped back to
the sea, it is very interesting to note that perhaps
some of these brines have remained wrapped under
ground. Near the potash deposits in Utah, Pakistan,
and clsewhere, brines characterized as strong
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Ca-Mg-K-Na-Cl solutions, such as would result from
the deolomite formation reaction, have been re-
ported. They could very well represent a portion of
ihe potash deposit’s mother liguor, and by infer-
ence, he more common than hitherto expected
near potash deposits.

SUMMARY

To summarize, a theory has been presented for
the origin of potash deposits that assumes a limno-
logical stratification of brines of various strengths
in relatively deep basins with some shallow mar-
ginal areas, and with a surface evaporation and salt
u_:rystailiza[ion sequence and transformaution that is
similar to present-day solar evaporation ponds. All
crystallized potash salts while dropping through
the lower, high MgCl, brines, or soon thereafter,
are transflormed into camnallite, The more concen-
trated brine zones are warmer because of their
greater absorplion of solar radiation and their ori-
gin in shallower and thus warmer areas. They dis-
solve all of the cpsomite passing through. The
sulfate content of the brine is partially removed
through crystallization during winter and evening
cooling on the shallower margins of a basin prior to
a potash deposition cycle, and luter re-dissolved
and, like the MgCly, brine, removed [rom the sys-
tem into the final flushing and draining sea. Some
sulfate 15 also removed from the brine in the
lrapped evaporating basin by precipitation with ex-
cess calcium entering in surface or ground walers
throughout the evaporaling cycle. Camallite is later
decomposed by the contacr and seepage ol the
weaker, sea water-diluted brines at the end of the
potash cycle, unless covered with impervious clay
or salt and preserved. Kainite depasits occur hy the
leaching of carnallite with swronger {Jess diluted)
brines; and kiescrite either from originally crystal-
lized, unleached cpsomite, or from kainite recon-
verted lo carnallite. Carnallite cun also be formed
by stronger brines re-converting the KCL
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