Distribution of Rb and Cs in Potassium
Saits—Experimental and Analytical Investigations

ABSTRACT
Using Kb-86 and Cs-134 as radinactive tracers
distribution coefficients (D} of Rb and Cs between
the saturated solutions and single crystals of car-

nalhite have been determined. The Kb contents of

the solutions were varied within the concentration
renge of about 2.10°°>(RE/K; liguid <3167 and
the s contents (n the range of about
11T <(Cs/K ) lguid < 11075, AL 10°C the follow-
tng distribution coefficienls were obtained for
atomic ratios {(Mg/K) X 5.4 in satureicd solutions:

{Rb/K) sofid
D={Rb/K) figuid = 2.03 + 0.12 fer Rb and

(C/K) solid
D={Cs/K) liquid = 0.87 + (.05 for Cs.

The investigalion of the temperature depend-
ence of the partition coefficients shows an increase
in ancorporaiion of Cs and Rb with decreasing
temperature, At temperatures below 30°C the par-
titton coefficient for Cs becomes greater than
untty, With wncreasing (Mg/K)-raito bolh coeffi-
ctents decreuse. Using neutron activation analvsis
the Rb and Cs conients of some hundred samples
of carmaliste from profiles of German Permiun

potash wines, of single carnallites from the upper -

Rhine Graben end of some syiluites (0.002-0.2 ppm
Cs, 80-180 ppm Rbj, katwees (10-60 ppm Rb),
langbeiniles (50120 ppmi Rb] und picromerite
(200 ppm Rb) have been determined, In relatioely
undisturbed carnallite profiles the Rb condent
decreases conlinually from the base to the summid,
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whereas the Cs content wsually increases lowar
the end of the evaporitic sequence, These cu
natlites contutn (0.2 io L3 ppm Cs and 80 to 40
apm Ro, In heavily disturbed or secondaril
altered cornallite bodies often considerably highe
Cs contents were found, Furthermore the ca
nallites from the upper Rhine Graben contam €
up to 15 ppm and R up to 1900 ppm, having als
a higher average conkent thun the Permian deposit:

The Rb and Cs content of oceanic sait deposii
can he derived from the content of Rb and Gs i
sca water. Bolter er al. (1964} performed man
determinations of rhese elernenis in seu water usin
peutron activation analysis 2s the analyucal tect
nigque. They obtained mean values of 125 ug Rb/
and 0.30 pg Csfl lor sea waler with the siandar
chlorinity of 19% /.0, The Rb value agrecs within
percent with older determinations of other m
thors, but for Cs the values of Bolter «f al. ar
much {ower than data of Smales and Salmo
{1985) (0.5 £ 0.07 pg Cs/i) and Riley un
Tongudai (1966} (055 + 0.06 pg Cs/l), the lu
value being obiained by combination of io
exchange and spectrographic rechalques.

Within a saline cycle Rb and Gs can substitut
for potassiwm in the crystal lattice of the respectiv
salt. The K conient of the present ocean is 590 m
K/l Using the Rb and Gs values of Bolter et a
one obtains the following atomic ratios for sc
watey:

{Rb/K} = 145 - 1075,

sE@ Water

{Cs/K) =23 - 1077
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Distribution af Ry and Cs int Potassium S#1ts

Stariing with these values the Rb and Cs content
of primary potash salts can be calculuted if the
partition coefficients between solution and the re-
speciive lorming potash mineral are known,

We deime owr distribution coelficient as fol-
faws:

{trace element/carrisr element}smid

{trace element/carrier element) . quid

{Hbe}S {Cs;’K}S

for aurpurose By, = Rur), ™™ Pes “ Cei -

For values of I greater than unity, the crystals
growing from a liquid are enriched in trace com-
ponent with respect to the liquid. For values of D
less than unity, the crystals are impoverished in
trace component with respect to the Hquid. Tt must
be mentioned here that there are other delinitions
of distribution factors. In the literature dealing
with salt problems, the data ure often reported as
ratios weight percent (race element in crystalf
weight percent trace clement in the solution. In
this case exact data on the compaosition of the solu-
ition are of primary imporlance, as the distribution
{fuctor changes ecach time the denominator of the
ratio is changed, However, if we use [ as defined
herein, the denominator does not change, {or ex-
ample, with the additien of Na or sullute 1o the
solution, as in our eguarivn Rb and Kor CGs and K
are the only elements ta occur,

In order to determine partition ceellicients, the
composition of both the solid and the liquid phasc
must bhe known. That requires in most cases an
ariificial growth of crystals. A frequent source of
error jn this procedure is the inclusion of mother
liguor in the growing crystals. In order to avoid
this possibility of contaminadon, we started out
with rather lurge single crystals, which we hung in
the saturated solution as secds. The amount of
crystal substance necessary for the determination
of the distribution coefficicnt is several hundred
miiligrams, which was deft from the artificiaily
grown portion of the crystal.,

‘The solution was kept at as litlle supersaturation
as possible, Le. close to the thermodynamic equi-
libviam. Average growsh rates arc sbout 4g per
month. Normal experiments were conducted for
three weeks. Rb and Cs labelled with radicactive
tracers were used in the starting solutions. Thus the
concentrations of these elements could be chosen
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as low as under natural conditions, and neverthe-
less exact determinations could be made.

In the following part there is mainly dealt with
the partition of Rb and Gs between carnallite and
solution  under various comnditions. Distributlion
coefficients for sylvite and kainite, which were
obtained from other experiments, will be used for
the general discussion. One set of experiments for
growing camallite was performed at 40°C by
isothermal evaporation close to the boundary to
the syhviie field, Le. with an atomic ratio Mg/K of
about 5.5, Different Rb/K and Cs/K ratios were
used in the individual runs, The results are given in
Figure 1. At the ordinate the atomic ratic Rb/K in
the carnallite crysial is given—that is the numerator
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Figure 1. Disgribution of Rh between sulution and carnallite single
crystals at 40°C,

of our delining equation- and at the abscissa the
same ratio i the solution, We obtained a constant
parittion coefficient of D = 2.03 1+ 0.12 for Rb
at 40°C. Thar means Rb is enriched in the crystal
relative to the solution under the crystallization
process.

Figure 2 shows the respective data for the Cs/K
subslitution with the same parameters, temper-
ature and concentration of K and Mg. The distribu-
tion cocfficient is constant within the Cs concen-
warion range nvestigated, and has a value of
D= 0.87 = 0.05. This coefficient is smaller than
unity so that with procceding crystallization of
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Figure 2. Ristribution of Cs between solation it carnallite single
crystaks at )L

carnallite a small enrichment of Cs in the solution
is to be expected, The data concerning the concen-
tration range between 3 - 107 and 2 - 10°° werc
obtained from the same crystals that were used for
Rb partition determinations. It was possible to do
this as the RbBCY used contained CsCl, and the com-
mercial Rb-B6 rracer was contaminated by Cs-134.
With rthe datapoints between 1 - 10 and 3+ 107
Cs was the only added trace element. [t can be
learned {rom this diagram that the Cs distribution
coeflicient remains wnaffected by the presence of
Rb as an additional trace element.

TABLE 1. Temperature Dependence of Rb and Cs Distribution Between Solution and
Carnallite Single Crystals.

Bistribvtion of Bh and Cs in Potassiumn Saits

A very important parameter for the formation
of salts and the incorporation of trace clements in.
the different minerals is temperature. We found .
values for both Rb and Cs distribution between:
carnalhite and solution to increase with decreasing
temperature, This serics of experiments was also -
performed at Mg/K ratios close to the sylvite
boundary. Table | demonstrates the experimental
resufts. Aguain the D values represent means from:
measurements from wide concentration ranges as,
was mentioned for the 40°C experiments. In the
upper line, the D values [or Rb are given with the -
standard deviation, as caleulated from the number
of samples, n. From 80°C to 25°C the partition
coefficient of Rb varies by approximatcly 25 per-
cent. The partition coelficient of Cs, in the line .
below, changes by almost 30 percent in the same
remperature range, Somewhat surprising is (he ob.
servalion, that at temperatures near to 25°C the Cs
distributon coefficicnt becomes greater than
unity, It is still i be investigated, whether the dis-
tribution coefficient of Cs increases further at even
lower temperatures,

All the results which are reported up to here
werc oblained from solutions, the Mg/K ratio of
which was always very low for the respective tem-
perature. This had the advantage that the condition
ol compositional invariance in the solution could .
be closely fulfilled. With an increase of the Mg sur-
pius, which normally is the case with any progres-
sive crystallization of carnallite, the partition coef-
ficients may change. The dependence of D for Rb
and Cs at 40°C is given in Table 2. In the first
column the vange of variance for the Mg/K ratio is
listed; column 2 shows the distribution coceflicients
as obtained for the Rb and Cs concentration ranges
of column 3. At the extreme right the number of

Temperaturs BO°C 60°C 10°C 30°0 25°C
Dﬂb 1.64 + .07 1.83+0.08 203012 20701 2.18 £ 0.11
n=12 n=18 n=23 n=23 n=20
DCS 0.64 £40.08 0.77 + 0.03 087 +G.05 0,89 = 0.08 1.09 = 0.18
n=12 n=15 n=36 n=31 n=29
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Distribution of BB and Cs in Patassium Saits

analysed samples 15 given. 1t is surprising and con-
trary to many other salt systems, that the partition
coefficients of Rb and Cs are not independent of
the composition of the mother liquor, but that
they decrease rather sirongly with increasing Mg/K
ratio. In normal salt deposition these are the condi-
tions of proceeding carallite precipitation.

TABLE 2. Dependence of Rb and Cs Distribution
Between Solution and Carnallite Single
Crystais from Mg/K Ratio of the Solution.

Cancentration range | Number
{Mg/K) QH%] {Rbe)L af
samples

525. 5.85]2.03:012]1.2-10%-6 107} 23
8.25- 8.8 | 202016126 -10°-19-10° 18
136 - 160 | 1.66+0.11(33-10°-7.3-10%] 12
204 -21.4 | 182+ 00629 -10°-37 -10%] 8
250 260 | 1.51+0.07] 4-10°-1.7-10% &
400 -405 | 1.59%0.09|65-107-27-10%] §

Concentration range { Number
{Mg/ } D {Cs/K) of

K Cs é L samples

s

6.0 - 5.45/087:005/3 -107-24-107;: 3B
8.25. 88 (080+0.04:74-10" 458107 20
136 -16.0 10.73x0.03;35-10*°-35-10°; 18
204 -214 |0B8£C0O3!76-10°-1.5-107] 13
250 - 260 1086004182 107-1.7-10° 9
400 -41.0 |063+0.04{7.4-10F -7.8-10* 7

The behavior of Rb and Cs within a salt forma-
Lion process is 1o be demonstrated with a very sim-
ple model: the theorctical primary precipitation
from normal sca water under siatic conditions at
35°C. From several analyses and experiments we
know that up to the first precipitation of « potash
salt practically no Rb or Cs is removed from the
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solution, Thus kainite is the first mineral to mcor-
porate Rb and Cs. Figure 3 illustrates the mode of
Rb and Cs partition starting with kainite. The
abscissa gives the decrease of the K content from
100 percent at the beginning of potash salt forma-
tion at the lelt to D at the right side. When about
20 percent of the original potassium content Is left,
under rhe chosen conditions camnallite begins to
form together with kieserite. The ordinate of the
diagram shows the relative contents of Rb and Cs
at the lefi. Number 1 represents the initial concen-
wation ol Rb and Cs in sea water, e.g. for Rb the
above mentioned ratio (Rb/K),,, = 1.45 - 10,
We used the following distribution ecefficients
for our calewlations: Rb in kainiwe 0.25, Cs in
kainite 0.005. These are approximate preliminary
values which we measured with only a Hmited
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Figure 3. Theoretical development of Rb and Cs content in solution
and the crystallizing potassiura sales with procecding evaporation.
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number of experiments at 607C. Under the chosen
conditions the carnallite precipitation starts with
the rather high Mg/K ratio of almost 20, Theretore
13 values of 1.80 and 0.65 were used in the calcula
tions for Rb and Cs respectively.

Ore recognizes the relative enrichment of both
clements in the sclution during the kanite phase
{dashed line). The cnrichment is by a factor of 3
for Bb and of 5 for Cs. With the bcgmnmb of the
curnailite precipitation, the Rb content of the solu-
tion decreases rapidly, due to the fact that Dy is
greater than unity. The Gs Is still relatively en-
viched. In the diagram we also plotted the Rb and
(s concentrations of the forming potash salt with
soltd Iines. Their course is similar to the develop
ment in the solution. It is rather simple to convert
the data given intio the shsolute concentrarions.
This is done for carnallite und the values are given
on the scale ar the night side of the diagram, (This
scale even holds approximately lor kainite, as both
minerals have almost identical molecular wcig,hts
.m{} both molecules contain only one potassium

tom,) In this example the first carnallite should
contain 250 ppm Rb and 0.3 ppm Gs. The Kb
content will decrease continueusly to values of 50
ppm and even lower. The Cs content in carnallite
will increase continucusly. The tendency of this
development can be shown more obviously by the
raitio Cs/Rb. At the beginning it hus a value of
0.7 - £0-*. The incrcase is such that after 90 per-
cent of the possible camallite is precipitated the
ratio 15 karger by a full order of magnitude,

This simple example shows the order ol mag-
nitude which is 10 he expected for Rb and Cs con-
ents in potash minerals in various stages of an
evaporitic sequence, The absolute values {or Rb
and Cs in carnallite depend mainly on the per-
centage of potassium f[rom the inital solution
which is still in the solution at the beginning of the
carnallite precipitation. The more porassium re-
moved from the solution by precipitation of salts
with a very low distribution coefficient for Rb and
Cs, the higher the envichment of these elements at
the beginning of rhe carnallite precipitation, Le.,
the higher the absolute concentrations of Rb and
s in carnallite.

Parallel to the experimental investigations re-
garding the trace clement distribution, there have
been anulysed several hundred potash salt samples
for Rb und Cs using neutron activation analysis.
Figure 4 shows one example of a rather undis-
turbed camallite profile from the Stagfurt horizon
(22} of German Zechstein of the Salzdetfurih
mine, IL 1s the same profile which was analysed by

Distribution of Ab and Cs in Potassivm Sales

an
D

{Ca/RE)
%1600 N

ot .

50¢

1} 10 20 W me—e

Figure 4, RY and Cs profile rom the Stafffurs scam {Z2) in carnaliite
fucics; potash mine Salzdetfurth.

flame-photometer by Kuahn (1963) for Rb. The
abscissa gives distances [rom the base at the left
through the whole thickness of the camallite
sequence up to the summit in meters. The ordi-
nates give Rb and Cs concentrations in ppm. In the
uppermost diagram the atomic ratio
{Cs{Rb} - 1000 is plotied. The Rb curve exhibits
the expected steep Initial decrease of Rb concen-
tration, This tendency is not continued throughout
as we expected from our simple one-cycle model.
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Distributian of Rt and Cp i Potassiom Salts

TABLE 3. Rb and Cs Concentrations in Various Natural Sait Minerals.

Nurmber [

Number
ppm Rb of ppra Cs of
samples samples
Carnallite
Permian .
Warra-Saries (21} 220- 520 70 10 -15 16
Stassturt-Series {£2) B0- 150 40 0.3 -47 40
Loine-Series {Z3} 80- 300 70 : 0.3 -34 1
Tertiary
Upger Bhine Graben 808 - 1500 3B ag -15 35
Sylvite
Permian 0.005 - 0.04 7
Tertiary 60- 180 25 p.08 -05 10
Kainite : to- 868 7
Halite <0.5 5 < 0.002 5
Langbeinite B3- 120 3 < 0.07 3
Picromerite {secondary
large single crystal) 200 1 0.4 1

It is casy to recognize that during the carmallite
precipitation several additions of brinc occurred,
which contributed additional Rb. Distinctly ex-
pressed is the pronounced increase of Cs content in
carnallite towards the end ol the sequcuce. The
continuity of the camallite precipitation is inter-
rupted by a laver of kieserite and rock salt between
28 and 30 m above the basc. Most obviously shown
is the opposite tendency of Rb and Cs distribution
in the plot of their razios. No crror-bars are put
into the diagrams. The relative errors are almosl
the same for both clements and amount to less
than + 5 percent,

Several further profiles [rom the Staffurt scam
gave Rb and Cs concentrations which covered the
samic range as the one just mentioned. In carnallite
profiles from the older Hessen and Thuringen
seams from the Werra sertes (21 of Gorman
Zechstein), Rb and Cs content is higher by a factox
ol 3. A compilation of our analytical data is pre-
sented in Table 3. It can be recognized that the

Tertiary carnallite cxhibits higher Rb and Gs con-
centrations than all Permian carmallites, i.c. with
the beginning of the carnallite precipitation the
main part of the potassium was already removed as
sylvite, with the much lower partition coefficient
of 0.1 for Rb (Reichert, 1966) and ¢.0001 for Cs
{Schock, 15686}, This process must be considered as
the reason for the high enrichment of the solution
prior to carnallite formation,

The purpose of our investigations was o leam
something about the behaviour of Rb and Cs in an
evaporitic sequence. Some fundamental rules about
partition of these elements were established and
reasonable predictions can be made regarding Rb
and Cs concentrations in simple undisturbed sult
scrics, As a number of secondary processes influ-
ence the chemistry of salt deposits, not all features
which we observed in analysing carnallite profiles,
can bhe interpreted adequarely at the moment,
There are indicarions, however, thar the
investigation of Rb and Cs distribution in potash
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scquences may provide.-possibly by combination
with other trace element work—-a valuable ool in
studying processes of formation and metamoerphic
changes in these deposits,

we should like to acknowledge that the invest-
gations were made possible by financial support by
the German Science Foundution, The y-ray
spectrometer was put at our disposal by the De-
partment ol Scientific Research of the Federal
Republic of Germany.
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