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The relationship between sylvinite (KCI + NaCl) and carnallite (KCI-MgCl,-6H,0) is important in potash mines
containing carnallite, and especially where sylvinite overlies carnallite. It is generally believed that this reversal of
the normal depositional sequence may be caused by dissolution of carnallite. To obtain sylvite (KCI) from carnall-
ite ore in the present study, first carnallite ore dissolution was performed in an aqueous solution at 25 °C, and
then the sylvite was separated from halite (NaCl) in the sylvinite by a flotation method. The Br and Rb concentra-
tions in the sylvite derived from the carnallite ore were determined. The results showed that more than 4/5th of
the Br and Rb in the carnallite ore transferred to the mother liquor, while the remainder of the Br and Rb was in
the sylvinite. The sylvite separated from this sylvinite had purity of 94-96%. In the sylvite derived from carnallite,
the Br concentration was obviously lower (by an order of magnitude) than the concentration in primary sylvite
from evaporation of MgSO,4-deficient sea water, and the Rb concentration was twice that in primary sylvite from
evaporation of MgSO,-deficient sea water. Compared to the Br and Rb concentrations in secondary sylvite from
Khorat Plateau, Sergipe, and Prairie evaporites, the concentrations in the sylvite derived from carnallite ore were
similar. The redistribution of Br and Rb in the form of secondary sylvite was in a relative stable proportion accord-
ing to the comparison of Br and Rb. The lower Br and higher Rb concentrations in sylvite derived from carnallite
ore could be caused by KCl re-crystallization and redistribution of Br and Rb between the solid and liquid phases.
The driving force behind changes in the partition coefficients of Br and Rb is that the dissolution of carnallite is
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much slower than the nucleation of KCl.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The concentrations of major and trace elements co-precipitated with
evaporative minerals may be used as a geochemical indicator for the
conditions during their formation. Trace elements, especially Br and
Rb, are more sensitive to changes in the formation environment than
major elements, and are often used as genetic and metamorphism indi-
cator in salt deposits (Valyashko, 1956; McIntire, 1963, 1968; Kiihn,
1968, 1972; Herrmann, 1980; Garrett, 1996; Warren, 1999; Taberner
et al., 2000; Rahimpour-Bonab and Alijani, 2003; Siemann, 2003;
Rahimpour-Bonab and Kalantarzadeh, 2005; Cheng et al., 2008). Br
does not form its own minerals but substitutes for Cl ion in halite, syl-
vite, carnallite, and bischofite (Cheng et al., 2008). Rb does not form
its own minerals during halogenesis, however, solid solutions are pre-
dominant in carnallite, and isomorphous substitutions, in sylvite
(Zherebtsova and Volkova, 1966; Osichkina, 2006). A method that
most investigators have employed to make the problem easier is to
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calculate distribution coefficients, and then use these values to estimate
the Br and Rb contents of various salts in a mixture, or guess at a “theo-
retical” Br and Rb values for the deposit. However, such distribution co-
efficients are often strongly influenced by temperature, other ions and
the rate of crystallization (Garrett, 1996).

The following four types of relationship between sylvite and carnall-
ite are considered: (1) the rocks are facies equivalents deposited in dif-
ferent areas from essentially contemporaneous brines; (2) carnallite
formed by reaction of sylvite with magnesium chloride brines; (3) syl-
vite derived from carnallite by leaching of magnesium chloride; (4) syl-
vite, as presently found, not directly related to carnallite, but formed
through solution of pre-existing sylvite with subsequent crystallization
(Wardlaw, 1968; Cheng et al., 2014). However, one of these relation-
ships, in which sylvite is derived from carnallite by leaching of magne-
sium chloride, is considered very important for the formation of
secondary sylvite (Wardlaw, 1968; Hite and Japakasetr, 1979; Cheng
et al., 2014). We have investigated changes in the Br and Rb concentra-
tions in sylvite derived from carnallite by leaching of magnesium chlo-
ride. The results suggest that low Br and high Rb concentrations in
sylvite are characteristic of secondary sylvite formation from carnallite
(Cheng et al., 2014).
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In an earlier study, a model was developed for sylvite derived from
carnallite by fresh-water leaching of magnesium chloride under isother-
mal conditions at 25 °C where no evaporation occurs at saturation with
KCl, and this gave for Br and Rb concentration ranges of 0.10-0.90 mg/g
and 0.01-0.18 mg/g, respectively (Wardlaw, 1968). In another study, a
model was developed for primary sylvite with normal evaporation de-
posits from MgSO,4-deficient sea water, which gave Br and Rb concen-
tration ranges of 2.89-3.54 mg/g and 0.017-0.02 mg/g, respectively
(Braitsch, 1962; Braitsch, 1966). Previous research (Cheng et al., 2014)
suggests that sylvite derived from carnallite will contain less Br and
more Rb than primary sylvite. This will occur because of complete disso-
lution of carnallite or incongruent dissolution.

The main goal of this research was to provide scientific evidence for
the changes in the concentrations of the trace elements (Br, Rb) in sec-
ondary sylvite derived from carnallite ore by a simulation of carnallite
dissolution in an aqueous solution at 25 °C, and to discuss the driving
force behind these changes.

2. Experimental
2.1. Materials and analytical methods

A core sample of carnallite ore was obtained by drilling from a pot-
ash deposit in Vientiane, Laos. Its composition (Table 1) indicates that
the core sample mainly includes carnallite and halite. The content of
water-insoluble materials and sylvite in the carnallite ore were <1%,
and <0.3%, respectively. The octadecyl amine (ODA; 98% pure; Dachat
Chemical Inc., Zhejiang, China) as the collector was used in flotation
separation experiments. Double distilled water was used in all the ex-
periments, as well as for the analytical measurements. Standard glass-
ware was used in all experiments. Whenever heating was required, a
super constant temperature water-bath (HH-501, Shanghai Qiqgian Elec-
tronic Technology Co. Ltd., China) was used. The solid phases were ob-
tained by vacuum filter (SHZ-3 circulating water vacuum pump,
Shanghai Yarong Biochemistry Factory, China) separation. Whenever
agitating was required, an agitator (IKA Eurostar 200, Ningbo Scientz
Biotechnology Co. Ltd., Zhejiang, China) was used. A flotation machine
(XFDIII-1.0 L, Jilin Prospecting Machinery Factory, Jilin, China) was
used in flotation separation experiments.

The K+, Na™, Mg?™, CI~, Br~ and Rb™ concentrations were mea-
sured at the Qinghai Institute of Salt Lakes of the Chinese Academy of
Science (Qinghai, China). The analytical methods are listed in Table 2.

2.2. Experimental procedures

The decomposition of carnallite in an aqueous solution is an example
of incongruent dissolution. When water contacts with the carnallite, the
rhombic crystals dissolve and, because of the common ion effect, small
cubic KCI crystals form in the vicinity of the dissolving carnallite
(Emons and Wouny, 1981; Emons and Voigt, 1981; Xia et al., 1993;
Hong et al., 1994; Liu et al., 2007). As time passes, the KCI crystals
grow. To simulate secondary sylvite formation from carnalite, the car-
nallite ore was placed in an aqueous solution in a 2 L flask for dissolu-
tion, as detailed in an earlier study (Cheng et al., 2015). The
decomposition process of carnallite in aqueous solution was an endo-
thermic reaction, and was carried out in a super constant temperature
water-bath. The reaction temperature was controlled at 25 + 0.5 °C.

Table 2

The Analytical methods in this study.
lons Analytical methods Accuracy
K* Gravimetric method with sodium tetraphenylborate +0.3%
Mg?* Complexometric titration with an EDTA standard solution +0.5%
- Hg(NOs3), titration +0.5%
Br— Fluorescence method +0.5%
Rb™ Inductively coupled plasma atomic emission spectroscopy +0.5%
Na™ Calculated by the ion-equilibrium subtraction method +1%

90 min. The solid-phase minerals and liquid-phase solution were sepa-
rated by vacuum filtration after the end of decomposition. The particle
size of the carnallite ore used in our experiments was between 5 and
8 mm.

So that the Rb™ and Br™ concentrations in halite and sylvite could be
determined individually, halite and sylvite in the solid-phase minerals
were separated in a single-trough flotation machine at 25 + 0.5 °C,
using ODA as the collector. To prepare 2% (mass fraction) dispersions
of ODA in water, ODA was heated to 70 °C. Once the ODA had melted,
it was mixed with 100 mL of distilled water containing HCI (also at
70 °C). The volume of HCl used was calculated to achieve a 1:1 M ratio
of ODA to HCI. The flotation operation was carried out in two stages
namely roughing and scavenging. The reagent conditioned feed puple
is treated in a first stage called rougher. The tailing from the rougher
stage, which may still contain some valuable mineral particles, is treated
in another stage called scavenger. The scavenger tailing is the final
tailing.

2.3. Data processing

There was mother liquor adsorbed to the crystals/minerals in the
solid products obtained by vacuum filtration of the dissolution solution,
and this affected the results. Therefore to estimate the concentrations of
Br~ and Rb* in pure solid phases without mother liquor, the following
calculation was used:

Brp_solia (Rbp—sotia) - Xp—sotia + Brr(Rby) - X1
= Brp(Rbp) - (Xp—solia + X1) (1)

where X; is the mass fraction of the mother liquor solution adsorbed to
the crystals/minerals in the dissolution products obtained after separa-
tion by vacuum filtration, which was calculated based on the Mg?™ ion
concentrations in the crystals/minerals (Cheng et al., 2015); Xp_soriq iS
the mass fraction of the pure solid phase after removal of the mother li-
quor; Brp and Rbp are the concentrations of Br and Rb in the dissolution
products obtained after separation by vacuum filtration; Brp_s,j;q and
Rbp_soiig are the concentrations of Br and Rb in the pure solid phases
after removal of the mother liquor; and Br; and Rb; are the concentra-
tions of Br and Rb in the mother liquor. In principle, Xp_soi¢ + X; should
equal 100%.

Eq. (1) can be solved for Brp_soiq and Rbp_soig, using Eq. (2) and
Eq. (3), respectively

Brp - (Xp—soid + X1)—BriXy _ Brp—BriX;

. . . BrPfsolid = X X (2)
The speed of the agitator was 100 rpm, and the reaction time was P—solid P—solid
Table 1
The composition of a core sample from a potash deposit in Vientiane, Laos.
Major ion concentrations, mg/g Substance components, wt.% Mineral phases, wt.%
K Mg Cl Na KCl NaCl MgCl, H,0 Carnallite Sylvite Halite Water-insoluble materials
83.50 51.00 469.90 159.73 15.92 40.59 19.98 23.51 58.28 0.28 40.59 0.85
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Fig. 1. Quaternary diagram of NaCl-KCl-MgCl,-H,0 system at 25 °C. The compound names are abbreviated as follows: Sy = KCl, Ha = NaCl, Car = KCl-MgCl,-6H,0, and Bis =

MgCl, - 6H,0.

Rbp - (Xp—soiia + X1)—RbiX; _ Rbp—Rb;X;
XPfsolid XPfsolid

3)

Rbesolid =

The concentrations of major elements in the pure solid phases after
removal of the mother liquor can be calculated formulas as follows:

Mp—M_X;
Xp—solid

(4)

MPfsolid =

where M represents K, Mg, Cl, or Na, Mp, is the concentration of the rel-
evant ion in dissolution products obtained after separation by vacuum
filtration, and M; is the concentration of K, Mg, Cl or Na in the mother
liquor.

The mass of the products was always lower than the mass of the feed
because of the viscosity of the brine and some solution adsorbed to the
surface of the container in the experiments. When the mass of the solid
phase in the products was weighed using electronic balance (accu-
racy + 0.01 g), the loss of mass of the system was equal to the mass
of the liquid phase, which could be calculated by mass balance of the
feed and the products.

According to the recommendations of McIntire (1963) and Beattie
et al. (1993), the partition coefficient between the solid and the liquid
phases (Dg; or Dgp,) was calculated as follows:

_ mass— %Br(Rb)solid —solution
mass— %Br(Rb)aqueousfsolution

Dy () (3)

Table 3
The composition of solid and liquor phases after dissolution of carnallite ore at 25 °C.

To compare our experimental data with that from other studies, the
published values in the original papers were recalculated in mg/g.

3. Results and discussion
3.1. NaCl-KCI-MgC(l,-H0 quaternary system

The quaternary system of NaCl-KCI-MgCl,-HO0 is particularity
important for MgSO4-deficient salt deposits. It is characterized by
appearance of the ternary compound carnallite (KCI-MgCl, - 6H,0).
Fig. 1 shows a projection of the 25 °C isotherm of the quaternary
system (NaCl-KCl-MgCl,-H,0). The graphical representation of
the quaternary system, during the carnallite ore dissolution in
aqueous solution, is based on the phases diagram index (mole 3,
2NaCl + 2KCI + MgCl, = 100). In this diagram the phases diagram
index are expressed as follows:

2NaCl% = n[2Nacl) x 100; 2KC1% = %«:l] x 100; MgCl, %
= %g(:lz] % 100 (6)

where, “n” is the mole number and D = n[2NaCl] + n[2KCl] + n[MgCl,].

InFig. 1, H represents the salt point of carnallite, A represents the salt
point of halite, B represents the salt point of sylvite, and E;s is the point
at which the solution is saturated with carnallite, halite, and sylvite. In
this study, the results showed that the studied carnallite ore is mainly

Component Weight, g experiment ~ Weight, g modified Major element, mg/g Minor Substance Mother liquor inclusion, wt.%
element, components, wt.%
mg/g
K Mg a Na Rb Br MgCl, NaCl Kdcl
Carnallite ore  500.00 - 8350 51.00 469.90 159.73 0.0243 185 1998 4059 1592 -
Water 164.71 - - - - - - - - - - -
Sylvinite 296.85 - 11950 7.00 53330 26264 0.0103 1.07 274 66.75 22.79 10.92
Mother liquor  366.38 400.28 1770 6410 21350 7.31 0.0246 186 2511 186 338 -
P-sylvinite - 264.43 13198 0.00 57250 29394 0.0085 097 0.00 7471 2517 -
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composed of K™, Na™, Mg?* and CI™ (Table 1). The dissolution path of
such kind of carnallite ore can be predicted by using the quaternary sys-
tem diagram (NaCl-KCl-MgCl,-H,0) at 25 °C. The prediction of dissolu-
tion path during the dissolution of carnallite ore in aqueous solution is
mainly based on the location of phases diagram index (mole 3
2NaCl + 2KCl 4+ MgCl, = 100) of initial studied carnallite ore on the
quaternary system diagram at 25 °C. As shown in Fig. 1, M represents
the salt point of initial studied carnallite ore, which lies on the stability
field of halite. Moreover, M lies on line A-H. When water is added to
the carnallite ore, the point for the mother liquor moves along the M-
E,s line as the carnallite dissolves, and the point for the dissolved solid
phase moves along the M-S line as sylvite crystallizes, where S is an in-
tersection point of E;5-M line extension and A-B line (Zone 1 of Fig. 1). If
the MgCl, content of the mother liquor is at or near the triple-saturation
point E;s, which is the point at which the solution is saturated with car-
nallite, halite, and sylvite, the solubility of sylvite is suppressed to the
point where most of the sylvite will precipitate, while salt point of dis-
solved solid phase is located at point “S” (Fig. 1). When more water is
added to the system, the point for the mother liquor moves along the
E,s-D line as sylvite dissolves, and further sylvite will disappear as the
MgCl, of the solution reduces along the reaction boundary until point
G is reached (Fig. 1). Accordingly, if the mother liquor will reach the
“Eys” point, the predicted dissolution path should appear in sequences
as follows:

“M”: salt point of initial studied carnallite ore.

“M-E,5": predicted dissolution path of mother liquor.

“M-S": predicted dissolution path of dissolved solid phase.

3.2. Leaching dissolution of carnallite ore

The composition of the solid and liquid phases after dissolution of
carnallite ore are given in Table 3. These results suggest the following:
(1) carnallite ore (1.85 mg/g of Br, and 0.0243 mg/g of Rb) dissolved
in fresh water, will produce sylvinite (0.97 mg/g of Br, and 0.085 mg/g
of Rb), in which sylvinite would be defined as a mixture of sylvite and
halite; and (2) 80.48% of the Br and 81.04% of the Rb in the carnallite
ore will dissolve into the mother liquor, with some of this incorporated
into the sylvinite product. The phases diagram index of 2NaCl, 2KCl and
MgCl, of the solid and liquid phases after dissolution of the carnallite ore
in the lab were calculated from the data given in Table 3 and shown in
Table 4. The following are obvious from Fig. 1 and Table 4: (1) the sys-
tem point M for the carnallite ore in our work lies on the lines from ha-
lite to carnallite, as illustrated by AH; (2) the system point Rys for the
mother liquor in our experiments is similar to point Es for the triple-
saturation point in the NaCl-KCl-MgCl,-H,0 quaternary system
(Zone 1 of Fig. 1); and (3) the system point Q for the terminal product
sylvinite is close to point S for the predicted salt point (Zone 2 of
Fig. 1). The real dissolution path should appear as follows:

“M”: salt point of initial studied carnallite ore.

“M-Ry5": experimental dissolution path of mother liquor.

“M-Q”: experimental dissolution path of dissolved solid phase.

These results indicate that: (1) the experimental dissolution path
shows good agreement with the predicted dissolution path; (2) the dis-
solution process of carnallite ore in aqueous solution at 25 °C in this
paper corresponds well with the earlier well-established model
(Cheng et al., 2015).

3.3. Separation of sylvite and halite from sylvinite

Sylvite and halite are commonly separated by flotation with amine
as a collector (Miller et al., 1992, 1997; Miller and Yalamanchili, 1994;
Yalamanchili et al., 1993; Titkov, 2004; Burdukova et al., 2009;
Laskowski, 2013). In our work, we first performed a rough separation,
and then further separation of any remaining in the solution. The results
of the separation experiment are presented in Table 5. The concentra-
tions of Na™, K™, Mg?™, CI~, Br~ and Rb™ in P-solid phases products

Table 4
Phase diagram index of solid and liquor phases for predicted and experimental results at
25°C.

Component Phases diagram index System point
2NaCl 2KCl MgCl,

Carnallite ore 52.30 16.08 31.61 M

Carnallite - 3333 66.67 H

Sylvinite-experimental 79.10 20.90 - Q

Sylvinite-predicted 78.92 21.08 - S

Mother liquor-experimental 5.26 7.50 87.24 Ras

Triple-saturation point-predicted 5.10 730 87.60 Eas

without mother liquor were calculated from the data given in Table 5
by Egs. (1)-(4), and are shown in Table 6. As shown in Table 6, the P-
solid phase products involving P-sylvinite, P-rougher concentrate, P-
scavenger concentrate and P-tailing are mainly composed of halite
and sylvite, and can be considered as sylvinite. We found that: (1) the
P-rougher concentrate from the initial separation contained 0.37 mg/g
Br and 0.0505 mg/g Rb, and sylvite (KCI) was >96% pure; (2) the P-
scavenger concentrate from the second separation contained 0.42 mg/
g Br and 0.0480 mg/g Rb, and sylvite (KCl) was >94% pure; and
(3) the P-tailing contained 1.25 mg/g Br and —0.0015 mg/g Rb, and ha-
lite (NaCl) was >98% pure. As the KCI content decreased, the Br concen-
tration increased and the Rb concentration decreased. The negative
concentration of Rb in P-tailing occurred because the Rb concentration
in the flotation tailing was not determined.

3.4. Contents variation of Br and Rb in sylvite derived from carnallite ore

Although the sylvite derived from carnallite ore was separated from
halite by a flotation method, the obtained halite and sylvite were not
100% pure. Fig. 2 shows the relationship between Br concentration
and compositions of different types of P-solid phase products involving
P-sylvinite, P-rougher concentrate, P-scavenger concentrate and P-
tailing (Table 6). The NaCl content was positively correlated to the Br
concentration, with a correlation coefficient of 0.9949. The KCI content
was inversely proportional to the Br concentration, with a correlation
coefficient of 0.9932. The average concentrations of Br in halite (100%
NaCl) and sylvite (100% KCl) derived from carnallite ore were calculated
at1.24 and 0.35 mg/g, respectively, by linear extrapolation (Fig. 2). Fig. 3
shows the relationship between the Rb concentration and the composi-
tions of different types of P-solid phase products involving P-sylvinite,
P-rougher concentrate, P-scavenger concentrate and P-tailing
(Table 6). The results indicated that: (1) the NaCl content was inversely
proportional to the Rb concentration, with a correlation coefficient of
0.9974; (2) the KCI content was positively correlated to the Rb concen-
tration, with a correlation coefficient of 0.9976 (Fig. 3). The average Rb
concentrations in halite (100% NaCl) and sylvite (100% KCl) derived
from carnallite were calculated at —0.0039 and 0.0515 mg/g, respec-
tively, by linear extrapolation (Fig. 3). The similar reason for the nega-
tive concentration of Rb in halite is that the Rb concentration in the
flotation tailings was not determined.

3.5. Contents variation of Br, Rb in primary and secondary sylvite from
MgSO0,-deficient marine evaporites

The concentrations of Br, Rb in primary and secondary sylvite from
Khorat Plateau, Sergipe and Prairie evaporites are listed in Table 7, and
are shown in Fig. 4 and Fig. 5.

The Khorat Plateau in northeastern Thailand and central Laos is a
part of the Indochina terrane and is divided into the Khorat Basin to
the south and the Sakon Nakon Basin to the north by the Phu Pan Anti-
cline. Potash deposits in the Khorat Plateau are in the Cretaceous Maha
Sarakham Formation. Some authors insist that the Maha Sarakham For-
mation is not of marine origin (Utha-Aroon, 1993; Garrett, 1996;
Warren, 1999; Meesook, 2000; Racey and Goodall, 2009). However,
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The results of an experiment separating sylvite and halite from sylvinite at 25 °C.
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Component Weight, g experiment ~ Major element, mg/g Trace element, Substance components, Mother liquid inclusion, wt.%
mg/g wt.%
K Mg Cl Na Rb Br NacCl KCl MgCl,
Sylvinite 715.00 11950 7.00 53330 26264 0.0103 1.07 66.75 22.79 2.74 10.92
Rough concentrate 160.36 43433 919 43722 1091  0.0468 0.58 2.77 82.82 3.60 14.34
Scavenger concentrate 11.76 459.03 5.11 463.7 21.26 0.0461 0.53 5.41 87.52 2.00 797
Tailing 515.20 1262 362 586.7 366.71 - 1.28 93.21 241 142 5.65
Table 6

The concentrations of Na*, K™, Mg?*, CI~, Br~ and Rb* in P-solid phases products without mother liquor during the experimental separation at 25 °C.

Component Weight, g m Major element, mg/g Trace element, mg/g Substance components, wt.%
odified K Mg a Na Rb Br NaCl Kl MeCl,
P-synivite 636.92 131.98 - 572.50 293.94 0.0085 0.97 74.71 25.17 -
P-rough concentrate 137.36 504.06 - 474.66 11.51 0.0505 0.37 2.67 96.37 -
P-scavenger concentrate 10.82 497.26 - 485.37 2247 0.0480 0.42 5.72 94.82 -
P-tailing 486.09 12.32 - 609.04 388.23 —0.0015 1.25 98.65 2.34 -

evidences from Br content in halite (Hite and Japakasetr, 1979), sulfur
isotopes from anhydrites (EI Tabakh et al., 1999), boron isotope compo-
sition in fluid inclusion of halite (Tan et al., 2010), and boron isotope
composition in borate in the potash layer (Zhang et al., 2013) showed
that the evaporites in Khorat Plateau are marine deposits. Primary and
secondary sylvite from potash deposits in the Khorat Plateau have
been analyzed (Qu, 1980; Hite and Japakasetr, 1979; Zhang et al.,
2015). These studies found a Br concentration of 2.4 mg/g in brownish
primary sylvite from one core sample (K48, Wanorn Niwat in the
Sakon Nakhon Basin), which was very similar to the concentration
range in the model for primary sylvite (Fig. 4). In addition, the average
concentration of Br in secondary sylvite from the Khorat Plateau was

100 - 100
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mg/g, Bromide

Fig. 2. Relationships between the concentration of Br and the NaCl, KCI contents in
sylvinite.

0.45 mg/g, the Br concentration range in secondary sylvite from one
core sample (ZK309, Savannakhet Basin) was 1.349-1.693 mg/g and
the Br concentration range in milky secondary sylvite from one core
sample(K49, Khon Kaen in the Khorat Basin) was 0.2-0.3 mg/g. These
Br concentrations are too low for the deposit to be considered a primary
sylvite, but they are close to concentrations given by the model for syl-
vite derived from carnallite (Fig. 4).

From the regional petrology and the lower than expected Br levels in
sylvite in the Prairie Evaporite Formation (Saskatchewan, Canada), re-
searchers have postulated a series re-crystallization events form the syl-
vite as a result of periodic flushing by hyper-saline solutions
(Schwerdtner, 1964; Wardlaw and Watson, 1966; Wardlaw, 1968).
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Fig. 3. Relationships between the concentration of Rb and the NaCl, KCI contents in
sylvinite.
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Table 7
The concentrations of Br, Rb in primary and secondary sylvite from Khorat Plateau, Sergipe deposits and Prairie evaporites.
Primary sylvite, mg/g Secondary sylvite, mg/g References
Br Rb Br Rb
Khorat Plateau - - 0.45 0.035 Hite and Japakasetr, 1979
24 - - - Qu, 1980
- - 0.2-0.3 - Qu, 1980
- - 1.349-1.693 0.027-0.040 Zhang et al., 2015
Sergipe deposits - - 0.83-1.34 0.018-0.055 Wardlaw, 1972
Prairie evaporites - - 0.427-1.533 0.007-0.097 Wardlaw, 1970
- - 0.597-1.919 - Schwerdtner and Wardlaw, 1963; Schwerdtner, 1964
1-3.03 0-0.03 0.1-2.6 0.01-0.2 Wardlaw, 1968
Vientiane potash - - 0.35 0.0515 In this study
Model for primary sylvite 2.89-3.54 0.017-0.02 - - Braitsch, 1962, 1966
Model for secondary sylvite - - 0.10-0.9 0.018-0.18 Wardlaw, 1968

This classification as a secondary precipitate is supported by observa-
tions of intergrowth and overgrowth textures (McIntosh and
Wardlaw, 1968), large-scale collapse and dissolution features
(Gendzwill, 1978), radiometric ages (Baadsgaard, 1987), fluid inclusion
evidence (Chipley and Kyser, 1989) and paleomagnetic orientations of
the diagenetic hematite linings associated with the emplacement of
the potash (Koehler et al., 1997). The distribution of traces of Br and
Rb in the chloride minerals indicates that red sylvinite was formed by
dissolution of carnallite, where red sylvite has replaced carnallite and
inherited iron-oxide inclusion from carnallite (Wardlaw, 1968). Com-
parison of the Br and Rb concentrations in primary and secondary syl-
vite from the Prairie Evaporite (Schwerdtner and Wardlaw, 1963,
Schwerdtner, 1964; Wardlaw, 1968, 1970) with the models for primary
sylvite and sylvite derived from carnallite showed the following: (1) the
range for the Br concentration clear sylvite from the Prairie Evaporite
(1.00-3.03 mg/g) is very similar to that for the model for primary syl-
vite; (2) the range for the Br concentration in red sylvite from the Prairie
Evaporite (0.1-2.6 mg/g) is close to that for the model of sylvite derived
from carnallite; (3) the range for the Rb concentration in clear sylvite
from the Prairie Evaporite (0-0.03 mg/g) is very close to that for the
model for primary sylvite; (4) the range for the Rb concentration in
red sylvite from the Prairie Evaporite (0.01 to 0.20 mg/g) is very close
to that for the model for sylvite derived from carnallite, but is far in ex-
cess of that for the model for primary sylvite (Fig. 4 and Fig. 5).

Br~ measurements from halites of the Ibura Member Evaporite from
Sergipe salts have values up to 0.2 mg/g in the halite-anhydrite facies
(Szatmari et al., 1979). These values of Br™ in halite are similar to
those in other marine evaporites (Holser, 1979), which suggests the
Ibura Member salts formed from Cretaceous seawater (Timofeeff et al.,

2006). In contrast to halite and carnallite from Sergipe, sylvites show
Br~ concentrations less than half the values that would be expected
for a primary marine deposit, which suggests that the sylvite is a sec-
ondary deposit. Similarity, there is more Rb in Ibura sylvite than in pri-
mary sylvite from present-day seawater, but the Rb concentration in
carnallite is within the primary range. Therefore, Rb and Br concentra-
tions in Sergipe carnallite are both within the ranges of a primary de-
posit from seawater, but Sergipe sylvite has abnormally low Br
concentrations and abnormally high Rb concentrations. These relation-
ships can be explained satisfactorily if the sylvite is formed by a second-
ary leaching products from carnallite (Wardlaw, 1972). Comparison of
the Br and Rb concentrations in secondary sylvite from the Prairie Evap-
orite (Wardlaw, 1972) with the concentration ranges from the models
for primary sylvite and sylvite derived from carnallite showed the fol-
lowing: (1) the Br concentration range in secondary sylvite from the
Sergipe Evaporite (0.83-1.34 mg/g) was lower than that from the
model for primary sylvite, but was close to that from the model for syl-
vite derived from carnallite; (2) the Br concentrations in secondary syl-
vite from the Sergipe evaporites was higher than those in secondary
sylvite from the Khorat Plateau and Prairie evaporites, which could be
caused by high Br concentration in primary carnallite from the Sergipe
evaporite; and (3) the Rb concentration range in secondary sylvite
from the Sergipe evaporites (0.018-0.055 mg/g) was very close to that
for the model for sylvite derived from carnallite, but was much higher
than that for the model for primary sylvite (Fig. 4 and Fig. 5).

In our work, the carnallite ore from potash deposits in Vientiane,
Laos gave 1.85 mg/g Br and 0.0243 mg/g Rb when dissolved in fresh
water. This would result in sylvite with 0.35 mg/g Br and 0.0515 mg/g
Rb. As shown in Fig. 4 and Fig. 5, these concentrations are close to
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Fig. 4. Br values of primary and secondary sylvite from MgSO,-deficient evaporites.
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Fig. 5. Rb values of primary and secondary sylvite from MgSO,-deficient evaporites.

those in secondary sylvite from the Khorat Plateau, Sergipe and Prairie
evaporites, close to the concentrations for the model for sylvite derived
from carnallite (Wardlaw, 1968), and lower than the Br concentration
and higher the Rb concentration for the model for primary sylvite
(Braitsch, 1962; Braitsch, 1966).

3.6. Comparison with Br and Rb values of secondary sylvite from MgSO.4-
deficient marine evaporites

Previous researches on the origin of secondary sylvite from MgS0,4-
deficient marine evaporites (Khorat Plateau, Sergipe and Prairie evapo-
rites) indicated that Br and Rb values of secondary sylvite have an obvi-
ous changes compared with primary sylvite, and concluded that
secondary sylvite contains less Br and more Rb than primary sylvite

(Wardlaw, 1968; Hite and Japakasetr, 1979; Qu, 1980; Cheng et al.,
2014; Zhang et al., 2015). This phenomenon was explained that the sec-
ondary sylvite derive from carnallite by leaching of magnesium chlo-
ride. We compared Br and Rb values of a model (Wardlaw, 1968) for
secondary sylvite, and found that Br have strong correlation (R? =
0.9804) with Rb (Fig. 6). The comparisons between Br and Rb in second-
ary sylvite from the Khorat Plateau, Sergipe and Prairie evaporites indi-
cated that the varying trend of those values is similar to a model for
secondary sylvite (Fig. 6). According to the comparison of Br and Rb,
the redistribution of Br and Rb in the form of secondary sylvite was in
a relative stable proportion. The comparison seems to verify our infer-
ence that secondary sylvite derive from carnallite by leaching of magne-
sium chloride. This result is consistent with the observation from our
experiment on leaching dissolution of carnallite ore from potash deposit

022 =
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Fig. 6. Relationships between Br and Rb values of secondary sylvite from MgSO,-deficient evaporites.
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Table 8

The values of Dy, in sylvite produced by evaporation in various systems at 25 °C.
Systems Dg, Br concentrations in mother liquor, mg/g References
K//Cl, Br-H,0 0.81 £+ 0.05 0.026-9.76 Braitsch and Herrmann, 1964
K, Na//Cl, Br-H,0 0.80 + 0.05 1.09-5.56 Braitsch and Herrmann, 1964
K, Na, Mg//Cl, Br-H,0 0.73 £+ 0.04 1.21-7.54 Braitsch and Herrmann, 1964
K, Ca, Mg//Cl, Br-H,0 0.75 + 0.04 2.21-6.47 Braitsch and Herrmann, 1964
K//Cl, Br-H,0 0.690 + 0.014 0.024-9.209 Siemann and Schramm, 2002

in Vientiane, Laos (Fig. 6). In addition, a comparation between Br and Rb
in primary sylvite from Prairie evaporites indicate that the trend of
those values is similar to a model for primary sylvite (Fig. 6).

In generally, marine evaporites like those from the Khorat Plateau,
Sergipe and Prairie evaporites all contain the same potassium mineral,
carnallite. Production of secondary sylvite from this carnallite will
occur easily because of the plasticity and solubility of saline minerals.

3.7. Partition coefficient of Br and Rb in sylvite derived from carnallite

Knowledge of the abundance and the partitioning of Br between
chloride minerals and hypersaline brines is of great importance in un-
derstanding marine evaporites. Many authors have investigated the in-
corporation of Br in sylvite in various systems under laboratory
conditions at 25 °C (Table 8). The mean of the partition coefficient of
Br in sylvite in these investigations was between 0.7 and 0.8, and the
distribution of Br between solid and liquid depended mainly on the
composition of the aqueous solution. In the present work, carnallite
ore was dissolved in fresh water, which produced sylvite containing
0.35 mg/g Br and mother liquor containing 1.86 mg/g Br. The partition
coefficient of Br in sylvite derived from carnallite ore, which was calcu-
lated using Eq. (5), was 0.1886. This result shows that the partition co-
efficient of Br is highly sensitive to the Br content in the sylvite and the
Br content in the brine. In addition, the Br content in the sylvite was
lower than that in primary sylvite because the partition coefficient of
Br between solid and liquid phases changes. Therefore, it should not
be treated as constant for systems undergoing rapid evaporation, such
as seawater in the region of sylvite and carnallite precipitation.

The equilibrium coefficient of co-crystallization of trace Rb with po-
tassium salts was determined repeatedly. The range for the partition co-
efficient of Rb for sylvite was 0.113-0.652 at 0 °C, 0.10-0.21 + 0.01 at
25 °C, and 0.09-0.984 + 0.001 at 40 °C. At 30, 50, and 80 °C the partition
coefficients were 0.94, 0.103, and 0.119, respectively (Ladynina and
Anoshin, 1962; Mclntire, 1968; Shock and Puchelt, 1971; Kiihn, 1972;
Valyashko and Petrova, 1973; Melikhov et al., 1974; Osichkina, 2006).
In the present study, dissolving carnallite in fresh water produced syl-
vite containing 0.0516 mg/g Rb and mother liquor containing
0.0246 mg/g Rb. The partition coefficient of Rb in this sylvite, which

was calculated by Eq. (5), was 2.0976. The results showed that the dis-
tribution of Rb between solid and liquid phases depended mainly on the
temperature, while the value of Dg;, decreased as the temperature in-
creased. In addition, the Rb concentration in secondary sylvite was
much greater than that in primary sylvite because the partition coeffi-
cient of Rb between solid and liquid phases changed. Finally, the value
of Dgp, in sylvite derived from carnallite increased because to KCl re-
crystallization during the dissolution process.

3.8. Driving force

The discussion in Section 3.6 and 3.7 indicates that the partition co-
efficients of Br and Rb in sylvite derived from carnallite can show large
variations because of the incongruent dissolution of carnallite in fresh
water. For dissolution of carnallite in an appropriate volume of water,
MgCl, dissolves while KCl crystallizes. This process can result in KCI
re-crystallization and redistribution of Br and Rb between the solid
and liquid phases.

Xia et al. (1993) and Hong et al. (1994) investigated the dissolution
of carnallite in pure water, and aqueous solutions of KCl and MgCl,.
They found the following: (1) the dissolution of K™, Mg?™, and Cl~
ions in carnallite occurred simultaneously; (2) K™ and Cl~ in the aque-
ous solution from dissolution of carnallite formed KCl crystals; (3) the
coupling of a high dissolution rate of carnallite and a high nucleation
rate of KCI near the surface of the carnallite resulted in the formation
of KCl crystals; and (4) the crystal growth of KCI from dissolution of car-
nallite in pure water was mainly dominated by a two-dimensional nu-
cleation growth mechanism. Based on these results, we compared the
Mg?* dissolution rates and K™ crystallization rates in three solutions,
and found that the K™ crystallization rate was higher than the Mg? ™"
dissolution rate (Fig. 7). These indicated that the low Br and high Rb
concentrations in sylvite derived from carnallite were caused by
changes in the trace elements' partition coefficients because the dissolu-
tion of carnallite was much slower than nucleation of KCI.

In addition, the crystal structure of carnallite consists of a network of
face-sharing KClg octahedra and isolated Mg(H,0)g octahedra occupy-
ing the openings in the KCI network, with water molecules acting as
charge transmitters between Mg?* and Cl~ ions (Weck et al., 2014).
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Fig. 7. Comparison of Cyg + dissolution and Cg . crystallization with time the following solutions during dissolution of carnallite: (a) 20.31% MgCl, solution; (b) 19.54% MgCl, solution;
and (c) KCl solution. Cyg 4+ dissolution is shown by the green solid line, and Cy .. crystallization is shown by the red solid line. Cy;g, + and Cx ;. represent the concentrations of the relevant

ion in solution, respectively.
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Magnesium ions exist in the aqueous solution as [Mg(H,0)g]*> ™ (Podder
etal., 2013), and this promotes the Mg(H,0)g octahedra in the carnallite
to enter the solution and increases dissolution of carnallite. The solubil-
ity of KCl is low in a concentrated MgCl, solution, and a very high MgCl,
concentration will be suitable for the formation of sylvite. The structure
unit of Mg(H,0)g or [Mg(H,0)g]* ™ may be an another factor that re-
sults in variation of the trace elements' partition coefficients.

4. Conclusions

The levels of the trace elements Br and Rb can vary in primary and
secondary sylvite in evaporites, and especially in sylvite derived from
carnallite by leaching of magnesium chloride. The reason for this varia-
tion is that KCl can re-crystallize and redistribution of the trace elements
between the solid and liquid phases can occur during this process. In the
present study, the dissolution of carnallite and formation of sylvite were
studied. The results showed the following: (1) low Br and high Rb con-
centrations occurred in sylvite derived from carnallite; (2) the concen-
trations of Br and Rb in sylvite derived from carnallite were similar to
those in secondary sylvite from Khorat Plateau, Sergipe, and Prairie
evaporites; (3) the redistribution of Br and Rb in the form of secondary
sylvite was in a relative stable proportion according to the comparison
of Br and Rb (Fig. 7); and (4) the driving force behind changes in the
trace elements' partition coefficients was the slower dissolution of car-
nallite compared with nucleation of KCI.
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