BERNARDKBRPICETEHEES 0D OEHED
REMICEYT 53R

GREEES 07640647)

PR EE~TH 8 EEHEHRERHS ERFE O @)
ARRRGEE

TR 843 A

MEARE RARE
(BERERXFE I EHHER)



FLAE

BEABRKELTICBHT25B2REOREREICET 18R, BKMEHK
DERBBEEALSLTEETHD. LHLELNL, ERSHEMLL, T,
BRSNS EME, SETITEAEZSLOHAREESATLEL, XHAR
TlE, HEELERLG - LHERNMBELGRBAZEEEL. BBE2 NIIBITH
Mg®. Sr¥, Fe*, Mn”, Ni*, CODBEREZHTICHE T HBEREICHT HEER
o1, TOHEHERE. *BEUSIETFELTHEBRTERELTHEET S5,
Fe?. Mn%, Co™, Ni%I& NaCl BEMEWE F(ZIXhHEAERE LT, NaCl BE
AEVWEEICE M IDOBRELTHEET I ERGM =, T, Th b
EBREBAA VO M) V0 0BEOERERDOIEFNI BEBEREHETTECIA
LCEBEEAA OO M) /0 oK. IEAREEOBEE Y. D, BRE
JREIZHEZ ERbho T,

F-. EBEEAA O M)/ 00BHROERERA OIS T-IEITLY,
HEETOA TV EIEBER L BLEYKBERICE T4 URBERELY
ERICBIFTTHAENTES LS T,

AHEETIE. FRT7EEHILERSEEICMATTADOAECALOHER
BRizoWTxEED B,

B

HREARE : NERE(ERREXZEEIZHZRD

MREE

TRk T EE 1, 500FH
TR 8 EE 7 00FH

&t 2 200%FH



B

R

R

WFREF
1. Uchida, E., Goryozono, Y., Naito, M. and Yamagami, M. : Aqueous
speciation of iron and manganese chlorides in supercritical
hydrothermal solutions. Geochem. J., 29(3), 1995.8.
2. Uchida, E., Goryozono, Y., Naito, M. : Aqueous speciation of
magnesium, nickel and cobalt chlorides in hydrothermal solutions
at 600°C and 1kbar. Geochem. J., 30(2), 1996.8.
3. RBERE-ILEIER : 1)L A+ FEBRE—ELYKBER A A
RBFEEEREROER. SLEiEE, 25(3), 1996. 8.
4. Uchida, E., Gima, M. and Imai, N. : Experimental study on ion
exchange of Ca2*, Fe2* and Mn2t between garnet solid solution and
2N aqueous chloride solution at 600°C and 1kb. J. Min. Pet. Econ.
Geol.,91(8), 1996. 9.

(2) OEEHE

1. NESE - HEEMS— - NBEEESA : 600°C, 1kb IZH T3 NG
KBBEROI TRV DAL, A AVUF A ZvHiL, aniL bDOE
FRE EREPESR. 1995.5.

2. AEGE - LREBZM - /MAEZ - RERESL - BEERBKEES
[CHEITHERDOBFIKREICHET 8. =H%<. 1995.10.

3. RHERE - IR - LREZ  BERBKEHTIZEITS
DO OOEMEAOEREROEBE - EHEENR. ZH¥S. 199.9.



Geochemical Journal, Vol. 29, pp. 175 to 188, 1995

Aqueous speciation of iron and manganese chlorides
in supercritical hydrothermal solutions
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Aqueous speciation of iron and manganese chlorides in supercritical hydrothermal solutions was de-
termined by monitoring the effects of NaCl and KCl on the Ca/(Ca + Fe) and Ca/(Ca + Mn) ratios of
aqueous chloride solutions in equilibrium with scheelite and ferberite and with scheelite and huebnerite,
respectively. The experiments were carried out under supercritical conditions of 400 and 600°C, and 1
kbar. The ratios decrease significantly with increasing NaCl and KCl concentrations at both 400°C and
600°C. This is attributable to the formation of higher-order aqueous chloride complexes of Fe and Mn,
presumably FeClz7aq and MnCls™aq. Based on the thermodynamic analysis of the experimental results us-
ing published dissociation constants for NaClag, KClaq and CaClyag, logarithms of the formation constants
for FeCls™sq were obtained to be 0.2(NaCl) and 1.2(KCl) for 400°C, and 1.9(NaCl) and 1.9(KCI) for
600°C, and those for MnClayq to be 0.4(NaCl) and 1.1(KCI) for 400°C and 2.3(NaCl) and 2.3(KCI) for
600°C. This means that the supposition of m(MeClzag) = Zmme for supercritical hydrothermal solutions is

invalid.

INTRODUCTION

A considerable number of experiments of ion
exchange equilibria between minerals and aqueous
chloride solutions under supercritical conditions
has been performed previously. However, most of
them have treated Na-K exchange (e.g., Orville,
1963; liyama, 1964; Roux, 1974). Studies using
transition elements are limited (e.g., Schulien et
al., 1970; Schulien, 1980; Lehmann and Roux,
1986; Iiton and Eugster, 1989). The ion exchange
experiments using transition elements are useful
in order to estimate the chemical compositions of
hydrothermal solutions related to the formation of
ore deposits based on the chemical compositions
of constituting minerals. Thus we have carried out
ion exchange experiments using transition elements
(Uchida et al., 1989; Kakuda et al., 1991; Ogino
et al., 1992; Kubo et al., 1992a, b; Uchida, 1993;
Miyamoto and Uchida, 1994). Fluid inclusion
studies revealed that NaCl and KClI are the most
dominant solutes in natural hydrothermal solutions.

Therefore, the effect of their presence on ion ex-
change equilibria should be taken into consider-
ation when the experimental resuits are applied to
natural systems. This means that we need knowl-
edge of thermodynamic properties of aqueous
chloride solutions.

In this study, the effects of NaCl and KCI on
ion exchange equilibria in the systems
CaWQ4(scheelite)-FeWOy(ferberite)-CaCl,-FeClp-
H,0 and CaWOQy (scheelite)-MnWOq4(huebnerite)-
CaCl,-MnCl;-H,O were investigated experimen-
tally in order to reveal the aqueous speciation and
thermodynamic behavior of aqueous chloride so-
lutions under supercritical conditions of 400 and
600°C, 1 kbar. Ion exchange experiments in the
NaCl-free and KCl-free systems were previously
performed by Uchida et a/. (1989) at the same
experimental conditions. The ion exchange reac-
tions in these systems can be expressed as:

CaWOy(scheelite) + FeClzaq
= FeWO,(ferberite) + CaClaag, (D
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and

CaWOg(scheelite) + MnCly,q
= MnWOg4(huebnerite) + CaClay,. 2

As scheelite is almost immiscible to ferberite
and huebnerite under the experimental conditions,
the effects of NaCl and KCI can be easily moni-
tored by using the Ca/(Ca + Fe) and Ca/(Ca +
Mn) ratios of the hydrothermal solution in equi-
librium with both scheelite and ferberite and with
both scheelite and huebnerite, respectively. The
thermodynamic analysis of the experimental results
will give us the information of aqueous speciation
under supercritical conditions. These experimental
systems have a potential to be applied to those
containing metals other than Fe and Mn.

Previously it was shown experimentally that
NaClyg, KClyg, CaClaag, FeClzag and MnCloag are
dominant aqueous chloride species in NaCl, KCI,
CaCl,, FeCl, and MnCl; aqueous solutions, re-
spectively, under the supercritical conditions (Quist
and Marshall, 1968; Franck, 1956; Popp and
Frantz, 1979; Boctor et al., 1980; Boctor, 1985).
Based on the experiments of metal partitioning
between granitic melt and aqueous chloride solu-
tion, Holland (1972) also suggested that neutral
species are dominant at the supercritical conditions
of 770 to 880°C and 1.4 to 2.4 kbar.

However, there is a possibility that FeClp,q and
MnClpaq react with CI- released from NaClyq and
KCly, which have relatively large dissociation
constants, and then form higher-order iron and
manganese chloride complexes such as FeClz g,
FeCly? ag, MnCl3~aq and MnCls?~,q. The effect of
NaCl on mineral-solution equilibria has been in-
vestigated since the late 1980°s (Fahlquist and
Popp, 1989; Fein and Walther, 1989; Grabman and
Popp, 1991). Fahlquist and Popp (1989) measured
the solubility of bunsenite in NiCl;-NaCl-H,O
solution. They confirmed the presence of NiCl3 ,q
complex at temperatures in the range 550-750°C
at 1 kbar, and found that the formation constant
of NiCls™q increases with increasing temperature.
At present, we have no sufficient knowledge of
the aqueous speciation of chlorides of transition

metals under supercritical conditions. In this pa-
per, we will show through the experiments that
FeCls™aq and MnCls™yq are dominant aqueous
species of Fe and Mn, respectively, in natural
supercritical hydrothermal solutions.

EXPERIMENTAL PROCEDURES

Scheelite as a starting material was synthesized
hydrothermally from the equimolar mixture of
Ca0 and WOs3 enclosed in a gold capsule with 2
N CaCl; aqueous chloride solution using a stan-
dard cold-seal pressure vessel at temperatures in
the range 600-700°C at 1 kbar during 2 to 3 days.
The starting material for ferberite was also pre-
pared from the equimolar mixture of Fe and WOj3
under the presence of 2 N FeCl, aqueous chloride
solution in the same conditions. A small amount
of anthracene was added as a reducing agent. The
starting meterial for huebnerite was prepared from
Mn and WOs3 in the same method as that for
ferberite. The solid products were checked for any
other phases by a powder X-ray diffractometer.
Scheelite, ferberite and huebnerite synthesized in
this manner were ground with an agate mortar,
and then used as starting materials. As reactant
solutions, we prepared mixed solutions of 2 N
CaCl,, FeCl, or MnCl; aqueous solution with 2 N
NaCl or KCI aqueous solution, respectively, in the
proportions of 10, 20, 30, 40, 60. and 80 vol%.
Thus, the prepared solutions contain 2 molal CL
Scheelite was reacted with FeCly-bearing or
MnCl-bearing aqueous chloride solutions, and
ferberite and huebnerite were reacted with CaCl-
bearing aqueous chloride solutions. Ten to 20 mg
of solid starting material was sealed into gold
capsules (30 to 35 mm in length, 3.0 mm o.d. and
2.7 mm i.d.) with 15 to 40 ul of 2 N aqueous
chloride solutions and approximately 1 mg of an-
thracene. The charge was reacted using a standard
cold-seal pressure vessel at temperatures of 400
and 600°C and a pressure of 1 kbar. Run durations
were 10 to 11 days for the 400°C experiments
and 5 days for the 600°C experiments. The pres-
sure vessel was heated with an electric furnace
settled horizontally. Temperature was monitored
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with a chromel-alumel thermocouple attached to
the outside wall of the pressure vessel. A steel
rod was inserted in the pressure vessel in order to
minimize a temperature gradient (Boettcher and
Kerrick, 1971). Temperature during runs was
controlled within +5°C. Water was used as a
pressure medium. Pressure was measured using a
Heise gauge. The runs were equilibrated from
different directions, that is, scheelite was reacted
with FeCly-bearing or MnCly-bearing aqueous
solution, whereas ferberite and huebnerite with
CaCl,-bearing aqueous solution.

After the run, the pressure vessel was cooled
rapidly with cold water in order to prevent any
back reaction during the quench, and then the gold
capsule was removed from the pressure vessel.
After the check for any leakage, the run product
was washed out into a beaker with distilled water.
The solid product was separated from the aqueous
chloride solution with a millipore filter of 0.45
um pore size. The coexistence of the two phases,
scheelite and ferberite or huebnerite, was con-
firmed optically with a petrographic microscope

and by an X-ray diffractometer (Rigaku RAD-IB).
The chemical compositions of the solid phases
were determined on the crystal surfaces by an en-
ergy dispersive X-ray microanalyser (JSM-5400
with Link QX-200J1 system). The cations, Na, K,
Ca, Fe and Mn in the aqueous chloride solutions
were analysed using an atomic absorption/flame
spectrophotometer (Shimadzu AA-610S).

EXPERIMENTAL RESULTS

Experimental results are summarized in Tables
1 to 8. The coexistence of the two phases, scheelite
and ferberite or huebnerite was confirmed for all
run products. The EPMA analysis revealed that
FeWOs and MnWOy contents in scheelite and
CaWO, content in ferberite and huebnerite are
negligible (less than a few mol%). Figure 1 shows
the equilibrium compositions of aqueous chloride
solutions in equilibrium with both scheelite and
ferberite as a function of Zmn, or 2mk, and Fig.
2 shows those for the assemblage of scheelite and
huebnerite. Data for Na-free and K-free systems

Table 1. Experimental results for mineral-solution equilibria in the system CaWOy4-FeWQy-

CaCly-FeCly-NaCl-H0 at 600°C, 1 kbar

Run No.  Duration Starting materials Run products (solution)
Solid Solution g, Tmea S,
days mg | it
AQ13 5 sch*  16.6 FeCl, 32 NaCl 8 0.659 0.150 0.382
A018 5 fer¥*  12.1 CaCl, 36 NaCl 4 0.673 0.201 0.252
A026 5 fer 12.8 CaCl, 36 NaCl 4 0.651 0.240 0.218
A028 5 fer 13.5 CaCl, 32 NaCl 8 0.651 0.141 0.416
A029 5 fer 1.2 CaCl, 28 NaCl 12 0.567 0.107 0.652
A030 3 sch 8.8 FeCl, 28 NaCl 12 0.552 0.109 0.678
A031 5 fer 13.2 CaCl, 24 NaCl 16 0.515 0.071 0.828
A033 5 fer 10.4 CaCl, 16 NaCl 24 0.371 0.031 1.196
A035 5 fer 11.8 CaCl, 8 NaCl 32 0.185 0.022 1.586
A037 5 fer 10.2 CaCl, 36 NaCl 4 0.658 0.216 0252
A038 3 sch 12.6 FeCl, 36 NaCl 4 0.653 0214 0.266
A039 5 fer 10.5 CaCl, 32 NaCl 8 0.630 0.155 0.430
A040 5 sch 10.4 FeCl, 32 NaCl g 0.598 0.174 0.456
A041 5 fer 1.7 CaCl, 24 NaCl 16 0.521 0.051 0.856
A042 5 sch 10.0 FeCl, 24 NaCl 16 0.491 0.060 0.898
A043 5 fer 11.6 CaCl, 16 NaCl 24 0.410 0.027 1.126
A044 5 sch 10.4 FeCl, 16 NaCl 24 0.325 0.039 1.272
A045 5 fer 11.9 CaCl, 8 NaCl 32 0.182 0.010 1.616
A046 5 sch 10.1 FeCl, 8 NaCl 32 0.156 0.019 1.650

*sch: scheelite.
**fer: ferberite.
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Table 2. Experimental results for mineral-solution equilibria in the system CaWO4s-FeWOy4
CaCly-FeCly-NaCl-H;0 at 400°C, I kbar

Run No.  Duration Starting materials Run products (solution)
Solid Solution S, Smea S N
days mg ul ul
B035 10 fer* 10.0 CaCl, 36 NaCl 4 0.271 0.619 0.220
B036 10 sch**  13.1 FeCl, 36 NaCl 4 0.288 0.600 0.224
B037 10 fer 12.1 CaCl, 32 NaCl 8 0.269 0.507 0.443
B038 10 sch 16.5 FeCl,y 32 NaCl 8 0.283 0.512 0.410
B039 10 fer 11.7 CaCl, 28 NaCl 12 0.252 0.431 0.634
B042 10 sch 137 FeCl, 24 NaCl 16 0.245 0.332 0.846
B043 10 fer 11.0 CaCl, 16 NaCl 24 0.179 0.237 1.168
B044 10 sch 119 FeCl, 16 NaCl 24 0.183 0.230 1.174
B045 10 fer 103 CaCl, 8 NaCl 32 0.108 0.113 1.558
B046 10 sch 13.9 FeCl, 8 NaCl 32 0.099 0.113 1.576
B047 10 fer 119 CaCl, 28 NaCt 12 0.259 0.415 0.652
B048 10 sch 10.7 FeCl, 28 NaCl 12 0.265 0.407 0.656
B04% 10 fer 104 CaCl, 24 NaCl 16 0.228 0.348 0.848
B050 10 sch 13.3 FeCl, 24 NaCl 16 0.234 0.342 0.848

*fer: ferberite.
**sch: scheelite.

Table 3. Experimental results for mineral-solution equilibria in the system CaWO4FeWO,-
CaCly-FeCly-KCI-H0 at 600°C, 1 kbar

Run No.  Duration Starting materials Run products {solution}
Solid Solution e S, Smy
days mg pl u
C003 5 sch* 10.8 FeCl, 36 KCt 4 0.702 0.208 0.180
C004 5 fer**  10.1 CaCl, 36 KCl 4 0.667 0.248 0.170
C005 5 sch 17.8 FeCl, 32 KCl 8 0.606 0.196 0.396
C006 5 fer 10.0 CaCl, 32 KCl 8 0.574 0.263 0.328
C007 5 sch 18.3 FeCly 28 KCl 12 0.590 0.111 0.598
C00g 5 sch 13.7 FeCl, 24 KCl 16 0.559 0.054 0.774
Co17 5 fer 14.8 CaCl, 28 KCl 12 0.588 0.095 0.634
Co18 5 sch 10.8 FeCl, 28 KCl 12 0.545 0.114 0.684
Co19 5 fer 10.0 CaCl, 24 KCl 16 0.533 0.042 0.850
C020 5 sch 12.9 FeCl, 24 KCl 16 0.472 0.073 0.910
C021 3 fer 13.8 CaCl, 36 KC1 4 0.617 0.278 0210
C022 5 sch 10.7 FeCl, 36 KCl 4 0.612 0.266 0.224
C023 5 fer 113 CaCl, 32 KCl 8 0.611 0.174 0.430
C024 5 sch 111 FeCl, 32 KC1 8 0.595 0.177 0.456
C025 5 fer 10.1 CaCl, 16 KCl 24 0.347 0.025 1.256
C026 5 sch 13.7 FeCly 16 KCl 24 0.360 0.025 1.230
€027 S fer 13.0 CaCl, 8 KCl o 32 0.183 0.013 1.608
€028 5 sch 15.1 FeCl, 8 KCl 32 0.183 0.013 1.608
C029 5 fer 153 CaCl, 24 KCl 16 0.524 0.056 0.840
C030 5 sch 10.3 FeCl, 24 KCl 16 0.488 0.066 0.892
C031 5 fer 12.5 CaCi, 16 KCl 24 0.326 0.044 1.260
€032 5 sch 10.0 FeCl, 16 KCl 24 0.320 0.053 1.254
C033 5 fer 15.0 CaCl, 8 KCro 32 0.170 0.026 1.608

*sch: scheelite.
**fer: ferberite.
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Table 4. Experimental results for mineral-solution equilibria in the system CaWQO~FeWO,-

CaCly-FeCl3-KCI-H>0 at 400°C, 1 kbar

RunNo.  Duration Starting materials Run products (solution)
Solid Solution Emepe Tme, Sy
days mg ul i
D003 10 sch* 16.2 FeCl, 36 KC 4 0.332 0.561 0.214
D004 10 fers* 110 CaCl, 36 KCl 4 0.328 0.563 0.218
DOo7 10 sch 11.8 FeCl, 28 KCI 12 0.278 0.417 0.610
D008 10 fer 153 CaCl, 28 KCI 12 0.280 0417 0.606
D009 10 fer 11.0 CaCl, 32 KC1 8 0.282 0.501 0.434
D010 10 sch 15.0 FeCl, 32 Kl 8 0.290 0.489 0.442
DO11 10 fer 11.2 CaCl, 24 KCl 16 0.258 0.337 0.810
DO12 10 sch 163 FeCl, 24 KCI 16 0.262 0.318 0.840
D015 10 fer 10.6 CaCl, g KCl 32 0.091 0.064 1.690
D016 10 sch 19.8 FeCl, 8 KCl 32 0.116 0.090 1.588
Do19 10 fer 13.4 CaCl, 32 K 8 0.248 0.549 0.406
D020 10 sch 11.1 FeCl, 32 KCl 8 0.246 0.548 0.412
D021 10 fer 11.9 CaCl, 16 KCl 24 0.208 0.189 1.206
D022 10 sch 19.1 FeCl, 16 KCl 24 0.190 0.194 1.232
D023 10 fer 13.6 CaCl, 36 KCl 4 0.297 0.608 0.190
D024 10 sch 15.6 FeCl, 36 KXCl 4 0.323 0.566 0.222
D025 10 fer 16.5 CaCl, 24 KCl 16 0.247 0.360 0.786
D026 10 sch 16.5 FeCl, 24 KCl 16 0.261 0.344 0.790
D027 10 fer 11.0 CaCl, 16 KCt 24 0.227 0.185 1.178
D028 10 sch 10.0 FeCl, 16 KCl 24 0.238 0.160 1.204
D029 10 fer 11.0 CaCl, 8 KCl 32 0.117 0.087 1.592
D030 10 sch 11.9 FeCl, 8 KCl 32 0.110 0.092 1.596
D031 10 fer 11.0 CaCl, 8 KCl o 32 0.122 0.079 1.598
D032 10 sch 13.0 FeCl, 8 KCl 32 0.113 0.081 1.612
D033 11 fer 15.0 CaCl, 24 KCl 16 0.262 0.329 0.818
D034 11 sch 10.9 FeCl, 24 KCI 16 0.238 0.359 0.806
D033 11 fer 10.9 CaCl, 16 KCI 24 0.209 0.202 1.178
D036 11 sch 124 FeCl, 16 KCl 24 0.202 0.200 1.196
D037 12 fer 124 CaCl, 36 KC1 4 0.355 0.544 0.202
D038 12 sch 10.8 FeCl, 36 KCl 4 0.378 0.516 0.212

*sch: scheelite.
*Xfer: ferberite.

are taken from Uchida er al. (1989). The attain-
ment of equilibrium was confirmed by the experi-
ments using different starting materials, which
gave identical results. The direction of approach
to equilibrium of the aqueous solution composi-
tions is indicated with that of triangles in the fig-
ures. The Ca/(Ca + Fe) and Ca/(Ca + Mn) ratios
of the aqueous chloride solution in equilibrium
with both scheelite and ferberite and with both
scheelite and huebnerite, respectively, decrease
significantly with the addition of NaCl and KCl
at both 400 and 600°C. This is attributable to the
formation of higher-order aqueous chloride com-
plexes of Fe and Mn. The experimental results
may suggest that NaCl and KCl behave as donors
of CI" to FeClzagq and MnCly,q to form higher-or-

der aqueous chloride complexes of Fe and Mn
such as FeCl3™q and MnCls,q respectively, under
the supercritical conditions. For 400°C experi-
ments, the effect of KCl is larger than that of
NaCl, whereas for 600°C experiments, NaCl and
KCI have similar effects on the equilibrium com-
positions of the aqueous chloride solutions. This
indicates that dissociation constant of KClyg is
larger than that of NaClaq at 400°C, whereas
NaClyq and KCl,q have similar dissociation con-
stants at 600°C.

THERMODYNAMIC CONSIDERATION

Here we analyze thermodynamically the
present experimental results. In this consideration,
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Table 5. Experimental results for mineral-solution equilibria in the system CaWO4-MnWOq-
CaCly-MnCly-NaCl-H;0 at 600°C, 1 kbar

Run No.  Duration Starting materials Run products (solution)
Solid Solution PIZIVR e, Srna
days mg ul u
E033 5 hue* 14.4 CaCl, 32 NaCl 8 0.684 0.124 0.384
E034 5 hue 14.4 CaCl, 32 NaCl 8 0.680 0.134 0.372
E035 5 seh** 135 MnCl, 32 NaCl 8 0.668 0.122 0.420
E036 S sch 10.6 MnCl, 32 NaCl 8 0.671 0.122 0414
E037 5 sch 12.6 MnCl, 24 NaCl 16 0.549 0.043 0.816
E038 5 sch 12.6 MnCl, 24 NaCl 16 0.548 0.042 0.820
E039 5 hue 15.1 CaCl, 24 NaCl 16 0.554 0.048 0.796
E040 5 hue 10.5 CaCl, 24 NaCl 16 0.544 0.045 0.822
E041 5 sch 12.6 MnCl, 16 NaCl 24 0.376 0.014 1.220
E042 5 sch 9.3 MnCl, 16 NaCl 24 0.395 0.015 1.180
E043 5 hue 10.2 CaCl, 16 NaCl 24 0.372 0.012 1.232
EO44 5 hue 129 CaCl, 16 NaCl 24 0.385 0.014 1.202
E045 5 sch 19.8 MnCl, 8 NaCl 32 0.189 0.002 1.618
E046 5 sch 15.0 MnCl, 8 NaCl 32 0.195 0.001 1.608
E047 5 hue 10.0 CaCl, 8 NaCl 32 0.186 0.002 1.624
E048 5 hue 15.3 CaCl, 8 NaCl 32 0.173 0.002 1.650
E083 5 sch 16.9 MnCl, 36 NaCl 4 0.724 0.157 0.238
E084 5 hue 10.5 CaCl, 36 NaCl 4 0.728 0.171 0.202
E087 5 sch 133 MnCl, 28 NaCl 12 0.634 0.060 0.612
E088 5 hue 10.5 CaCl, 28 NaCl 12 0.634 0.060 0.612

*hue: huebnerite.
**sch: scheelite.

Table 6. Experimental results for mineral-solution equilibria in the system CaWO4MnWO4-
CaCly-MnCl-NaCl-H20 at 400°C, 1 kbar

Run No.  Duration Starting materials Run products (solution)
Solid Solution pIZ IV Sme, Smna
days mg u ul
F102 11 sch* 147 MnCl, 36 NaCl 4 0.347 0.530 0.246
F104 i1 sch 15.0 MnCl, 24 NaCl 16 0.319 0.250 0.862
F103 11 sch 10.6 MnCl, 16 NaCl 24 0.214 0.171 1.230
F106 11 sch 13.8 MnCl, 8 NaCl 32 0.121 0.083 1.592
F108 11 hue** 117 CaCl; 36 NaCl 4 0.363 0.484 0.306
F109 11 hue 16.7 CaCl, 32 NaCl 8 0.380 0.400 0.440
F111 11 hue 104 CaCl, 16 NaCl 24 0.212 0.160 1.256
Fl12 11 hue 12.8 CaCl, 8 NaCl 32 0.120 0.067 1.626
F1l4 12 sch 11.3 MnoCl, 32 NaCl 8 0.410 0.384 0412
Fi15 12 sch 12.6 MnCl, 28 NaCl 12 0.359 0.332 0.618
F121 12 hue 10.4 CaCl; 28 NaCl 12 0.342 0316 0.684
F122 12 hue 11.5 CaCl, 24 NaCl 16 0.325 0.235 0.874
F123 12 hue 12.2 CaCl, 16 NaCl 24 0.213 0.142 1.290
Fi25 11 sch 13.2 MnCl, 36 NaCl 4 0.410 0472 0.236
F126 11 hue 15.6 CaCl; 36 NaCt 4 0.353 0.535 0.224
F127 11 sch 10.6 MnCl, 28 NaCl 12 0.358 0.355 0.574
F128 11 hue 10.8 CaCl, 28 NaCl 12 0.303 0.399 0.596
F129 10 sch 103 MnCl, 32 NaCl 8 0.356 0.427 0.434
F132 10 sch 132 MnCl, 8 NaCl 32 0.115 0.078 1.614
F133 12 hue 15.7 CaCl; 32 NaCl 8 0.393 0.384 0.446
F134 12 hue 13.0 CaCl, 24 NaCl 16 0.326 0.257 0.835
F135 12 hue 13.0 CaCl, 16 NaCl 24 0.245 0.149 1.212
F136 12 hue 10.5 CaCl, 8 NaCl 32 0.101 0.084 1.630

*sch: scheelite.
**hue: huebnerite.
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Table 7. Experimental results for mineral-solution equilibria in the system CaWO+MnWO4-

CaCly-MnCl-KCI-H>0 at 600°C, 1 kbar

RunNo.  Duration Starting materials Run products (solution)
Solid Solution Smn e, Ty
days mg ul ul
G059 5 sch* 14.6 MnCl, 32 KCl 8 0.702 0.109 0.378
G060 5 hue**  13.1 CaCl, 32 KC1 8 0.686 0.124 0.380
G061 5 sch 16.9 MnCl, 24 KCl 16 0.578 0.038 0.768
G062 5 hue 13.2 CaCl, 24 KCl 16 0.567 0.025 0.816
G063 5 sch 12.0 MnCl, 16 KCl 24 0.375 0.008 1.234
G064 5 hue 7.8 CaCl, 16 KCt 24 0.397 0.004 1.198
G065 5 sch 9.9 MnCl, 8 KCl 32 0.191 0.003 1.612
G066 5 hue 10.8 CaCl, 8 KCl 32 0.191 0.000 1.618
GO8S 5 sch 15.1 MnCl, 36 KCl 4 0.720 0.169 0.222
G086 5 hue 133 CaCl, 36 KCi 4 0.741 0.161 0.196
G089 5 sch 10.9 MnCl, 28 KCl 12 0.675 0.060 0.530
G090 5 hue 115 CeCl, 28 KCl 12 0.649 0.062 0.578

*sch: scheelite.
**hue: huebnerite.

Table 8. Experimental results for mineral-solution equilibria in the system CaWQOy4-MniOy-

CaCly-MnCl;-KCI-H;0 at 400°C, 1 kbar

RunNo.  Duration Starting materials Run products (solution)
Solid Solution )3TV Sme, Sy
days mg ul M
HO69 10 sch* 172 MnCl, 24 KCl 16 0.289 0.315 0.792
HO70 10 hue** 107 CaCl, 24 KCl 16 0.272 0.284 0.888
H071 10 sch 19.7 MnCl, 16 KCl 24 0.236 0.140 1.248
HO072 10 hue 11.8 CaCl, 16 KCl 24 0.238 0.162 1.200
HO073 10 sch 16.3 MnCl, 8 KCl 32 0.153 0.050 1.594
HO74 10 hue 12.1 CaCl, 8 KCl 32 0.139 0.064 1.594
H079 10 sch 13.1 MnCl, 36 KCl 4 0.320 0.568 0.224
HO080 10 hue 10.7 CaCl, 36 KCi 4 0318 0.574 0.216
HO81 10 sch 10.8 MnCl, 28 KCl 12 0.295 0.408 0.594
HO082 10 hue 323 CaCl, 28 KCl 12 0.293 0.403 0.608
H093 10 sch 7.8 MnCl, 36 KCl 4 0.341 0.563 0.192
HO094 10 hue 12.4 CaCl, 36 KCl 4 0.314 0.576 0.220
HO095 10 sch 12.3 MnCl, 32 KCl 8 0.296 0.517 0.374
HO096 10 hue 12.3 CaCl, 32 KCl 8 0.341 0.452 0414
HO097 10 sch 113 MnCl, 32 KCi 8 0.345 0.441 0.428
H098 10 hue 109 CaCl, 32 KCl 8 0.345 0.431 0.448
H099 10 sch 14.2 MnCl, 8 KCl 32 0.137 0.074 1578
H100 10 hue 7.9 CaCl, 3 KCl 32 0.140 0.056 1.608

*sch: scheelite.
**hue: huebnerite.

higher-order aqueous chloride complexes other
than NaCl,y, KClyq and CaClp,q were neglected
due to the ionic property of NaCl, KCl and CaCl,.
Experimental results for calcite and wollasonite
solubilities in supercritical NaCl-HCI aqueous so-
lutions by Fein and Walther (1989) and Xie and

Walther (1993), respectively, did not support the
presence of higher-order aqueous chloride com-
plexes of Ca than CaCly,g. On the other hand,
FeCl; and MnCl, are compounds of coordination
bond. Therefore, higher-order charged chloride
complexes of Fe and Mn such as FeCl;7yq,
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Fig. 1. Plots of Zmca/(Zmea + Zmpe) vs. Zmno/(2Zmeg + 2Xmpe + Zmyg) or Smx/(23me, + 2Xmpe + Zmg) for
the aqueous chloride solutions in equilibrium with scheelite and ferberite at 400°C and 600°C, and 1 kbar. The
direction of triangles in the figure indicates that of attainment to equilibrium. Data for Na-free and K-free
systems are from Uchida et al. (1989). (a) Effect of NaCl at 600°C, (b) effect of NaCl at 400°C, (c) effect of KCI

at 600°C and (d) effect of KCI at 400°C.

FeCls? g, MnCl37aq and MnCly?—q may be pre-
ferred under supercritical conditions. Here we as-
sume FeCl3q and MnCls—4 as representative
species of higher-order aqueous chloride com-
plexes of Fe and Mn, respectively. On the other
hand, Fe?*y, FeCl*yq, Mn?*,q and MnCl,q were
neglected in the present calculation. This is sup-
ported by the experiments of Boctor er al. (1980),
Fein et al. (1992) and Boctor (1985). Therefore,
the decrease of the Ca/(Ca + Fe) and Ca/(Ca +
Mn) ratios of the aqueous chloride solutions in
equilibrium with scheelite and ferberite and with
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scheelite and huebnerite, respectively, with in-
creasing NaCl and KCl concentrations is attribut-
able mainly to the formation of higher-order
aqueous chloride complexes, FeCls™aq and
MnCls™q. Aqueous hydroxide complexes were also
deleted from consideration. This assumption may
be valid for the aqueous solutions with high
chlorine contents used in the present study. Based
on these assumptions we estimate the dissociation
constants of FeClypq and MnClz7,q from the ex-
perimental results using the published dissociation
constants for KCl,q, NaClyg, CaClaaq and CaCl™yg.
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Fig. 2. Plots of Smca/(Xmca + Smagn) v5. Zmna/(25mcg + 2Xmun + Zmng) or Smi/(2Xmca + 2Xmpn + Zmy)
for the aqueous chloride solutions in equilibrium with scheelite and huebnerite at 400°C and 600°C, and 1 kbar.
The direction of triangles in the figure indicates that of attainment of equilibrium. Data for Na-free and K-free
systems are from Uchida et al. (1989). (a) Effect of NaCl at 600°C, (b) effect of NaCl at 400°C, (c¢) effect of KCI

at 600°C and (d) effect of KCl at 400°C.

Oelkers and Helgeson (1990) recently have
suggested that the presence of aqueous triple
chloride complexes such as Na;CI* and NaCly~
for 1:1 electrolytes is not negligible in supercritical
aqueous solutions. Moreover, Oelkers and
Helgeson (1991) have demonstrated that the ac-
tivity coefficients for aqueous neutral species of
1:1 electrolytes deviate significantly from unity
under supercritical temperatures and pressures.
However, in this study we neglect the presence of
aqueous triple chloride complexes, and also as-
sume the activity coefficients for the neutral spe-

cies to be unity because we have not sufficient
thermodynamic data for all the aqueous species at
present. The following calculation, therefore, will
have to be reconsidered in the near future.

The following twelve aqueous species were
included in the calculations; Cl7aq, Na*,g, NaClyg,
K*aq, KClyq, Ca?*yq, CaCl™yg, CaClayg, FeClyag,
FeClsmag, MnClaaq and MnCls™,q. The calculations
can be carried out by solving simultaneously the
following mass-balance and mass-action equations:

Smna = m(Na*aq) + m(NaClag) 3)

11
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2my = m(K*5q) + m(KClgg) o)
Smca = m(CaZtsq) + m(CaCl¥ag) + m(CaClasg) (5)
2mge = m(FeClzag) + m(FeClzaq) (6)
2myn = m(MnClaaq) + m(MnCl3,q) (7)
Tmer = m(Clrag) + m(NaClyg) + m(KClag)
+ m(CaClaq) + 2m(CaClaag) + 2m(FeClaag)
+ 3m(FeClyaq) + 2m(MnClyaq)
+ 3m(MnClyag) = 2 ®)
K(NaCl) = a(Na*aq)-a(Claq)/a(NaClyg) (9)
K(KCI) = a(Kag)a(Clag)a(KClyg)  (10)

K(CaClr) = a(Cagg)a(Clrag)/a(CaCltyy) (11)

K(CaCly) = a(CaCl-pg)a(Cl yq)/a(CaClysg)  (12)
K(FeCl;")

= a(FeCly )/ {a(FeClyag) a(Clag)} (13)
K(MnCl,")

= a(MnClyq)/{a(MnClyag)a(Cl o)},  (14)

where m(i) refers to the molality of i aqueous
species, >m; denotes the sum of the molalities of
i-bearing aqueous species, a(i) designates the ac-
tivity of i aqueous species, and K is the dissocia-
tion or formation constant. The activity coefficients
for the neutral aqueous species were assumed to
be unity in this study, whereas those for the
charged aqueous species were computed from the
Debye-Huckel equation:

logy, =-ZA4I"? /(1+aBI'?),  (15)

where Z; donotes the ionic charge and [ is the true
ionic strength which is defined by

I1=1/2% mZ}.

(16)

4 and B represent the Debye-Huckel coefficients
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and are taken from Helgeson and Kirkham
(1974b). a; signifies the ion size parameter for i
species and is taken from Kharaka and Barnes
(1973). The ion size parameters for CaCl%,q,
FeCl37aq and MnCl3™,q are assumed to be 4 as done
for PbCl",q and PbCl37yq by Seward (1984). In this
study, we adopted the dissociation constant of
Quist and Marshall (1968) for NaCl,,, that of
Franck (1956) for KCl,,, and that of Frantz and
Marshall (1982) for CaCl*yq and CaClyag. The
dissociation constant of Ritzert and Franck (1968)
for KClaq seems to be too small compared to that
for NaClyq at 400°C and 1 kbar. As described
above, we can deduce from the experimental re-
sults that the dissociation constant of KCl,q should
be larger than that of NaCl,y. Therefore, we pre-
fer the dissociation constant of Franck (1956) for
KCl,g, which shows a similar value to that for
NaCl,g. The dissociation constants for FeCl; aq and
MnCls™,q were calculated from the experimental
results so as to find adequate values which make
the calculated ratios of m(CaClzaq)/m(FeClzaq) and
m(CaClaaq)/m(MnClaaq) to be constant as required
by the reactions (1) and (2):

K(1)
= g(ferberite)-m(CaClaaq)/(a(scheelite) m(FeClzag))
= m(CaClzaq)/m(FeClaag) (a7

K(2)
= g(huebnerite) m(CaClyag)/(a(scheelite) m(MnClzaq))
= m(CaClzaq)/m(MnClzag), (18)

where activities for scheelite, ferberite and
huebnerite were assumed to be unity, respectively,
because of limited solubilities between scheelite
and ferberite or huebnerite. The obtained values
for logK(FeClz™) are 0.2(NaCl) and 1.2(KCl) for
400°C, and 1.9(NaCl) and 1.9(KCl) for 600°C, and
those for logK(MnCls~) are 0.4(NaCl) and
1.I(KC1) for 400°C, and 2.3(NaCl) and 2.3(KCI)
for 600°C. There is a consistency between for-
mation constants obtained using NaCl and those
obtained using KCI for 600°C, but this is not the
case for 400°C. This may be attributable to the
unreliable dissociation constant of KClaq at 400°C.
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Figures 3(a) and (b) depict the relations of
Ymca/(Tmea + Zmme) (Me: Fe or Mn) vs. 2mna
concentration in the aqueous chloride solutions at
600°C and 1 kbar, as a function of logK(MeClzaq)
and logK(MeCls* ), respectively, where

KMnCl*)

= a(MnCly?aq)/ {a(MnClzag)a(Clag)?}.  (19)
In Fig. 3(b), aqueous species MnCliaq was ne-
glected. The observed curves agree well with those
for logK(MeCl3™,q) rather than those for
logK(MeClg?"aq). This means that FeCls g and
MnCl3,q are predominant among the higher-order
aqueous chloride complexes of Fe and Mn, re-
spectively. This may be the case for 400°C due to
relatively small formation constants for FeCls g

and MnCls™,q. Therefore, our assumption made for
the calculation is justified. Figure 4 gives the
aqueous species concentrations calculated for the
aqueous chloride solutions in equilibrium with
scheelite and huebnerite using the dissociation
constants for MnCl3™,q obtained in this study.
Concentrations of aqueous species are plotted in
the figure as a function of Zmn/(QEmca + 22 my,
+ 2mna). At 400°C, concentrations of Na*,q, Cl7pq
and NaCl,q increase monotonously with the in-
crease of 2mna, whereas those of other species
except for MnCls™,q decrease. Na*,q is a domi-
nant Na species, and CaClzsq and CaCl* are
dominant Ca species. MnCly,q is dominant at
lower Ymna/(2Xmcs + 2Xmmn + Lmna) value
(<0.3), but MnCls™,q becomes dominant at higher
Smna/(22mea + 22X myn + 2mna) value. At 600°C,
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Fig. 3. Relation between Smco/(Zmca + Zmpge) and Smyo/(2Xmca + 22mpye + Xmpyg) (Me: divalent ion) at 600°C,
and 1 kbar for the 2 N aqueous chloride solution in equilibrium with scheelite and ferberite or huebnerite, (a) as
a function of logK(MeCl5 q4) and (b) as a function of logK(MeCl/‘aq), calculated using published dissociation
constants for NaClag, CaClyaq and CaCl*aq. In Fig. 3(b), aqueous species MeCl3 a4 was neglected.
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concentrations of NaCl,q and Cl,q increase with
the increase of Ymya, whereas those of MnCly,q,
CaClpag, CaCl*yq and Ca?*,q decrease. Concentra-
tions of MnClz~q and Na*,q increase with the in-
crease of Xmn,, but show maxima, and then de-
crease. CaClyyq is a2 dominant Ca species. Na‘*yq
and MnClp,q are dominant at lower Ymy, value,
but NaCl,q and MnCls7q become dominant at
higher ¥my, value. A similar behavior can be
observed for the Fe-bearing system. Experimental
results show that FeCl37aq and MnCly~q are
dominant aqueous species in natural hydrothermal

(a) 400°C
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Fig. 4. Concentrations of aqueous species vs. Ymyy/
(2Xmcg + 2Xmpg, + Zmyy) for the 2 N aqueous chlo-
ride solutions in equilibrium with scheelite and
huebnerite at (a) 400°C and (b) 600°C, and 1 kbar.
The calculations were carried out using dissociation
constants for MnCl3™ a4 obtained in this study.
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solutions at both 400°C and 600°C, and probably
this may be the case at higher temperatures. The
predominance of the higher-order aqueous chloride
complexes at higher temperatures have been
demonstrated experimentally for Ni by Fahlquist
and Popp (1989) and for Mg by Grabman and
Popp (1991). This seems to be a consequence of
the decrease of the dielectric constant of H,O at
higher temperatures (e.g., Helgeson and Kirkham,
1974a).

Thus large formation constants (the reciprocal
of dissociation constant) for FeClzmyq and MnCl375q
were obtained from the present experiments un-
der the supercritical conditions. This means that
the supposition of m(MeClaag) = Zmpye for
supercritical hydrothermal solutions made in most
previous studies (e.g., Kubo et al., 1992b) is in-
valid. Therefore, when thermodynamic properties
of solid solutions are calculated from ion exchange
experiments with aqueous chloride solutions, we
have to take it into consideration as Pascal and
Roux (1985) have done for KCI-NaCl-H,O solu-
tions.
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Aqueous speciation of magnesium, strontium, nickel and cobalt chlorides
in hydrothermal solutions at 600°C and 1 kbar
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The effect of NaCl on ion exchange equilibria in the system CaWO4-MeWO4-CaCly-MeCly-H,0 (Me:
Mg, Sr, Ni and Co) was experimentally monitored at 600°C and 1 kbar. The Ca/(Ca + Me) ratio of the
aqueous chloride solution in equilibrium with both CaWO4 and MeWOQ4 was constant for Mg and Sr in
spite of the addition of NaCl, whereas the ratic decreased significantly for Ni and Co with the increase of
NaCl. The experimental results indicate that both Ni?* and Co?* do form higher-order chioro-complexes
such as NiCl37q and CoClz g, whereas both Mg?* and Sr?* may not. The thermodynamic analysis of the
experimental results gives 1.5 and 2.1 in logarithm units for the formation constants for NiCl375q and
CoCl37aq, respectively. By combining the results of Uchida et al. (1995), MeClzaq tends to forms MeClz™yq
in the order of SrClyag= CaClzaq = MgClaaq << NiClzaq < FeClpyq < CoClzaq < MnClz,q at 600°C and 1
kbar. Based on ligand field theory, the above order may suggest that the transition metal cations exist as
tetrahedral chloro-complexes with low-spin state in the supercritical hydrothermal solutions.

INTRODUCTION

Based on fluid inclusion studies, ore-forming
solutions can be considered as aqueous chloride
solutions, and NaCl is the most important solute.
Accordingly, information on aqueous speciation
of metal chlorides in NaCl-bearing hydrothermal
solutions is indispensable for a thorough under-
standing of the hydrothermal ore-forming process.
Previously, many experiments on aqueous specia-
tion of metal chlorides were conducted using Ag-
AgCl buffer technique in NaCl-free systems under
supercritical conditions (e.g., Chou and Eugster,
1977; Frantz and Popp, 1979; Popp and Frantz,
1979, 1980; Boctor et al., 1980; Boctor, 1985; Lin
and Popp, 1984). On the other hand, little is known
about aqueous speciation of metal chlorides in
supercritical NaCl-bearing hydrothermal solutions.
This study aims to obtain the information on
aqueous speciation of MgCl,, SrCl,, NiCl, and
CoCl; in NaCl-bearing hydrothermal solutions at
600°C and 1 kbar.

Uchida ef al. (1995) have carried out experi-
ments on the effects of NaCl and KClI on ion ex-
change equilibria in the system CaWQ4-FeWQy-
CaCly-FeCly-H,0 and CaWO4-MnWQ4-CaCl,-
MnCl-H,O at 400 and 600°C, 1 kbar. They
showed that FeClz7aq and MnCls™,q are dominant
aqueous species of FeCl, and MnCl,, respec-
tively, in natural supercritical hydrothermal solu-
tions, and obtained large formation constants for
FeCl37yq and MnCls7pq. In this study, the same
experimental technique was applied to MgCl,,
SrCl,, NiCl; and CoCl, instead of FeCl, and
MnCl,, in order to obtain the information on
aqueous speciation of these chlorides at 600°C and
1 kbar.

Fahlquist and Popp (1989) have performed
experiments on the effect of NaCl on bunsenite
solubility in the temperature range 550 to 750°C
at 2 kbar, and revealed that the addition of NaCl
enhanced the formation of higher-order nickel
complexes than NiCly,q. Experimental investiga-
tion of the effect of NaCl on talc solubility by
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Grabman and Popp (1991) also showed that
higher-order magnesium complexes may be re-
quired to explain the increased solubility at 600
and 700°C, 2 kbar. Unfortunately, there are no
experiments on aqueous speciation for SrCl, and
CoCl, under supercritical hydrothermal conditions.

EXPERIMENTAL PROCEDURES

A starting material of CaWQy was synthesized
from a 1:1 mixture of CaO and WOj3 by heating at
800°C in air for one day using an electric fumnace.
Starting materials of MgWQ,, StWQ4, NiWO4 and
CoWO, were hydrothermally synthesized. A 1:1
mixture of MeO (Me:Mg, Sr, Ni and Co) and WOs
was sealed into a gold capsule (3.0 mm o.d., 2.7
mm i.d. and about 35 mm in length) with 2N
MeCl; solution and a few milligrams of anthracene
(only for Ni and Co) as a reducing agent, and
was reacted using a standard cold seal type pres-
sure vessel at 600 or 700°C, 1 kbar during 2 or 3
days. Thus synthesized starting materials were
checked for impurity by the X-ray diffractometer
(Rigaku RAD I-B).

Ten to 20 mg of ground starting material
CaWO4 or MeWO, was sealed into gold capsule
(3.0 mm o.d., 2.7 mm i.d. and about 35 mm in
length) with 40 ul of 2N aqueous chloride solu-
tion and a few milligrams of anthracene (only for
Ni and Co). For the confirmation of the attainment
to equilibrium, CaWOy4 was reacted with 2N
MeCl;-NaCl aqueous solution, and reversely
MeWO, with 2N CaCl;-NaCl aqueous solution.
NaCl concentration in the aqueous chloride solu-
tions was varied from 0 to 1.6 mol/l (0, 0.2, 0.4,
0.6, 0.8, 1.2 and 1.6 mol/l). The experiments were
carried out using a standard cold seal type pressure
vessel at 600°C, 1 kbar during 5 to 7 days. In
order to minimize a temperature gradient, the
pressure vessel was settled horizontally in an
electric furnace and a filler rod was inserted into
the pressure vessel. Two charged gold capsules
were settled in parallel in the bottom of the pres-
sure vessel. Water was used as a pressure medium,
and pressure was measured by a Heise gauge.
Temperature was measured by a chromel-alumel
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thermocouple attached on the outer wall of the
pressure vessel, and was controlled within +2°C.

After the run, the pressure vessel was quenched
with cold water and reached to the room tem-
perature within a minute. The gold capsule was
checked for a leakage by measuring the weight.
Then the run product was washed away into a
beaker with distilled water. The solid product was
separated from the solution with a millipore filter
with a pore size of 0.45 ym.

In order to confirm the coexistence of the two
phases CaWOQ4 and MeWOQyq, the solid product was
observed under the polarizing microscope and was
also examined by the X-ray diffractometer.
Chemical analysis was carried out for some run
products using an energy dispersive X-ray
microanalyzer (JEOL JSM-5400 equipped with
Link QX-200J1). Cations in the separated solution
were analyzed by an atomic absorption/flame
spectrophotometer (Shimadzu AA-610S). The
concentrations of the cations were normalized so
that the total concentration of the cations is 2N.

EXPERIMENTAL RESULTS

CaWOMgWO4-CaCly-MgCl-NaCl-H>0 system

The experimental results in the system CaWOs-
MgWO04-CaCly-MgCl>-NaCl-H>O are summarized
in Table 1. The coexistence of the two phases
CaWOQ, (tetragonal) and MgWO, (monoclinic)
were confirmed for all run products. Both phases
are white in color. The CaWOy (tetragonal) phase
dissolved the MgWO, component in solid solution
only up to 1.0 mol%, and the MgWO, (mono-
clinic) phase dissolved the CaWO4 component
only up to 0.9 mol%. The Ca/(Ca + Mg) molar
ratio in the aqueous solution in equilibrium with
both phases is nearly constant (about 0.5) against
NaCl concentration (Fig. 1(a)).

CaWO #SrW04CaCly-SrCly-NaCl-H>O system
The experimental results in the system CaWOs-
SrWO4-CaCl,-SrCl-NaCl-H,O are given in Table
2. There is considerable solid solution of SftWQ4
and CaWOy4 components. The chemical composi-
tions of the coexisting phases can be written as
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Table 1.

Experimental vesults for the effect of NaCl on mineral-solution equilibria in the system

CaWQy4-MgWO+CalCly-MgCly-Hz0 at 600°C and 1 kbar

RunNo.  Duration Starting materials Run products (solution)
solid solution Mg Tme, Tmy,
days mg ul ul
001 6 CaWQ, 137 MgCl, 40 NaCl 0 0.491 0.509 0.000
002 6 CaWQ, 13.0 MgCl, 40 NaCl 0 0.505 0.495 0.000
003 6 MgWO0, 11.7 CaCl, 40 NaCl 0 0.546 0.454 0.000
004 6 MgWO, 105 CaCl, 40 NaCl 0 0.553 0.447 0.000
005 6 CawQ, 113 MgCl, 36 NaCl 4 0.459 0.450 0.182
006 6 CaWO, 136 MgCl, 32 NaCl 8 0.402 0.412 0.372
007 6 MgWO, 104 CaCl, 36 NaCl 4 0.464 0.444 0.184
008 6 MgWO, 152 CaCl, 32 NaCl 8 0.408 0.391 0.402
009 5 CaWQ, 122 MgCl, 28 NaCl 12 0.385 0.325 0.580
010 7 MgWO, 14.0 CaCl, 28 NaCl 12 0.318 0.360 0.644
011 7 CaW(Q; 144 MgCl, 24 NaCl 16 0.327 0.278 0.790
012 7 MgWO, 153 CaCl, 24 NaCl 16 0275 0.316 0.818
013 7 CaWQ, 123 MgCl, 16 NaCl 24 0.198 0.212 1.180
014 5 MgWO, 106 CaCl, 16 NaCl 24 0.193 0218 1.178
015 5 CaWQ, 132 MgCl, 8 NaCl 32 0.083 0.105 1.624
016 5 MgWO;  11.1 CaCl, 8 NaCl 32 0.093 0.127 1.560
017 5 CaWQ, 143 MgCl, 36 NaCl 4 0.428 0.474 0.196
018 5 MgW0, 13.0 CaCl, 36 NaCl 4 0.418 0.481 0.202
019 5 CaWQ, 182 MgCl, 32 NaCl 8 0.393 0.420 0.374
020 5 MgWQO, 14.0 CaCl, 32 NaCl 8 0.382 0.423 0.390
021 5 CaWQ, 115 MgCl, 28 NaCl 12 0.327 0.395 0.556
022 5 MgWO, 13.1 CaCl, 28 NaCl 12 0.348 0.369 0.566
023 5 CaWQ, 132 MgCl, 8 NaCl 32 0.298 0.304 0.796
024 5 MgWO, 105 CaCl, 24 NaCl 16 0.298 0.308 0.788
025 5 CaWQ, 123 MgCl, 16 NaCl 24 0.213 0.190 1.194
026 5 MgWO0, 114 CaCl, 16 NaCl 24 0.202 0.202 1.192
027 5 CaWQ, 137 MgCl, 8 NaCl 32 0.099 0.104 1.594
028 5 MgWO, 142 CaCl, 8 NaCl 32 0.091 0.101 1.616
029 5 MgW0, 116 CaCl, 40 NaCl 0 0.477 0.523 0.000
030 5 MgWO,;  11.1 CaCl, 40 NaCl 0 0.464 0.536 0.000
031 5 CaWQ; 150 MgCl, 8 NaCl 32 0.084 0.103 1.626

(Cag.73,51027) WO, and (Cao,3o,Sro,70)WO4. Both
phases show white color. The Ca/(Ca + Sr) molar
ratio in the aqueous chloride solution in equilib-
rium with both phases does not depend on NaCl
concentration and is about 0.35 at 600°C and 1
kbar (Fig. 1(b)).

CaWO4NiWOy4-CaCly-NiCly-NaCl-H,O system
The experimental results in the system CaWOs-
NiW04-CaCl;-NiCl,-NaCl-H,O are listed in
Table 3 and shown in Fig. 1(c). Both CaWOy4
(tetragonal) and NiWO, (monoclinic) were pro-
duced in all runs. NiWQy (monoclinic) shows ol-

ive color. Coexisting CaWOy (tetragonal) and
NiWO, (monoclinic) phases dissolve 0.9 mol% of
NiWO4 and CaWQ,4 components, respectively. The
Ca/(Ca + Ni) molar ratio in the aqueous chloride
solution in equilibrium with both phases decreases
from 0.67 to 0.37 with the increase of Na/(Na +
2Ca + 2Ni) molar ratio from 0 to 0.8.

CaWO4-CoWOy-CaCl,-CoCly-NaCl-H>O system
The experimental results in the system CaWO;-
CoW04-CaCly,-CoCl;-NaCl-H,0 are compiled in
Table 4 and shown in Fig. 1(d). The coexistence
of CaWOQ; (tetragonal) and CoWO4 (monoclinic)
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Table 2. Experimental results for the effect of NaCl on mineral-solution equilibria in the system
CaWOy4-SrW04-CaCly-SrCly-H20 at 600°C and 1 kbar

Run No.  Duration Starting materials Run products (solution)
solid solution Tmg, Tme, Tmy,
days mg ul ut
201 6 CaWO, 113 SrCl, 40 NaCl 0 0.671 0.329 0.000
202 6 CaWQ, 116 SCl, 32 NaCl 8 0.504 0.280 0.432
203 6 CaWQ, 127 St<Cl, 24 NaCl 16 0.341 0.222 0.874
205 7 StWO, 126 CaCl, 36 NaCl 4 0.571 0.315 0.228
206 7 CaWQ, 117 SiCl, 36 NaCl 4 0.582 0.307 0.222
207 7 CaWQ, 154 SrCl, 28 NaCl 12 0.423 0.270 0.614
209 6 SrtWwO,  11.0 CaCl, 40 NaCl 0 0.642 0.358 0.000
210 6 STWO, 102 CaCl, 32 NaCl 8 0.512 0.268 0.440
211 6 StWO,  10.2 CaCl, 24 NaCl 16 0.390 0.204 0.812
218 6 SIWO, 113 CaCl, 28 NaCl 12 0.484 0.214 0.604
N26 5 CaWQ, 11.8 StCl, 40 NaCl 0 0.659 0.341 0.000
N27 5 STWO, 5.7 CaCl, 20 NaCl 30 0.595 0.405 1.216
N28 3 CaWQ, 4.6 SrCl, 20 NaCl 30 0.666 0.334 1.278
N29 5 SfWO,; 4.7 CaCl, 10 NaCl 40 0.700 0.300 1.564
N30 5 CawQ, 53 SCl, 10 NaCl 40 0.602 0.398 1.663
N31 5 S*WO; 8.7 CaCl, 20 NaCl 30 0.573 0.427 1.124
N32 5 Caw(Q, 8.7 StiCL, 20 NaCl 30 0.604 0.396 1.248
N45 5 SIWO; 3.9 CaCl, 10 NaCl 40 0.660 0.340 1.575
N46 5 CaW0Q, 4.1 SCl, 10 NaCl 40 0.640 0.360 1.622
N47 5 StWO, 4.1 CaCl, 10 NaCl 40 0.666 0.334 1.563
N48 5 CaWQ, 45 SrfCL, 10 NaCl 40 0.618 0.382 1.636
1 1
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o 2
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Fig. 1. Effect of NaCl on the chemical composition of the 2N aqueous chloride solution in equilibrium with
CaWOy and MeWOy (Me:Mg, Sr, Ni and Co) at 600°C and 1 kbar. The direction of triangles in the figures
indicates the direction of change in chemical composition of aqueous chloride solution from the initial composi-
tion. (a) CaWO4-MgW04-CaCly-MgCly-Hy0 system, (b) CaWOy4-SrW04-CaCly-SrCly-HzO system, (¢) CaWOqy-
NiWQ4-CaCly-NiCly-H>0 system and (d) CaWQy4-CoWO4-CaCly-CoCly-Hy0 system.
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Table 3. Experimental results for the effect of NaCl on mineral-solution equilibria in the system CaWQy-
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Fig. 1. (continued).

NiWO4-CaCly-NiCly-H;0 at 600°C and 1 kbar

0
0
TMy,/ (5 My,+2 EMeg+2 ZMgy) in solution

(d)

0.2

0.4

0.6

0.8

Run No.  Duration Starting materials Run products (solution)
solid solution Tmy Tme, Ty,
days mg ul ul
032 5 CaW(Q, 156 NiCl, 40 NaCl 0 0.382 0.618 0.000
033 5 NiwQg, 128 CaCl, 40 NaCl 0 0.328 0.672 0.000
034 5 CaW0, 145 NiCl, 36 NaCl 4 0.409 0.499 0.184
037 6 NiwQ, 145 CaCl, 32 NaCl 8 0.320 0.489 0.382
038 6 CaWQ, 150 NiCl, 28 NaCl 12 0.334 0.359 0.614
039 5 NiwWQ, 109 CaCl, 28 NaCl 12 0.385 0.321 0.588
040 6 CaWQ; 143 NiCl, 32 NaCl 8 0.347 0.423 0.460
041 6 NiWQ, 127 CaCl, 32 NaCl 8 0.350 0.430 0.440
042 6 CawQ, 103 NiCl, 24 NaCl 16 0.289 0.271 0.880
043 6 NiwWQ, 110 CaCl, 24 NaCl 16 0.294 0.286 0.840
044 6 CaWQ, 138 NiCl, 16 NaCl 24 0.229 0.174 1.194
045 6 NiwQ, 119 CaCl, 16 NaCl 24 0.234 0.173 1.186
046 6 CaWQ, 107 NiCl, 8 NaCl 32 0.120 0.075 1.610
047 6 NiwQ, 108 CaCl, 8 NaCl 32 0.121 0.081 1.596
048 6 CaWQ, 125 NiCl, 40 NaCl 0 0.339 0.661 0.000
049 6 NiwO, 128 CaCl, 40 NaCl 0 0.339 0.661 0.000
050 6 CaWQ, 114 NiCl, 24 NaCl 16 0.292 0.314 0.788
051 6 NiwQ,  11.1 CaCl, 24 NaCl 16 0.287 0.317 0.792
053 7 NiWG, 116 CaCl, 36 NaCl 4 0.312 0.573 0.230
054 7 CaW0, 104 NiCl, 28 NaCl 12 0.295 0.392 0.626
056 7 CaWwQ, 11.0 NiCl, 16 NaCl 24 0.206 0.196 1.196
057 7 NiwQ, 12,0 CaCl, 16 NaCl 24 0.214 0.176 1.120
N13 5 NiwQ, 123 CaCl, 24 NaCl 16 0.509 0.491 0.790
N14 5 CawQ, 11.1 NiCl, 24 NaCl 16 0.521 0.479 0.872
N18 5 CaWQ, 112 NiCl, 8 NaCl 32 0.657 0.343 1.673
N19 5 NiwQ,  10.8 CaCl, 8 NaCl 32 0.682 0.318 1.628
N20 5 CaW(, 108 NiCl, 8 NaCl 32 0.620 0.380 1.693
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Table 4. Experimental results for the effect of NaCl on mineral-solution equilibria in the system
CaWO4-CoWO04-CaClr-CoCly-H>0 at 600°C and 1 kbar

Run No.  Duration Starting materials Run products (solution)
solid solution Tme, Tme, Tmy,
days mg ul ul

181 5 CaWQ, 119 CoCl, 40 NaCl 0 0.666 0.334 0.000
182 7 CoWO, 126 CaCl, 28 NaCl 12 0.540 0.159 0.602
183 7 CowWO; 112 CaCl, 8 NaCl 32 0.186 0.005 1.618
185 5 CaWwQ, 135 CoCl, 40 NaCl 0 0.626 0.374 0.000
186 5 CaWQ, 130 CoCl, 32 NaCl 8 0.631 0.167 0.404
187 5 CaWQ, 116 CoCl, 24 NaCl 16 0.523 0.062 0.830
188 5 CaWQ, 115 CoCl, 16 NaCl 24 0.370 0.021 1.218
189 7 CaWQ, 11.0 CoCl, 36 NaCl 4 0.622 0.275 0.206
190 7 CoWO,; 119 CaCl, 36 NaCl 4 0.637 0.257 0.212
191 7 CaWQ, 108 CoCl, 28 NaCl 16 0.572 0.118 0.620
192 7 CaWQ, 127 CoCl, 8 NaCl 32 0.185 0.007 1.616
193 5 CoWO,; 109 CaCl, 40 NaCl 0 0.647 0.353 0.000
194 5 CoWO, 110 CaCl, 32 NaCl 8 0.608 0.172 0.440
195 5 CoWO; 109 CaCl, 24 NaCl 16 0.535 0.062 0.806
196 5 CoWO, 130 CaCl, 16 NaCl 24 0.366 0.025 1.218

was confirmed for all run products. CoWOy
(monoclinic) is blue in color. The CoWOy4 and
CaWQ, contents in the coexisting CaWOy (tet-
ragonal) and CoWOy (monoclinic) phases are ex-
tremely small, and are 0.7 mol% and 0.9 mol%,
respectively. The Ca/(Ca + Co) molar ratio in the
aqueous chloride solution in equilibrium with the
two phases decreases significantly from 0.37 to
0.03 with the increase of Na/(Na + 2Ca + 2Co)
molar ratio from 0 to 0.8. '

DIScUSSION

Previous studies on solubility of minerals in
NaCl-free systems using Ag-AgCl buffer technique
revealed that neutral species, CaClyag, MgClaag,
FeClyag, MnClyaq and NiClaaq are dominant at
600°C and 1 kbar (Popp and Frantz, 1979, 1980;
Frantz and Popp, 1979; Boctor ef al., 1980; Boctor,
1985; Lin and Popp, 1984). Presumably, this is
the case for SrCl, and CoCl,. However, the addi-
tion of NaCl to the systems changes the situation.
The dissociation constant of NaClyg is still high
even at 600°C and 1 kbar. Accordingly, the addi-
tion of NaCl results in the supply of Cl g to the
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systems. The increase in Clyq of the aqueous so-
lutions will enhance the formation of higher-order
chloro-complexes. Reversely, solubility measure-
ments in the system with various NaCl concen-
trations will give the information of aqueous spe-
ciation (e.g., Fahlquist and Popp, 1989; Fein and
Walther, 1989; Grabman and Popp, 1991; Xie and
Walther, 1993, and Cygan et al., 1994).

Uchida et al. (1995) have examined experi-
mentally the effect of NaCl and KClI on the ion
exchange equilibria in the systems CaWOg4-
FeWQ,-CaCl,-FeCl,-NaCl-H,O and CaWO;-
MnWOQ,-CaCl,-MnCl,-NaCl-H;O at both 400 and
600°C, 1 kbar. They explained the decrease of Ca/
(Ca + Fe) and Ca/(Ca + Mn) molar ratio in the
aqueous chloride solutions with the addition of
NaCl by considering the formation of FeCly7q and
MnCl3 5. On the assumption that CaCl, does not
form higher-order chloro-complexes other than
CaClyag, they estimated the formation constants of
FeCl3 aq and MnCl3™yq from the experimental re-
sults.

In the present experimental systems CaWOs-
MgWO4-CaCl,-MgCl>-NaCl-H20 and CaWOus-
SrWQ4-CaCl,-SrCl-NaCl-H,O, Ca/(Ca + Mg) and
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Ca/(Ca + Sr) ratios do not depend on NaCl con-
centration. This may indicate that CaCl,, MgCl,
and SrCl; do not form higher-order chloro-com-
plexes due to their ionic property, and that they
exist almost entirely as neutral species in the hy-
drothermal solution under the present experimen-
tal condition. On the other hand, based on the ef-
fect of NaCl on talc solubility, Grabman and Popp
(1991) suggested the formation of higher-order Mg
chloro-complexes. Therefore, it is also possible to
interpret that the present experimental results may
indicate that the formation constant of CaCl37q is
accidentally the same as that of MgCl; g and
SrCl3™aq. However, we can not find the reason why
the ion size effect was not observed among them.
Therefore, we consider that CaCl;, MgCl, and
SrCl; do not form higher-order chloro-complexes.

In the systems CaWO4-NiWQ4-CaClp-NiCl,-
NaCl-H;0 and CaWO04-CoW04-CaCly-CoClz-
NaCl-H;0, the Ca/(Ca + Ni) and Ca/(Ca + Co)
ratios in the aqueous solutions decreased with the
increase of NaCl. According to Uchida er al.
(1995), this will be explained by the formation of
higher-order chloro-complexes, probably NiClz g
and CoCls7yq. Their formation constants will be
obtained by the same method as Uchida ez al.
(1995), as follows.

In the calculation, higher-order complexes other
than NaCl,q and CaCly,q were neglected due to
their ionic property. Also, Ni**5q and NiCl*,q were
neglected in the calculation. This is supported by
the experiments by Lin and Popp (1984). The
similar assumption was made for CoCl, by the
analogy to FeCl,, MnCl, and NiCl,. Thus the
following eight aqueous species were taken into
consideration in the calculation; Cl g, Na¥y,
NaClyg, Ca?*yq, CaCl7ag, CaClyag, MeClpaq and
MeCly™aq (Me:Ni or Co). The following four mass
balance equations can be written among these
aqueous species:

2mya = m(Na*,q) + m(NaCly), (1)
2me= m(Ca?*,q) + m(CaCl*,) + m(CaClaag),(2)

Tmye = m(MeClaag) + m(MeCli ag), 3)

and

Zmer = m(Claq) + m(NaClyg) + m(CaCl*,g)
+ 2m(CaClaag) + 2m(MeClzag)
+ 3m(MeCls™aq) = 2, (4)

where m(1) signifies the molarity of aqueous spe-
cies i, and 2my; the total molarity of i-bearing
species. Corresponding to the following four re-
actions:

NaClyq = Na*yq + Clyg, (%)
CaClyaq = CaCl*yq + Clag, (6)
Cacl+aq = Ca2+aq + Cl—aq, (7)

and

MeClaaq + Clrag = MeClsaq, 8

the following four mass action equations can be
written:

K(NaClyg) = a(Na*sq)a(Cl"q)/a(NaClyy), 9)
K(CaClyaq) = a(CaCl*,q)-a(Cl aq)/a(CaClzyg), (10)
K(CaCl*,y) = a(CaZ*,q)a(Clag)/a(CaCl?yy), (11)

and

K(MeClsaq) = a(MeCls aq)/ {a(MeClaag)-a(Clrag)},
(12)

where a(i) is the activity of aqueous species 1, and
K(i) the dissociation or formation constant of
aqueous species 1. The activity coefficient of neu-
tral aqueous species was assumed to be unity. On
the other hand, the activity coefficient of charged
aqueous species y; was calculated from the Debye-
Huckel equation:

logy; = ~Z,AIV?/(1 + aBI'7?), (13)

where Z; is the ionic charge and I the true ionic
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strength defined as

1= 12XmZ3. (14)
The Debye-Huckel coefficients A and B were
taken from Helgeson and Kirkham (1974), and the
ion size parameter a; from Kharaka and Barnes
(1973). The ion size parameters for CaCl¥,,
NiCl37aq and CoCls™yq were assumed to be 4
(Seward, 1984). The dissociation constant for
NaCl,q was taken from Quist and Marshall (1968),
and that of CaCl*,q and CaClyaq from Frantz and
Marshall (1982).

The ion exchange reaction in the systems can
be written using neutral species as

CaWO; (tetragonal) + MeCly,q

= MeWOy; (monoclinic) + CaClzaq. (15
The equilibrium constant K(Ca-Me) for the reac-
tion is

K(Ca-Me) = a(MeWO;)-a(CaClyag)

/{a(CaWO,)-a(MeCly)}. (16)
The activity coefficient for neutral aqueous species
is assumed to be unity in the present study.
Moreover, activities for CaWQ,; and MeWQ, can
be considered as unity due to limited solubility
between CaWO,4 and MeWO,. Therefore, the
equilibrium constant K (Ca-Me) can be rewritten
as follows:

K(Ca-Me) = m(CaClzaq)/m(MeClzgq) = const.(17)

The formation constant for NiCls7,q and CoCls g
can be found out so as to satisfy the above con-
straint (17) using Egs. (1) to (4) and (9) to (12).
As a result, logarithm of the formation constant
for NiCl3~q was estimated to be 1.5, and that for
CoCls7yq to be 2.1 at 600°C and 1 kbar. Accord-
ing to Fahlquist and Popp (1989) (Eq. (14)), the
formation constant for NiCl3 g can be obtained to
be 0.69 in logarithm at 600°C and 2 kbars. The
two sets of experimental data indicate that the
formation constant for NiCl37,q decreases with
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increasing pressure. This is concordant with the
general trend for ion complexing, that is, ion
complexing increases with increasing temperature,
but decreases with increasing pressure (e.g.,
Eugster and Baumgartner, 1987).

Figures 2(a) and (b) show the concentration of
each aqueous species in the aqueous chloride so-
lutions in equilibrium with both CaWO4 and
NiWO, and with both CaWQ4 and CoWOQ, cal-
culated using the obtained formation constants for
NiCl37q and CoCls g, respectively. CaClyyq is a
dominant Ca species in both systems with any Na
concentrations. At lower Na concentrations, Na*,g,
NiClz,q and CoClz,q are dominant Na, Ni and Co
species, respectively, whereas NaCl,q, NiCli™aq and
CoCl37aq become dominant at higher Na concen-
trations.

Uchida et al. (1995) have already obtained the
formation constants for FeCls™,q and MnCl3 4 as
1.9 and 2.3 in logarithm at 600°C and 1 kb, re-
spectively, using the same experimental method.
As a result, MeCly,q tends to form MeCls g in the
following order:

SrClyaq = CaClyaq = MgClaag
<< NiClaaq < FeClagq < CoClaaq < MnClaag.

As mentioned above, it seems that Sr, Mg and
Ca do not form higher-order chloro-complexes. On
the contrary, the formation constants for MeCl3q
of the transition elements are large. Therefore, the
transition metal cations seem to exist as higher-
order chloro-complexes in natural supercritical
hydrothermal solutions. As a consequence, solu-
bility of transition elements in hydrothermal so-
lutions seems to increase significantly under
supercritical conditions.

Here, we consider the above order of the for-
mation constants of chloro-complexes of transition
metal cations. The followings is a so-called Irving-
Williams series:

Mn?* < Fe?* < Co?*" < Ni?* < Cu?* > Zn?*.

The series shows the relative stability of the
divalent metal complexes under room conditions.
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Fig. 2. Concentrations of aqueous species vs. NaCl concentration for the 2N aqueous chloride solution in
equilibrium with CaWQOy and MeWOy (Me:Ni and Co) at 600°C and 1 kbar, calculated using the formation con-
stants for NiCl3~ gy and CoCls y, obtained in the present study. (a) CaWO4-NiWO4-CaCly-NiCly-H,0 system and

(b) CaWO4-CoWQOy-CaCly-CoCly-H>O system.

Table 5 shows ligand field stabilization energy for
octahedral and tetrahedral complexes. The ligand
field theory suggests that the transition metal cat-
ions form octahedral complex with high-spin state
under room conditions. On the other hand, though

there is a reverse between Fe?t and Co?", the or-
der obtained in the present study may indicate that
the transition metal cations form tetrahedral chloro-
complexes with low-spin state under the experi-
mental conditions. This is supported by the stud-
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Table 5. Ligand field stabilization energy of transition metal cations in oc-
tahedral and tetrahedral complexes (Burns, 1970)

Transition Number of Ligand field stabilization energy
metal cation  d electrons
Octahedral complex Tetrahedral complex
High-spin Low-spin High-spin Low-spin

Mn%* 5 0 10/5 A 0 10/5 A,
Fe?* 6 254, 12/5 A, 3/54, 8/54,
Co?* 7 4/5A, 9/5 A 6/54, 6/54,
Ni%* 8 6/5A, 6/5 Mg 4/5A, 454,
Cu?* 9 3/5 A, 3/5 A 254, 25 A,
Zn® 10 0 0 0 0

ies of Susak and Crerar (1985) and Ewald et al.
(1964). Based on a spectroscopic study, Susak and
Crerar (1985) elucidated that Co?* and Ni?* chloro-
complexes change from octahedral to tetrahedral
with increasing temperature from 25 to 300°C
under water-saturated vapor pressures. The ex-
periments on the pressure effect by Ewald ef al.
(1964) demonstrated that the Fe(IIl) chloro-com-
plex with high-spin state changes into that with
low-spin state at higher pressures. As a conclusion,
it is considered that the chloro-complexes of the
transition metal cations exist as tetrahedral chloro-
complexes such as Co(H20)2Clz,q and
Co(H,0)Cl37aq With low-spin state under the
present experimental condition.
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Experimental study on ion exchange of Ca?*, Fe?* and Mn?*
between garnet solid solution and 2N aqueous
chloride solution at 600°C and 1 kb

Etsuo UcHIDA, Masataka GiMA and Naoya IMAI

Department of Mineral Resources Engineering, School of Science and
Engineering, Waseda University, Shinjuku, Tokyo 169, Japan

Experiments on ion exchange of Ca?*, Fe** and Mn?** between grossular-almandine-spessar-
tine garnet solid solution and 2N aqueous chloride solution were conducted at 600°C and 1kb under
relatively reducing conditions in order to determine the stability relation and mixing property of
the garnet solid solution. The experimental results revealed that calcium ion is slightly preferen-
tially partitioned into aqueous chloride solution compared with ferrous and manganese ions.
Grossular, almandine and spessartine form an almost continuous solid solution except for the
semicircular region along the grossular-almandine join, where mineral assemblages of fayalite+
anorthite and hedenbergite+ anorthite+wustite appear instead of the garnet solid solution.
Mixing properties of the garnet solid solution were evaluated from the experimental results by
considering the formation of FeCl;~yq and MnCl;,, in the aqueous phase. Almandine-spessar-
tine solid solution shows slightly negative deviation from ideality. On the other hand, grossular-
spessartine solid solution shows slightly positive deviation. Mixing property of grossular-alman-
dine solid solution was not well determined due to the large unstable region.

Keywords: Garnet, Aqueous chloride solution, Ion exchange, Mixing property, Stability

relation

1. Introduction

Two series of garnet solid solutions, pyral-
spite and grandite, are common in metamor-
phic, metasomatic and igneous rocks. It is
well known that pyrope, almandine and spessar-
tine, and grossular and andradite form com-
plete solid solutions in nature, respectively.
The pyralspite and grandite series garnet solid
solutions were originally defined based on their
miscibility relations. However, garnet solid
solutions with intermediate compositions
between pyralspite and grandite have been
reported from metamorphic rocks and skarns
(Frondel and Ito, 1965; Nemec, 1967 ; Brown,
1969 ; Ackermand ef al., 1972; Shimazaki,
1977; Hsu, 1980). Experimental studies have

also revealed that grossular and spessartine (Ito
and Frondel, 1968 ; Shoji et al., 1995), and gros-
sular and almandine (Hariya and Nakano, 1972)
form continuous solid solutions, respectively.

Although the extensive solid solution of
garnet is widely known, its mixing properties
are less well constrained. Therefore, we have
conducted ion exchange experiments of Ca?*,
Fe?* and Mn?** between garnet solid solution
and 2N aqueous chloride solution in order to
clarify the stability relation and mixing prop-
erty of the garnet solid solution, and to obtain
the chemical composition of the aqueous chlo-
ride solution in equilibrium with the garnet
solid solution of variable composition. Experi-
ments were carried out for the following binary
and ternary systems :

(Manuscript received, August 29, 1995 ; accepted for publication, May 20, 1996)
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Table 1.

Experimental data for the ion exchange in the system Fe;Al,51;0,,-

Mn;AlSi;0:,-(Fe, Mn)Cl,-H.0 at 600°C and 1 kb

Run Duration Starting Materials

Bun Products

No. days  Solid mg  Solution ul Garnet Solution
Aln  Spe Zmp, Smy  mPeCly*mMnClo*

202 7 Spe 28.5 FeCl, 30 0.1310.869 0.132 0.868 0.132 0.868
203 7 Spe 24.3  FeCly 40 0.186 0.814  0.150 0.850 0.150 0.850
204 7 Spe 19.4  PFeCly 50  0.382 0.618  0.435 0.565 0.435 0.565
2117 Alm 15.4  MnClp 50  0.728 0.272  0.776 0.224 0.776 0.224
212 7 Alm 18.2  MnCly 30 0.868 0.132  0.811 0.083 0.911 0.089
214 7 Alm 30.3  MnCl, 30 0.9510.048  0.963 0.031 0.969 0.031
215 7  AlmggSpesg 3.1  FeCly 20 0.756 0.244  0.816 0.184 0.816 0.184
216 7  AlmgoSpesp 20.7  FeCly 40  0.712 0.288  0.768 0.232 0.768 0.232
217 7  AlmgoSpesp 31.9  MnCly 20 0.720 0.280  0.78¢ 0.211 0.78% (0.211
218 7 AlmgSpesg 20.4  MmClp 40 0.517 0.483  0.603 0.387 0.603 0.397
243 7 AlmspSpesp 20.2  MnClp 30 0.501 0.499  0.550 0.450 0.550 0.450
244 7 AlmggSpegp 27.0  MnCl, 20 0.412 0.588  0.435 0.565 0.435 0.565
245 7 AlmypSpegp 19.1 MnCly 30 0.342 0.658 0.3%0 0.610 0.390 0.610
246 7 AlmggSpegp 14.2  MnClp 40  0.3650.635  0.3%8 0.602 0.398 0.602

* Calculated values.

(1) Fe Al Si;0,,-Mn Al SiO,-
(Fe, Mn)Cl;-H,0;
(2) CazAlSi;0,,-Mn;AlSi;040-
(Ca, Mn)Cl,-H.0;
(3) CazAlSi;0,,-Fe; Al Si;040-
(Ca, Fe)Cl,-H,0O and
(4) CazAlSi;04:-Fe; AL Siz;0),-
Mn;AlLSi;0,,-(Ca, Fe, Mn)Cl;-H,0.

II. Experimental method

A stoichiometric mixture of reagent-grade
Ca0, Al,O; and SiO, was used as a starting
material for a grossular component. We used
stoichiometric mixtures of reagent-grade
metallic iron or manganese powder, Al,O; and
Si0, as starting materials for almandine and
spessartine components, respectively. We had
some difficulties in the synthesis of grossular-
almandine solid solution, especially in the al-
mandine-rich side. Thus, synthetic almandine
containing a small amount of a spessartine
component was used as a crystal seed in the

experiments. Ion exchange experiments were
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conducted using various starting compositions.
Anthracene(C,,H,,) was used as a reducing
agent in order to keep iron and manganese ions
in a divalent state during the experiments.

The starting material (10-40 mg) and 2N
Ca(l,, FeCl, and/or MnCl; aqueous solution
(15-50 1) were enclosed into a gold capsule
with a few milligrams of anthracene. The
charged capsule was kept at 600°C and 1 kbina
standard cold-seal pressure vessel for 4 to 9
days. The temperature was monitored with a
chromel-alumel thermocouple attached on the
outer wall of the pressure vessel, and the pres-
sure was measured by a Heise gauge. The
temperature was controlled within +5°C and
the pressure within =+ 10 bars.

After the termination of the run, the pres-
sure vessel was quenched with cold water.
Gold capsules were opened and the run products
were washed away into a beaker with distilled
water. Solid phases were separated from a
liquid phase with a membrane filter and were
identified by the polarizing microscope, the X-
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Table 2. Experimental data for the ion exchange in the system Ca,AlSi;0,,-
Mn;Al,Si;0,,~(Ca, Mn)Cl,-H,0 at 600°C and 1 kb

Run Duration Starting Materials

Run Products

No. days Solid mg Selution - ul Garnet Solution
Gro  Spe  Zmp, Zmy  moae)2’mpmeyat
205 7 Se  30.6  CaCl; 20 0.088 0.912 0.323 0.677 0.153 0.508
206 7 Spe  20.8  CaCly 40  0.187 0.813 0.458 0.542 0.257 0.344
w7 Gro  30.8 _rﬁmz 30 0.824 0.176 0.864 0.136 0.773 0.054
208 7 Gro  20.3  MiCl, 40  0.715 0.285 0.781 0.219 0.647 0.093
21 17 Gro  28.7  MaCl, 20  0.886 0.114 0.906 0.094 0.839 0.036
222 7 Gro  24.0  MiClp 25  0.848 0.152 0.884 0.116 0.804 0.045
223 7 Gro 187  MaCl, 30  0.757 0.243 0.823 0.177 (.710 0.072
24 7 Gro  15.0  MaCl, 40  0.542 0.458 0.694 0.306 0.525 0.144
25 7 Spe  22.5  CaCly 20 0.132 0.868 0.381 0.619 0.193 0.434
26 7 Spe  17.5  CaCly 25  0.158 0.842 0.424 0.576 0.228 0.382
228 7 Spe  15.1  CaCly 30 0.204 0.776 0.474 0.526 0.272 0.327
247 7 Spespfrogp 25.1  CaCly 30 0.468 0.532 0.662 0.338 0.482 0.165
248 7 Spesgfirosg 27.8  MaCly 20 0.361 0.63% 0.607 0.393 0.414 0.205
249 7 Spespfrosg 15.9  MaCly 30 0.204 0.706 0.547 0.453 0.345 0.256
250 7 Spesgfrogg 13.5  MnCly 40  0.267 0.733 0.518 0.482 0.315 0.283
* Calculated values.
) i N : (Link QX-200JI). In some cases, cations in the
- “1\ \ \\\\ e solid products were analyzed by the atomic
2% IR 4 ‘\ : absorption spectrophotometer (Shimadzu AA-
Sl S 610S) after dissolution with HF and HCl. The
50 N b 1 N molar ratio of the cations in the liquid phase
é ‘\\ \\ \\ : // \\ \ \ was also determined by the atomic absorption
z 04 ‘\ ‘.\ o ‘ j; /’ | .\; spectrophotometer.
& n B -
Eogf 1 I :: K \\\1 III. Results
4 ‘;f f:,’ \:X 1. Almandine-spessartine-(Fe?*, Mn?*)Cl,-
o 0.2 o{.a : Y ) 20 H.0 system
Spe Alm The experimental results are summarized

Fe/ (Fe+Mn) mole ratio in solid

Fig.1. Ion exchange data in the system Fe,A1Si;O;,-
Mn;AlLSi;0,,-(Fe, Mn)Cl,-H,O at 600°C and 1
kb. The starting and final compositions are
connected with dashed lines.

ray diffractometer (Rigaku RAD-IB) and the
scanning electron microscope (JEOL JSM-
5400). The chemical compositions of the solid
phases were determined on the crystal surfaces
by the energy dispersive-type microanalyzer

in Tablel, and the ion exchange isotherm is
shown in Fig. 1. Almandine and spessartine
form a complete solid solution with each other.

The ion exchange isotherm suggests that
Fe/Mn ratio in the garnet solid solution is
nearly equal to that in the coexisting aqueous
chloride solution. The grain size of the
synthesized garnets reached up to 100 um. All
synthesized garnets have a shape of dodecahe-
dron (Fig. 2-A).
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Fig. 2. Secondary electron images of synthesized garnets.

A : Alm,Spe,, (runno. 215), B: Gro,Spes,

(run no. 205) and C: GrogsAlm,, (run no. 315).

2. Grossular-spessartine-(Ca**, Mn?*)Cl,-

H,O system

The experimental results are summarized
in Table 2, and the ion exchange isotherm is
shown in Fig.3. Grossular and spessartine
also form a continuous solid solution. Manga-
nese ion is slightly preferentially partitioned
into the garnet solid solution compared with
calcium ion.

The synthesized garnet has a shape of
dodecahedron (Fig.2-B). The grain size
decreases with an increase of grossular compo-
nent from 50 ym to 2 um.

3. Grossular-almandine-(Ca?*, Fe?*)Cl,-H.O0
system

The experimental results are compiled in
Table 3. Grossular(Gro) and almandine(Alm)
form solid solutions in the limited
compositional ranges from Gro,Alm;,, to
GrogAlm,, and from Gro;,Alm,s to GrogeAlm,
under the experimental conditions (Fig.4).
The Ca/(Ca+Fe) molar ratio of the coexisting
aqueous chloride solution is about 0.21 for the
mineral assemblage of garnet(GrosAlmg,)+
fayalite+anorthite, about 0.52 for that of
fayalite +hedenbergite +anorthite 4+ wustite,
and about 0.80 for that of hedenbergite+ anor-
thite+wustite+garnet(Gro,,Alm,s). The bulk
chemical compositions of solid products
containing the mineral assemblages of
fayalite+anorthite and hedenbergite-anor-
thite +wustite were determined by the atomic
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Fig.3. Ion exchange data in the system CasAl;Si;0,,-
Mn,;AlLSi0,.-(Ca, Mn)Cl.-H,0 at 600°C and 1
kb. The starting and final compositions are
connected with dashed lines.

absorption spectophotometer after dissolution
with HF -and HCl. Their bulk compositions
are plotted in Fig.4. Mineral assemblages of
fayalite+anorthite and hedenbergite+anorth-
ite+wustite appeared in the intermediate com-
positions. The schematic phase relation in the
system CaO-Fe0-Al,0,-Si0; is shown in Fig.
5. This figure is a projection onto the CaO-
FeO-Si0, plane from Al,0;. The anorthite-
wustite-hedenbergite plane intersects the gros-
sular-almandine line in the middle point (Gros,
Alms,), and the anorthite-fayalite line inter-
sects the grossular-almandine line in the com-
position of Gros;Alme,.

The synthesized garnet in this system has
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Fig. 4. Ion exchange data in the system Ca;AlSi;0,,-
Fe;AlSi;0:.-(Ca, Fe)Cl,-H,0 at 600°C and 1 kb.
The starting and final compositions are con-
nected with thin dashed lines. Bold dashed line
is an estimated ion exchange isotherm between
garnet solid solution and aqueous chloride solu-
tion in the unstable region of garnet solid solu-
tion. Symbols: solid circles, Ga; open
squares, Ga-+Hd-+An+Wu; solid squares,
Hd+An+Wu; open circle, An+Hd+Fa+Wu;
solid triangles, Fa+An. Abbreviations: Ga,
garnet; Hd, hedenbergite; An, anorthite; Fa,
fayalite ; Wu, wustite.

also a shape of dodecahedron (Fig. 2-C), and the
grain size decreases with an increase of gros-
sular component from 50 gm to 2 um.
4. Grossular-almandine-spessartine-(CaZ?*,

Fe?*, Mn?*)CL,-H,O system

The experimental results are summarized
in Table4. Compositions of garnets synthes-
ized in this system are plotted in Fig. 6. Gar-
net solid solutions with the compositions corre-
sponding to the semicircular area in Fig. 6 were
not stable. The mineral assemblages
fayalite+anorthite and hedenbergite+anorth-
ite+wustite appeared in the semicircular area.

Fig. 7 shows concentrations of total Ca, Fe
and Mn in the 2N aqueous chloride solution in
equilibrium with garnet solid solution, calcu-
lated from the experimental results for binary

$i02

Ga+An+Hd+Wu
An-+Hd+Wu
An+Fa+Hd+Wu

Fe0 Ca0

Fig.5. The schematic phase relation in the CaO-
FeO-Al0;-Si0, at 600°C and 1 kb, project-
ed onto Ca0-Fe0-S5i0, plane from AlLO,.
Abbreviations : Gro, grossular; Alm, al-
mandine ; Ga, garnet; Hd, hedenbergite;
An, anorthite ; Fa, fayalite ; Wu, wustite.

and ternary systems by the least square
method. In the calculation, the aqueous chlo-
ride solution was assumed to be an ideal solu-
tion (Kubo et al., 1992).

IV. Thermodynamic considerations

Here we define unit formulae of garnet end
members as follows :

grossular(Gro) : 1/3(Ca;Al,Si;0;5)
almandine(Alm): 1/3(Fe;Al,Si;01,)
and spessartine(Spe) : 1/3(Mn;Al,Siz042).

The ion exchange reactions between garnet
solid solution and aqueous chloride solution can
be expressed using neutral aqueous species as
follows :

1/3Ca;3Al,Si;0,, + FeClsaq
=1/3Fe;Al,Si130,, +CaClzaq 1)
1/3Mn, Al Si;0;, 4+ CaClzaq
=1/3Ca;Al;Si50:; + MnClyeq 2)
and 1/3Fe;Al,S1;0:, +MnClzaq
=1/3Mn;AlS150,, + FeClagq. (3)

Uchida et al. (1995) posed a question for the
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Table 3. Experimental data for the ion exchange in the system Ca,Al,Si,0,,~

Fe; AlL:S1;0,,-(Ca, Fe)ClL,-H,0 at 600°C and 1 kb

Run Duration Starting Materials Run Products
No. days Solid g Solution w1 Garnet Solution Phases
Gro Alm  Zacy Sape mcacizfapecyof

237 8 G0 20.0 FeCly 30 0.784 0.206 0.878 0.122 0.822 0.075 Ga

3158 Gro 247 FeCly 30 0.862 0.138 0.910 0.090 0.85 0.054 Ga

317 8 Gro 18.9  FeClp 40 0.771 0.229 0.765 0.235 0.676 0.154 Ga

30 4 Al* 187 CaClp 30 0.063 0.937 0.199 0.801 0.127 0.730 Ga

33 4 Gro*  19.1  FeCly 30 0.849 0.151 0.803 0.197 0.724 0.126 Ga

36 4 Am* 27.0  CaCly 20 0.055 0.945 0.189 0.811 0.120 0.743 Ga

B7 4 Al* 2.5 CaClp 30 0.071 0.929 0.182 0.818 0.115 0.752 Ga

88 4 Ale*  18.9  CaClp 40 0.081 0.919 0.19 0.804 0.124 0.734 Ga

36 4 Al? 1.9 CaClp 40 0.693 0.307 0.787 0.213 0.704 0.138 Ga

399 7 Al«*  29.9  CaClp 20 0.039 0.951 0.128 0.872 0.078 0.823 Ga

403 7 Gro  30.3  FeCly 30 0.8550.145 0.919 0.081 0.877 0.043 Ga

404 7 Gro 2.0 FeClp 40 0.8620.138 0.884 0.116 0.830 0.07t (a

406 7 Gro 19.5  FeCly 30 0.8010.199 0.838 0.162 0.770 0.102 Ga

351 4 AlmggGrogo® 15.8 FeClp 30  0.262 0.738% 0.486 0.514 0.384 0.397 AnsFa

360 4 Al* I CaCly 40 0.274 0.726% 0.419 0.581 0.302 0.467 AneFa

31 4 Al® 7.1 CaClp 30 0.275 0.725%* 0.471 0.529 0.350 0.412 An+Fa

395 4 No35T 9.6 CaCly 20 0.413 0.587%* 0.526 0.474 0.404 0.357 AntFathgiiy

AL 10 Gro 10.0  FeCly 40  0.522 0.478%% 0.799 0.201 0.719 0.129 AntHd+Wu

A2 10 Gro 9.9 CaCly 10 0.577 0.423% 0.744 0.256 0.650 0.170 Ga+An+Hd+¥u
FeClp 30

A3 10 Gro 9.8 CaClp 20 0.569 0.431%% 0.849 0.151 0.784 0.095 Ga+An+Hd+Wu
FeClp 20

A5 10 AlmggGrozg 10.1  CaCly 20 0.476 0.524*% 0.596 0.404 0.478 0.262 An+Ha+wu
FeClp 20

*

, With crystal seed; **, Bulk composition; *, Calculated values.

Abbreviations: Ga,garnet; An,anorthite; Fa,fayalite; Hd,hedenbergite; Wu,wustite.

ideality of 2N (Ca, Fe, Mn)Cl, aqueous solution
under supercritical conditions. The non-
ideality is caused by the formation of FeCls~.,
and MnCl;~.,. Therefore, we calculated the
molalities of the neutral aqueous species,
CaClzaq, FeClyaq and MnClaag, solving the fol-
lowing four mass-balance and four mass-action
equations iteratively :

2mea =m(Ca*)+m(CaCl*)+m(CaCl,) (4)
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2 me. =m(FeCl,) +m(FeCl;-) (5)

2y =m(MnCl,)}+m(MnCl,™) (6)

Zme=m(Cl7)+m(CaCl*)+2{m(CaCl,) +
m(FeCl,)+m(MnCl,)} +
3{m(FeCl;")+m(MnCl;~)} =2

(7)
K(CaCl*)=y(Ca**)m(Ca**)y(Cl-)m(Cl-)/
{y(CaCl")m(CaCl*)}
8)
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Table4. Experimental data for the ion exchange in the system Ca;Al;Si;0,,-Fe; AlLSi;0,,-
Mn,Al,S1,0,,~(Ca, Fe, Mn)Cl,-H,0 at 600°C and 1 kb
Bun Duration Starting Materials Run Products
No. days Solid ag Solution ul Garnet Solution Phases
Gro Als Spe Zacy Zmpe Tmyy  moacip'spectz’auncie’

280 7 Grogs Speg 25.1 FeCly 30 0.749 0.202 0.049  0.767 0.172 0.061 0.665 0.113 0.026 Ga

28t 7 GrogsSpeg 19.7 FeCly 40  0.700 0.250 0.056 0.715 0.224 0.061  0.601 0.151 0.027 GatAn+Hd+Wu

291 7 AlmggSpeps  32.8 CaCly 20 0.072 0.826 0.102  0.222 0.711 0.067 0.136 0.643 0.050  Ga

293 7 AlmgsSpens  20.6 C€aCly 30 0.084 0.718 0.198 0.237 0.625 0.138 0.142 0.562 0.108 Ga+AniFa

295 7 AlmggSpesy  31.4 CaClp 20 0.174 0.535 0.291 0.416 0.380 0.204 0.269 0.310 0.130 GCatAn+Fa

206 7  AlmgoSpegy 25.4 CaCly 25  0.195 0.465 0.340  0.403 0.358 0.239  0.254 0.295 0.156 GCatAnsFa

300 7 AIIZSSpev]s 25.6 CaCly 25 0.122 0.260 0.618 0.400 0.174 0.426 0.228 0.145 0.285 Ga

311 8 GroggAlngsSpegs 30.6 FeCly 30  0.158 0.352 0.490 0.363 0.293 0.344 0.210 0.249 0.239 Ga

313 8 GroggAlagsSpeqs 24.3 CaCly 30 0.293 0.326 0.381  0.464 0.265 0.271 0.300 0.2(1 0.165  Ga

314 8 GroggAlmgsSpegs 25.6 MnCly 3¢ 0.164 0.279 0.559  0.440 0.221 0.339 0.270 0.179 0.214 Ga

319 8 GroggAlmgySpegs 28.8 FeCly 15 0.261 0.299 0.440 0.476 0.204 0.320 0.303 0.162 0.193 Ga
CaCly 15

320 8 GroggAlagySpess 21.1 FeCly 15 0.271 0.323 0.406  0.482 0.226 0.22 0.313 0.178 0.174  Ga
CaCly 15

322 8 GroggAlagsSperq 29.8 CaCly 30 0.527 0.284 0.189  0.605 0.233 0.162 0.455 0.169 0.083 GaAn+Fa

323 8 GrogpAlaggSpe;y 22.9 CaCly 30  0.484 0.324 0.192  0.570 0.274 0.156  0.420 0.262 0.083 GatAmiFa

324 8 GroggAlaggSpeyy 16.3 CaCly 40  0.525 0.318 0.157 0.595 0.258 0.147 0.448 0.188 0.076 GatAn+Fa

325 8 GrogjAlaggSpeqy 30.2 FeCly 15  0.484 0.318 0.197 0.600 0.241 0.159 0.451 0.175 0.082  Ga
CaCly 15

33t 9 AlmgqSpeyg 35.3 FeCly 10 0.027 0.607 0.366 0.154 0.520 0.326 0.080 0.490 0.282 Ga
CaCly 10

335 9 GrogjAlagySpegs 19.0 CaCly 30 0.306 0.318 0.376  0.487 0.249 0.264 0.321 0.195 0.156  Ga

337 9 GroggSpegy  24.0 FeCly 24 0.433 0.037 0.530 0.632 0.012 0.356 0.447 0.009 0.180 Ga
CaCly 6

338 g Gro50Spe50  16.5 FeCly 24  0.488 0.058 0.454 0.628 0.026 0.346 0.444 0.019 0.176 Ga
CaCly 6

* Calculated values.

Abbreviations: Ga,garnet; An,anorthite;

K(CaCl,)= y(CaCl*)m(CaCl*) y(Cl")m(CI-)/
{y(CaCly)m(CaCl,)}
©)
K(FeCl;~)=y(Cl")m(Cl~)y(FeCl;)m(FeCl,)/
' {y(FeCly")m(FeCls™)}
(10)

and

Fa,fayalite; Hd,hedenbergite; Wu,wustite.

K(MnCl;™) = 9(ClI7)m(C17) y(MnCl,)m(MnCl,)/
{y(MnCl;")m(MnCl;7)}
(11)

where >m, indicates the total molality of i-
bearing aqueous species, m(i) the molality of
the aqueous species i, (i) the activity
coefficient of the aqueous species i, and K(i) the
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Gro

Alm Spe

Fig.6. Chemical compositions of garnets synthesized
in the present experiments in the system
Ca;AlSi;0.,- Fe;Al,8150,,-Mn;Al1,S8i,0,,-
(Ca, Fe, Mn)Cl,-H,0 at 600°C and 1 kb. Open
circles show the chemical compositions of gar-
nets in equilibrium with the mineral assem-
blages fayalite+anorthite and hedenbergite+
anorthite+wustite, and solid circles show those
in equilibrium with no other solid phases.

dissociation constant of the aqueous species i.
The activity coefficients of the charged species
were calculated using a Debye-Huckel equa-
tion :

log y(i)=—Z,A1"*/(1+2,BI'"?) (12)

where Z; is the ionic charge and I is the true
ionic strength :

1=1/22m@)Z,? (13)

A and B are the Debye-Huckel coefficients and
are taken from Helgeson and Kirkham (1974).
a; is the ion-size parameter and is taken from
Kharaka and Barnes (1973). In the present
study, the activity coefficients of the neutral
species are assumed to be unity as done in most
previous experimental studies (e.g., Frantz and
Popp, 1979). Dissociation constants for CaClysq
and CaCl*,q are from Frantz and Marshall
(1982) and dissociation constants for FeCl; aq
and MnCl;7,, from Uchida et @l. (1995). Inthe
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Fig. 7. Total molality of each cation in the aque-
ous chloride solution in equilibrium with
garnet solid solution, calculated from the
binary and ternary experimental data at
600°C and 1 kb by the least-square regres-
sion.

calculation, the presence of CO, derived from
anthracene is neglected.

The calculated molalities of CaCl,ag,
FeClyaq and MnCly,q are included in Tables 1
to 4.

At equilibrium, we have the following rela-
tions corresponding to the reactions (1) to (3):

4G(D)=u(Alm)+ x(CaClsaq) — u(Gro)—
#(FeClyaq)=0

(14)
AG2)=p(Gro)+ £ (MnClzaq) — #(Spe) —
#(CaClzg)
=0
(15)
and AG;(3)= u(Spe)+ u(FeClyaq) — ¢ (Alm) —
,U(MnC]zaq)
=0,
(16)

where 4G, is the Gibbs energy of reaction, and
(i) the chemical potential of the component i.
For the components constituting solid phases,

(D)= ")+ RTInX, + 1) 17)
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and for aqueous species,
p(O=g"(1)+RTInm@)+RTIny®) (18)

where x°(i) is the standard chemical potential of
the component i, X, the mole fraction of the
component i in the solid solution, and x**(i) the
excess chemical potential of the component i.

Kakuda et al. (1991, 1994) derived a ternary
regular solution model using a Bragg-Williams
approximation. The excess Gibbs energy of
mixing (G®*) is written as

G*= XFeXMn(XFeWFeFeMn + XMnWFeMnMn)
+XMnXCa(XMnWMnMnCa +XCaWMnCaCa)
+XCaXFe(XCaWCaCaFe +XFeWCaFeFe)
+2XCBXFeXMnWCaFeMm

(19)

where W,;, represents the interaction parame-
ter for solid solution.

If we adopt this mixing model for the ter-
nary garnet solid solution, the excess chemical
potential of each component can be expressed
as follows (Kakuda ef al., 1991, 1994) :

#5(Gro)= —2Xre Xy Wreremn
“'ZXFeXMnZWFeMnMn
+ XMnZ(XFe + XMn - Xca)WMnMnCa
+2Xmn XcaXre + Xarn) Wuncaca
+2XcaXre(Xre -+ Xun)Weacare
+ XFeZ(XFe + XMn - Xca)WCaFeFe
+2XFeXMn(XFe +XMn “Xca)
Wearemn
(20)
£#5%(Spe) =X (Xca + Xre— Xun)Wrereun
+2XreXun(Xca + Xre) Wremnun
+2XunXcalXca + Xre) Wynmnca
+ Xcaz(Xca -+ XFe - XMn)WMnCaca
"’ZXCaZXFeWCaCaFe
_ZXCaXFeZWCaFeFe
+2XcaXre(Xca+Xre— Xun)
WCaFeMn
21)
and

4 (Alm)=
2X re Xun(Xntn + Xea)Wreremn
+ Xun*(Xnmn + Xca — Xre) Wremnmn
~2Xun"X s Watnunce =2 X Xco? Wasncaca
+ Xcaz(XMn + Xca - XFe)WcacaFe
+2X caXre(Xun +Xea)Wearere
+2XunXca(Xun+Xca — Xre) Wearemn-
(22)

Equations (14) to (16) are rewritten using equa-
tions (17) to (22) as follows :

AGre(1)+RTIn(m(CaCly)Xre /m(FeCl)Xce)
= —2XreXunWrerema — Xun"Wremnmn
+ Xun*Wunmnca +2Xumn X ca Wancaca
+(2XcaXre— XcaYWeacare
+{(=2XcaXre + Xre?)Wearere
+(2Xre Xun —2XunXca) Wearemn
23)
A4Gr'(2)+ RTIn(m(MnCl;) X co /m(CaCl;)Xyn)
= Xre"Wreremn T 2X re Xmn Wremnmn
+ (2XmnXca — Xun®) Wainunca
+ (- 2XMana + Xcaz)WMnCaca .
- 2XcaXFeWCaCaFe - XFeZWCaFeFe
+ (ZXCaXFe - ZXFe XMn)WCaFeMn
(24)
and 4Gr’(3)+ RTIn(m(FeCl;) Xya/m(MnCl,) X ge)
= (2XpeXun— XreYWreremn + (= 2Xre Xam
+ XMnZ)WFeMnMn - 2XMnXCa‘NMnI\mca
—Xca®Wuncaca +Xca*Weacare
+2XcaXre Wuncaca Wearere + (2XmnXca —2Xca
Xre)Wearemn,
(25)

where

4GrH(1)
= p"(Alm)+ £°(CaClzag) — 1°(Gro) — u*(FeClyaq)
(26)
AGr(2)
=4°(Gro)+ " (MnClzaq) — 4" (Spe) — 1°(CaClzaq)
27)
and 4Gr’(3)
= 4°(Spe)+ 4" (FeClzaq) — 1" (Alm) — 1" (MnCl,qq).
(28)
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8. Excess Gibbs energies of mixing at 600°C and 1 kb, calculated using interaction parameters

listed in Table 5-A. A: Almandine-spessartine solid solution, B: grossular-spessartine solid
solution and C: grossular-almandine solid solution. Dashed lines show 1o deviation.

Interaction parameters Wy, for the garnet
solid solution and standard Gibbs energies of
the reactions (1) to (3) can be obtained from the
equations (23) to (25) by the least-square
method using the binary and ternary ion
exchange results. The results of the calcula-
tion are summarized in Table5-A. For the
comparison, interaction parameters obtained
on the assumption that the molality of each
neutral species is equal to the total molality of
each cation are also listed in Table 5-B. The
effect of the formation of FeCl;~aq and
MnCl;~. on the interaction parameters is con-
siderable except for the almandine-spessartine
system.

Fig. 8 shows excess Gibbs energies of mix-
ing for the three binary garnet solid solutions
calculated using interaction parameters in
Table 5-A. The excess Gibbs energy of mix-
ing for almandine-spessartine solid solution is
slightly negative (Fig. 8-A), but grossular-spes-
sartine solid solution shows positive deviation
from ideality (Fig.8-B). On the other hand,
grossular-almandine solid solution shows posi-
tive deviation in the almandine side, but nega-
tive in the grossular side (Fig. 8-C).

Fig. 9 shows the excess Gibbs energy of
mixing for the ternary almandine-spessartine-
grossular solid solution calculated using the
obtained interaction parameters (Table 5-A).
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Table 5. Standard Gibbs energies of the ion
exchange reactions and interaction
parameters for garnet solutions at
600°C and 1 kb (kcal/mol of cation)

(&) (B)
WoaCaFe -1.081 -0.698
WeaFeFe 1.140 1.852
WeeFeMn -0.238 -0.321
WreMnMn -0.801 -0.841
WnMnCa 0.913 2.074
W¥nCaCa 0.454 1.336
WeaFeMn 0.467 1.221
AG® (Gro-Alm) -0.993 -0.851
(s.d.) (0.433) (0.400)
AG°® p(Spe-Gro) 1.610 1.209
(s.d.) (0.262) (0.213)
AG® p{Alm-Spe) -0.375 -0.243
(s.d.) (0.233) (0.220)

(A) The molalities of the neutral aqueous
species were calculated using the formation
constants for FeCl; g and MnCl;~,¢ obtained
by Uchida et al. (1995).

(B) Assumed that the total molality of each
cation is equal to the molality of each neutral
aqueous species. :

*s.d.: standard deviation

It can be said that the garnet solid solution
shows slight deviation from ideality.

V. Discussions

1. Unstable region of grossular-almandine-
spessartine garnet solid solution
The equilibrium curve for the following
reaction has been determined experimentally
by Bohlen et al. (1983), Grafchikov and Fonarev
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Gro

Alm Spe

Fig.9. Excess Gibbs energy of mixing (kcal/mol
of cation) for grossular-almandine-spessar-
tine solid solution at 600°C and 1 kb, calcu-
lated using interaction parameters in Table
5-A.

(1986), Anovitz and Essene (1987) and Berman
(1990) :

fayalite+anorthite =garnet(Gros; Almg,).
(29)

Extrapolation of their experimental results
to lower pressures suggests that the equilibrium
pressure for the reaction (29) is 2.5 to 3.7 kb at
600°C. The mineral assemblage fayalite+
anorthite is stable at the lower pressures. The
present experimental results at 1 kb are concor-
dant with their experimental results.

No experiments have been carried out for
the reaction anorthite+hedenbergite-+wus-
tite=garnet(Gros, Alms,).

2. Mixing properties of garnet solid solu-
tions

The excess Gibbs energy of mixing for
almandine-spessartine solid solution was
obtained by Ono (1980) and Pownceby et al.
(1987,1991) based on experimental studies of
the partitioning of Fe and Mn between ilmenite
and garnet. The exchange reaction can be
expressed as

FeTiO; +1/3Mn; AL, Si; 0,

1.0
bl i
g fi
£ osr i
by 1
&0
1
£ f
’
.2 o[ A
® 4
e '’
© [
(=] 4
£ 04 » s
- ,;)‘\\;e 7 QD
= ST
IO
£ NP7
£ RN
bl L &
5 % A
w PR
= : L i
¢ 02 04 [¢X] 08 1.0

Fe/(Fe+Mn) mole ratio in ilmenite

Fig.10. Fe-Mn exchange isotherm between il-
menite and garnet solid solutions.

- MnTiO3 "+‘ 1/3F63A125i3012. (30)

They gave —0.15 to 0.15 kcal/mol of cation as
symmetric interaction parameter Weemn at 600
to 1,000°C and 2 to 10 kb, and concluded that
almandine-spessartine solid solution behaves
nearly ideally. From ionic size consideration,
Ganguly and Kennedy (1974) also considered
that spessartine mixes with almandine nearly
ideally. The present experimental results
show a small negative deviation (Weepemn=
~0.24 and Weennmn= —0.80 kcal/mol) from
ideality for almandine-spessartine solid solu-
tion.

Kubo et al. (1992) examined Fe-Mn ex-
change equilibrium between ilmenite and aque-
ous chloride solution at 600°C and 1 kb. There-
fore, we can deduce the Fe-Mn exchange iso-
therm between ilmenite and garnet by combin-
ing their experimental data with the present
results. The resultant isotherm is depicted in
Fig.10. The obtained isotherm is fairly con-
cordant with that of Pownceby et al. (1987) at
600°C and 5kb. As volume change for the
reaction is very small (—0.0067 cm®/mol calcu-
lated from JCPDS card), the pressure effect can
be neglected.
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Fig.11. Comparison of mixing property of gros-
sular-almandine solid solution.

There are few studies on the mixing prop-
erty of grossular-spessartine solid solution.
Ganguly and Kennedy (1974) roughly estimated
the mixing property of grossular-spessartine
solid solution based on ionic radius, and con-
cluded that grossular-spessartine solid solution
has a small positive excess Gibbs energy of
mixing (0 <Wecann<1.355 kcal/mol). Based on
displaced equilibrium experiments for the reac-
tion anorthite=grossular+ 2kyanite + quartz,
Koziol (1990) concluded that grossular mixed
with spessartine nearly ideally. The results
presented lere indicate a small positive devia-
tion (Wunmnca=0.91 and Wincaca =0.45 keal/
mol) from ideality.

There are several investigations on the
mixing property of grossular-almandine solid
solution (Fig.11). Cressey ef al. (1978) and
Koziol (1990) obtained excess Gibbs energy of
mixing for grossular-almandine solid solution
by analyzing chemical compositions of garnet
solid solution in equilibrium with anorthite,
sillimanite/kyanite and quartz. Geiger et al.
(1987) measured enthalpy of mixing for this
series garnet using high-temperature solution
calorimetry and calculated the excess Gibbs
energy of mixing. Fig. 11 is obtained from
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their experimental data on the assumption that
interaction parameter for entropy is zero (Gan-
guly and Saxena, 1984). As a result, grossular-
almandine solid solution shows positive devia-
tion from ideality in the grossular side, but
negative in the almandine side. This is obvi-
ously different from the present result which
suggests that grossular-almandine solid solu-
tion shows positive deviation from ideality in
the almandine side, but negative in the gros-
sular side. Pownceby et al. (1991) gave posi-
tive deviation for grossular-almandine solid
solution in the entire compositional range based
on the experimental study of the Ca effect on
Fe-Mn exchange equilibria between ilmenite
and garnet. Thus, thermodynamic property
for grossular-almandine solid solution obtained
in the present study has large uncertainty due
to a large unstable region of the garnet solid
solution.

3. Summary and conclusions

(1) Grossular and spessartine, and alman-
dine and spessartine form continuous solid solu-
tions at 600°C and 1 kb, respectively.

(2) Mineral assemblages fayalite+anorth-
ite and hedenbergite-+anorthite+wustite are
stable in the intermediate compositional range
of the grossular-almandine join at 600°C and 1
kb.

(3) Calcium ion is slightly preferentially
partitioned into aqueous chloride solution
against garnet solid solution compared with
ferrous and manganese ions.

(4) Almandine-spessartine solid solution
shows slightly negative deviation from ideality,
whereas grossular-spessartine solid solution
shows slightly positive deviation.

(5) Mixing property of grossular-alman-
dine solid solution was not well determined due
to the large unstable region.
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600°C, 1kb I8 3H 2 O0F & 2N H{AEER N
Ca?*, Fer* H LU Mn?* A # > DIFHRE

WE HE - #n R - SH ER

Ty 25——TNT T 4 = ARYFLVT 4 YR o FOREEG E BECET 28 heiEE s
EAB 7012 600°C, 1kb ITBWTH 27 uF & 2N EWABHMIC 5135 Ca?*, Fer* 8L U Mn®* 4 #
v DETHER BT Tz, EBBRIZ Ca® i3 Fe** B4 U Mn?* IZRTEHARBRICOPBET L L
BRI, &2, 70V ad——T AT Y —ARTLVT 4 YR I uRTR IO a T ——T
VT4 VRCESTEABOEEER VL TEBESER I, IOFPAROFERTIE, ¥ oREEBRE
DLV 77 ¥ 54 P —REBBLUANTVEE-RKEA—T XA MOFEWHEASOEBHEL 2,
BIOKBEERP BT 5 FeClymaq & MnCli™ag OFEEEBEANTERBEEDL SV 7 v GEBHEO#
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Re-analysis of Ion Exchange Experiments between
Ilmenite Solid Solution and Aqueous Chloride Solution

Etsuo UCHIDA" and Masahito YAMAGAMI®

Abstract: The experimental data for ion exchange equilibria between (Fe,Mn,Mg)TiO; ilmenite solid solution and 2N
(Fe.Mn,Mg)Cl, aqueous chloride solution by Kubo et al. (1992) were re-analyzed taking into consideration the formation of
FeCls g and MnCly,g. As a result, the newly obtained excess Gibbs energy of mixing for (Fe,Mn,Mg)TiO; ilmenite solid
solution was slightly smaller than that obtained by Kubo et al. (1992), where 2N (Fe,Mn,Mg)Cl, aqueous chioride solution

was assumed as an ideal solution.

1. E2HZ

SYEBRORNFNERELRKOEILEZ01DD
BRoe UTEY & BB EEIC BT 5 1 4 Y KIBE
EEBPSETIIES R ENTEL, 44 VAT HE
RERERD CHYEBEOBRNENERE RO 72012
REMKERDBRNEZNRE 2 FOM > T A LEH
b5, Gk, BEFEFT LTI ZOIELA LD
THEEEE L CKBERTICBEFEL TR EEL LR,
B KEREERRARHL LTV bR TEL.
LA L%, Bf, UchidaetalV iZKEFR (CaWO,) &
$HER (FeWO,) T 7213~ ¥ # v EHR MaWO,) Z H W T
B KRBERLEOBICBIT B4+ v ERFHIRIEZT
NaClB L UKCI OB T 2 £H 1T, 600T, 1kb
DEBERFET TIERATHRD SN FeCly,, & MnCly,
DHGERFICPERTERWI L EFHE LML

FeCly,q + Clyq =FeClyy, )
MnClygy + Clyg = MnCly,, @
FhW R, FeCly-CaCl % 3B & U MnCl-CaCl, R0 1E{LY
KERIBEREGERL LTHIRD 2P TEL L,
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¥ 72, CaCl 7KW & MgClLKiE T DB I 22895 B2 B v
TPTWABZ 52, [ERRICZFeCla-MgCl, 28 & UF
MnCL-MgClL A DB KERDBBREEL L LTH
DI ZEDPTERVEREINS,

ZIT, RBRXTEARS Y 12 LD (FeMnMg)TiO; 1
A A MBI L 2N (FeMnMe)Cl ZKEH M D 600T,
IkblZBIT B 1 F ¥ B FEEBRE R % FeCly,q & MnCly
W PEBEERICANTERNT A L 2HME LT,
600°C, 1kbiIBIT 5 2N (Fe,MnMe)Cl L KIET D3
HERBBOEEZIT).

2. KBEEPICH B FeCly LU
MnCl, i&75iE

REROEBRERIIETZ600TC, IkbD2NFeCL B LU
MnClL KBEHICBIT 2 BHFREIOVTEET S,

Uchidaetal.) iZ CaWOQ, & FeWQ,, CaWO, & MnWO, ©
248 & I B B EACHKIETE O Ca/(Cat+Fe) E V5
F 7213 Ca/(Ca+Mn) E VG RIZKITT NaCl & KCl DEE
R BER IV, 1kb, 400CB L U 600CIZBITS
FeClyq & MnCly, DEBRER % KDz, CaWO, & FeWO,
% 7213 CaWO, &£ MaWO, D 2 #8 & 512 B 1A LkiE
O Ca/(Ca+Fe) € V4 F /213 Ca/(CatMn) T NVGHEIT
NaCl B & KCHEED LR T 510N EHICEL T 5.
Uchidaetal.Did, T HiE NaCl & KCIDOEEBEIZ & D AR S
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B Clyg #¥ CaClryy B & U FeCly,g £ 7213 MnCly,, & 64
L, ZTNEN CaClyyg, FeCly o, MnCly e R EHT 52 £ 1C
& 1) WP O Ca/(CatFe) T INHEE 7213 Ca/(Ca+Mn) E
NEERDRD T B LR L7z, FeCl, & MnCl, D KA A
BT AEEILITB Y, FeClyyy & MnCly, DEREHR
BREFE R PBREL 2 AER? S A, 600°C, 1kb
T3 MrClyyq D EBE D 3T B E logK MnClyy) 1323,
FeCly g DEBER D3 HAE logK (FeCly,) 1 1.9 TH ),
FeCly,g & 1) & MnCly, D H 250 R el & W VW EE %
AT WFALUT LTS FeClyy, & MnCly DERER IE A
BHRELSINOOBRERMOFELBRT LI LA TE
BV, ZOL) CBEREGT TERBESEA 4 LXK
Dy UOEREERTAI I3y r V9 EEHS Ok
LTHERICIVEIOLA TV S,

77, FeCly, D REBEEEIIEO TN E (9, 600C, 1kb
Tl Fe?,, & FeClt, DHERBHT L2 LTS 5.
MnCly (B8 L Tid Ag-AgCl /Ny 7 7 —ER B/l T
HEOEHERZD S 400-700C, 1kb B & UF2kb Tid
MnCL, " EZEFBTH LI LT >THEYD, D
Z & MnCly,g 1 FeCly, & FIREIZHED T/ & RS
BEFOLEZOLNAE. ZNO X, 600°C, 1kb Tt Mn2,
PMiCl, DEEDERTHI LD TES,

UEnZ &35, 600T, 1kbiZBIT 5 INE AR
BHRTRIMOKE < 2 F Y DBEFEE LT FeCly,,
FeCls g, MnClygg, MnCly g D & % ERIC AT RV,

3. KBEHBICE T B MgCl, DETERE

MgCly,, D HEREESRIZ, Frantz and Marshall? 1= & 1) 3k
LI Twb, $72, Luceetal® id CaO-MgO-Si0,-H,0-HCl
REBT2HMOBEREERD S 2kb 1251 % MgClay,
DEEEH*ROTHB Y, B5N7{EL Frantz and
MarshalP DFER & —2 L Tv 5. MgCly, DEREER RIS
BEIK & <, 600°C, 1kb D&M T T MeCl* DBETEIZE
B2 ENTER, MClry 1T Mg, DI
B/ ELRBEEZLNDLY, F—F25fo T
BIEPHLIITIRM,, dBRIIANSLZ LIZT 5.

Frantz and Marshall® D SEEFE R 5 CaCly,, & MgCly,
DRHEZTHTIZZ—HLTE Y, CaClKIEH & MgClK
BRIEIHENEEO BB 2R TS A s NG, &
AT, BEDONaCl KBERICHTIBEBREER»S
Mg DER 7 O UEENF PR ) OEIGTER IR TWS
HEREESRESR TS, LA L% S, Fein and
Walther'® O 5 BE OBBEERD» LI Ca* Ok 7 O
DEEITER L2V EE 2 515, $72, MgCl b CaCl,
A A VEAEIGR, Car Mg IIER Y D O R%
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ERTAHEEBEZIICV. Zh®L, I TEMgCL D
B E L TMg,, MgCly, MgCl, ® 3 BHEED A%
ERICAN, MgCly ,EDOMg>* OFR 7 0 08K
ERBZVET D, I, F M DI RERD I O
UEEEERLPTVA F 2 ERAFET DHEITIEMZD
BRI UOSERITER SN W EHRITE S,
4 RIEMKBRDBRBEEF TR IR F—
BEREN T 05 5Bt AEH b TR b A EE s
BYBEFETHLEEZ LN, BEREETICS
T B8 & RALARERB O A 4 VASBRUBIE, —5
ICPREFEL AV CEERDENS. 1213 (FeMg)
TiOs A M AT 4 b EIEAEEE O 1 4V RRIER
FeTiO; + MgCly,; = MgTiOs + FeCly,g 3)
EEDEND, FEHREIZBNTIE Q) ORIBIHLT
ROXHHY LD
AG+RTIn{X(MgTiO3) - m(FeCly,y) }/{X(FeTiO;) -
M(MgClye) +RTIn{Y(MgTiOy) - ¥ (FeCla,) } {¥(FeTiO;)
Y MgClyyg)} =0 4
CIT, AGPIZEEERIE X VAT AN F - TIZH#HE
B, RIEFAEH, X0 REYEBFATOIRSDELS
K, mO)ERBERFOIBHEROEEEVIBE, y 1345
YEBAP OIS $ KBS OIBEROERER
BTHo. AHLWOEBFEEFVICESTIIEYES
RO BRGIxT BIEB R
RTIn ¥ MgTiOs) = 2X(FeTi0;)* - X(MgTiO3) - Wiggere
+ X(FeTiO3)2- {1 - 2X(MgTiOy)} - Wygrere  (5)
RTIn Y(FeTiO3)=X(MgTiO3)? - {1-2X(FeTiO3)} - Wiigmgre
+2X(MgTiO3)? - X(FeTiO3) * Wigrere (6)
CHEEEDEIND., IIT, Wy BEBEOBEEE/
FA=ITHS. (4 ~ 6) REBWTA F VBT
KRBT~ PORATRIEICLD AG,®, Wygmgre
Wigrere T RO B T LT E B9 3%, T OB, fERIZ—iE
BHIRD 2 ODREV R ENT W2,
¥ (FeClayg)=y MeCly ) —RRHICIE =1 LIREEND)(T)
m(FeCly,g) = Zmg, B & U mMgCly,y) = £ my, ®)
ZIT, Imld, iTE e EUEBFREOEET VEE TR
T (DOREREWICFITARLRTSBY, 20l
BERLLWILIIT A, ) DIRSEIL, Uchidaetal) DEER
POEDNI NI EFHLDE R o7z TRIZKEHE
DORESIZL ) B EREUNOBFE T ER SR B 720
TH0, ThIE M KEROBRBEEF T AZINF—
DFETH 5. LIFIT600°C, 1kb 1BV 5 K FZD IN 1LY
KBEEDOBEBEF TALRANVE-CDNTEET S,
4.1 FeCly-MgCl, % 8 & U MnCl-MgCl, 27KE %
2EBLU3ETRNA LD IZ600C, 1kbICBIT B 2N
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FeCl,-MgCl, & 3 & U 2N MnCl,-MgCl, FRARKERIZB VT
i, BFEE LT Mgh,, MgCltyg, MgClaay, FeClyag, FeClyy,
MnClyyg, MnCly g, Clyg DA EFEETHITEV., TITFe
ThiEMnEMe TELTE, TRODBHEEDOHICIZR
D FUSADH Y LD,
MgClysg= MgClt, + Cly e
MgClty = Mg, + Clyg (10)
MeClyzq +Clog = MeCly g 11
©)~1D) DRI L CERF RO EEEARSE
5.

K(MgCly,q) = aMgCl*,g) - a(Cly)/a(MgClsyg) (12)
KMgCl*y) = aMg?yg) - a(Clag)/aMgCl*yy) (13)
K(MeCly",g) = a(MeCly o)/ {aMeCla,) - a(Clyg)) (14)

$72, Mg, Me, QADENFNIIH L TROKERE
KA Y LD,

Z myge = m(Mg?, ) + mMgCl*,) + m(MgCly,,) (15)

Z myge = m(MeCly,g) + m(MeCly,o) (16)

% ma = mMgCl*,g) + 2m(MgCly,y) + 2m(MeCly,,)
+3m(MeCly ) + m(Cly) = 2 an

EBREREOBEIO)~NOEEEBRB L UEER
FREARCECILCLIYRDONE, 22T, a@id
IEFROEEIE, KO IBAFEOERE 23BEERK
TH 5. FHEICHEVTMgCl, & MgCly, DEEEH & L
T3 Franz and Marshal® D % flVa 7z, BR 2 FOBFE
DIEBEREOEEIZIZ R DDebye-Huckel D3 % AV 72,

logyi=-Z;-A-TV3( 1 +3-B - 1I'%) (18)

CIT.ZRBEFEIOBNEKTSHS. A, BiZF /N1 -
¥ 2 v 7 W REL T Helgeson and Kirkham!® D% Fiv 7z,
ald 4 4 ¥ A4 X85 X — ¥ T Kharaka and Barnes'® D
ZR Tz B, Mgl & MeClyg D4 4 ¥ 4 XX5
A% OfEIE Seward!? (ZETE4E L E7, TIEK
HNTEDENIAF VBETHS.

I=12Zm@)-Z2 19)

ERXEHGTRD 5172 2N MeM)ClL KB IZITT
% Myf(E myg, + Z myge) & m(MgCly,g)/(m(MgCly,y) +
m(MeCly,)) P BIFR % MeCly,, DERERDHEE & LT
Fig. 1IZ/R L7z,

EIABT, HAOLEOTRBHFRBE L FOTEREED
EEFEOERTNVEE L ORBRESER yEHANT
ROLFEDTIENTES, Mg Me 2Hlick B

m(MgClyyg) = ¥ g - = Mgy (20)

m(MeClyag) =Y e+ T Miyge (2D
7 EEYKEREPOITR L ECEBERNER TN
BEICHT LI NFOTRBEEROEET VIEEOH S
ThHY, B KEROFERERELRTRETHE. &
1B LB ®) DIRER Yy =Yoo = 1 & LABAITHIE

1

mMgC] 2aq/( mMQC] 2aq+mMeL‘1 2aq )

1 1 i 1

0 Z Myg/( Z Mygt Z My ) 1

Fig. 1 Relationship between m(MgClZaq)/(m(MgCl%q) +
m(MeCIZaq)) and EmMg( ZmMg + Zm,, ) of 2N (Me Mg)CL,
aqueous chloride solution at 600°C and 1 kb as a function
of the formation constant of MeCl3‘aq (Me:metal).
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Fig. 2 Excess Gibbs energy of mixing for 2N (Me,Mg)Cl,
aqueous chloride solution at 600°C and 1 kb as a function
of the formation constant of MeCl;", - (Me:metal). Excess
Gibbs energy of mixing for the 2N (Mn,Mg)Cl, and 2N
(Fe,Mg)Cl, aqueous chloride solutions at 600°C and 1 kb
are shown with dashed lines.
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T 5. Fig 238 AKBEROBRESF T AL AV F —
FHELDEFTN D TERLE S L L TRDA600T, 1kb
128175 2N Me M)CL KIFHDBFRESF 7 A LA
F—Thah. Fg 2 bBHohk kI, TOERDEY
TREWIL MeCly,, PEREROBMZ L b RVWRELRE
DIEBEEEEIRT. 600C, 1kblIB VT 2N (Fe,Mg)Cly K
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Fig. 3 Excess Gibbs energy of mixing for the 2N (Fe,
Mn,Mg)Cl, aqueous chloride solution at 600°C and 1 kb.

%2 log K(FeCly,y) = 1.9 Td % O THKH -100cal/mol,
2N (Mn,Mg)Cl, K& H I log KMnCly,) =23 TH B DT
BR# -200cal/mol DBFEEF TA L AN E— %R+
(Fig. 2).

4.2 FeCl,-MnCl, BKE%

FeClyy 5 & U'MnCly,y DBBEEBIIED TR E V20
81 Clog iIREDME 2 ), FeCly,g BV MnCly,, k12 &
AEERERL V. FRW R, FeClyMnCL RABHOE
TR L LT FeClyy B & U'MnCly, D& EZE Z HUT X
V. Thbh, m(FeClyyg) = Zmp, M(MnCly,g) = Zmyy, &
%0, CORDEIKBETERBEAREL LTI
W ENTES,

4.3 FeCly-MnCly-MgCl, BKE%

41 THRRZFEEZRVTMg, Fe, MnB LU Qlizst
TARERERL Cho0R T4 SORTERICHT 28
EERAREZRBICE S L ICL ) BETEBOBRE L RO
BIENTEL. TOLHILTERDOAS MgClyy,
FeClyyy, MnCly DE% BV THRD S R72600C, 1kb i
BT 52N (FeMnMg) CLKBHEDBHEAF 7214
W F— % Fig, 31I7RT.

5. 1N AF 1 FEBKOBRIES
FITRIRXNF~DBEE

ARS DL (Fe, Mn,Mg)TIiO; £ b A 4 FEEMK E 2N
(Fe, MaM)CLIZEHIK B IS BT 2 4 4 V35 par s
BRE 600°C, 1kb DA T TITh vy, L kA 2 B
REBWE, 7455, m(FeClyy)=Emg,, m(MnCly, )=
iy, mMgCloyg)=Zmy, EREL, 1V A F4 b EERE
DREDFHEE RO, L Laeds, Lzl ik
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Table 1 Interaction parameters for (Fe.Mn Mg)TiO; il-
menite solid solutions and standard Gibbs energies of the
ion exchange reactions at 600°C and 1 kb by Kubo et al.
(1992).

(a) (b)

WEeFeMn 0.035kcal/mol  -0.022kcal/mol
WEeMaMa -0.214 -0.193
WMaMnmg 0.645 2.985
WnMgmg 2.829 3.339
Wtgmgre 1.016 1.234
Wgrere 0.856 1.034
WereMnMg 1.024 1.830
AGr®(ilm-pyr) 2.808 2.827
AGr°(pyr-geti) -1.815 -1.577
AGre(gei-ilm) -0.956 -1.027

(a) Non-ideality of aqueous chloride solution is taken into
consideraton, and (b) aqueous chloride solution is as-
sumed as an ideal solution.

9 122N (Fe,Mn,Mg)CL BT IS BABR ST & LTI
DI|AZ V. FIT, 4 ETRSAFEFESFHVTA
A A S EERE TS B R EH7HE W DFeClyy,,
MnClyug, MgChoog IR T KD, ZOEE AV TAEDD &
H CEHE A EE B CTEeMnMe)TiO; 1 b A+ 1 F B
BOBHBEFTAZANF—5RDE. B, 4042
T4 MEEEIOH L CIEAES D0BREFVEEA L
Z. ARSIV D 2RAFZRBEIUBZRASRIINT BT
DA Z VBRI ER T~ 5 2HCTEHEICL ) kD5
N7Z(FeMnMTIO A b 4 F 4 +ESEOEERE S
A= BLUA A Y EBREICIIHT S ESEREF 72 L
FUF—FTable 1 IR L7 12%3BR{TRTOMEM
R8T A — &1 L TR RIE 2 BB AR L L
LHETHNTAEREAIEONT. KOS REENE
NG X =5 % BT (Fe,Mn, M@TIO; 1 VA 4 M
BFROBRBEFTAZINE %5 E L, B{LWAE
WEHEBREBRE L22HES & % Fig. 4L HEB L TR
L 7z, FeTiOyMgTiO; A 12 B\ > T8 bk i % BARE,
BEWE LIBEY L O BRREF YA AVE 13
TARA S0calimol /& 2 EXB SN, F 72, MnTiOsMgTiO,
FAIZBVTIZTAR 110cal/mol /I X 2 EAYE & 7=

6.FLH

(1) 600C, 1kbIiZHV>T 2N (Fe,Mg)Cl, 8 X U 2N
MnMg)ClL KRBT I B OFEREM 4 T,

(2) 600°C, 1kb I3\ T 2N (Fe,Mn)Cl, KA VA 13 FEARIE
EWWE LTHDHS T e TE S,

G EIIKEEDBEICB I 2 BB ZET 5
EITEYARSD T X » T DA (Fe MnMe)TiO; 1 I
AT A M ENE & 2N(Fe, Mn, Mg)CLIE LK ISR 0 4
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Fig. 4 Excess Gibbs energy of mixing for (Fe,Mn,Mg)TiO,
solid solution at 600°C and 1 kb, calculated from ion ex-
change experiments between (Fe,Mn,Mg)TiO, ilmenite
solid solution and 2N (Fe,Mn,Mg)Cl, aqueous chloride
solution. (a) Non-ideality of aqueous chloride solution is
taken into consideration, and (b) aqueous chloride solu-
tion is assumed as an ideal solution.
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Aqueous speciation of zinc chloride in supercritical
hydrothermal solutions from 500 to 700°C and 0.5 to 1.0kb

Etsuo UCHIDA, Masahiro NAITO and Shunnosuke UEDA

Department of Mineral Resources Engineering, Waseda University
Ohkubo 3-4-1, Shinjuku, Tokyo 169, Japan

(Abstract)

Aqueous speciation of zinc in 2N chloride solution was determined experimentally at 500
to 700°C and 0.5 to 1.0kb by monitoring the effect of NaCl on ion exchange equilibria in the
system CaTiO3 - ZnTiOg - CaCly — ZnCly - H90. The Ca/(Ca+Zn) value of the 2N aqueous chloride
solution in equilibrium with both CaTiO3 and ZnTiO3 decreased with the increase of NaCl under
all experimental conditions. This is due to the formation of tri-chloro zinc complex. The
formation constant of tri-chloro zinc complex was estimated to be 1.1, 2.1 and 2.7 at 500,
600 and 700°C, 1kb, respectively, and 2.6 at 600°C, 0.5kb in logarithm. The formation
constant of tri-chloro zinc complex increases with increasing temperature and with decreasing
pressure. This suggests that zinc can be effectively leached from rocks and magmas under
higher temperature and lower pressure conditions. This may be the case for Mn2+, Fe2+, Co2*

and Ni2™,

INTRODUCT I ON

In order to elucidate the dissolution state of metal chlorides in supercritical
hydrothermal solutions, Uchida et al. (1995, 1996) have investigated the effect of NaCl and
KC1l on ion exchange equilibria in the system CaW04-MeW04—CaClyo-MeClo-Hp0. The experimental
results indicated that first transition metals, Fe, Mn, Ni and Co exist mainly as di-chloro
and tri-chloro complexes in 2N chloride solution at 600°C and 1kb, whereas alkali earth

elements, Ca, Mg and Sr as di-chloro complex, not as tri-chloro complex. In this study,
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aqueous speciation of zinc, one of the first transition metals, was investigated using the
similar experimental technique. However, our preliminary experiments demonstrated that the
CaWO4—ZnWO4—CaC12~ZnC12—H20 system is not suitable because the Ca/{(Ca+Zn) value of the
aqueous chloride solution in equilibrium with both CaW04 and InW04 is too low to monitor the
effect of NaCl on the ion exchange equilibria. Thus in this study, we adopted the CaTiO3-
InTi03-CaClo-ZnCly-HoO system. As similar to CaW04 and ZnW04, CaTiO3 (perovskite structure)
and ZnTi03 (ilmenite structure) have different crystal structure from each other and are
almost immiscible to each other. As zinc in InTi0O3 can be replaces by many other elements,
the CaTiO3—MeT103 system also has a potential to be applied to many other systems.

Zinc chloride speciation was experimentally determined by Ruaya and Seward (1986) from
the solubility of AgCl in ZnCly-HC1-Ho0 solution from 100 to 350°C at the saturated vapour
pressure and also by Cygan et al. (1994) from the solubility of sphalerite in KC1-HC1-Ho0
solution from 300 to 600°C at 0.2 to 2.0kb. Cygan et al. (1994) concluded that ZnCly and
ZnCl™ are dominant aqueous species of zinc under their experimental conditions except for
600°C, 2kb. This study will demonstrate that ZnClZaq and ZnC13_aq are dominant agueous

species of zinc in 2N supercritical hydrothermal solutions from 500 to 700°C and 0.5 to 1.0kb.

EXPERIMENTAL PROCEDURES

A starting material of CaTiOy was synthesized from stoichiometric mixtures of Ca0 and
TiOg or CaC0g and TiOp by heating at 800°C during 3 days under the atomospheric condition
using an electric furnace. The stoichiometric mixture of ZnO and Ti0g was used as a starting
material of ZnTi0s.

One to 20mg of the starting material was encapsulated into a gold capsule (2.7mm i.d.
3.0mm o.d. and 30 to 40mm in length) with 30 to 40 u 1 of 2N aqueous chloride solution. In
order to confirm the attainment to equilibrium, CaTiOg was reacted with 2N ZnCly-NaCl aqueous
solution containing 0, 0.2, 0.4, 0.6, 0.8, 1.2 and 1.6mol/l of NaCl solution, and to the
contrary ZnTi03 with 2N CaClo-NaCl aqueous solution containing 0, 0.2, 0.4, 0.6, 0.8, 1.2 and
1.6mol/1 of NaCl solution. The experiments were conducted using a standard cold-seal pressure
vessel settled horizontally in an electric furnace. A stainless steel filler rod was inserted
into the pressure vessel in order to minimize the temperature gradient. The experimental
conditions were 500, 600 and 700°C at lkb and 600°C at 0.5kb, and the run durations were 6 to
7, 5, 3 to 5 and 5 to Tdays, respectively. The temperature was monitored with a chromel-
alumel thermocouple inserted into the external well of the pressure vessel and controlled

within =2°C. Water was used as the pressure medium and the pressure was measured with a
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Heize gauge.

The pressure vessel was quenched by plunging into cold water. After the gold capsule was
checked for a leskage by measuring the weight, the run products were washed away into a
beaker with distilled water. The solid run pruducts were separated from the aqueous solution
using a millipore filter with a pore size of 0.45um. The solid products were identified with
a X-ray diffractometer (RIGAKU RAD-IR) in order to confirm the coexistence of the two phases
CaTi0g (orthorhombic) and InTiOg (trigonal) and analyzed by an energy dispersive X-ray
microanalyzer (JEOL JSM-5400 equipped with LINK QX-200JI). The Ca, Zn and Na concentrations
in the separated aqueous solution were determined by an atomic absorption/flame

spectrophotometer (SEIKO SAS-727), and normarized to 2N in total concentration.

EXPERIMENTAL RESULTS

Experimental results are listed in Tables 1 to 4.

The all solid products are white in color. The X-ray diffraction revealed that all run
products contain both CaTiOg (orthorhombic) and ZnTi0g (trigonal). CaTiO3 shows a cubic shape
and ranges from 2 to 10um in the grain size. On the other hand, ZnTi03 shows a round shape
and ranges from 1 to 6 um CaTiO3 and ZnTiO3 have limited solubilities to each other and
dissolved less than lmol% of ZnTi03 and CaTiOg components, respectively.

Figure 1 shows the Ca/(Cat+Zn) molar fraction of the agueous chloride solutions in
equilibrium with both CaTiO3 and ZnTiOg as a function of NaCl concentration. The direction of
approach to equilibrium of the aqueous chloride solutions is shown by the direction of the
triangles in the figures which seem to suggest that the experiments reached equilibrium.

In the NaCl-free system, the Ca/(Ca+Zn) molar fraction of the aqueous chloride solution
in equilibrium with both CaTi03 and InTiOg ranges from 0.50 to 0.62 in all experimental
conditions. This indicates that the present experimental system is suitable for monitoring
the effect of NaCl compared with the system using CaW0y and ZnW04. Our preliminary
experiments (not published) showed that the Ca/(Ca+Zn) value of the aqueous chloride solution
in equilibrium with both CaW0, and InW0y is 0.10 at 600°C, 1kb in the NaCl-free system. This
is too low to monitor the composition of the aqueous chloride solution.

In all experimental conditions, the Ca/(Ca+Zn) value of the aqueous chloride solution in
equilibrium with both CaTiO3 and ZnTiOy decreased considerably with the increase of NaCl.
With the increase of NaCl in the aqueous chloride solutions from 0 to 1.6@01/1, the
Ca/(Ca+Zn) value decreased from 0.62 to 0.26 at 500°C, 1kb, from 0.50 to 0.08 at 600°C, 1lkb,
from 0.52 to 0.08 at 700°C, 1kb and from 0.59 to 0.08 at 600°C, 0.5kb.
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CONS[DERATIONS

Calculation of the formation constant of'Zhéig"aq

As similar to the case for Mn, Fe, Co and Ni in the system CaW04~MeW04~CaCly—MeClo—Hs0
(Uchida et al., 1995, 1996), the decrease in the Ca/(Ca+Zn) molar fraction of the agueous
chloride solution in equilibrium with CaTi03 and ZInTi03 with the increase of NaCl
concentration can be attributable to the formation of ZnC13'aq and/or higher order chloro-
complex of zinec.

Uchida et al. (1996) demonstrated experimentally that calcium ion does not form higher—
order chloro complex. However, Roselle and Baumgartner (1995) suggested from the experiment
of anorthite solubility that CaC13‘aq can not be neglected at 600°C, 2kb. However, this
conclusion seems to be supported by only one experimental point of the highest total Cl
content in their Fig. 3. Without this experimental point, we can conclude that the existence
of CaClB'aq is negligible. Thus, we neglect CaC13'aq in this study. This is also for the
consistency with our previous studies (Uchida et al., 1995, 1996). In this study, we take
into account only ZnClB"aq as higher—order chloro complex of zinc and calculate the formation
constant of ZnC13'aq using the same procedure to that of Uchida et al. (1995, 1996). Thus the
calculation procedure will be described briefly below.

The ion exchange reaction can be expressed as

CaTiO3 (orthorhombic) + ZnCly,q = ZnTiO3(trigonal) + CaClpyg (1)

The equilibrium constant K(1) for the reaction (1) is

K(1) = a(ZnTi03) - a(CaCly,y) /a(CaTil3) - a(ZnClyyy), 2
where a(i) is the activity of component i. Because the solid phases, CaTiO3 and ZnTiO3 are
almost immiscible to each other,

a(CaTi03) = a(ZnTiOg) = L. )
Also the activity coefficient for neutral species is assumed to be 1 as done by almost
previous works. Thus the equilibrium constant K(1) can be rewritten as

K(1) = m(CaClgyy) /m(ZnClyyy). (4)

In the calculation, the following eight aqueous species were taken into account: Na+aq,
NaCl

Cl™,., Cal*.  cCaCl®, , CaClo.., ZnCle.. and ZnCls ™. ..
aq ag 2aq 2aq 3 aq

aq’ ag
Among the above eight species, the following four mass-balance equations can be written:

Zuy, = m(Na'pg) + m(NaClyg) &)
Zme, = m(Ca2+aq) + m(CaCl™pg) + m(CaClyyy) (6)
Zmgzy = n(ZnClg,y) + m(ZnCly™yy) )

and  Zmg; = m(Cl7,g) + m(NaClyy) + m(CaCl®y)
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+ 2m(CaC123q) + 2m(ZnC12aq)+ 3m(ZnC13'aq) =2 ®)
where Z m; designates the total molarity of i-bearing species and m(i) the molarity of
species i.

The following four reactions can be written among the above eight species:

NaClyq = Na'pq + Cl 754 9)

CaClggq = CaCl¥pq + Cl7ag (10)

CaCl¥pq = Ca*yg + Cl7pq (11
and  ZnClpgq + Cl7pq = ZnClz Ty, (12)

Corresponding to the above four reactions, the following four mass action equations can
be written:

K(NaClyg) = alNa™yg) - a(Cl7,q) /a(NaCl,,) (13)

K(CaClgag) = a(CaCl¥yq) + a(Cl74q) /a(CaClyyy) (14)

K(CaCl*g) = alCa?*,g) - a(Cl7pq) /a(CaCl®,y) (15)
and  K(ZnClgaq) = a(ZnCl3™aq)/{a(ZnCly,y) - a(Cl7,)} (16)

where K(i) denotes the dissociation or formation constant of aqueous species 1i. The
dissociation constant for NaClaq was taken from Quist and Marshall (1968) and those for
CaClg,q and CaC1+aq were from Frantz and Marshall (1982). The activity coefficient for
charged aqueous species was calculated using the Debye~Huckel equation.

The formation constant of ZnC13"aq was obtained using equations (4) to (8) and (13) to
(16) so as to find the value which fits the experimental results. As a result, the formation
constant of ZnC13°aq was estimated to be 1.1 at 500°C, 2.1 at 600°C, 2.7 at 700°C, 1kb, and
2.6 at 600°C, 0.5kb in logarithm.

Temperature dependence of the formation constant of'ZhCY3"aq
As shown above, the formation constant of ZnCl3_aq increases significantly with
increasing temperature. Fig.2 is the Arrhenius plot of log K(ZnClg_aq). Linear regression
gives the following equation for log K(ZnCl3'aq) as a function of temperature at 1kb:
log K(ZnC13'aq) = —-6069/T + 8.98 (T in Kelvin) an
At constant pressure, there is the following thermodynamic relation:
log K = -AH /(2.303RT) + AS® /{(2.303R) (18)
where AH® is the standard enthalpy change for reaction, AS° the standard entropy change
for reaction and R the gas constant. Fig.2 indicates that AH° and AS® are nearly constant
under the experimental conditions. From the equations (17) and (18), AH° and AS® for the
reaction (12) were estimated to be 27.8kcal/mol and 41.1lcal/K - mol, respectively, at 500 to
700°C, 1kb. The positive A S° may be attributable to the liberation of Ho0 molecules

hydrated around the aqueous species through the formation of ZnCl3“aq. Taking into account
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the hydration, the formation reaction of ZnC13—aq can be written as

InClg - mHp0 + C17 * nHy0 = ZnClg™ * 1Hg0 + (1-m-n)Hs0. (19)
The positive AS° requires l1-m—n>l. This is because the total superfices of the aqueous
species decreases with the progress of complexing.

Uchida et al. (1995) obtained the formation constant of FeClg 54 and MnCl3™5q at 400 and
600°C, 1lkb (Fig. 2). If we ignore the experimental results obtained from the KCl effect on
the ion exchange equilibria due to unreliability of the dissociation constant of KClaq
standard enthalpy changes for the formation of FeC13'aq and MnCl3_aq were calculated to be
22.9 and 25.6kcal/mol, respectively, at lkb. Thus the temperature dependence of the formation
constant of tri-chloro complexes of transition elements is significant. Similarly, the
formation constants of other aqueous chloro complexes such as CaClzaq, CaC1+aq, MgClzaW
MgC1+aq, NaClaq and KClaq increase with increasing temperature (e.g., Eugster and Baumgartner,
1987). This is explained by the decrease of the interaction between water molecule and
aqueous species due to the decrease of the dielectric constant of water with increasing
temperature {e.g., Quist and Marshall, 1965). The standard enthalpy change for NiC13‘aq is
estimated to be 10.8kcal/mol at 550 to 750°C, 2kb from the experiments of Fahlquist and Popp
(1989) (Fig. 2), and this value is considerably low compared to those for InCl3 aq FeClz aq
and MnCl3_aq at 1kb.

Pressure dependence of the formation constant of'ZhCYg“aq

The present experimental results suggest that the formation constant of ZnClg_aq
increase with decreasing pressure, that is, log K(ZnC13_aq) increases from 2.1 at 1kb to 2.6
at 0.5kb for 600°C (Fig. 3). Cygan et al. (1994) obtained 1.1 as log K(ZnC13"aq) value at
600 °C, 2kb. Judging from Fig; 3, this value seems to be concordant with the present
experimental results. The similar tendency was observed for NiCl37aq- The log K(NiClg™pq)
increases from 0.69 at 2kb to 1.5 at 1kb for 600°C (Fahlquist and Popp, 1989; Uchida et al.,
1996) (Fig. 3). This is explained by the decrease of dielectric constant of water with
decreasing pressure.

At constant temperature, there is the following thermodynamic relation:

P2
log K(Py) - log K(Py) = 1/(2.303RT) J; zlkaP (20)

where P indicates the pressure and AV the volume change for reaction. Using average AV, in
the pressure range from Py to Py, the equation (20) can be rewritten as
log K(Py) - log K(Py) = AV,,(Pg~Py)/(2.303RT). (21
From the present experimental results at 600°C, AV,, in the pressure range from 0.5 to
1.0kb was estimated to be 167cc. As water occupies 110cc/mol at 0.5kbar and 48cc/mol at 1kb,

600°C (Burnham et al., 1969), 167cc volume change for the reaction (19) suggests that at
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least 2 water molecules are supposed to be released through the reaction (19). The increase
of the formation constant of tri-chloro complexes with decreasing pressure can also be

ascribed to the positive volume change for the reaction (19)

Thus the formation constant of tri-chloro complexes of first transition metals increases
with increasing temperature and with decreasing pressure. This indicates that the first
transition metals can be effectively leached from rocks and magmas at higher temperatures and
lower pressures. Therefore, granitic rocks solidified near the surface seem to have the

potential of metal mineralization.

Comparison with other first transition metals

Uchida et al. (1995, 1996) suggested that the first transition metals tend to form tri-
chloro complexes in the order of Mn2* > Co2* > Fel™ > Ni%* at 600°C, 1kb. Based on the ligand
field theory, they concluded that the tri-chloro complexes of the first transition metals
take tetrahedral coordination with low spin state. The ligand field theory predicts that In2*
has the lowest formation constant of tri-chloro complex among Mn?®, Fe2*, Co2*, Ni2*, Cu?*
and ZnZ*, However, the present experiment resulted in the order of M2t > Colt > Fel” > NiZ*
< Zne*. This may suggest that the tri-chloro complex of Zn2* takes the other lower
coodination such as trigonal coordination.

As mentionned in Uchida et al. (1996), there is a reverse between Co?’ and Fe2” in the
sequence of the formation constant of tri-chloro complex. For the first transition metals of
octahedral coordination with low spin state, we can find the reverse between Co%* (65nm) and
Fe2*(6lnm) in the ion size (Shannon, 1976). Though we have no data for the ion size of Co2*
and Fe?* in the tetrahedral coordination, the reverse in the ion size for tetrahedral

coordination is also expected from the experimental results of Uchida et al. (1996).
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Table 1. Experimental results for ion exchange equlibria in the system

CaTiOs — ZnTi0s — CaClz = ZnClz — NaCl at.500°C and 1kb.

Run no. Dur.

Starting materials

Run Products(solution)

days solid solution solution XmZn XmCa X mNa
mg nl ul

5Zn01 7 ZnTi03 12.8 CaClz 40  NaCl 0 0.364 0.636 0.000
5Zn02 7 CaTi03 14.0 ZnClz 40  NaCl 0 0.254 0.600 0.000
5Zn03 7 ZnTi03 15.7 CaClz 40  NaCl 0 0.375 0.625 0.000
5Zn04 7 CaTiO3 13.7 ZnClz 40  NaCl 0 0.390 0.610 0.000
5Zn05 7 ZnTi0s 15.4 CaClz 36  NaCl 4 0.351 0.545 0.208
5Zn06 7 ZnTi0s 10.6 CaClz 36  NaCl 4  0.387 0.497 0.231
5Zn07 7 ZnTi03 16.4 CaClz 32  NaCl 8 0.328 0.463 0.419
5Zn08 7 ZnTi03 12.5 CaClz 32  NaCl 8 0.385 0.404 0.424
5Zn09 7 ZnTi03 13.3 CaClz 28  NaCl 12 0.369 0.320 0.622
5Zn10 7 7ZnTi03 15.1 CaClz 24  Na(Cl 16 0.356 0.220 0.848
5Znll 7 ZnTi03 11.3 CaClz 16  NaCl 24 0.267 0.121 1.223
5Znl2 7 ZnTi0z  13.1 CaClz2 8 NaCl 32 0.143 0.045 1.624
5Znl13 7 CaTi0s3 13.4 ZnCl2 36 NaCl 4 0.397 0.491 0.225
5Znl4 7 CaTiO3 16.6 ZnClz 36  NaCl 0.360 0.526 0.228
5Znl5 7 CaTiOz 12.5 ZnClz 32  NaCl 0.387 0.392 0.443
5Znl6 7 CaTiO3 13.5 ZnClz 32  NaCl 0.361 0.440 0.397
5Znl7 7 CaTi03 13.2 ZnClz 28  NaCl 12 0.367 0.319 0.629
5Zn18 7 CaTi0z 18.6 ZnClz 24  NaCl 16 0.359 0.226 0.832
5Zn25 7 7nTi0z 12.1 CaClz 16  NaCl 24 0.274 0.126  1.199
5Zn27 T ZnTi0O3 11.2 CaCl2 8 NaCl 32 0.137 0.052 1.623
5Zn29 6 CaTiOs 7.6 ZnCl2 20  NaCl 30 0.245 0.150 1.208
5Zn3l 6 CaTiOz 7.3 ZnClz 20  NaCl 30 0.288 0.109 1.206
5Zn32 6 CaTi03 - 3.4 ZnClz 10  NaCl 40 0.146 0.064 1.581
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Table 2. Experimental results for ion exchange equilibria in the system

CaTi0s - ZnTi0s - CaClz — ZnClz — NaCl - H20 at 600°C and 1kb.

Run no. Dur.

Starting materials

Run Products(solution)

days solid solution solution XmZn XmCa XmNa
me J! ul

6Zn02 5 CaTi0s3 5.1 ZInClz 60 NaCl 0 0.474 0.526  0.000
6Zn03 5 CaTiOs3 5.0 ZnCl2z 60 NaCl 0 0.522 0.478 0.000
6Zn05 5 ZnTi03 9.1 CaClz 40 NaCl 0 0.448 0.552  0.000
6Zn06 5 ZnTi03  10.9 CaClz 40 NaCl 0 0.515 0.485 0.000
6Zn07 5 CaTiOs3 6.4 ZnClz2 60 NaCl 0 0.518 0.482 0.000
6Zn08 5 CaTi0s3 5.3 ZnCl2z 60 NaCl 0 0.500 0.500 0.000
6Zn09 5 ZnTi0s3 8.7 CaClz 40 NaCl 0 0.496 0.504 0.000
6Zn10 = 5 ZnTi03 9.4 CaClz 40 NaCl 0 0.493 0.507 0.000
6Znl2 5 CaTi03 7.7 InClz 36 NaCl 24 0.503 0.140 0.713
6Znl3 5 CaTi0s3 5.5 ZnClz 24 NaCl 36 0.318 0.049 1.268
6Znl5 5 ZnTi03 9.1 CalClz 28 NaCl 12 0.458 0.221 0.643
6Znl6 5 ZnTi0s 10.9 CaClz 24 NaCl 16 0.436 0.091 0.947
6Znl7 5 ZnTi03 8.5 CaCl2 16 NaCl 24 0.328 0.042 1.261
6Znl9 5 CaTiO3 6.6 ZnClz 54 NaCl 6 0.493 0.379 0.256
6Zn21 5 CaTi03 6.3 ZnClz 48 NaCl 12 0.549 0.238 0.427
6Zn22 5 ZnTi03 11.7 CaClz 32 NaCl 8 0.506 0.270 0.448
6Zn3l 5 CaTiOs 6.0 ZnClz 54 NaCl 0.507 0.370 0.247
6Zn32 5 ZnTi0s3 8.7 CaClz 36 NaCl 0.493 0.384 0.247
6Zn33 5 CaTi03" 5.4  ZnCl2 36 NaCl 24 0.449 0.119 0.865
6Zn34 5 ZnTi03 9.0 CaClz2 24 NaCl 16 0.442 0.111 0.894
6Zn36 5 ZnTi03 9.3 CaClz NaCl 32  0.166 0.016 1.638
6Zn38 5 ZnTi0s 9.2 CaCl2 NaCl 0.169 0.010 1.640
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Table 3. Experimental results for ion exchange equilibria in the system

CaTiO3z = ZnTiOs — CaClz - ZnClz — NaCl - H20 at 700°C and 1kb.

Run no. Dur.

Starting materials

Run Products (solution)

days solid solution solution Zmin XmCa XmNa
mg ul ©l

7Zn01 5 CaTi0s3 15.1 ZnCl2 40 NaCl 0 0.533 0.467 0.000
7Zn02 5 ZnTi03 15.2 CaClz 40  NaCl 0 0.526 0.474 0.000
7Zn13 4 ZnTi03 12.8 CaClz 16  NaCl 24 0.348 0.015 1.273
7Znl4 4  CaTi03 12.1 ZnClz 16  NaCl 24 0.304 0.064 1.264
7Znl6 4  CaTi03 10.3 ZnCl2 8 NaCl 32 0.171 0.025 1.608
7Znl7 3 CaTi03 12.8 ZnClz 30  NaCl 0 0.430 0.570 0.000
7Zn18 3 ZnTi03 10.8 CaClz. 30  NaCl 0 0.485 0.515 0.000
7Zn19 3 CaTi03 10.2 ZnClz 27  NaCl 3 0.508 0.363 0.259
7Zn20 3. ZnTi03 12.3 CaClz 27  NaCl 3  0.520 0.356 0.248
7Zn21 3 CaTi03 16.1 ZnClz 24  NaCl 6 0.531 0.241 0.456
7Zn22 3 ZnTi0s 14.5 CaClz 24  NaCl 6 0.550 0.224 0.452
7Zn24 3 ZnTi03 17.0 CaClz 21 NaCl 9 0.560 0.135 0.610
7Zn27 4 ZnTi03 16.4 CaClz 21 NaCl 9 0.481 0.198 0.643
7Zn29 4 ZnTi03 11.0 CaClz 18  Na(Cl 12 0.488 0.085 0.856
7Zn30 4 CaTiO3 11.4 ZInClz 18  NaCl 12 0.495 0.089 0.832
7Zn31 4 ZnTi03 11.8 CaClz 12  NaCl 18 0.885 0.053 0.124
7Zn32 4 CaTi03 11.9 ZnClz 12  NaCl 18 0.328 0.061 1.222
7Zn33 4  ZnTi03 11.5 CaClz 6 NaCl 24 0.186 0.012 1.604
7Zn37 4 ZnTi03 7.1 CaClz 16  NaCl 24 0.342 0.025 1.266
7Zn38 4 CaTiOs 6.4 ZnClz 16  NaCl 24 0.314 0.060 1.253
7Zn39 4  ZnTi03 6.6  CaClz 8 NaCl 32 0.182 0.014 1.609
7Zn40 4 CaTi03 4.7 InClz 8 NaCl 32 0.168 0.023 1.619
7Zn43 4 ZnTi03 12.6 CaClz 28  NaCl 12 0.587 0.097 0.633
7Zn44 4 CaTi0s3 10.5 ZnCl2 28 NaCl 12 0.588 0.094 0.635
7Zn45 4 ZnTi03 7.0 CaClz 16  NaCl 24 0.353 0.030 1.236
7Zn46 4 CaTiO3 8.2 ZnClz 16  NaCl 24 0.346 0.045 1.219
Tind7 4 ZnTi03 3.5 CaCl2 NaCl 32 0.183 0.011 1.612
7Zn48 4  CaTi03 4.9 ZnClz NaCl 32 0.181 0.025 1.589
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Table 4. Experimental results for ion exchange equilibria in the system

CaTi03 — ZnTi0s — CaClz — ZnClz — NaCl - H20 at 600°C and 0. 5kb.

Run no. Dur.

Starting materials

Run Products(solution)

days solid solution solution 2mZzn XmCa X mNa
mg ol ul

Zn0lp b5 CaTi03 11.3 ZnClz2 30 NaCl 0 0.420 0.580 0.000
Zn02p 5 ZnTi03 16.7 CaClz 30 NaCl 0 0.424 0.576  0.000
Zn03p 5 CaTiO3 11.2 ZnClz 30 NaCl 0 0.400 0.600 0.000
Zn0dp 5 ZnTi03 11.8 CaClz 30 NaCl 0 0.490 0.510 0.000
Zn05p 6  ZnTi03 11.7 CaClz 27 NaCl 3  0.442 0.440 0.235
Zn0bp 6 CaTi03 15.0 ZnCl2 27 NaCl 3 0.513 0.373 0.229
Zn07p 6  ZnTi03 10.3 CaClz 24  NaCl 6 0.447 0.341 0.424
Zn08p 6 CaTi03 11.8 ZnClz 24 NaCl 6 0.535 0.246  0.439
Zn0% 7 ZnTi03  10.9 CaClz 21 NaCl 9  0.457 0.231 0.623
Inl0p 7 CaTiO3 13.6 ZnClz 21 NaCl 9 0.553 0.132 0.630
Znllp 7 ZnTi03 11.8 CaClz2 18 NaCl 12 0.473 0.123 0.807
Znl2p 7 CaTi0O3  12.5 ZnCl2 18 NaCl 12 0.521 0.071 0.815
Znl3p 6 ZnTi03 11.6 CaClz2 12 NaCl 18  0.337 0.077 1.173
Inlbp 6 ZnTi03  12.3 CaClz2 6 NaCl 24  0.144 0.072 1.568
Inl7p 5 ZnTi03 7.2 CaCl2 16 - NaCl 24 0.365 0.042 1.186
Znl% 5 ZnTi03 3.6 CaClz 8 NaCl 32 0.197 0.014 1.578
n23p 5 ZnTi03 3.4 CaClz 16 NaCl 24 0.360 0.053 1.174
ZnZ24p 5 CaTi0s3 1.3  ZnCl2 16 NaCl 24 0.347 0.045 1.217
Zn25p 5 ZnTi03 1.5  CaClz NaCl 32  0.191 0.016 1.586
Zn26p 5 CaTi0s3 .9 ZnCl2 NaCl 32  0.186 0.020 1.588
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