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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;™q and MnCl; g 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

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

Run Duration Starting Materials

Run Products

No. days Solid mg Solution w1l Garnet Solution
Alm  Spe Inpe Zmy, mFeCly*minCly*

202 7 Spe 28.5 FeCly 30 0.131 0.869 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 FeCly 50 0.382 0.618 0.435 0.565 0.435 0.565
211 7 Aln 15.4 MnClé 50 0.728 0.272 0.776 0.224 0.776 0.224
212 7 Alm 18.2 MnCly 30 0.868 0.132 0.911 0.083 0.911 0.089
214 7 Alm 30.3  MnCl; 30  0.951 0.043  0.969 0.031 0.969 0.031
215 7 AlmgpSpesq 31.1 FeCly 20 0.756 0.244 0.816 0.184 0.816 0.184
218 7 AlmggSpesq 20.7 FeCly 40 0.712 0.288 0.768 0.232 0.768 0.232
217 7 AlmgpSpesqn 31.9 MnCly 20 0.720 0.280 0.783 0.211 0.789 0.211
218 7 AlmgoSpesq 20.4 MnClo 40 0.517 0.483 0.603 0.397 0.603 0.397
243 7 AlmgpSpesy 20.2 MnClo 30 0.501 0.4399 0.550 0.450 0.550 0.450
244 7 AlmgpSpegy 27.0 MnCly 20 0.412 0.588 0.435 0.5656 0.435 0.565
245 T AlmgpSpegq 19.1 MnClp 30 0.342 0.658 0.3%0 0.610 0.390 0.610
246 7 AlmgpSpegy 14.2 MnCly 40 0.365 0.635 0.388 0.602 0.398 0.602

* Calculated values.

(1) Fe;AlSis0:,-Mn; Al Si,04-
(Fe, Mn)Cl1,-H.,0;
(2) CazALSi;0,,-Mn; AL SO, -
(Ca, Mn)Cl,~H.,0;
(3) CazAlSi;0,,-Fe; AL Si,04,-
(Ca, Fe)Cl,-H,0 and
4) Ca;AlLSi;0,,-Fe, AL S, 04,
Mn;AlLSi;0,,-(Ca, Fe, Mn)Cl,-H,0.

II. Experimental method

A stoichiometric mixture of reagent-grade
Ca0, ALO; 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,Q, and
SiO; 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. lon exchange experiments were

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
CaCl,, FeCl, and/or MnCl, aqueous solution
(15-50 41} were enclosed into a gold capsule
with a few milligrams of anthracene. The
charged capsule was kept at 600°C and 1 kb in a
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;ALSi;0:,-(Ca, Mn)Cl,-H.O at 600°C and 1 kb

Run Duration Starting Materials Run Products

No. days Solid ng Solution w1 Garnet Solution
Gro  Spe  Zmcy Zmpy  MoaClz'menciy”
205 7 Spe  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
207 7 Gro  30.8 Ml 30  0.824 0.176 0.864 0.136 0.773 0.054 '
208 7 gro  20.3  MmCly 40  0.715 0.285 0.781 0.219 0.647 0.093
21 7 Gro 297  MmCly 20 0.886 0.114 0.906 0.094 0.833 0.036
222 7 Gro  24.0  MnCly 25  0.848 0.152 0.884 0.116 0.804 0.045
23 7 Gro 187  MmCl, 30  0.757 0.243 0.823 0.177 0.710 0.072
24 7 Gro  15.0  MaCly 40  0.542 0.458 0.694 0.306 0.525 0.144
225 7 Spe  22.5  CaCl, 20  0.132 0.868 0.381 0.613 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 151 (CaCly 30 0.204 0.776 0.474 0.526 0.272 0.327
247 7 Spegglrosg 25.1  CaCly 30  0.468 0.532 0.662 0.338 0.482 0.165
248 7 Spesglrosg 27.8  MaCl, 20 0.361 0.639 0.607 0.393 0.414 0.205
249 7 Speggfrosg 15.9  MCly 30 0.284 0.706 0.547 0.453 0.345 0.256
250 7  Spesglrosg 13.5  MCly 40 0.267 (0.733 0.518 0.482 0.315 0.283
* Calculated values.
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Fig. 1. Ion exchange data in the system Fe;Al,Si;0;,-

Mn;AlSi;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
(JEOL JSM-
The chemical compositions of the solid

scanning electron microscope
5400).
phases were determined on the crystal surfaces
by the energy dispersive-type microanalyzer

in Table 1, 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 gm. 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 : AlmyeSpe,, (run no. 215), B: GrosSpes,
(run no. 205) and C: GrogAlm,, (run no. 315).

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

H,0 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 gm to 2 ym.

3. Grossular-almandine-(Ca%*, Fe?*)Cl,-H,0
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
GrosAlm,, and from Gro,, Alm,s to Gro.g,Alm,
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(GrogAlme,)-+
fayalite+anorthite, about 0.52 for that of
fayalite+hedenbergite + anorthite + wustite,
and about 0.80 for that of hedenbergite + anor-
thite+wustite+ garnet(Gro.,Alm,s). The bulk
chemical of solid products
containing the mineral assemblages of
fayalite+anorthite and hedenbergite +anor-
thite+wustite were determined by the atomic

compositions
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Fig.3. lon exchange data in the system CasALSi;Oy,-
Mn;AlLLSi50,,-(Ca, Mn)Cl,-H,O 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-FeO-Al,0,-Si0, is shown in Fig.
5. This figure is a projection onto the CaO-
FeO-SiO, plane from AlLQ,. 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; Alms..

The synthesized garnet in this system has
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Fig. 4. lon exchange data in the system Ca,Al,Si;0,,-
Fe;Al,Si;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 ym to 2 ym.
4. Grossular-almandine-spessartine-(Ca?*,

Fe?*, Mn®*)Cl,-H,0 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

Si0s

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

Fe0 Cal

Fig.5. The schematic phase relation in the CaO-
Fe0-Al,0,-510, at 600°C and 1 kb, project-
ed onto CaO-FeO-Si0O, 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 ef al., 1992).

1v. Ther.modynamiyc considerations

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

grossular(Gro) : 1/3(CagAl,Si,0,,)
almandine(Alm) : 1/3(Fe;AlSi;0,,)
and spessartine(Spe) : 1/3(Mn,;ALSi;0;,).

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

1/3Ca;A1,S1;0,; 4 FeClyaq
=1/3Fe;Al,Si;0,, +CaClyaq 1)
1/3Mn; Al Siz0,; +CaClaag
=1/3Ca;ALSi;0;; +MnClyaq )
and 1/3Fe;Al,S1,0,,+MnClaq
=1/3Mn;AL SO, +FeClyg,. 3)

Uchida ef «l. (1995) posed a question for the
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Table 3. Experimental data for the ion exchange in the system CazALSisO;p-
Fe;AlSi30,,~(Ca, Fe)Cl,-H,0 at 600°C and 1 kb

Run Duration Starting Materials Bun Products

No. days Solid g Sotution w1 Garnet Solution Phases

Gro Alm  Zmg, Zapg 'CaClZ#'FeCIZ#

237 8 Gro 20.0  FeClp -30 0.784 0.216 0.878 0.122 0.822 0.075 Ga
315 8 Gro 24.7  FeClp 30 0.862 0.138 0.910 0.090 0.865 0.054 Ga
317 8 Gro 19.9  FeClg 40 0.771 0.229 0.765 0.235 0.676 0.i154 Ga

350 4 Ala* 187  CaClp 30 0.063 0.937 0.199 0.801 0.127 0.730 Ga
353 4 Gro*  19.1  FeCly 30 0.849 0.151 0.803 0.197 0.724 0.126 (a
36 4 Al*  27.0  CaCly 20 0.0550.945 0.189 0.811 0.120 0.743 Ga
37 4 Ale® 215 CaClp 30 0.071 0.929 0.182 0.818 0.115 0.752 Ga
38 4 Al®*  18.9  CaClp 40 0.081 0.919 0.196 0.804 0.124 0.734 (a
36 4 Ale* 1.9 CaClp 40 0.693 0.307 0.787 0.213 0.704 0.138 Ga
399 7 Ale®  20.9  cCaClp 20 0.039 0.961 0.128 0.872 0.078 0.823 Ga
403 7 Gro  30.3  FeClp 30 0.855 0.145 0.919 0.081 0.877 0.049 Ga
404 7 Gro  29.0  FeClp 40 0.862 0.138 0.884 0.116 0.830 0.071 Ga
406 7 Gro  19.5  FeCly 30 0.801 0.199 0.838 0.162 0.770 0.102 Ga
351 4 Almsglrogg* 15.8 FeClp 30  0.262 0.738%* 0.486 0.514 0.384 0.397 An+Fa
360 4 Ala* 1.1 CaClp 40 0.274 0.726*% 0.419 0.581 0.302 0.467 An+Fa
31 4 Ale* 7.0 CaClp 30 0.275 0.725%* 0.471 0.529 0.350 0.412 An+Fa
395 4 No357 9.6  CaClp 20 0.413 0.587** 0.526 0.474 0.404 0.357 An+FatHd+¥u
AL 10 Gro  10.0  FeCly 40 0.522 0.478%* 0.799 0.201 0.719 0.129 An+Hd#Wu

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

FeClg 30
A3 10 Gro 9.8 CaClp 20 0.569 0.431** 0.849 0.151 0.784 0.095 Ga+An+Hd+¥u
FeClg 20
A5 10 Almgpfrosg 10.1  CaGly 20  0.476 0.524** 0.596 0.404 0.478 0.292 An+Hd#u

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 2 mge =m(FeCl,)+m(FeCl;~) )
under supercritical conditions. The non- iy =m(MnCl,) +m(MnCl; ) 6)
ideality is caused by the formation of FeCl; ., 2me=m(Cl7)+m(CaCl*)+2{m(CaCl,)+
and MnCl;~.,. Therefore, we calculated the m(FeCl,)+m(MnCl,)} +
molalities of the neutral aqueous species, 3{mFeCl;")+m(MnCl; )} =2
CaCliaq, FeClyy and MnCly,g, solving the fol- (7)
lowing four mass-balance and four mass-action K({CaCl*)=y(Ca®**)m(Ca?*)y(Cl-)m(Cl~)/
equations iteratively : {y(CaCl*)m(CaCl")}

®)

>Mmeq =m(Ca?*)+m(CaCl*)+m(CaCl,) (4)



Ion exchange between garnet solid solution and 2N aqueous chloride solution 311

Table4. Experimental data for the ion exchange in the system CazAlS1;0,,-Fes AL S0

Mn;Al1,S81;0,,~(Ca, Fe, Mn)Cl,-H,0 at 600°C and 1kb

Run Duration Starting Materials

Run Products

No. days Solid mg Solution ul Garnet Solution Phases
Gro Alm Spe  Zacy Zmpe Impy  mcacyp’specizmuncro’

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

281 7 Grogs Speg 18.7 'FeCIz 40 0.700 0.250 0.050  0.715 0.224 0.061 0.601 0.151 0.027 Ga+AntHd+Wu

291 7 AlmgSpegs  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 AlmysSpeps  20.6 CaCly 30 0.084 0.718 0.198  0.237 0.625 0.138  0.142 0.562 0.108 Ga+AntFa

205 7  AlmsoSpegy 31.4 CaCly 20 0.174 0.535 0.201  0.416 0.380 0.204 0.269 0.310 0.130 CatAntFa

296 7 AlmgoSpesy 25.4 CaCly 25 0.195 0.465 0.340  0.403 0.358 0.239  0.254 0.295 0.156 GatAnsFa

300 7 AlmpsSpeqs  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 GroggAlmgsSpegs 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 GroggAlmgSpesg 24.3 CaCly 30 0.293 0.326 0.381  0.464 0.265 0.271  0.300 0.211 0.165 Ga

314 8 GroggAlmyzSpegy 25.6 MnCly 30  0.164 0.279 0.559  0.440 0.221 0.339 0.270 0.179 0.214 Ga

319 8 GroggAlmgaSpegy 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 GrogyAlmgqSpegs 21.1 FeCly 15 0.271 0.323 0.406  0.482 0.226 0.292  0.313 0.178 0.174 Ga
CaCly 15

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

323 8 GroggAlmgySpers 22.9 CaCly 30 0.484 0.324 0.192  0.570 0.274 0.156 0.420 0.202 0.083 Ga+AntFa

324. 8 GroggAlmysSpey 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 GroggAlmysSpe,q 30.2 FeCly 15  0.484 0.318 0.197 0.600 0.241 0.159  0.451 0.175 0.082 Ga
€aCly 15

331 9 AlmggSpepg  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 GrogzAlmgaSpess 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 GrogpSpesy 24.0 FeClp 24  0.433 0.037 0.530  0.632 0.012 0.356  0.447 0.009 0.180 Ga
caCly 6

338 9 Gro505pe5¢  16.5 FeClp 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(CaCly) = y(CaCl")ym(CaCl*) y(Cl1")m(Cl~)/
{7(CaCl,)m(CaCl,)}
9
K(FeCl;™)= y(CI")m(CI7) y(FeCl,)m(FeCl,)/
{y(FeClsm)m(FeCl; )}
(10)

and

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

KMnCl;7) = 9{ClI")m(CI7)y(MnCl,)m(MnCl,)/
{y(MnCl;")m(MnCl, ™)}
(11)

where m; indicates the total molality of i-
bearing aqueous species, m(i) the molality of
the aqueous species i, y(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
CasAlSis0,,- FegAl;Si13,0,,-Mns Al,Si;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;AT"?*/(1+2a,BI'?) (12)

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

1=1/2Zm()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 CaClyaq
and CaCl*,, are from Frantz and Marshall
(1982) and dissociation constants for FeCl;™,q
and MnCl;7,, from Uchida ef @l. (1995). Inthe
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Fig. 7. Total molality of each cation in the ague-
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 MnCl,.e are included in Tables 1
to 4.

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

AG:(D=u(Alm) + x(CaClyaq) — u(Gro) —
ﬂ(FeClzaq)ZO

(14
AG(2)=u(Gro)+ x(MnCl,aq) — 1 (Spe) —
ﬂ(C&Clzaq)
=0
(15)
and AG:(3)=u(Spe)+ u(FeClzaq) — u(Alm)—~
ﬂ(MnClzaq)
=0,
(16)

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

p(i)=p () +RTInX; + 1) 17
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and for aqueous species,
p{)=pu Q)+ RTInm@)+RTIny() (18)

where 1°(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®** = Xre Xotn(Xre Wreremn + X Wremnun)
+ XnXea(Xn Wanunca + Xca Wancaca)
+XcaXre(Xca Weacare + Xre Wearere)
+2XcaXreXmn Wearemn,
(19)

where Wy, 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) :

#(Gro)= ~2Xre"Xyun Wreremn
— 2Xre X" Wremnun
+ Xuin A Xre + Xotn — Xca) Winmnca
+2XwunXca(Xre + Xnn)Wancaca
+2XcaXre(Xre +Xun)Weacare
+XFe2(XFe +XMn "‘Xca)WCaFeFe
+2Xpe Xun(Xre+ Xun—Xca)
Wearemn
(20)
£5%(Spe) = Xpe*(Xca + Xre ~ Xnin) Wreremn
+2Xpe Xun(Xca + Xre) Wrennun
+2XwnXca(Xca+ Xre) Wunmnca
+ Xca®(Kea+ Xre — Xun) Whincaca
—2Xca®Xre Weacare
_ZXCaXFeZWCaFeFe
+2XcaXre(Xcat Xre— Xun)
Wearemn
2y
and

£%(Alm)=
2Xre Xptn{Xutn + Xca) Wreremn
+ Xyn(Xain + Xca — Xre) Wrenamn
_ZXMHZXCGWMnMnCa “ZXMnXCaZWMnCaCa
+Xea®(Xutn + Xea — Xre) Weacare
+2XC3XF6(XMU+XC3)WC3FEFE
+2Xn X calXmn + Xea — Xre) Wearenn.

(22)

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

AGr*(1)+RTIn(m(CaCl,) Xre /m(FeCl,) X ca)
= —2XreXsn Weeremn — Xun® Wremnun
+ Xun" Wynmnca + 2Xmn Xca Wancaca
+(2XcaXre~Xca ) Weacare
+(~2XcaXre+ Xre ) Wearere
 +(2Xre Xon — 2XunXca) Wearemn :
, (23)
AGr(2)+RTIn(m{(MnCl;) X ¢ /m(CaCly) Xun)
=Xre’Wreremn +2Xre Xnta Wremamn
+ (2XmnXca — Xwn”) Winmnca
+{(—2XmnXca+ Xca) Wancaca
—2XcaXre Weacare — Xre”Wearere
+(2XcaXpe —2Xre Xyn) W careun
(24)
and 4Gr*(3)+RTIn(m(FeCly) Xua/mMnCl,) X re)
=(2XreXun— Xre?)Wrerern +{~2X5e Xun
+ Xn ) Wremnun — 2Xmn X ca Wnmnca
—Xea*Wancaca + Xca®Weacare
+2XcaXre Wuncaca Wearere T (2XmnXca —2Xca
Xre)Wearemn,
(25)

where

A4Gre(1)
=" (Alm) + 4"(CaClyag) — " (Gro) — u*(FeClzaq)
(26)
4Gr(2)
=u"(Gro)+ p"(MnClyaq) — 1°(Spe) — 1" (CaClasq)
(27)
and A4Gr°(3)
= p1°(Spe) + u"(FeClzag) — " (Alm) — " (MnCleag).
(28)
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Fig.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 Table 5-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; ., and
MnCl;~.q 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).

12

Table5. Standard Gibbs energies of the ion
exchange reactions and interaction
parameters for garnet solutions at
600°C and 1 kb (kcal/mol of cation)

(4)

(B)

WeaCabe -1.091 -0.698
¥eaFefe 1.140 1.882
WreFeMn ~0.238 -0.321
Woedotn -0.801 -0.841
WnMnCa 0.913 2.074
¥¥nCaCa 0.454 1.338
Weapein 0.467 1221
AG® p(Gro-Alm) -0.993 -0.851
(s.d.) (0.433) (0.400)
AG® n(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; ., and MnCl;~,, obtained
by Uchida ef 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(Groso 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 ef al.
(1987, 1991) based on experimental studies of
the partitioning of Fe and Mn between ilmenite
and garnet.
expressed as

FeTiO;+1/3Mn;ALSi; O,

The exchange reaction can be

13

315

1.0

+ it
2 h
< o8} /
3 )
(=%)
!
£ |
1
2 os- I/
® G
e 7
@ //
Q 4
£ 04 S s
—~ LS &
fa oo TR
= AN AN
T S
& N
Lol s
o XS
w PR
-
/’/
— t L i

1.0

Fe/ (Fe+Mn) mole ratio in ilmenite

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

=MnTiO; +1/3Fe; Al;Si;0;,. (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. results
show a small negative deviation (Wrepemn=
—0.24 and Wryemnun = —0.80 kcal/mol) from
ideality for almandine-spessartine solid solu-

The present experimental

tion. ,
Kubo et al. (1992) examined Fe-NMn 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 ef 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 <Weawn€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 here indicate a small positive devia-
tion (Wynmnea=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 aresult, 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 ef 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
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.

into aqueous chloride solution
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Aqueous speciation of zinc chloride in supercritical hydrothermal
solutions from 500 to 700°C and 0.5 to 1.0 kb
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Aqueous speciation of zinc in 2N chloride solution was determined experimentally at 500 to 700°C
and 0.5 to 1.0 kb by monitoring the effect of NaCl on ion exchange equilibria in the system CaTiO3-ZnTiO3-
CaCly-ZnClr-HyO. 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, 1 kb, respectively, and 2.6 at 600°C, 0.5 kb in logarithm.
The formation constant of tri-chloro zinc complex increases with increasing temperature and decreasing
pressure. This suggests that zinc can be effectively leached from rocks and magmas under higher temperature

and lower pressure conditions.

INTRODUCTION

In order to elucidate the dissolution state of
metal chlorides in supercritical hydrothermal so-
lations, Uchida et al. (1995, 1996) have investi-
gated the effect of NaCl and KCl on ion exchange
equilibria in the system CaWOQO4-MeWOQ,-CaCl,-
MeCl,-H;0. 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 1 kb, whereas
alkali earth elements, Ca, Mg and Sr as di-chloro
complex, not as tri-chloro complex. In this study,
aqueous speciation of zinc, one of the first transi-
tion metals, was investigated using a similar ex-
perimental technique. However, our preliminary
experiments demonstrated that the CaWOQ;-
ZoWO04-CaCly-ZnCl,-H,O system is not suitable
because the Ca/(Ca + Zn) value of the aqueous
chloride solution in equilibrium with both CaWOy
and ZnWO; is too low to monitor the effect of
NaCl on the ion exchange equilibria. Thus, in this
study we adopted the CaTiO3-ZnTiO3-CaCl;-
ZnCl,-H,0O system. As similar to CaWQO, and
ZnWO,, CaTiOs (perovskite structure) and ZnTiO;

(ilmenite structure) have different crystal structures
from each other and are almost immiscible to each
other. As zinc in ZnTiO; can be replaced by many
other elements, the CaTiO3-MeTiO; system also
has a possibility to be applied to systems with
many other metals than Zn.

Zinc chloride speciation was experimentally
determined by Ruaya and Seward (1986) from the
solubility of AgCl in ZnCl,-HCI-H,O solution
from 100 to 350°C at the saturated vapour pressure
and also by Cygan et al. (1994) from the solubil-
ity of sphalerite in KCI-HCI-H,O solution from
300 to 600°C at 0.2 to 2.0 kb. Cygan et al. (1994)
concluded that ZnCl, and ZnCl* are dominant
aqueous species of zinc under their experimental
conditions except for 600°C, 2 kb. This study,
however, demonstrates that ZnCla,q and ZnClz g
are dominant aqueous species of zinc in 2N
supercritical hydrothermal solutions from 500 to
700°C and 0.5 to 1.0 kb.

EXPERIMENTAL PROCEDURES

A starting material of CaTiO; was synthesized
from stoichiometric mixtures of CaO and TiO; or
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Table 1. Experimental results of ion exchange equilibria Sor the system CaTiO3-ZnTiO3-CaCly-ZnCla-NaCl-

H>0 at 500°C and 1 kb

Run No.  Dur. days Starting materials Run products {solution)
solid (mg) solution { ul) solution ( ul) Sy, Tmc, Ty,
5Zn01 7 ZnTiO; 12.8 CaCl, 40 NaCl 0 0.364 0.636 0.000
57n02 7 CaTiO, 14.0 ZnCl, 40 NaCl 0 0.254 0.600 0.000
57003 7 ZnTi0, 15.7 CaCl, 40 NaCl 0 0.375 0.625 0.000
5Zn04 7 CaTiOy 13.7 ZnCl, 40 NaCl 0 0.390 0.610 0.000
5Zn05 7 ZnTiO; 154 CaCl, 36 NaCl 4 0.351 0.545 0.208
5Zn06 7 ZnTi0, 10.6 CaCl, 36 NaCl 4 0.387 0.497 0.231
5Zn07 7 ZnTiO; 16.4 CaCl, 32 NaCl 8 0.328 0.463 0.419
57Zn08 7 ZnTiO; 12.5 CaCl, 32 NaCl 8 0.385 0.404 0.424
5Zn09 7 ZnTiO, 133 CaCl, 28 NaCl 12 0.369 0.320 0.622
5Zn10 7 ZnTi0, 15.1 CaCl, 24 NaCl 16 0.356 0.220 0.848
5Znl1 7 ZaTiO; 11.3 CaCl, 16 NaCl 24 0.267 0.121 1.223
5Zn12 7 ZnTiO, 13.1 CaCl, 8 NaCl 32 0.143 0.045 1.624
5Zn13 7 CaTiOy 134 ZnCl, 36 NaCl 4 0.397 0.491 0.225
5Zn14 7 CaTi0, 16.6 ZnCl, 36 NaCl 4 0.360 0.526 0.228
5Znl5 7 CaTiO, 12.5 ZnCl, 32 NaCl 8 0.387 0.392 0.443
5Znl6 7 CaTiO, 13.5 ZnCl, 32 NaCl 8 0.361 0.440 0.397
52Znl7 7 CaTiO, 13.2 ZnCl, 28 NaCl 12 0.367 0.319 0.629
5Zn18 7 CaTiC 18.6 ZnCl, 24 NaCl 16 0359 0.226 0.832
5Zn25 7 ZnTiO; 12.1 CaCl, 16 NaCl 24 0274 0.126 1.199
57027 7 ZnTiO; 1.2 CaCl, 8 NaCl 32 0.137 0.052 1.623
5Zn29 6 CaTiOy 7.6 ZnCl, 20 NaCl 30 0.245 0.150 1.208
5Zn31 6 CaTiO, 73 ZnCl, 20 NaCl 30 0.288 0.109 1.206
5Zn32 6 CaTiO; 3.4 ZaCi, 10 NaCl 40 0.146 0.064 1.581

CaCO; and TiO; by heating at 800°C during 3
days under the atmospheric condition using an
electric furnace. The stoichiometric mixture of
Zn0 and TiO, was used as a starting material of
ZnTiO3.

One to 20 mg of the starting material was en-
capsulated into a gold capsule (2.7 mm i.d., 3.0
mm o.d. and 30 to 40 mm in length) with 30 to
40 ul of 2N aqueous chloride solution. In order to
confirm the attainment to equilibrium, CaTiO; was
reacted with 2N ZnCl;-NaCl aqueous solution
containing 0, 0.2, 0.4, 0.6, 0.8, 1.2 and 1.6 mol/l
of NaCl solution, and to the contrary ZnTiOs with
2N CaCl;-NaCl aqueous solution containing 0, 0.2,
0.4, 0.6, 0.8, 1.2 and 1.6 mol/l of NaCl solution.
The experiments were conducted using a standard
cold-seal pressure vessel settled horizontally in an
electric furnace. A stainless steel filter rod was
inserted into the pressure vessel in order to mini-
mize the temperature gradient. The experimental
conditions were 500, 600 and 700°C at 1 kb and

18

600°C at 0.5 kb, and the run duration ranges from
3 to 7 days depending on the experimental condi-
tions. The temperature was monitored with a
chromel-atumel thermocouple inserted into an
external well of the pressure vessel and controlled
within £2°C. Water was used as the pressure me-
dium and the pressure was measured with a Heize
gauge.

The pressure vessel was quenched by plunging
into cold water. After the gold capsule was
checked for a leakage by measuring the weight,
the run products were washed away into a beaker
with distilled water. The solid run products were
separated from the aqueous solution using a
millipore filter with a pore size of 0.45 um. The
solid products were identified with an X-ray
diffractometer (RIGAKU RAD-IR) in order to
confirm the coexistence of the two phases CaTiO;
(orthorhombic) and ZnTiO; (trigonal), and ana-
lyzed by an energy dispersive X-ray microanalyzer
(JEOL JSM-5400 equipped with LINK QX-200J1).
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Table 2. Experimental results of ion exchange equilibria for the system CaTiQ3-ZnTiO3-CaCla-ZnClz-NaCl-

H;0 at 600°C and 1 kb

Run No.  Dur. days Starting materials Run products (solution)
solid (mg) solution ( ul) solution ( i) Tmqg, Tme, Simna
67002 5 CaTiO, 5.1 ZnCl, 60 NaCl 0 0474 0.526 0.000
6Zn03 5 CaTiO, 5.0 ZnCl; 60 NaCl 0 0.522 0478 0.000
6Zn05 5 ZnTiO4 9.1 CaCl, 40 NaCl 0 0.448 0.552 0.000
6Zn06 5 ZnTi0, 10.9 CaCl, 40 NaCl 0 0.515 0.485 0.000
6Zn07 5 CaTiO, 6.4 ZnCl, 60 NaCl 0 0.518 0.482 0.000
6Zn08 5 CaTiO, 53 ZnCl, 60 NaCl 0 0.500 0.500 0.000
6Zn09 5 ZnTiG 8.7 CaCl, 40 NaCl 0 0.496 0.504 0.000
6Zn10 5 ZnTiO; 9.4 CaCl, 40 NaCl 0 0.493 0.507 0.000
6Zn12 5 CaTi0, 77 ZnCl, 36 NaCl 24 0.503 0.140 0.713
6Zn13 5 CaTiO, 55 ZnCl, 24 NaCl 36 0.318 0.049 1.268
6Zn15 5 ZnTiO, 9.1 CaCl, 28 NaCl 12 0.458 0.221 0.643
6Zn16 5 ZaTiO, 10.9 CaCl, 24 NaCl 16 0.436 0.091 0.947
6Zn17 5 ZnTi0 8.5 CaCl, 16 NaCl 24 0.328 0.042 1.261
6Zn19 5 CaTiO, 6.6 ZnCl, 54 NaCl 6 0.493 0.379 0.256
62021 5 CaTiO, 6.3 ZnCl, 48 NaCl 12 0.549 0.238 0.427
6Zn22 5 ZnTiO, 11.7 CaCl, 32 NaCl 8 0.506 0.270 0.448
6Zn31 5 CaTiO, 6.0 ZnCl, 54 NaCl 6 0.507 0.370 0.247
6Zn32 5 ZnTiO; 8.7 CaCl, 36 NaCl 4 0.493 0.384 0.247
6Zn33 5 CaTiO, 5.4 ZnCl, 36 NaCl 24 0.449 0.119 0.865
67034 5 ZnTiO, 9.0 CaCl, 24 NaCl 16 0.442 0.111 0.894
6Zn36 5 ZnTiO; 93 CaCl, 8 NaCl 32 0.166 0.016 1.638
6Zn38 5 ZnTiOy 9.2 CaCl, 8 NaCl 32 0.169 0.010 1.640

The Ca, Zn and Na concentrations in the sepa-
rated 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.

All the solid products are white in color. The
X-ray diffraction revealed that all run products
contain both CaTiO; (orthorhombic) and ZnTiO;
(trigonal). CaTiO3 shows a cubic shape and ranges
from 2 to 10 um in the grain size. On the other
hand, ZnTiOs; shows a round shape and ranges
from 1 to 6 um. CaTiO; and ZnTiOz have limited
solubilities to each other and dissolved less than
1 mol% of ZnTiOz and CaTiOs components, re-
spectively.

Figure 1 shows the Ca/(Ca + Zn) molar frac-
tion of the aqueous chloride solutions in equilib-

rium with both CaTiOs; and ZnTiO3 as a function
of NaCl concentration. The direction of approach
to equilibrium of the aqueous chloride solutions
is shown by the points of the triangles in the fig-
ures, 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 CaTiO3 and ZnTiO; ranges
from 0.48 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 CaWOy and
ZnWOy. Our preliminary experiments (unpub-
lished) showed that the Ca/(Ca + Zn) value of the
aqueous chloride solution in equilibrium with both
CaWOy4 and ZnWOQy4 is 0.10 at 600°C, 1 kb 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
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Table 3. Experimental results of ion exchange equilibria for the system CaTiO3-ZnTi03-CaCl;-ZnCly-NaCl-

H>0 at 700°C and 1 kb

Run No.  Dur. days Starting materials Run products (solution)
solid (mg) solution ( ub) solution ( pb) pY I S, Sy,
7Zn01 5 CaTi0, 15.1 ZnCl, 40 NaCl 0 0.533 0.467 0.000
7Zn02 5 ZnTiO, 15.2 CaCl, 40 NaCl 0 0.526 0.474 0.000
7Zn13 4 ZnTiG, 12.8 CaCl, 16 NaCl 24 0.348 0.015 1.273
7Zn14 4 CaTiO; 12.1 ZnCl, 16 NaCl 24 0.304 0.064 1.264
7Zn16 4 CaTiO; 10.3 ZnCl, 8 NaCl 32 0.171 0.025 1.608
7Znl7 3 CaTiO, 12.8 ZnCl, 30 NaCl 0 0.430 0.570 0.000
7Zn18 3 ZnTiO, 10.8 CaCl, 30 NaCl 0 0.485 0.515 0.000
7Zn19 3 CaTiO; 10.2 ZnCl, 27 NaCl 3 0.508 0.363 0.259
72020 3 ZnTiO, 12.3 CaCl, 27 NaClt 3 0.520 0.356 0.248
7Zn21 3 CaTiO; 16.1 ZnCl, 24 NaCl 6 0.531 0.241 0.456
TZn22 3 ZnTiO, 14.5 CaCl, 24 NaCl 6 0.550 0.224 0.452
TZn24 3 ZnTi0, 17.0 CaCl, 21 NaCl 9 0.560 0.135 0.610
7Zn27 4 ZaTiO; 16.4 CaCl, 21 NaCl 9 0.481 0.198 0.643
TZn29 4 ZnTiO, 11.0 CaCl, 18 NaCl 12 0.488 0.085 0.856
77030 4 CaTiO; 11.4 ZnCl, 18 NaCl 12 0.495 0.089 0.832
7Zn31 4 ZnTiO; 11.8 CaCl, 12 NaCl 18 0.885 0.053 0.124
7Zn32 4 CaTi0, 119 ZnCl, 12 NaCl 18 0.328 0.061 1.222
7Zn33 4 ZnTi0; 115 CaCl, 6 NaCl 24 0.186 0.012 1.604
7Z037 4 ZnTiO; 7.1 CaCl, 16 NaCl 24 0.342 0.025 1.266
7Zn38 4 CaTiO, 6.4 ZnCl, 16 NaCl 24 0.314 0.060 1.253
7Zn39 4 ZnTiO; 6.6 CaCl, 8 NaCl 32 0.182 0.014 1.609
7Zn40 4 CaTiO, 47 ZnCl, 8 NaCl 32 0.168 0.023 1.619
77Zn43 4 ZnTi0; 126 CaCl, 28 NaCl 12 0.587 0.097 0.633
7Zn44 4 CaTi0, 10.5 ZnCl, 28 NaCl 12 0.588 0.094 0.635
7Zn45 4 ZnTiOy 7.0 CaCl, 16 NaCl 24 0.353 0.030 1.236
7Zn46 4 CaTiO; 8.2 ZnCl, 16 NaCl 24 0.346 0.045 1.219
TZn47 4 ZnTiOy 3.5 CaCl, 8 NaCl 32 0.183 0.011 1.612
7Zn48 4 CaTiO, 49 ZnCl, 8 NaCl 32 0.181 0.025 1.589

equilibrium with both CaTiOs and ZnTiOs de-
creased considerably with the increase of NaCl;
with the increase of NaCl in the aqueous chloride
solutions from 0 to 1.6 mol/l, the Ca/(Ca + Zn)
value decreased from 0.62 to 0.26 at 500°C, 1 kb,
from 0.50 to 0.08 at 600°C, 1 kb, from 0.48 to
0.08 at 700°C, 1 kb and from 0.59 to 0.08 at
600°C, 0.5 kb.

DISCUSSION

Calculation of the formation constant of ZnCls aq

As similar to the case for Mn, Fe, Co and Ni
in the system CaW0;-MeW04-CaCl,-MeCl,-H,O
(Uchida et al., 1995, 1996), the decrease in the
Ca/(Ca + Zn) molar fraction of the aqueous chlo-
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ride solution in equilibrium with CaTiO3 and
ZnTiO; with the increase of NaCl concentration
can be attributed to the formation of ZnCls™q and/
or higher order chloro-complex of zinc.

Uchida et al. (1996) demonstrated experimen-
tally that calcium ion does not form higher-order
chloro complex. However, Roselle and
Baumgartner (1995) suggested from the experi-
ment of anorthite solubility that CaClz~q can not
be neglected at 600°C, 2 kb. However, this con-
clusion seems to be supported by only one data
point of the highest total Cl content in their fig-
ure 3. Without this data point, we can conclude
that the existence of CaCls™yq is negligible. Thus,
we neglect CaClsyq in this study. This is also for
the consistency with our previous studies (Uchida
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Table 4. Experimental results of ion exchange equilibria for the system CaTiO3-ZnTiO3-CaCly-ZnCly-NaCl-

H>0 at 600°C and 0.5 kb

Run No.  Dur. days Starting materials Run products (solution)
solid (mg) solution ( 1) solution ( i) Smy, Tmc, pYINR
Zn01p 5 CaTiO, 11.3 ZnCl, 30 Na(l 0 0.420 0.580 0.000
Zn02p 5 ZaTiO; 16.7 CaCl, 30 NaCl 0 0.424 0.576 0.000
Zn03p 5 CaTiO, 11.2 ZnCl, 30 NaCl 0 0.400 0.600 0.000
Zn04p 5 ZnTiOy 11.8 CaCl, 30 NaCl 0 0.490 0.510 0.000
Zn05p 6 ZnTi0, 11.7 CaCl, 27 NaCl 3 0.442 0.440 0.235
Zn06p 6 CaTiO, 15.0 ZnCl, 27 NaCl 3 0.513 0.373 0.229
Zn07p 6 ZnTiO, 10.3 CaCl, 24 NaCl 6 0.447 0.341 0.424
Zn08p 6 CaTiO; 11.8 ZnCl, 24 NaCl 6 0.535 0.246 0.439
Zn0%p 7 ZnTiO, 109 CaCl, 21 NaCl 9 0.457 0.231 0.623
Zn10p 7 CaTiO; 13.6 ZnCl, 21 NaCl 9 0.553 0.132 0.630
Znllp 7 ZnTiOy 11.8 CaCl, 18 NaCl 12 0.473 0.123 0.807
Znl2p 7 CaTiOs 12.5 ZnCl, 18 NaCl 12 0.521 0.071 0.815
Znl3p 6 ZnTi0, 11.6 CaCl, 12 NaCl 18 0.337 0.077 1.173
Znl5p 6 ZnTiO; 12.3 CaCl, 6 NaCl 24 0.144 0.072 1.568
Znl7p 5 ZnTiG, 7.2 CaCl, 16 NaCl 24 0.365 0.042 1.186
Znl9%p 5 ZnTiO, 3.6 CaCl, 8 NaCl 32 0.197 0.014 1.578
Zn23p 5 ZnTiO; 34 CaCl, 16 NaCl 24 0.360 0.053 1.174
Zn24p 5 CaTiO, 1.3 ZnCl, 16 NaCl 24 0.347 0.045 1.217
Zn25p 5 ZnTiG; 1.5 CaCl, 8 NaCl 32 0.191 0.016 1.586
Zn26p 5 CaTiO, 0.9 ZnCl, 8 NaCl 32 0.186 0.020 1.588
et al., 1995, 1996). In this study, we take into ac- a(CaTiO3) = a(ZnTiO3) = 1. 3)

count only ZnCls™,q as higher-order chloro com-
plex of zinc and calculate the formation constant
of ZnCls g using the same procedure as that of
Uchida er al. (1995, 1996). Thus the calculation
procedure will be described briefly below.

The ion exchange reaction can be expressed
as

CaTiO; (orthorhombic) + ZnClzaq

= ZnTiOs (trigonal) + CaClz,g. )
The equi‘librium constant K(1) for the reaction (1)
is

K(1) = a(ZnTiO3)

-a(CaClyag)a(CaTiO3)-a(ZnClayg), 2)
where a(i) is the activity of component i. Because
the solid phases, CaTiO3; and ZnTiO3; are almost
immiscible to each other,

Also the activity coefficient for neutral species is
assumed to be unity as done by almost all previ-
ous investigators. Thus the equilibrium constant
K(1) can be rewritten as
K(1) = m(CaClaag)/m(ZnClaag). 4)

In the calculation, the following eight aqueous
species were taken into account: Na*,y, NaCl,g,
Claq, Ca%*yy, CaCltyg, CaClaag, ZnClyg and
ZnClayyq.

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

MmNy = m{Na*,q) + m(NaCl,g), (5)
Zmcy = m(C32+aq)

+ m(CaCl*,yq) + m(CaClayg), 6)
2mzy = m{(ZnClaaq) + m(ZnCl37yq) @)
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Fig. 1. The effect of NaCl on the chemical composition of the 2N aqueous chloride solution in equilibrium with
CaTiO3 and ZnTiO3. The points of triangles in the figures indicate the direction of change in chemical composi-
tion of the aqueous chloride solution from the initial composition. (a) 500°C, 1 kb, (b) 600°C, 1 kb, (c) 700°C,

I kb and (d) 600°C, 0.5 kb.
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and

2mcy = m(Clrag) + m(NaClyg)

+ m(CaCl*yq) + 2m(CaCly,g)

+ 2m(ZnClyag) + 3m(ZnClz ) = 2, 8)
where Xm; designates the total molarity of i-bear-
ing species and m(i) the molarity of species i.

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

NaClyq = Natyq + Claq, )]

CaClpaq = CaCltyq + Claq. o)

CaCl*yy = Cal*yq + Clyg an
and

ZnClyaq + Clrgg= ZnClz . (12)

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

K(NaClyg) = a(Na*yg)-a(Clag)/a(NaClyg), (13)

K(CaClpag) = a(CaCl*yg)-a(Clyg)a(CaClaag), (14)

K(CaCl*y) = a(Caz*aq)-a(Cl—aq)/a(CaCl*aq) (15)
and
K(ZnCl35g)

= a(ZnCly o)/ {a(ZnClaag)a(Clag)},  (16)

where K(i) denotes the dissociation or formation
constant of aqueous species i. The dissociation
constant for NaCl,q was taken from Quist and
Marshall (1968) and those for CaCly,q and CaCl*yg
were from Frantz and Marshall (1982). The activ-
ity coefficients for charged aqueous species were
calculated using the Debye-Hiickel equation (cf.,
Uchida et al., 1996).

The formation constant of ZnCl3~,q was ob-
tained using Egs. (4) to (8) and Eqgs. (13) to (16)

23

so as to find the value which fits the experimental
results. As a result, the formation constant of
ZnClz~,q was estimated to be 1.1 at 500°C, 2.1 at
600°C, 2.7 at 700°C, 1 kb, and 2.6 at 600°C, 0.5
kb in logarithm.

Temperature dependence of the formation constant
of ZnCls g,

As shown above, the formation constant of
ZnCl37yq increases significantly with increasing
temperature. Figure 2 is the Arrhenius plot of
logK(ZnClsaq). Linear regression gives the fol-
lowing equation for logK(ZnCl37q) as a function
of temperature at 1 kb:

logK(ZnClz™,q) = —6069/T + 8.98
(T in Kelvin). a7
At constant pressure, there is the following
thermodynamic relation:

logK = —~AH®/(2.303RT) + AS°/(2.303R), (18)
4 700 600 500 400°C
I T I [
3 -
2 L
=
oo
L
1 -
0 L
_‘] L L L
0.8 1 1.2 1.4 1.6
1000/ (1/K

Fig. 2. Arrhenius plot of logK(MeCl3 zq4). Data for
ZnCly a4 at 1 kb (square) are taken from this study,
those for MnCls a4 (triangle) and FeCly a4 (circle) at
1 kb are from Uchida et al. (1995) and those for
NiCls=aq at 2 kb (cross) are from Fahlquist and Popp
(1989).
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where AH® is the standard enthalpy change for
reaction, AS° the standard entropy change for re-
action and R the gas constant. Figure 2 indicates
that AH° and AS° are nearly constant under the
experimental conditions. From Egs. (17) and (18),
AH® and AS° for the reaction (12) are estimated
to be 27.8 kcal/mol and 41.1 cal/K-mol, respec-
tively, at 500 to 700°C, 1 kb. The positive AS°®
may be attributable to the liberation of H,O mol-
ecules hydrated around the aqueous species
through the formation of ZnCls,. Taking into
account the hydration, the formation reaction of
ZnCl37yq can be written as

ZnC12~mHzO + Cl"~nH20
= ZnCl~kHyO + (m + n ~ KH,0.  (19)

The positive AS® requires m + n — k > 1. This is
because the total superficies of the aqueous spe-
cies decreases with the progress of complexing.

Uchida et al. (1995) obtained the formation
constant of FeCl3~yq and MnCls7q at 400 and
600°C, 1 kb (Fig. 2). If we ignore the experimen-
tal results obtained from the KCI effect on the ion
exchange equilibria due to unreliability of the
dissociation constant of KCl,g, standard enthalpy
changes for the formation of FeCl3~yq and
MnCl;,q are calculated to be 22.9 and 25.6 kcal/
mol, respectively, at 1 kb. Thus the temperature
dependence of the formation constant of tri-chloro
complexes of transition elements is significant.
Similarly, the formation constants of other aque-
ous chloro complexes such as CaClpyg, CaClty,,
MgClaag, MgCl*yq, NaClyq and KCl,q increase with
increasing temperature (e.g., Bugster and
Baumgartner, 1987). This is explained by the de-
crease of the interaction between water molecule
and aqueous species due to the decrease of the
dielectric constant of water with increasing tem-
perature (e.g., Quist and Marshall, 1965). The
standard enthalpy change for NiClzq is esti-
mated to be 10.8 kcal/mol at 550 to 750°C, 2 kb
from the experiments of Fahlquist and Popp (1989)
(Fig. 2), and this value is considerably low com-
pared to those for ZnCls=,g, FeCly7yq and MnClzyq
at 1 kb.

Pressure dependence of the formation constant of
ZnCls 4

The present experimental results suggest that
the formation constant of ZnCls™,q increases with
decreasing pressure, that is, logK(ZnCl3™yq) in-
creases from 2.1 at 1 kb to 2.6 at 0.5 kb for 600°C
(Fig. 3). Cygan ef al. (1994) obtained 1.1 as
logK(ZnCl3,q) value at 600°C, 2 kb. Judging from
Fig. 3, this value seems to be concordant with the
present experimental resuits. The similar tendency
is observed for NiCls~q. The logK(NiClssq) in-
creases from 0.69 at 2 kb to 1.5 at 1 kb for 600°C
(Fahlquist and Popp, 1989; Uchida et al., 1996)
(Fig. 3). This is explained by the decrease of di-
electric constant of water with decreasing pres-
sure.

At constant temperature, there is the following
thermodynamic relation:

log K(R )~ log K(P,) =1/(2.303RT) " AVdP, (20)
1

where P indicates the pressure and AV the vol-

4
600°C
3 o
>
202 Zn
1k Ni
b
0 1 1 i
0 0.5 1 1.5 2

Pressure (kb)

Fig. 3. Pressure dependence of logK(MeCls ) at
600°C. Data for ZnCl3pq at 0.5 and 1 kb are taken
from this study, that for ZnCls a4 at 2 kb from Cygan
et al. (1994), and those for NiClzu, at 1 and 2 kb from
Uchida et al. (1996) and Fahlquist and Popp (1989),
respectively.
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ume change for reaction. Using average AV, in
the pressure range from Py to P, Eq. (20) can be
rewritten as

logK(P1) — logK(Py)
= AVay(Py — P1)/(2.303RD). 2n

From the present experimental results at 600°C,
AV, in the pressure range from 0.5 to 1.0 kb is
estimated to be 167 cc. As water occupies 110
cc/mol at 0.5 kbar and 48 cc/mol at 1 kb, 600°C
(Burnham et al., 1969), 167 cc volume change for
the reaction (19) suggests that at least 2 water
molecules are supposed to be released through the
reaction (19). The increase of the formation con-
stant of tri-chloro complexes with decreasing
pressure can also be ascribed to the positive vol-
ume change for the reaction (19).

Thus the formation constant of tri-chloro com-
plexes of first transition metals increases with in-
creasing temperature and decreasing pressure.
Since natural hydrothermal solutions are domi-
nantly aqueous chloride solutions enriched in
NaCl, this fact suggests that the first transition
metals can be effectively leached from rocks and
magmas at higher temperature and lower pressure
conditions. 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 Mn?* > Co?* > Fe?* >
Ni2+ at 600°C, 1 kb. Based on the ligand field
theory, they concluded that the tri-chloro com-
plexes of the first transition metals take tetrahe-
dral coordination with low spin state. The ligand
field theory predicts that Zn?* has the lowest for-
mation constant of tri-chloro complex among
Mn?*, Fe¥*, Co?*, Ni?*, Cu?* and Zn?*. However,
the present experiment resulted in the order of
Mn** > Co* > Fe?* > Ni2* < Zn?*. This may
suggest that the tri-chloro complex of Zn2* takes
lower coordination such as trigonal coordination.
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The program package, “PEQ”, for mineral phase equilibrium

calculations with a personal computer
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“PEQ” is a QuickBASIC program package for the construction of mineral phase equilibrium
diagrams such as P-T, T-Xco,, P-Xco,, Info,~T and g~ diagrams using a personal computer.
The thermodynamic datasets for minerals of Helgeson ef al. (1978) and Holland and Powell
(1990) are incorporated into the program. The non ideal mixing of H,O and CO, can also be
taken into account. Some examples of the construction of phase diagrams using “PEQ” are given.

Keywords : Phase equilibrium, Thermodynamics, Mineral, Computer, Program
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Aqueous speciation of cadmium chloride in supercritical hydrothermal
solutions at 500 and 600°C under 0.5 and 1 kbar
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Aqueous speciation of cadmium in 2 M chloride solutions was determined at 500 and 600°C, 1 kbar
and 600°C, 0.5 kbar in the system CaTiO3-CdTiO3-CaClp-CdClp-NaCl-H,0 using the same experimental
method as Uchida et al. (1998). Thermodynamic analysis of the experimental results gives 1.3, 2.3 and 2.9
for the logarithm of the stepwise formation constant of tri-chloro cadmium complex at 500 and 600°C, 1
kbar and 600°C, 0.5 kbar, respectively. The formation constant increases with increasing temperature and

decreasing pressure.

INTRODUCTION

The knowledge of aqueous speciation of metals
under supercritical hydrothermal conditions is in-
dispensable to understanding the ore forming
process. The formation of tri-chloro complexes of
transition metals under supercritical hydrothermal
conditions was suggested in the late 1980’s
(Fahlguist and Popp, 1989). Recently, Uchida ez al.
(1995, 1996, 1998) determined the stepwise for-
mation constant of tri-chloro complexes of Fe, Mn,
Ni, Co and Zn under supercritical hydrothermal
conditions. In this study, the stepwise formation
constant of tri-chloro cadmium complex was ob-
tained by the same experimental method as Uchida
et al. (1998). The CaTi03-CdTi03-CaCl,-CdCly-
NaCl-H,O system was used in this study and the
effect of NaCl on the Ca/(Ca + Cd) mole fraction

of the 2 M aqueous chloride solution in equilib- ‘

rium with both CaTiO3; and CdTiO; phases was
monitored. Thermodynamic analysis was carried
out in order to obtain the stepwise formation
constant of tri-chloro cadmium complex.
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EXPERIMENTAL PROCEDURES

As the experimental method used in this study
is the same as Uchida er al. (1998), a brief de-
scription will be given below. Refer to Uchida er
al. (1998) for details.

Synthesized CaTiO3 from a stoichiometric
mixture of CaO and TiO; at 800°C during one day
under atmospheric conditions in an electric furnace
was used as a starting material of CaTiOs. As for
CdTiOs, it was hydrothermally synthesized from
a stoichiometric mixture of CdO and TiO; under
600°C and 1 kbar during 2 to 3 days using a
standard cold seal pressure vessel.

Three to 16 mg of the solid starting material,
CaTiO; or CdTiO3 was encapsulated into a gold
capsule with 20 or 40 ul of CdCl;-NaCl or CaCl,-
NaCl solution. Concentration of the starting solu-
tion was 2 M as total chloride with variable NaCl
concentrations from 0 to 0.8 as Na/(Na + 2Cd +
2Ca) mole fraction. The reaction was carried out
using a standard cold seal pressure vessel. The
experiments were conducted under conditions of
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Fig. 1. Experimental results for the effect of NaCl
concentration on the Ca/(Ca + Cd) mole fraction of
the 2 M aqueous chloride solutions in equilibrium with
both CaTiO3 and CdTiO3 phases. The points of tri-
angles in the figures indicate the direction of change
in chemical composition of the aqueous chloride solu-
tion from the initial composition. (a) 500°C, 1 kbar,
(b) 600°C, 1 kbar, (c) 600°C, 0.5 kbar.
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Table 1. Experimental results of ion exchange equilibria in the system CaTiO3-CdTiO3-(Ca,Cd)Cl>-

NaCl-Hy0 at 500°C and | kbar

Run No. Dur. Starting materials Run products (solution)
solid solution solution ¥YmCd SmCa SmNa
(days) (mg) (ul) ()
5Cdot 7 CdTi0; 15.3 CaCl, 40 NaCl 0 0.609 0.391 0.000
5Cd02 7 CdTi0 15.2 CaCl, 36 NaCl 4 0.700 0.187 0.225
5Cd03 7 CdTiQ, 14.6 CaClt, 32 NaCl 8 0.691 0.094 0.430
5Cdo4 7 CdTiO; 147 CaCl, 28 NaCl 12 0.611 0.076 0.625
5Cd05 7 CdTi0, 15.0 CaCl, 24 NaCl 16 0.534 0.064 0.803
5Cd11 7 CaTiOy 15.1 CdCl, 40 NaCl 0 0.614 0.386 0.000
5Cd12 7 CaTiO, 15.2 CdcCl, 36 NaCl 4 0.613 0.275 0.224
5Cd13 7 CaTiO, 14.8 CdcCl, 32 NaCl 8 0.580 0.206 0.428
5Cdi4 7 CaTiO, 14.8 CdCl, 24 NaCl 16 0.513 0.085 0.802
5Cd15 7 CaTiOy 15.3 CdCi, 24 NaCl 16 0.521 0.101 0.757
5Cd16 7 CaTi0, 15.0 CdCl, 16 NaCl 24 0.363 0.036 1.202
5Cd21 6 CdTiO, 15.1 CaCl, 16 NaCl 24 0.395 0.023 1.163
5Cd22 6 CaTiOy 9.8 CdCl, 8 NaCl 32 0.174 0.010 1.632
5Cd23 6 CdTiO 10.4 CaCl, 8 NaCl 32 0.201 0.004 1.590
5Cd24 6 CdTiO 10.2 CaCl, 8 NaCl 32 0.182 0.016 1.603
5Cd25 6 CaTiO; 10.2 CdCl, 8 NaCl 32 0.190 0.022 1.575
5Cd26 6 CaTiOy 15.6 Cdcl, 36 NaCl 4 0.637 0.261 0.205
5Cd27 6 CdTi0, 154 CaCl, 36 NaCl 4 0.630 0.271 0.197
5Cd31 7 CaTiOs 15.0 CdCl, 40 NaCl 0 0.710 0.290 0.000
5Cd32 7 CaTiO, 15.3 CdCl, 40 NaCl 0 0.680 0.320 0.000
5Cd33 7 CdTiO 10.2 CaCl, 40 Na(l 0 0.703 0.297 0.000
5Cd34 7 CdTi0, 10.4 CaCl, 40 NaCl 0 0.678 0.322 0.000
5Cd41 6 CdTi0; 9.7 CaCl, 40 NaCl 0 0.617 0.383 0.000
5Cd42 6 CdTiOy 9.9 CaCl, 40 NaCl 0 0.624 0.377 0.000
5Cd43 6 CaTiO, 15.1 CdCl, 40 NaCl 0 0.619 0.381 0.000
5Cd44 6 CaTiO;, 15.3 CdCl, 40 NaClt 0 0.609 0.391 0.000

500 and 600°C, 1 kbar, and 600°C, 0.5 kbar. The
run durations were 6 or 7 days for the experiments
at 500°C, and 5 or 6 days for those at 600°C.

After the run, the solid phases were separated
from the liquid phase. The solid phases were ex-
amined by the X-ray diffractometer (RIGAKU
RAD-IR) whether two phases, CaTiOs and CdTiO;
coexist with each other. The chemical composi-
tions of the solid phases were determined by the
energy dispersive X-ray microanalyzer (JEOL
JSM-5400 equipped with LINK QX-200JI). The
Ca and Cd concentrations in the agueous solutions
were analyzed by the atomic adsorption/flame
spectrometer (SEIKO SAS-727).
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EXPERIMENTAL RESULTS

Experimental results are shown in Fig. 1 and
Tables 1 to 3.

Synthesized CaTiO; (perovskite structure, or-
thorhombic) shows a cubic shape up to 10 um in
size, and CdTiO; (ilmenite structure, trigonal) a
round shape up to a few micrometers. The CaTiOs
and CdTiO3 phases dissolved considerably to each
other because ionic sizes of Ca and Cd are simi-
lar to each other. The CaTiO; phase coexisting
with the CdTiO; phase contains 50 mol% of
CdTiOs, and the CdTiO; phase coexisting with the
CaTiOs phase contains 25 mol% of CaTiOs; under
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Table 2. Experimental results of ion exchange equilibria in the system CaliO3-CdTiO3-(Ca,Cd)Cly-

NaCl-Hy0 at 600°C and 1 kbar

Run No. Dur. Starting materials Run products (solution)
solid solution solution YmCd SmCa >mNa
(days) (mg) (uby (ub)
6Cdo1 5 CdTiG, 15.1 CaCl, 36 NaCt 4 0.572 0.337 0.181
6Cd02 5 CdTiQ, 15.4 CaCl, 32 NaCl 8 0.660 0.164 0.352
6Cd03 5 CdTiO; 15.3 CaCl, 28 NaCl 12 0.622 0.088 0.580
6Cd04 5 CdTiO; 15.0 CaCl, 24 NaCl 16 0.555 0.050 0.791
6Cd1t 5 CdTiQ, 14.9 CaCl, 16 NaCl 24 0.376 0.025 1.197
6Cd12 5 CdTiO; 14.6 CaCl, 8 NaCl 32 0.202 0.011 1.574
6Cd13 5 CaTi0;, 152 CdCl, 36 NaCl 4 0.570 0.328 0.206
6Cd14 5 CaTiQ, 14.8 CdCl, 32 NaCl 8 0.690 0.095 0.429
6Cd21 5 CaTiG, 15.6 CdCl, 28 NaCl 12 0.646 0.064 0.580
6Cd22 5 CaTi0, 15.0 CdCl, 24 NaCl 16 0.542 0.047 0.821
6Cd23 5 CaTiO, 15.1 Cdct, 16 NaCl 24 0.330 0.047 1.248
6Cd24 5 CaTiO, 15.4 CdCl, 8 NaCl 32 0.176 0.012 1.623
6Cd31 6 CaTiO; 15.3 CdCl, 40 NaCl 0 0.789 0.211 0.000
6Cd32 6 CdTio; 152 CaCl, 40 NaCl 0 0.629 0.371 0.000
6Cd33 6 CdTiO, 15.0 CaCl, 40 NaCl 0 0.679 0.321 0.000
6Cd34 6 CaTiO, 14.8 CdCl, 40 NaCl 0 0.613 0.387 0.000
6Cd4t 5 CdTiG, 14.7 CaCl, 8 NaCl 32 0.179 0.011 1.620
6Cd42 5 CaTiC, 15.4 CdCl, 8 NaCl 32 0.193 0.018 1.578
6Cd43 5 CdTiQ, 15.0 CaCl, 36 NaCl 4 0.737 0.164 0.198
6Cd44 5 CaTiO, 15.3 Caci, 36 NaCl 4 0.719 0.192 0.179
6Cd45 5 CdTiO, 15.1 CaCl, 24 NaCl 16 0.404 0.023 1.147
6Cd46 5 CaTiO, 152 CdCl, 24 NaCl 16 0.396 0.018 1.172
6Cd47 5 CaTiO, 9.9 Cdcr, 36 NaCl 4 0.650 0.229 0.242
6Cd48 5 CdTi0; 15.3 CaCl, 36 NaCl 4 0.659 0.230 0.222
6Cd51 5 CdTiQ; 15.1 CaCl, 40 NaCl 0 0.547 0.453 0.000
6Cds2 5 CaTiC, 10.0 CdCl, 40 NaCl 0 0.484 0.516 0.000
6Cd53 5 CdTiG, 15.4 CaCl, 40 NaCl 0 0.638 0.363 0.000
6Cd54 5 CdTiO; 15.0 CaCl, 40 NaCl ] 0.639 0.361 0.000
6Cds5 5 CaTiO, 10.2 CdCl, 40 NaCl 0 0.641 0.359 0.000
6Cds6 5 CaTi0, 10.3 CdCl, 40 NaCl 0 0.649 0.351 0.000

the experimental conditions. Experiments were
also carried out at 700°C, 1 kbar. However, due
to a wide compositional range of solid solution
between the CaTiO; and CdTiOs phases, there was
difficulty in achieving the coexistence of the two
solid phases. Thus the experiments at 700°C, 1
kbar were abandoned.

The Ca/(Ca + Cd) mole fraction of the aque-
ous chloride solutions in equilibrium with the two
phases CaTiOs and CdTiOs is about 0.4 in the
NaCl free system at each experimental condition.
With the increase of NaCl concentration from 0
to 1.6 mol/l, the mole fractions decrease from 0.35
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to 0.04 at 500°C, 1 kbar, from 0.36 to 0.06 at
600°C and 1 kbar, from 0.43 to 0.01 at 500°C,
0.5 kbar.

DISCUSSION

Thermodynamic analysis of the experimental re-
sults

The decrease of the Ca/(Ca + Cd) mole frac-
tion of the aqueous chloride solution in equilibrium
with the two phases CaTiO3; and CdTiO3 with the
increase of NaCl concentration can be attributable
to the formation of CdCls g (Uchida et al., 1995,
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Table 3. Experimental results of ion exchange equilibria in the system CaTiO3-CdTiO3-(Ca, Cd)Cly-NaCl-

H>0 at 600°C and 0.5 kbar

Run No. Dur. Starting materials Run products (solution)
solid solution solution SmCd SmCa SmNa
(days) (mg) (ub) (ul)

6-5Cdo1 6 CdTi0y 8.2 CaCl, 20 NaCl 0 0.599 0.401 0.000
6-5Cd02 6 CdTiO; 8.0 CaCl, 20 NaCi 0 0.574 0.426 0.000
6-5Cd03 6 CdTiO, 8.2 CaCl, 20 NaCl 0 0.535 0.465 0.000
6-5Cd04 6 CdTiO, 8.0 Ca€l, 20 NaCl 0 0.590 0.410 0.000
6-5Cd03 6 CaTiOy 5.1 CdCl, 20 NaCl 0 0.569 0.431 0.000
6-5Cd06 6 CaTiO, 52 CdCl, 20 NaCl 0 0.557 0.443 0.000
6-5Cd07 6 CaTiO, 5.0 CdcCl, 20 NaCl 0 0.611 0.389 0.000
6-5Cd08 6 CaTiO, 5.0 CdCl, 20 NaCl 0 0.579 0.421 0.000
6-5Cd11 6 CdTiO; 7.2 CaCl, 18 NaCl 2 0.592 0.287 0.242
6-5Cd12 6 CaTiO; 4.6 CdCl, 18 NaCl 2 0.622 0.279 0.197
6-5Cd13 6 CdTiO; 6.4 CaCl, 16 NaCl 4 0.628 0.156 0.433
6-5Cd14 6 CaTiO; 4.1 CdCl, 16 NaCl 4 0.667 . 0.134 0.397
6-5Cd15 6 CdTiO 6.0 CaCl, 14 NaCl 6 0.636 0.052 0.624
6-5Cd16 6 CaTiO; 4.0 Cdcl, 14 NaCi 6 0.655 0.043 0.604
6-5Cd21 6 CdTiO, 5.8 CaCl, 12 NaCl 8 0.571 0.014 0.830
6-5Cd22 6 CaTiO, 4.1 CdCl, 12 NaCl 8 0.569 0.022 0.818
6-5Cd23 6 CdTiO, 5.9 CaCl, 8 NaCl 12 0.387 0.008 1.210
6-5Cd24 6 CaTi0, 42 CdCl, 8 NaCl 12 0.400 0.008 1.184
6-5Cd25 6 CdTiG, 5.0 CaCl, 4 NaCl 16 0.204 0.003 1.585
6-5Cd26 6 CaTiO, 30 CdCl, 4 NaCl 16 0.211 0.003 1.572

1996, 1998). That is, the increase of NaCl brings
to the formation of CdCl3 g, and then the Ca/(Ca
+ Cd) mole fraction in the aqueous solution de-
creases.

The stepwise formation constant of CdCl3yq
corresponding to the following reaction,

CdClyaq + Clraq = CdClyg ey

was obtained from the experimental results using
the same calculation method as Uchida er al.
(1998).

As a result, the stepwise formation constants
of CdCls,q were estimated to be 1.3 at 500°C, 1
kbar, 2.3 at 600°C, 1 kbar, and 2.9 at 600°C, 0.5
kbar, respectively, in logarithm. Thus, the stepwise
formation constant of CdClsyq increases with in-
creasing temperature and decreasing pressure
(Figs. 2 and 3).

The stepwise formation constant of CdCls .
K(CdCls7yq) can be expressed as

logK(CdCl3™aq) = —=6757/T + 10.04
(T in Kelvin) (2)

at 1 kbar. If we assume that the standard entropy
change for the reaction (2), AH® and the standard
entropy change for the reaction (2), AS®; are con-
stant under the experimental conditions, then we
can obtain AH°, and AS° as 129.4 kJ/mol and
199.2 J/K-mol, respectively, at 1 kbar from Eq.
(2). The temperature dependence of the stepwise
formation constant of CdCl37aq is compared with
that for the other transition metals in Fig. 2. The
stepwise formation constant of CdCl3,q shows the
similar temperature dependence to the other tran-
sition metals. The pressure dependence is shown
in Fig. 3. The tri-chloro complex of cadmium
shows the similar pressure dependence to that of
zinc and nickel.

Figure 4 shows the relationship between the
stepwise formation constant of tri-chloro com-
plexes of transition metals and ionic radius at
600°C, 1 kbar. Effective ionic radii for the six-
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Fig. 3. Pressure dependence of the stepwise forma-
tion constant of tri-chloro complexes of transition
metals at 600°C. Data for CdCls a4 are taken from this
study, those for ZnClz g4 from Cygan et al. (1994) and
Uchida et al. (1998), and those for NiCl3 g4 from
Fahlquist and Popp (1989) and Uchida et al. (1996).

fold coordination are used in the figure. The curve
in the figure is a regression curve with a second
order. The stepwise formation constant tends to
increase with the ionic radius up to Mn, and then
show a maximum between Mn and Cd.
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Experiments on the element distribution between ilmenite and
aqueous chloride solution under supercritical conditions
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Distributions of Mg?*, Ni**, Co®*, Zn®*, Mn*(Me**) and Fe** ions between ilmenite and 2 N-
aqueous chloride solution were experimentally determined in the temperature range from 500 to
800°C under 1 kb. The experimental results were analyzed thermodynamically taking into consid-
eration the aqueous speciation.

Distribution coefficient (Kpn= (Xuetios/ Xretios) / (Muecisaa/ Mreciaq) ) VS. ionic radius (PC-IR)
diagrams are drawn for the experimental results. Log Koy vs. ionic radius curves are parabolic
with a maximum between Co®* and Fe?*. However, Ni** and Zn?* deviate from such a tendency.
The anomaly of Zn?* and Ni** may be attributable to their strong preferency of the tetrahedral
sites of the aqueous chloro-complexes and the octahedral sites of the ilmenite structure, respective-
ly. The Koy value for Ni** decreases with increasing temperature, whereas those for Mg, Zn**
and Mn?* increase. The optimum ionic radius for ilmenite seems to decrease slightly with
increasing temperature.

Keywords : Ilmenite, Aqueous chloride solution, Element distribution, Supercritical condition
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FHELTRAS R W E 2B L%, BHL,
HBEEBOCERIKTHEMEHEOEL, S YT
T4 —BOTEMRERY - RSz,

BEHHAERPICN LT, Bk X REHTEE (RIGA-

KU RAD-IR) #BwTHEE:RfT>#, £/, T2
VE-GBBXB~1 2707 554 %— (JEOL
JSM-5400 1z LINK QX200JI #38) # (€ ES
W 2fT o7z ERSITREHERYETICS L Tio
7oo BOLOEMERDICH U TIIBERS 2R L T
DMEAT o203, EHRERYEREIC ST 3 94kE -
BREBHSEZRDohixhotr, XiEvf 707+ 5
A VF—GI BT —HI BT 2 85I 2000 B
ElTz, ZOLEDEBIEIDOINRBE (10) 12 +0.05

Table 1. Experimental conditions

Run No. Duration Temperature Solid Solution

days C mg ul
11 7 500 30.1 20
12 7 500 29.8 30
13 7 600 31.0 20
14 7 600 29.5 30
15 7 700 30.2 20
16 7 700 29.6 30
17 7 800 31.2 20
21 7 500 30.1 20
22 7 500 29.9 30
36 5 700 30.8 30
41 7 500 30.8 20
42 7 500 31.0 30
45 7 700 29.9 20
46 7 700 30.1 30
53 7 700 29.2 20
63 7 600 20.6 40
64 7 600 20.2 40
65 7 600 19.0 40
66 7 600 19.8 40
68 7 600 20.6 40
72 5 800 31.0 30
73 5 800 29.9 20
74 5 800 30. 1 30
75 5 800 29.1 20
78 5 800 29.2 30
77 5 800 30.9 20

*FeCl, : MnCl, : MgCl, : CoCl, : NiCl, : ZnCl,
=1:1:1:1:1:1, Imol/l in total

wit% AT TH %, HEIZ DWW TIZ, ICP 3455844
FE (SIISPS-4000) 2BWTHEA 4> DBELRSD
77

. £B&#f

1. EE4RY

KR THRONERERD I LTk X SR
FHFEToIETHANAF A L Ofce T OEHEE
Ep e PEEONLF IV (TIO,) BHHEEShz, Eon
DEMERINCH U TR 2188 L RS e
TERELL 22, BMERDEZANVAFA N b8
DAFULEERINTED, 2OMOBERIZESE:
Ngipotz, ERRHIFEHE D S UL FLBBE SR T
BY, INEHEWEDOR b4 42 b)) —210%
TiO, WEL AR TN TV Z L wiE T 2 £ 2
2Nd, LLESBS, VILOBERIERREDR
WEBOTTSBERRITS 0,

BHEERYIO A v A+ A4+ i3, 500°C TIRRHE S/
S (KW pum), REOFEN TV 3 b OEHITOH, 1B
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Table 2. Mole fractions of cations in the coexisting ilmenite and aqueous chloride solution and the
distribution coefficients, Kps and Ky, at 500°C, 1 kb

Run Mg Mn Fe Co Ni Zn
No.
Ilmenite 0.0068 0.0148 0.9457 0.0195 0.0100 0.0032
Fluid  0.0560 0.0688 0.7435 0.0114 0.0009 0.1193
11 logKy, ~1.017 =0.773 0.000 0.129  0.933 -1.681
logK,y -0.689 -0.738 0.000 0.133  0.936 -1.681
Ilmenite 0.0113 0.0142 0.9391 0.0205 0.0126 0.0023
Fluid  0.1100 0.0781 0.6658 0.0177 0.0011 0.1273
12 logK,, -1.137 -0.889 0.000 -0.086 0.921 ~-1.895
logKyy -0.884 ~0.871 0.000 -0.069 0.899 -1.895
Ilmenite 0.0108 0.0124 0.9479 0.0161 0.0084 0.0044
Fluid  0.0329 0.0586 0.7730 0.0121 0.0010 0.1224
21 logK,, -0.574 -0.762 0.000 0.037  0.837 ~1.536
logK,y -0.185 =-0.756 0.000 0.036 0.828 -1.537
Ilmenite 0.0111 0.0121 0.9375 0.0217 0.0146 0.0030
Fluid  0.0806 0.0686 0.7117 0.0170 0.0022 0.1200
22 logK,, -0.981 ~-0.873 0.000 -0.014 0.712 -1.718
logK,y -0.680 -0.833 0.000 -0.006 0.722 -1.715
Ilmenite 0.0070 0.0095 0.9625 0.0130 0.0063 0.0018
Fluid  0.0525 0.0694 0.7318 0.0190 0.0048 0.1225
41 logK,, —0.994 -0.985 0.000 ~-0.286 -0.004 -1.964
logk,, -0.660 -0.977 0.000 -0.286 ~-0.018 ~-1.965
Ilmenite 0.0134 0.0115 0.9429 0.0200 0.0109 0.0012
Fluid  0.0637 0.0840 0.6957 0.0227 0.0041 0.1299
42 logK,, -0.810 -0.994 0.000 -0.186 0.293 -2.161
logKy,y -0.494 -0.983 0.000 ~0.186 0.278 -2.161
EREL RPN THESLRELRD, 800°C TR Ko = { Xmerios/ Xrerios) )

40 pym DREZIEL, REPESHTHLVEREE
T AHERBE SN,
2. ANAFA P EEEYKEERIZBIT2TRD
HER ,
AN AF AT EEACYIKEEEC BT % Me (Me:
Mn, Mg, Ni, Co, Zn) A # > OFBEREIZRD £ 512
FzEND,

FeTiO,+Me, ;=MeTiO;+Fe, ¢ o))

22T, R CkER) R0, 2o (1) Rk
¥ 5 HEARME
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BT (Mzme, f/m£Fe, f)

LET B, 2L, X BB i lr0ENL
BETH Do £72, me, o WSEAKBEED ( 570
BEETLVEETHS, 2) RIECKERTD
B DENGE a0 ZHNGT

KD - (XMeTiOs/XFeTiOa) (3)

i (xEMe, f/x):Fe, f)

EEDLTIENTES,

Table 2 7» & Table 5 KRB THRDANAFA b
CHEALIKBER TR BT ABA A DENMGEB LV
SEREET T, A VAT A FBO FeTiO, KAV HE
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Table 3. Mole fractions of cations in the coexisting ilmenite and aqueous chloride solution and the
distribution coefficients, Kps and Kpy, at 600°C, 1 kb

R
un Mg Mn Fe Co Ni Zn
No.
Ilmenite 0.0100 0.0105 0.9523 0.0135 0.01l0 0.0025
Fluid 0.0452 0.0532 0.7831 0.0105 0.0024 0.1056
13 logk,;  -0.738 -0.788 0.000 0.027 0.577 ~-1.709
logK,y  -0.613 =-0.793 0.000 0.017 0.561 ~-1.718
Ilmenite 0.0131 0.0140 0.9364 0.0183 0.0156 0.0027
Fluid 0.0476 0.0597 0.7607 0.0150 0.0022 0.1148
14 logKy;  -0.652 =0.722 0.000 -0.002 0.756 ~-1.720
logK,y  -0.527 =-0.727 0.000 0.009 0.767 ~-1.730
Ilmenite 0.0116 0.0207 0.9060 0.0298 0.0283 0.0035
Fluid 0.0556 0.0749 0.6980 0.0290 0.0018 0.1407
63 logK,;  -0.793 =-0.671 0.000 -0.101 1.088 ~1.713
logK,y  -0.653 =-0.659 0.000 -0.101 1.081 -1.724
Ilmenite 0.0355 0.0212 0.8792 - 0.0330 0.0276 0.0035
Fluid 0.0581 0.0723 0.6993 0.0288 0.0019 0.1395
64 logK,;  =-0.313 -0.632 0.000 -0.040 1.056 ~-1.706
logK,y  -0.182 -0.626 0.000 -0.039 1.049 ~-1.705
Ilmenite 0.0244 0.0224 0.8800 0.0364 0.0328 0.0040
Fluid 0.0656 0.0834 0.6758 0.0320 0.0016 0.1415
65 logK,,  -0.544 =-0.686 0.000 -0.059 1.184 -1.662
logK,y  -0.412 =-0.670 0.000 -0.058 1.180 ~-1.671
Ilmenite 0.0347 0.0229 0.8706 0.0377 0.0324 0.0017
Fluid 0.0601 0.0747 0.6847 0.0311 0.0014 0.1481
66 logK,,  -0.342 =-0.617 0.000 -0.020 1.268 ~-2.048
logKy,y  -0.217 =-0.597 0.000 -0.021 1.270 -2.041
Ilmenite 0.0229 0.0226 0.8786 0.0397 0.0349 0.0014
Fluid 0.0634 0.0756 0.6803 0.0324 0.0017 0.1466
68 logK,;  -0.553 -0.636 0.000 -0.023 1.203 -2.141
logKy,,  ~0.418 =-0.618 0.000 -0.021 1.198 -2.150

He %L, ZOEHEEIL 87T~ moly ThH-7, %
DD (MeTiO;) E—#&H5 3mol% UL T TH
%o

Fig. 1 @A BEMRE s 1 4 v B L OBFEE2 T T, 7T
FOSEMEMEERT 2O HEREETED 6 B4
AYEFIHLTTay bLZD &S B PC-
IREIEFENT WS, BRI A 4 >V EB EHIORS
BB U THEINGEE 2R T tFELoNR 3
(Matsui ef al., 1977: #34F, 1979), %¥B, 414 ¥¢
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£ & L % Shannon and Prewitt (1970) O % B
720

Fig. 1269595 & 512, 500~800°C D& REHFH
WBWTREA A4 VIIZIEROEIZA VAT A MIZE
ELRPTVILERLTWVE,

Ni**>Fe?* =zCo®* > Mg?** > Mn?* > Zn**

72721, 800°C B Wik, Co*t, Fe?r, Mg?* @1 v
AFAMNDBELERREREALCTHZ, BEOL
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Table 4. Mole fractions of cations in the coexisting ilmenite and aqueous chloride solution and the
distribution coefficients, Kpp and Koy, at 700°C, 1 kb

Run

No Mg Mn Fe Co Ni Zn
Tlmenite 0.0143 0.0123 0.9389 0.0173 0.0148 0.0025
Fluid 0.0267 0.0444 0.8100 0.0089 0.0023 0.1077
15 logK,, =-0.336 -0.621 0.000 0.224 0.745 ~-1.704
logK,y -0.305 -0.633 0.000 0.236 0.730 ~-1.718
Tlmenite 0.0183 0.0150 0.9272 0.0199 0.0152 0.0044
Fluid 0.0281 0.0501 0.7844 0.0132 0.0026 0.1215
16 logK,, ~-0.259 -0.597 0.000 0.106 0.687 ~-1.509
logK,y ~-0.224 -0.604 0.000 0.096 0.677 -1.518
Tlmenite 0.0259 0.0151 0.9190 0.0195 0.0166 0.0039
Fluid 0.0505 0.0511 0.7111 0.0255 0.0182 0.1437
36 logK,, ~0.402 -0.640 0.000 -0.227 -0.153 =1.677
logK,, -0.368 =-0:640 0.000 -0.229 =-0.157 -1.679
Tlmenite 0.0126 0.0111 0.9505 0.0133 0.0104 0.0022
Fluid 0.0245 0.0454 0.7908 0.0175 0.0058 0.1159
45 logK,, -0.371 -0.691 0.000 =-0.201 0.175 -1.811
logK,y -0.325 -0.680 0.000 -0.198 0.180 -1.812
Ilmenite 0.0205 0.0150 0.9208 0.0195 0.0179 0.0062
Fluid 0.0284 0.0546 0.7695 0.0185 0.0054 0.1237
46 logK,, =-0.219 -0.639 0.000 -0.054 0.445 -1.379
logK,y ~-0.165 -0.627 0.000 -0.045 0.451 ~-1.397
Tlmenite 0.0135 0.0119 0.9485 0.0106 0.0129 0.0026
_ Fluid 0.0260 0.0369 0.7790 0.0264 0.0186 0.1130
53 logKp; —0.370 =-0.577 0.000 -0.481 -0.244 -1.728
logKy,y -0.331 -0.562 0.000 -0.477 -0.245 -1.736

B R TERO IR O EIEIL 0 12355 < fER
Iv. = =3

BESN, BRCLZIEDONTEIC L Z5EDEIN
BLLBBRZLEERLTWS, 2O EIERED LR
RO FRIEND, 44 0T 28RESNS
B EERLTWAE EEDNS,

SEFE A 4 PR OBFRIE PC-IRE BT Fe*
& Co Oih7 ) 2]HE & T 2 IR DR T
%, EADMEH» SENTRIZ ESEAEDHEL
HAEAERL TS, 2700, Nit & Zn?t i3 Z D
B SHANT WD, £7, SCEERS 4 VFEE
TTHBROESONERBEN LET 20> TEL
WA REENNE L R A ARCEET AERNS S
Nno,

45

1. 2BAFOHEERIZOWVT

EBRTCELNIEEBAAOA NV AFA B
YIRS 817 2 S EUER XA TR EEL T A v
F—rAF U FERIZIDBIHAND,

FELEEICERERERIEE A AV NTIERD
MEANAFA PCBELEVIEZRL TS,

Ni?* > Fe?* 2Co®* >Mg?** >Mn** > Zn**

ZOIEFEE, Mg A4 » 2« Rend 8 B
b 2BREEA 4 oY sRUTFEEELT AV
FopkxsolE Bz, Burns, 1993) IFIZF—3
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Table 5. Mole fractions of cations in the coexisting ilmenite and aqueous chloride solution and the
distribution coefficients, Kps and Koy, at 800°C, 1 kb

R
o Mg Mn Fe Co Ni Zn
No.
Ilmenite 0.0081 0.0111 0.9526 0.0123 0.0108 0.0051
Fluid  0.0170 0.0446 0.8152 0.0099 0.0033 0.1100
17 logKy,;  -0.391 -0.671 0.000  0.026  0.453 ~1.401
logKpy -0.354 -0.693  0.000 0.021 0.451 ~-1.405
Ilmenite 0.0183 0.0176 0.9338 0.0187 0.0064 0.0051
Fluid  0.0142 0.0518 0.7861 0.0183 0.0027 0.1268
72 logKpy  0.035 -0.543  0.000 -0.067 0.300 -1.471
logKpyy  0.072  -0.557  0.000 -0.062 0.285 ~-1.454
Ilmenite 0.0184 0.0137 0.9441 0.0131 0.0057 0.0050
Fluid  0.0126 0.0389 0.8108 0.0162 0.0030 0.1185
73 logK,;  0.100 -0.519 0.000 -0.161 0.214 ~-1.439
logKpy  0.138  -0.542  0.000 -0.177 0.199 -1.431
Ilmenite 0.0191 0.0164 0.9324 0.0177 0.0080 0.0064
Fluid  0.0137 0.0500 0.7769 0.0182 0.0030 0.1382
74 logK,;  0.064 -0.563 0.000 -0.090 0.342 ~-1.416
logKpy  0.099  -0.553  0.000 -0.091 0.323 -1.409
Ilmenite 0.024  0.014  0.936  0.015 0.007 0.004
Fluid ~ 0.011  0.041  0.817 0.014 0.003 0.114
75 logKyy  0.271 -0.542 0.000 -0.016 0.367 -1.520
logK,y  0.288 ~0.557 0.000 -0.029 0.353 ~-1.534
Ilmenite 0.0230 0.0182 0.9274 0.0203 0.0074 0.0037
Fluid  0.0144 0.0544 0.7751 0.0182 0.0029 0.1349
76 logKpy  0.126  -0.553  0.000 -0.032 0.324 -1.638
logK,y  0.155 -0.547 0.000 -0.034 0.302 -1.629
Ilmenite 0.0182 0.0121 0.9430 0.0142 0.0094 0.0030
Fluid  0.0137 0.0408 0.8024 0.0156 0.0029 0.1246
77 logK,,  0.054 -0.597  0.000 -0.113 0.448 ~-1.684
logK,y  0.091 -0.614 0.000 ~-0.102 0.430 ~-1.687

LTwa,
Ni**>Co%" > Fe?* >Mn?*=Zn**

ANAFAPTRINGDA F 2 iE 8SEEYA &
EHTW»E (212, Smyth and Bish, 1988) 7z 4
WA FA S AOBEED I FEOEMFIBEELT %
VEF—THIBEND D, KERTRERA 4 > OHE
BEAIARER £ O T b Twv 5 1 oI LYkE

BRI 2RROBEEILEFRCANL LEND
5o EEREME T TEIIAERH CRERSE
AAYREL LU THPHBFROETEELTWHLB b E
2503 (B2, Boctor, 1985 ; Boctor ef al., 1980 :
Lin and Popp, 1984) , Uchida et al. (1995, 1996, 1998)
WA A VARSI T E NaCl 0815 2 25
o, LEEBSEAA O N 2 oufEkosRE
BRIROETHY, —Be ZOBERREREA 4%
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Fig. 1. Distribution coefficient Kpp of cations between ilmenite and aqueous chloride solution in the
temperature range of 500 to 800°C at 1 kb, plotted against ionic radius. (a) 500°C, (b) 600°C,
(¢y 700°C and (d) 800°C.
2 {BECAL L ot s R I B LD AT (B2 1, RN, Ni?* < Fe?* < Co2* =Zn?* < Mn?*
1991) Z & HBREREA A4 v B ROETEALYIKE
BWCEH LB W SN2, IO L EEREHTE B W TEAYNRERFT T
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SRR LEBREEA 4 v 4 HEELI TH DEA
EUREER L2 T0WBE I EERLT WS (Susak and
Crerar, 1985; Uchida ef al.,1998), 777 L, Zn®* ik
SEMALITTH L a]6EMENH 2 (Crerar ef al., 1985),
W TEBEHETTEERSE A 4 >3 Zn? 2w
T2EOBEHEA AL 2O HOSFREMALT- 4
HEEGO 7 ook LTEELTWR EE 250
5o FEEOEMIIEREBA A O 8HEEY A B
AN TFHBEELIANFEF—DOKRE SOEL IZIZHY
ThHY, R, BEBEBAA Y DANAT A MZBY
LEMITFHRENMT I VF — L YIKER BT 2
BUfL PR T 2V ¥ —DE D & KER
TEIEBEEA A DANVAF A PADBELE S
I, EEREROLS D LHFEaN S,

Ni?*>Fe?* =Co%" >Zn®t > Mn?*

ZDERFIX Zn* & Mt LB ANEDL->TWwWa Ik
PROTERBER KL L,

LU s, EEERY Fig. 10 X 312 PC-IR
Hiww7owy b U7E, Niz* & Zo* BeEofEfas» s
AT 3, Matsui ef al. (1977) B L O (1979)
WENEPC-IRMEEVWRES, YOV 1 POAE
BIZHG LA 4 PR ETES & U Rgakihsss
Erh2 OB —BUTHEY, Fig 1282 L8HsH
N2t & Zn? B2 OE@E» S AN T w2, B 1R
BF (1965) Wk iE Zn®* B 4 EEY 4 &, Nzt iz 8
EfEYA P E2EIFOEARS L LEbR TV 523,
FEBERRIOERERBRL WL EBbh s, B
RFHEEHH» o3, Zn* PHEEDAKERICBELS
<, BN BEHETHLIANVAFL NZEBELS
W EMHBE NS, BUFBEELI AL F %)
RPBICHIBEEA L FRCLVAEATVE (B
H, 1979) &2 Bz o iF, Nitt & Zn® OZEENIIF 0D
BHREBC LIV 2 2B wEEBbN 3,

2. BHEEBOEE

AN X F A b EEKEREC B B TEEOSE
iZ, (D) ROLIKEDLTIERTES, L
5, ) RSRECVOBEENPEEI L THRL
e DAEERIGR TRV, 1kb 1B W T 500°C 28k %
ZEBTRET VA VBB EELZVWI I BRES
WTREAFOEBIEEYIPHEAEREL LTEET
5 EEZ o b (Bl21E, Boctor, 1985 ; Boctor ef al.,
1980 ; Lin and Popp, 1984), # 2T, B2EERETDH
LPMIREEZR VD LA VA4 b EERER
Rl B T 244 VBRI RD LI ICEL 2 LS

TE3,
FeTiO;+MeCl, aq = MeTiO; + FeCl, aq (4)

LaLkds , g‘%’ﬁ% Z/:T—?ZEVQL ) MgCIQaq 0)_‘%‘3 i
ROE D L,
MgCly 2 =MgCl* 4 +Cl 4 (5)
MgCl*oq =Mg?*q+Clmoq 6)

Mg 1%, KB T MgClyaq, MgClta,, Mg?t,, L L
THHELTWS %2 515 (Frantz and Marshall,
1982), )

—7%, Mn, Fe, Co, Ni, Zn XEMESHENE <,
DEEMENEEL TGS, BEREHETTREL
L T MeClyay (Me: Mn, Fe, Co, Ni, Zn) & U UHERE
752, MgCl, WEET 2 &, ThbhoBian s
Clrag A4 Y EFEAEL MeClaug R ¥ D 7 o o gifEs
BRaEhsEeELHN 5,

MeCl, aq +Cl7a =MeCly g (7)

-7, EREREBENFERNCERT LD, &
BRERELROIVNEND S, I I TRLETOESR
» 5, MHERLE L T MgClhy, MgClt.,, Mg,
MeCl, aq, MeCly™aq, Clag™ #EB T2, ZDEE, =
NoOBHEBREOECUTOEERER L EEERRAY
b iro, -

g s = m (Mg?taq) +m (MgCl*,g) +m (MgCly o)
(8}
Sriye,s = m (MeCly™aq) +m (MeCl, aq) )
(Me : Mn, Fe, Co, Ni, Zn)
e = m(Clmag) +m (MgCl™ag) +2m (MgClyay)
+3m (MeCls™aq) +2m (MeCl, ) =2

10
K (MgCl*,q) =a(Mg?*4q) * a(Cl aq) /a(MgCl*,,)

an
K (MgCly'sq) =a(MgCl*ag) * a(Clq) /a(MgCl, eq)

12)

K (MeCl;q) =a(MeClyaq) /{a (MeCl,"y) *
a(Cl aa) } (13)

IIT, Sm B IR E BB EFEOREEEVEE
THY, K FEEEOBE - 3ERERTH S, &
72, e BIBHFEOETETH S, SBEEOBRE IR
®)~13) RoHEFEFN CEBEARNEE It
LORDEND, BB, BEEOBHERKOEHIC
X Debye-Huckel O % iz, 7277 L, SitEsERE
DIEENEREZ 1 & Lo, MgClyaq, MgClta, DEEE
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SEHTRESUC 1 Frantz and Marshall (1982) ofE% F
v, BNV 7 0 OB EOERESIZIZ Table6 ®
Uchida ef al. (1995,1996,1998) »o&EH L 7-EY B
Wiz, BREWITILE (1995) BER LT T u S A
SUPDESO 2 fiviz, Bohi-hEBEROEET L
BEEZAOTRDLSERE Koy EEBEE» 0 E
RO SN DB Koe (TRbB, N7 TO5H
EE$ED & % Table2 25 Table5 witEe L TR,
ERERE» SEES O NI SR (ogkss) L
BLUTHEBEEBOBRESEEL TR 6 N S0E
B (ogKpy) 1 Mg iZd L TD & 500°C 8 & U 600°C
WBWTEFOREOKELNTD, FOEFELOTER
HLUTRFEAEREOER LS, BEBCHET 288
BREERESAWEEZONL, L LENS, Mg iz
N AEERRL TEHETERWY, JhAUBEDE
BETRIOFTHEEECOBRESER L - S0REE
(logKpy) BFWV3B,

3. EROEBERCOUE

AEBI BT B4 4 o RBVERGR A EES
BuwT

FeTiO; +MeCl, aq = MeTiO; + FeCl,"aq (4)

LET B, EHETO ST AEERT v
BRATREIN S,

w{?) =u () + RTInX;+ (i) (14)
2T, p0) B S OBEULERT vy vV TH
b, 72, BHEE I DEERT Yy L

w{D)=u" (i) + RTInm;+ RTIny: (15)
EEERIND PUHBEEOBEERE v 3 —BH
W21 ELTERDHBEbILE DT, EWkEwkh ob
BHEEIOEERT >y @R TELENS,

w i) =u (i) +RTInm; (16)
TFHERECBOTERGOF 7 X 2 Vv F %104
GriZ0THsDT, @) R4 4 @GR
L TREDRIIT B,

{u (MeTiO;) + x (FeCly o) }

' {ﬂ (F€T103) +/l (Meclzaaq) }::O (17)
AN K 15 BI U (16) RE2RAT L ERD LS
Wb,

AGr*+ RTInKpy + 1®* (MeTi0;) — u®* (FeTiO;) =0
(18)

IIT, AdGr BEBERIGE 7 A LANVF —FTH
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NHE BE - EE OEE - R BT

D b
AGr =" (MeTi0,) + " (FeCl,’sq) (19)
'“/ln (FGTIO3) _/10 (Meclzoaq)
ThHb, %72, SFEBEE Kow i,
—_(Xerios/ Xrerio))
KDN o (xMeClzoaq/xFeClzoaq) (20)
L%, £z,
ex : ex . . o0Ge*
1= (MeTi0;) — 4™ (FeTi0,) ) (21)
MeTiOz
DEFBASER Y LoD T, (18) RBXANTHEI NS,
. o0G=
AG?’ +RT1HKDN +m——0 (22)

72721, G id FeTiO;-MeTiO, REHE D BFIRS
FTAZAINF—TH 5, 2RO RIEAFREIERE
TN G*FHEERST A—8 W #BOTRD
FoegERIhs B2, AHS, 1991),

G**= XFeTiOaXMeT!Os ( WFeFeMeXFeTiOa (23)
—:_ WFeMeMeXMeTiO:;)
(23) A% Xuemo, TIRMS LEET 2 &,
a)a(fen% = WFeFeMe { 1- 4XMeTiOa + 3X!\§5Ti03 }
+ WFeMeMe{ZXMeTim"SXNZIeTlOa} (24)

PEBOND, I IT Xueroo=0 EF 3 &, T H b HE
FEBBRBEDIDET2E (22) & (24) R

— RTInKpn = AGr + Weereme (25)

L D SEBRBOBR—EE R 5,

A5 (1992) AV AF4 b LB bkBgrEC
B % Mg, Fe, Mn KB§ % 1 & > T PEEREIT
Vv, BERRF T AL ANE R UHEEER S5 £ —
FDEERD TS, £z, AHS (1996) 137208
B%E FeClymag & MnCly=o ODERR 2 EE L CEEH
LTws, WHS (1996) 2 & % 600°C, 1 kb O&HT
BT BAGr + Weerene DIE - EBFER»5KD 5
1z~ RTInKpy OEDHE % Table 7 1277,

AEBD» RO — RTInKpy OEIZNES (1996)
W EDTRD B NTAGr + Weereme DB 272 U 3T
{, BREBRRBTRANAFA FEBEEDOBERS
(MeTiO;) &3 U THERBESEEBEENE D I->Tw
LEEZOHND,

4. BREEBFHIZIOVLT

BEREF 7TAZ AT -2, BERET 5V



HEAEGTEBT 24 V274 + L EEREEROTRAECET 2 £5 21

Table 6. Formation constants for MeCl; 4 at 1 kb (in logarithm)

MnCl,” . FeCl, .. CoCl, .. NiCl, .. ZnCl,™ ..
500°C 1.3 0.9 1.1 0.5 1.1
600°C 2.3% 1.9* 2. 1% 1.5 2. 1"
700°C 2.9 2.5 2.7 2.1 2. 7"
800°C 3.5 3.1 3.3 2.7 3.3

*Uchida et al. (1998), **Uchida et al. (1995), ***Uchida ef al. (1996)

Table 7. Comparison of the (—RTInKp) values obtained in the‘ present study with the (JGr°+

Weereme) values of the previous works

A B —RTInK 5 AGr ™ W oaps ™ AGT * + W ™
Fe Mn  2.698%0.236 2.808 0.035 2. 843
Fe Mg 1.505=0.145 0.956 0.856 1.812

*This study, **Uchida et al. (1996)
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Fig. 2. Temperature dependence of the distribution
coefficients Kpy of cations between ilmenite
and aqueous chloride solution at 1 kb.
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Experiments on the element partitioning between olivine and
aqueous chloride solution under supercritical conditions

EfETATF (Chiyoko TAKAHASHI)*
WH P (Etsuo UcHA)*

Experiments on the partitioning of Mg**, Ca?*, Mn?", Fe?*, Co?t, Ni** and Zn?>* between
olivine (forsterite and fayalite) and 2N aqueous chioride solutions were performed in the
temperature range of 500 to 800°C, 1 kb.

The partition coefficient, which is defined as Kpn(Fo)={X mesio./ X mesi0,)/ (#MeCiiag/
MvgCiaq) OF Ken(Fa)= (X me,s10,/ X Fe,sio,)/ (MMeciag/ MFeCiaq), Vs. ionic radius (PC-IR) diagrams
are drawn based on the experimental results. In the case of forsterite, the PC~IR curve has a
local maximum near Ni** and shows a concave curve in the region of larger ionic size.
However Zn** deviates from such a trend. In the case of fayalite, the PC-IR curve shows a
convex curve with a peak near Ni*™ except for 500°C. Also in this case, Zn’* deviates from
such a trend.  The anomaly of Zn?* may be attributable to its tetrahedral site preferency. The
K e value for Ni** decreases with increasing temperature, whereas those for the other elements
except for Ca’* increase. - The optimum ionic radius for forsterite and fayalite seem to increase
slightly with increasing temperature.

Keywords: Olivine, Forsterite, Fayalite, Aqueous chloride solution, Partition coefficient, Super-

critical condition
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75 A BIND) BERL, BERAZETCBT 5%
A A DSEEEENC DWW TEERTTD,

I EERREEERTE

1. EEBR

KERIC BT, HrI CRDBESTHET IV A
FIARBIVT7 7 ¥ T4 b SEAMKER : OICB Y
% Mg+, Ca2t, Mn?", Fe2*, Co?*, Ni¥* 8 X U Zn** O
WOWTEDES, 74 VAT T4 FDEE, MeSiOs 2F
e L, RO TH B MesSiOs (Me: Ca, Mn, Fe, Co,
Ni, Zn) BB & Lic, 72, 77 ¥ 74 P OBE, £
5% FerSiOs, MRk MeSiOs (Me: Mg, Ca, Mn, Co,
Ni, Zn) ZHERS L LTROED,

2. HEWE

TANAT T4 b OHFEIEIE MO & SiO DENVEL
21 DEEYE I MMeCh KEH%, 77 V74 D%
i3 Fe ¥ SiO DENVH 2: 1 DEAY & 1M FeCh ZKIEH
TR BT8R 2O DO DHMEBDT T
#03~05mg) ¥&F 2—TWCHAL, TA P Fa—TH
EERSASEE LT 700C, 1kb OEGT T2 HERT
XRTEAR L. G EN-EER, B X REFEE
(RIGAKU RAD-IR) 2BV THRIEEIT> 7
FISEIEWwE, 7aVAT 74 P LTIEIMD
CaCly, MnCla, FeClo, CoCla, NiCly, ZnCh& KB & £ 1T
nl:1:1:1:1:1 0BG TRELLOER VI, 17,
Tr¥ I A4 ML T LMD MgClh, CaClh, MnCl,
CoCly, NiCl, ZnCL &&EW 2 FhE4L1:1:1:1:1:1
DEETESLIZDDOERW,

3. EBRFIR

RO FHETEE L 2 B REYE 30 mg L RITEER
20-30 ] EBTEITHLMEDOT >~ P I E E LB ICNE
27 mm, 4% 3.0 mm, B2 35 mm O&F 2 — T ICERE
BEUTHA LR, BEEHALLET 2 — 7 2RERICE
BMNOBEATE V%L TEROOAF—VEoy Rk
LIzF AN Fa—TRREERCANTESRSELES
Foteo RGEHE R 7~0HM & L, RISSEMAEE 500
~800°C, 1 kb & L7- (Table 13 & U Table 2), IRE X FE
RS8OI 0722 0 A v —T Vv AVEENZ
BnTHEL, FhHENA Yy —Y2HACTHEIEL .
BT, RERELBHKIIBET I LI TAR
L, BiesEfEsek, RIGESEr oMV LcEF 2 —
713, BERAEL TRASE WL D L 2L R
L, NEYERSEL BOTEREKTHRWEL, SYRT
7 4 Ny —%ER L CERE S RO SEERTT o T2,
EFAE R X SETEES B CHRZEL, &
Fo, LANE—SEBI X R A 2 a7 7 A ¥ — (JEOL
JSM-5400 1= LINK QX200J1 2%3#) % v TEEHELD
RS EIT o7, 58, BIERERRECS»TT> 7,
Xgw 4 rsu7+I34¥—-1cd 3 1 EHOBERER
2000%> & Uiz, %7z, WHEICR L Tld ICP FEaesss
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Table 1. Experimental conditions in the system Mgz SiOs—
(Ca?*, Mn®*, Fe?*, Co?*, Ni**, Zn*")CL—H.0

Run Duration  Temperature Solid  Solution”

No. days °C mg ul
Fo-09 7 500 29.9 20
Fo-10 7 500 29.8 30
Fo-11 7 600 30.3 20
Fo-12 7 600 30.1 30
Fo-13 7 700 30.0 20
Fo-14 7 700 30.1 30
Fo-15 7 800 299 20
Fo-16 7 800 30.0 30
Fo-32 7 800 30.0 30
Fo-33 7 500 30.1 20
Fo-34 7 500 30.1 30
Fo-35 7 600 29.9 20
Fo-36 7 600 30.2 30
Fo-37 7 700 30.6 20
Fo-38 7 700 29.9 30
Fo-39 7 800 30.0 20
Fo-40 7 800 30.0 30
Fo-41 10 500 302 20
Fo-42 10 500 30.0 30
Fo-43 10 600 30.1 20
Fo-44 10 600 30.2 30
Fo45 7 700 303 20
Fo-46 7 700 30.0 30
Fo-47 7 800 30.3 20
Fo-48 7 800 30.0 30

* CaCly: MnCly : FeCl: CoCL:NiCl: ZnCl=1:1:1:1:
1:1, 1 mol/1 in total

Table2. Experimental conditions in the system Fe; SiOa—
(Mg?*, Ca**, Mn**, Co**, Ni**, Zn**)CL—H:0

Run  Duration Temperature  Solid  Solution”

No. days °C mg ul
Fa-01 7 500 29.7 20
Fa-02 7 500 29.8 30
Fa-03 7 600 30.2 20
Fa-04 7 600 30.0 30
Fa-05 7 700 30.0 20
Fa-06 7 700 29.9 30
Fa-09 7 600 29.8 20
Fa-10 7 600 30.3 30
Fa-11 7 700 30.2 20
Fa-12 7 700 30.0 30
Fa-14 7 800 30.1 30
Fa-16 7 800 30.2 30
Fa-18 7 500 29.9 30
Fa-20 7 500 30.1 30
Fa-24 7 800 30.2 30
Fa-25 7 700 30.2 20
Fa-26 7 700 29.9 30
Fa-27 7 800 30.1 20
Fa-28 7 800 29.8 30
Fa-31 7 800 30.2 20
Fa-32 7 800 30.1 30

* MgCly: CaCla: MnCla: CoCly : NiCly: ZnCL=1:1:1:
1:1:1, 1 mol/l in total
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1. EMBERE

EFHAERY) 28R X EHTEEIC L D 947 LB E,
600°C TR 7 # WA T Z A O F 7 Mgs Sis O1w(OH):
PLEERL TS bOBREeNT, 74VAFI4 D
BRI 10 um T, KGEEDE W X 2R EOEIZE
CAERSNIRI oz 8, 77 ¥ T4 ORI 10-30
Lm T, EREEERIRE S R ERSE S, £z,
ERTERLE 72 VAT T4 P BLVT 7 ¥ 54 F D
IRIE-> E 0 LTw 5D, KR CIIEELESESES
NEwbONE 2L ERPE Sz,

2. AT R EBYKERRBIZE T 2 TROHE

TANAT T4 (Fo) £72137 7% 54 b (Fa) &
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X Mesio,
X Mg,si0,

FsMe,
Mg,

KPB(FO) - < (3)

87

X Me,si0,
X Fe,si0,

isMe,
MsFe,

Krpp(Fa)= <

)/ ()

ERENDL, IITXBAYIT AP ESDELS
EKTHY, £z, mu FHEAVKERPD i B2 E8FT
PEFREOMESETVBETH LY, IhEKER
HO I RADENVDE pu WHIGT 20T, TOIEB2%E
B9 5 LOBRE Kes 1
SMe,;
)/ ()

)/ ()
E%b,

FERRTBO 7+ VAT I4 Y, 7774 bBLIUVE
KBRS B % 2851 F > OE NS LSRR
% Table3 5 Table 6 KWRT, 74 NVAT 74 %R TR
Mgz SiOs R4 HSEFREO# 93-99 mol% %58, B O 1-
7 mol% 3 F DO (Me: SiO:) TH 2, A, 77¥%
F4 MR TIEE D 80-97 mol% % Fe: SiOs L4553 5
B, BD DK 3-20mol% % F DD S D HD T 5,

TREFELLUTAF PR EEOBE R - THA
FBEe Rt &z oNTEBY (Matsui et al., 1977; 2
F, 1979), Figure 1 ¥ X UF Figure 2 I EUREE TTED 6
BofiA & v FEEeH LT 7uy b L2 PC-IR AR,
%38, I ZTiZ Shannon and Prewitt (1969) 2 & 5 A 4 >
FEOMEER LI,

“4)

X Mesio,
X mgsio,

Kps(Fo)= < (5

X Me,si04
X Fessio,

Kpp(Fa)= < (6)

Table 3. Mole fractions of cations in the coexisting forsterite and aqueous chloride solution and the partition

coefficients, Kpg and Kp~ at 500°C and 1 kb

Run No. Mg Ca Mn Fe Co Ni Zn
Forsterite _ 0.9530 0.0005 0.0015 0.0080 0.0135 0.0220 0.0005
Fluid 0.4438 0.1526 0.1391 0.0600 0.0659 0.0073 0.1313
Fo-09 LogKpp 0.000 2.816 -2.299 -1.207 -1.020 0.146 2751
LogKpx 0.000 2.728 2.195 -1.226 -0.987 0.067 2.718
Forsterite  0.9380 0.0005 0.0020 0.0104 0.0223 0.0257 0.0010
Fluid 0.4179 0.1495 0.1391 0.0683 0.0850 0.0051 0.1350
Fo-10 LogKps 0.000 -2.830 2.197 -1.168 -0.932 0.351 2.485
LogKpy 0.000 2.738 2.112 -1.200 -0.915 0.261 -2.468
Forsterite  0.9731 0.0010 0.0005 0.0061 0.0096 0.0096 0.0000
Fluid 0.3849 0.1519 0.1413 0.0963 0.0869 0.0013 0.1373
Fo-33 LogKys 0.000 2,578 -2.847 -1.602 -1.358 0.470 -
LogKs 0.000 2481 2.780 -1.647 -1.355 0.370 -
Forsterite  0.9741 0.0005 0.0036 0.0092 0.0086 0.0041 0.0000
Fluid 0.5776 0.1386 0.1049 0.0261 0.0400 0.0017 0.1110
Fo-34 LogKpp 0.000 -2.662 -1.696 -0.682 -0.892 0.159 -
LogKpy 0.000 -2.590 -1.518 -0.648 -0.797 0.118 -
Forsterite  0.9929 0.0005 0.0005 0.0020 0.0020 0.0020 0.0000
Fluid 0.4480 0.1465 0.1253 0.0940 0.0642 0.0010 0.1209
Fo-41 LogKys 0.000 -2.806 2.739 2.011 -1.846 -0.046 -
LogKpy 0.000 2.718 2.633 -2.030 -1.812 0.126 -
Forsterite  0.9852 0.0000 0.0000 0.0041 0.0025 0.0081 0.0000
Fluid 0.4348 0.1385 0.1299 0.0967 0.0766 0.0009 0.1228
Fo-42 LogKyp 0.000 - - -1.731 -1.833 0.579 -
LogKpy 0.000 - - -1.760 -1.813 0.491 -
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Table 4. Mole fractions of cations in the coexisting forsterite and aqueous chloride solution and the partition
coefficients, Kes and Ken at 600°C and 1 kb

Run No. Mg Ca Mn Fe Co Ni Zn
Forsterite 09711 0.0000 0.0015 0.0060 0.0115 0.0100 0.0000
Fluid 0.4201 0.1559 0.1393 0.0761 0.0731 0.0069 0.1286
Fo-11 LogKps 0.000 - -2.333 -1.469 -1.169 -0.205 -
LogKpy 0.000 - 2229 -1.459 -1.120 -0.240 .
Forsterite  0.9454 0.0005 0.0020 0.0085 0.0155 0.0271 0.0010
Fluid 0.4250 0.1536 0.1345 0.0814 0.0635 0.0093 0.1325
Fo-12 LogKps 0.000 -2.834 -2.316 -1.327 -0.959 -0.116 -
LogKpy 0.000 2.742 -2.068 1317 -0.909 -0.082 .
Forsterite  0.9742 0.0005 0.0015 0.0066 0.0081 0.0081 0.0010
Fluid 0.4503 0.1393 0.1240 0.0951 0.0624 0.0012 0.1275
Fo-35 LogKes 0.000 2.776 -2.248 -1.496 1223 0.477 2436
LogKpy 0.000 2.686 -2.140 -1.483 1171 0.444 2.384
Forsterite  0.9707 0.0005 0.0010 0.0071 0.0086 0.0116 0.0005
Fluid 0.3793 0.1434 0.1339 0.1283 0.0763 0.0021 0.1369
Fo-36 LogKps 0.000 2.861 22.530 -1.666 -1.356 0.340 -2.841
LogKpy 0.000 2.759 -2.449 1.672 -1.326 0.295 2.810
Forsterite  0.9645 0.0000 0.0020 0.0071 0.0122 0.0137 0.0005
Fluid 0.4239 0.1482 0.1244 0.1112 0.0642 0.0019 0.1261
Fo-43 LogKes 0.000 - -2.145 -1.552 -1.079 0.492 2.753
LogKpy 0.000 - 2.041 -1.542 -1.146 0.458 2.819
Forsterite  0.9722 0.0000 0.0015 0.0046 0.0082 0.0134 0.0000
Fluid 0.4114 0.1458 0.1276 0.1172 0.0772 0.0024 0.1184
Fo-44 LogKpg 0.000 . 2.291 1777 -1.346 0.369 -
LogKpn 0.000 - 2.194 1772 -1.303 0.332 -

Table 5. Mole fractions of cations in the coexisting forsterite and aqueous chloride solution and the partition
coefficients, Kpe and Kpn at 700°C and 1 kb

Run No. Mg Ca Mn Fe Co Ni Zn
Forsterite 09809 0.0000 0.0020 0.0045 0.0065 0.0055 0.0005
Fluid 0.4671 0.1532 0.1333 0.059 0.0504 0.0094 0.1271
Fo-13 LogKyp 0.000 ) -2.144 -1.441 -1.209 -0.552 2.725
LogKsy 0.000 - -2.091 1431 1182 -0.560 -2.698
Forsterite  0.9602 0.0000 0.0025 0.0076 0.0131 0.0166 0.0000
Fluid 0.4434 0.1525 0.1347 0.0723 0.0580 0.0074 0.1317
Fo-14 LogKes 0.000 : -2.064 -1.316 -0.982 0.014 -
LogKen 0.000 - -2.014 -1.308 -0.957 0.005 -
Forsterite  0.9734 0.0000 0.0031 0.0077 0.0066 0.0092 0.0000
Fluid 0.4522 0.1860 0.1123 0.0779 0.0372 0.0032 0.1311
Fo-37 LogKes 0.000 - -1.897 -1.340 -1.081 0.124 -
LogKsn 0.000 - -1.836 -1.325 -1.048 0.120 -
Forsterite  0.9755 0.0006 0.0023 0.0068 0.0068 0.0080 0.0000
Fluid 0.4657 0.1515 0.1171 0.0877 0.0404 0.0036 0.1339
Fo-38 LogKyn 0.000 -2.746 -2.033 -1.430 -1.094 0.027 -
LogKpn 0.000 -2.700 -1.981 -1.419 -1.067 0.019 -
Forsterite  0.9775 0.0000 0.0021 0.0063 0.0068 0.0073 0.0000
Fluid 0.4856 0.1491 0.1150 0.0904 0.0329 0.0029 0.1241
Fo-45 LogKpg 0.000 - -2.043 -1.462 -0.988 0.099 -
LogKpx 0.000 . -1.990 -1.450 -0.960 0.093 ;
Forsterite  0.9677 0.0000 0.0015 0.0076 0.0116 0.0116 0.0000
Fluid 0.4745 0.1326 0.1179 0.1018 0.0485 0.0029 0.1219
Fo-46 LogKypg 0.000 . 2.201 1438 -0.931 0.300 ;
LogKp 0.000 . 2.154 -1.430 -0.907 0.292 ;
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Table 6. Mole fractions of cations in the coexisting forsterite and aqueous chloride solution and the partition
coefficients, Kpp and Kpen at 800°C and 1 kb

Run No. Mg Ca Mn Fe Co Ni Zn
Forsterite  0.0814 0.0000 0.0025 0.0060 0.0080 0.0020 _ 0.0000
Fluid 0.4900 0.1734 0.1430 0.0517 0.0343 0.0089 0.0988
Fo-15 LogKps 0.000 - -2.057 -1.235 0.932 -0.948 -
LogKpy 0.000 - -2.028 1228 0.916 -0.950 -
Forsterite  0.9740 0.0000 0.0075 0.0080 0.0070 0.0020 0.0015
Fluid 0.5852 0.1841 0.0844 0.0120 0.0266 0.0203 0.0872
Fo-16 LogKpp 0.000 - 1273 -0.398 -0.801 -1.229 -1.986
LogKyx 0.000 - -1.239 -0.387 -0.782 -1.227 -1.966
Forsterite  0.9840 0.0000 0.0020 0.0060 0.0060 0.0020 0.0000
Fluid 0.8467 0.0915 0.0283 0.0044 0.0195 0.0006 0.0090
Fo-32 LogKps 0.000 - 1216 0.069 -0.579 0.454 ;
LogKpy 0.000 - -1.179 0.083 -0.555 0.455 .
Forsterite  0.9799 0.0005 0.0031 0.0083 0.0057 0.0026 0.0000
Fluid 0.5544 0.1504 0.0921 0.0693 0.0246 0.0020 0.1071
Fo-39 LogKsp 0.000 2712 -1.721 1171 -0.885 -0.131 -
LogKey 0.000 -2.694 -1.693 -1.163 -0.869 -0.132 .
Forsterite  0.9747 0.0000 0.0031 0.0093 0.0083 0.0046 0.0000
Fluid 0.5238 0.1524 0.1029 0.0742 0.0291 0.0024 0.1152
Fo-40 LogKpg 0.000 - -1.791 1172 0.817 0.010 -
LogKpy 0.000 - . -1.764 -1.165 -0.801 0.009 ;
Forsterite  0.9776 0.0005 0.0025 0.0076 0.0066 0.0051 0.0000
Fluid 0.5083 0.1461 0.1080 0.0881 0.0304 0.0023 0.1170
Fo-47 LogKee 0.000 2.742 -1.912 -1.346 -0.946 0.067 -
LogKsx 0.000 2.720 -1.886 -1.340 -0.932 0.065 -
Forsterite  0.9795 0.0000 0.0021 0.0062 0.0062 0.0062 0.0000
Fluid 0.5085 0.1408 0.1065 0.0845 0.0363 0.0037 0.1196
Fo-43 LogKyps 0.000 - -2.000 1422 -1.055 -0.059 -
LogKpx 0.000 - -1.975 -1416 -1.042 -0.061 -
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Fig. 1. Partition coefficient Kps of cations between forsterite and aqueous chloride solution in the temperature
range of 500 to 800°C at 1 kb, plotted against ionic radius. (a) 500°C, (b) 600°C, (¢) 700°C and (d) 800°C.
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Fig. 2. Partition coefficient Kps of cations between fayalite and aqueous chloride solution in the temperature
range of 500 to 800°C at | kb, plotted against ionic radius. (a) 500°C, (b) 600°C, (¢) 700°C and (d) 800°C.
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Mn?* > Zn?t = Co?* > Fe?* > Ni**
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1/2Mg SiOs+MeClag=1/2Mez Si0s+MgCl’sg  (7)

1/2Fe; SiOs+MeClysg=1/2Mez SiOa+ FeCliag ()
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MgClyaa=MgClsq+Clag )
MeCl* 3= Mg 4g+ Clag (10)
CaCly’aq=CaCl" g+ Clyq (1n
CaCl* ,q=CaTaq+Cl g (12)

Tibh MgClhtag, MgClia, Mgitag, CaClys, CaClta,
Ca?ty DR TEEL TS EEZ2 5% (Frantz and
Marshall, 1982),
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Lenigs, EwhiEERE MeCl 2. & UTEET 55,
MgCl, CaCL DfEfET 2 & O DSBS NS Clgg A
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KRy aaskErElT 5 L EZ 5N 5%,

MeCly g+ Clraq=MeCls sq (13)

IO kS EREREBIIENCHENT 256, &BF
FEEE PR ITIE R 570\, REBRRICE W TATFE
U T MgCly'agy, MgCltag, Mgttag, CaClya, CaCl ™4,
Ca?* g, Clag, MeClsag, MeCl'aq (Me: Mn, Fe, Co, Ni, Zn)
O UBREEREETS L, A0 ITEFEDORICILS

59

Pk

ODDEEREERLIDOEEFERRAET 5 (WHS
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(14)

1/2Mg SiOi+MeCly'se=1/2Me; SiOs+MgClreg (1)

1/2Fe; SiOs+MeClyag=1/2Mes SiO:+FeClyag  (8)
£72, EfEFO i BT 2{EERT v Vi
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DXSrEbEIND, PHEFRE L CIREESERE
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WEIIBWTRRIEOXF 7 AL ANF-E(LAG, 0T
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B AIRTAR
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Table 7. Mole fractions of cations in the coexisting fayalite and aqueous chloride solution and the partition
coefficients, Keg and Kpn at 500°C and 1 kb
Run No. Mg Ca Mn Fe Co Ni Zn
Fayalite 0.0336 0.0005 0.0253 0.8642 0.0430 0.0258 0.0026
Fluid 0.0234 0.1505 0.1092 0.5547 0.0230 0.0016 0.1377
Fa-01 LogKss -0.035 2.657 0.827 0.000 0.128 1.021 -1.919
LogKen 0.160 -2.324 0.777 0.000 0.148 0.999 -1.899
Fayalite 0.0343 0.0005 0.0343 0.8166 0.0804 0.0330 0.0009
Fluid 0.0238 0.1481 0.1241 0.5329 0.0316 0.0012 0.1382
Fa-02 LogKypg -0.027 2,701 -0.743 0.000 0.220 1238 2.370
LogKpn 0.172 2.361 -0.694 0.000 0.239 1.216 -2.351
Fayalite 0.0429 0.0005 0.0098 0.8926 0.0315 0.0228 0.0000
Fluid 0.0221 0.1431 0.1290 0.5343 0.0308 0.0010 0.1397
Fa-18 LogKps 0.065 -2.644 -1.344 0.000 0214 1.155 -
LogKpn 0.270 2.296 -1.296 0.000 -0.195 1.135 -
Fayalite 0.0530 0.0006 0.0329 0.8032 0.0674 0.0407 0.0022
Fluid 0.0204 0.1485 0.1276 0.5352 0.0314 0.0011 0.1358
Fa-20 LogKyps 0.238 -2.602 -0.765 0.000 0.156 1.402 -1.961
LogKpn 0.440 2.259 -0.716 0.000 0.175 1.381 -1.942
Table 8. Mole fractions of cations in the coexisting fayalite and aqueous chloride solution and the partition
coefficients, Kpg and Kpen at 600°C and 1 kb
Run No. Mg Ca Mn Fe Co Ni n
Fayalite 0.0407 0.0005 0.0233 0.8926 0.0249 0.0143 0.0032
Fluid 0.0042 0.1509 0.0462 0.6615 0.0078 0.0011 0.1283
Fa-03 LogKys 0.856 -2.585 -0.428 0.000 0.373 0.998 1737
LogKen 0.929 2382 -0.388 0.000 0.389 0.981 1721
Fayalite 0.0419 0.0005 0.0220 0.8812 0.0283 0.0230 0.0031
Fluid 0.0046 0.1451 0.0529 0.6550 0.0104 0.0010 0.1312
Fa-04 LogKys 0.834 2.572 -0.509 0.000 0.306 1.241 -1.750
LogKpy 0.910 -2.363 -0.471 0.000 0.321 1.224 -1.735
Fayalite 0.0292 0.0005 0.0199 0.9052 0.0253 0.0165 0.0034
Fluid 0.0111 0.1435 0.0512 0.6585 0.0121 0.0033 0.1203
Fa-09 LogKep 0.281 -2.608 40.548 0.000 0.183 0.556 -1.686
LogKen 0.356 -2.403 -0.509 0.000 0.198 0.539 -1.671
Fayalite 0.0224 0.0005 0.0133 0.9296 0.0220 0.0114 0.0009
Fluid 0.0118 0.1427 0.0633 0.6373 0.0171 0.0027 0.1252
Fa-10 LogKpg 0.114 -2.658 0.842 0.000 -0.055 0.463 -2.300
LogKen 0.237 -2.407 -0.450 0.000 0.299 0.381 -2.096
5B, TITEA YT UVREDERSOEFEHEERE RO L Kmd3FNZFhRD LI wFESID,
DICEET %,
o . AG(Fo)= 1°(Me-Ol)+ 1°(MgCly'aq)
7#NATIA | (Fo): 1 /ZMgz SiOs — 1°(Fo) = 1*(MeCly’aq) (22)
7 7 %7 7 /{ I\ (Fa) 1/2Fez Si04 AG,"(Fa):,u"(Me‘OI)-%/f(Feleaq)
[Ny AN - . 5
%@ﬁl@ﬂfﬁbyﬁj (Me~Ol): 1/2Me; SiOs4 ~ 1°(Fa)— u*(MeClsaq) (23)
IHBLVANKEAV S L (18) BL U (19 RERD & KPN(FO):< X vessio, >/<xMec1zuaq> (24)
. X Mgsio, X MeClag
R A ° X .
KPN(FE):< )(MezS‘IO4 >/< X MeCl,"aq > (25)
AG/(Fo)+RTIn Ken(Fo) FesSio, X FeCiag

+ 4(Me-O)~ x=(Fo)=0  (20)
AG#(Fa)+ RTIn Ken(Fa)
+ 1 (Me-Ol)— u*(Fa)=0  (21)

7212, BEERFINE TR L ANE—AG S B L USEMER
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Table 9. Mole fractions of cations in the coexisting fayalite and aqueous chloride solution and the partition
coefficients, Kps and Ken at 700°C and 1 kb

Run No. Mg Ca Mn Fe Co Ni Zn
Fayalite  0.0226 0.0005 0.0152 0.9357 0.0142 0.0074 0.0044
Fluid 0.0022 0.1545 0.0327 0.7011 0.0048 0.0013 0.1034
Fa-05 LogKps 0.886 -2.623 -0.457 0.000 0.343 0.636 -1.494
LogKpy 0.900 -2.545 0.437 0.000 0.351 0.628 -1.487
Fayalite  0.0425 0.0005 0.0210 0.8973 0.0224 0.0143 0.0019
Fluid 0.0036 0.1451 0.0498 0.6744 0.0097 0.0013 0.1161
Fa-06 LogKes 0.952 2.607 -0.499 0.000 0.242 0.912 -1.908
LogKey 0.968 -2.525 -0.480 0.000 0.249 0.904 -1.901
Fayalite  0.0211 0.0005 0.0111 0.9436 0.0100 0.0090 0.0047
Fluid 0.0049 0.1406 0.0317 0.7189 0.0088 0.0035 0.0915
Fa-11 LogKyps 0.511 -2.544 -0.575 0.000 -0.064 0.285 -1.404
LogKpy 0.527 -2.466 0.557 0.000 -0.057 0.278 -1.397
Fayalite 0.0368 0.0011 0.0165 0.9088 0.0192 0.0132 0.0044
Fluid 0.0066 0.1443 0.0405 0.6922 0.0110 0.0027 0.1027
Fa-12 LogKss 0.630 22.237 -0.509 0.000 0.125 0.567 -1.487
LogKpn 0.645 2.157 -0.491 0.000 0.133 0.559 -1.480
Fayalite 0.0382 0.0005 0.0175 0.9129 0.0170 0.0101 0.0037
Fluid 0.0076 0.0786 0.0412 0.7531 0.0072 0.0013 0.1111
Fa-25 LogKes 0.617 -2.254 -0.455 0.000 0.291 0.823 -1.559
LogKpy 0.639 2.165 -0.445 0.000 0.295 0.820 -1.555
Fayalite 0.0331 0.0005 0.0176 0.9118 0.0192 0.0144 0.0032
Fluid 0.0057 0.1504 0.0435 0.6784 0.0096 0.0010 0.1114
Fa-26 LogKss 0.639 2.578 -0.521 0.000 0.173 1.035 -1.669
LogKpy 0.654 2.497 -0.501 0.000 0.181 1.027 -1.662
Table 10. Mole fractions of cations in the coexisting fayalite and aqueous chloride solution and the partition
coefficients, Kpp and Kpn at 800°C and 1 kb
Run No. Mg Ca Mn Fe Co Ni Zn
Fayalite  0.0164 0.0015 0.0138 0.9448 0.0143 0.0046 0.0046
Fluid 0.0060 0.1364 0.0285 0.7625 0.0096 0.0024 0.0546
Fa-14 LogKypg 0.340 2.042 0.408 0.000 0.080 0.188 -1.168
LogKpx 0.345 -2.004 -0.399 0.000 0.084 0.184 -1.164
Fayalite  0.0211 0.0011 0.0200 0.9285 0.0162 0.0070 0.0060
Fluid 0.0136 0.1544 0.0410 0.6997 0.0115 0.0028 0.0769
Fa-16 LogKss 0.067 2277 -0.434 0.000 0.026 0.281 -1.234
LogKey 0.071 2.238 -0.424 0.000 0.031 0.276 -1.230
Fayalite  0.0265 0.0009 0.0137 0.9366 0.0147 0.0052 0.0024
Fluid 0.0066 0.1703 0.0213 0.7507 0.0036 0.0010 0.0465
Fa-24 LogKps 0.504 -2.351 0.286 0.000 0.514 0.631 -1.390
LogKpn 0.507 2316 0274 0.000 0.519 0.626 -1.385
Fayalite  0.0188 0.0017 0.0099 0.9531 0.0105 0.0022 0.0039
Fluid 0.0054 0.1777 0.0161 0.7554 0.0032 0.0020 0.0403
Fa-27 LogKps 0.441 2.132 -0.310 0.000 0412 -0.059 -1.120
LogKpy 0.443 -2.098 -0.298 0.000 0.417 -0.064 -1.115
Fayalite 0.0273 0.0017 0.0131 0.9380 0.0137 0.0040 0.0023
Fluid 0.0068 0.1774 0.0174 0.7405 0.0058 0.0024 0.0498
Fa-28 LogKyg 0.504 2.119 -0.227 0.000 0271 0.117 -1.442
LogKen 0.505 -2.085 0214 0.000 0.276 0.112 -1.438
Fayalite 0.0067 0.0011 0.0084 0.9708 0.0073 0.0034 0.0022
Fluid 0.0034 0.1445 0.0160 0.7796 0.0041 0.0012 0.0512
Fa-31 LogKes 0.201 2.204 0.373 0.000 0.160 0.355 -1.453
LogKpn 0.205 2.167 -0.363 0.000 0.164 0.351 -1.449
Fayalite 0.0150 0.0021 0.0113 0.9534 0.0113 0.0032 0.0038
Fluid 0.0042 0.1480 0.0218 0.7523 0.0058 0.0010 0.0671
Fa-32 LogKes 0.453 -1.942 -0.390 0.000 0.186 0.424 -1.355
LogKex 0.457 -1.904 -0.380 0.000 0.190 0.420 -1.351
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Table 11.
previous works (Uchida et al., 1997) at 600°C, 1 kb
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Comparison of the (— RTInKen) values obtained in the present study with the (A G, W aas) values of the

Forsterite
A B —RTInKpy* AG,o** Waap** (AG,>+ Waap)**
Mg Fe 6.155+0.646 3.610+0.316 2437 6.047+0.316
Mg Mn 8.735+0.587 5.842:+0.444 1.664 7.506 =0.444
Fayalite
A B —RTInKpy* AG,o** Waap** (AG*+ Waap)**
Fe Mg -2.429%1.450 -3.6100.316 -0.175 -3.785+0.316
Fe Mn 1.835:+0.213 2.229+0.255 -0.084 2.145%+0.255

* This study, ** Uchida et al. (1997) in kcal/mol
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Cation Leaching from the Basalt JB-1a by 2M NaCl Hydrothermal Solutions

Etsuo UcHIDA and Ken TsuTsuI

Abstract: The basalt JB-1a was reacted with 2M NaCl solutions, and the leaching behavior of the cations Na, K, Ca, Mg, Fe,
Mn, Zn and Co was monitored. The experiments were carried out using standard cold-seal pressure vessels in the temperature
range from 300 to 800°C under the constant pressure of 1000 bars and also in the pressure range from 500 to 1000 bars at
600°C.

The concentrations of Fe, Mn, Zn and Co in the hydrothermal solutions increased significantly with increasing tempera-
ture and with decreasing pressure. The thermodynamic analysis of the experimental results suggests that this is due to the for-
mation of trichloro-complexes and also partly due to the temperature dependence of ion exchange between augite and aqueous
chloride solution. The Na concentration in the aqueous solution decreases with increasing temperature and with decreasing
pressure. On the other hand, the behavior of K, Ca and Mg is complex and their concentrations seem to be controlled by the
coexisting minerals.

Judging from the experimental results, it is concluded that the transition elements are effectively leached from the basalt
under higher temperatures and lower pressures. This means that higher temperature and lower pressure conditions are prefer-
able for the production of ore-forming hydrothermal solutions.

1. Introduction

The information on the behavior of cations during the
interaction between rocks and hydrothermal solutions is
indispensable for the better understanding of the ore-
forming process. Although many experimental studies of
water-rock interactions have been conducted previously,
studies in the supercritical region are limited. Experi-
ments on the interaction between seawater and rhyolite,
andesite, basalt and peridotite have been conducted by
Hajash and Chandler (1981) in the temperature range
from 200 and 500°C, 1000 bars. Whitney et al. (1983)
carried out the experiments using synthetic granitic rocks
in the temperature range from 400 to 700°C, 1000 bars.
In the latter experiments, only iron was monitored
among transition elements and the experimental pH was
controlled to be low (0.67<pH< 3.84).

In this study, the basalt JB-1a, which is one of the geo-
chemical standards prepared by the Geological Survey
of Japan, was reacted with 2M NaCl solutions in the
temperature range from 300 to 800°C and the pressure
range from 500 to 1000 bars. The basalt JB-1a was
selected as the solid starting material because it is rela-

Received on December 3, 1999; accepted on March 10, 2000
Department of Resources and Environmental Engineering,
Waseda University, 3-4-1 Ohkubo, Shinjuku, Tokyo 169-
8555, Japan [e-mail(EU):weuchida@mn.waseda.ac.jp]

Keywords: basalt, hydrothermal solution, cation leaching,
transition element, trichloro-complex
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tively rich in transition elements. As the previous stud-
ies have revealed that ore-forming fluids are usually rich
in sodium and chlorine, NaCl solutions were selected as
reactant solutions in the present study.

Recently Uchida et al. (1995, 1996 and 1998) revealed
that the formation constant of trichloro-complexes of
Fe2+, Mn2*, Co?*, Ni?* and Zn?* increases with increas-
ing temperature and with decreasing pressure. Thus it is
expected that these transition elements are effectively
leached from rocks by hydrothermal solutions rich in
chlorine at higher temperature and lower pressure condi-
tions. The present study was carried out in order to con-
firm this expectation.

2. Experimental Procedures

The JB-1a prepared and delivered by the Geological
Survey of Japan was used as the solid starting material.
The JB-1a is augite-olivine basalt-of Late Miocene occur-
ring in Sasebo City, Nagasaki, Japan, which consists
mainly of plagioclase, olivine and augite and is accompa-
nied by small amounts of iron-titanium oxide, alkali feld-
spar and glass. The recommended value for the bulk
chemical composition of the JB-1a is listed in Table 1
(Imai et al., 1995a and b). The JB-1a is relatively rich in
transition elements; Co: 38.6ppm, Ni: 56.7ppm, Cu : 56.7
ppm and Zn: 82.1ppm. As the Ni and Cu concentrations in
the aqueous chloride solutions after the experimental runs
were extremely low, they were not considered in the pre-
sent study. We carried out the bulk chemical analysis of
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the JB-1a by the ICP-AES after the dissolution by HF and
HNO; solutions. The result is compared with the recom-
mended values in Table 1. The agreement with the rec-
ommended value is good except for zinc. As the starting
solution, 2M NaCl solutions prepared from reagent grade
NaCl (>99.5%, Kokusan Chemicals) were used.

The water/rock ratio was fixed in the present experi-
ment, that is, 60mg of JB-1a powder (<10um in diameter)
to 80ul of 2M NaCl solution. They were encapsulated
into gold capsules with an outer diameter of 4.4mm, an
inner diameter of 4.0mm and a length of ca. 40mm. Stan-
dard type cold seal pressure vessels were used for the
hydrothermal reaction. In the experiments for the temper-
ature dependence, temperatures were controlled in the
range from 300 to 800°C under the constant pressure of
1000 bars. On the other hand, in the experiments for the
pressure dependence, pressures were controlled in the
range from 500 to 1000 bars under the constant tempera-
ture of 600°C. Based on the experiments for granitic
compositions by Whitney et al. (1985), the run duration
was fixed to 7 days for the experiments at the tempera-
tures above 500°C, and 14 days for the experiments at
lower temperatures. The temperature was measured with
a chromel-alumel thermocouple attached to the outer wall

Table 1 Chemical composition of JB-la.

Rec\‘]’;’;’zi"ded This study
SiO, (%) 52.41 —
TiO, 1.28 -
ALO; 14.45 —
TFe,0s3 9.05 8.32
MnO 0.148 0.141
MgO 7.83 7.45
CaO 9.31 9.53
Na,O 2.73 2.45
K,0 1.40 1.46
Co (ppm) 38.6 40.2
Cu 56.7 67.4
Ni 139 140
Zn 82.1 159

* Imaij et al. (19952, b)
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of the pressure vessel. The pressure was monitored with
the Heize gauge.

At the end of a run, reaction was quenched by plunging
the pressure vessel into cold water. The pressure vessel
was cooled to the room temperature within a minute.
After weighing capsule to check for leakage, the cold
capsule was immediately opened and run products were
washed away into beakers with distilled water. Then
solid products were separated from the coexisting solu-
tion by filtration using a Millipore filter with a pore size
of 0.45um. The solid products were examined by the X-
ray diffractometer (Rigaku Rad-1B) and the SEM
equipped with EDS (Jeol JSM-5400 equipped with Link
QX-200JT). The chemical composition of the constituent
minerals was analyzed by the SEM equipped with EDS.
The concentration of the cations (Na, K, Ca, Mg, Fe,
Mn, Zn and Co) in the solid run products was deter-
mined by the ICP-AES (SII SPS-4000) equipped with
an ultrasonic nebulizer after the dissolution with HF and
HNO; solutions. The cation concentration in the filtrat-
ed solution was also determined by the ICP-AES.

Several additional experiments were conducted in
order to measure the quench pH of the aqueous chloride
solutions in equilibrium with the solids. The experimen-
tal method is the same as described above. After the run,
the gold capsules were immediately punctured with a
stainless steel needle and then the pH of the aqueous
solutions leaked from the capsules was measured with a
pH test paper.

3. Experimental Results

3. 1. Solid products

Minerals constituting the run products identified by
the X-ray diffractometer are listed in Table 2. Plagio-
clase and augite are present in all runs. No olivine was
confirmed in any run products. Montmorillonite was
identified in the run products at temperatures lower than
600°C. On the other hand, amphibole appeared in the
run products at temperatures above 600°C. Biotite is
found in the run products at 700 and 800°C. Small

Table 2 Minerals constituting the run products.

Plagioclase Augite Calcic Amphibole Montmorillonite Biotite Ilmenite-Magnetite Forsterite Alkali feldsper

JB-la

300°C, 1kb
400°C, 1kb
500°C, 1kb
600°C, 1kb
700°C, 1kb
800°C, 1kb
600°C, 0.5kb
600°C, 0.75kb

000000000
OOPOOOOOO

00000 D

0000

O)@,

VAN A

YAN

> O
PODDDDDDD

major © > O > A minor
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Fig. 1 Chemical compositions of the minerals constituting the run products. (a) and (d) Number of cations in plagioclase on the
basis of 8 oxygen atoms, (b) and (e) number of cations in augite on the basis of 6 oxygen atoms and (c) and (f) number of
cations in amphibole on the basis of 23 oxygen atoms. (a), (b) and (c) at 1000 bars, and (d), (e) and (f) at 600 °C.

amounts of magnetite and ilmenite were also confirmed
in all runs by the SEM equipped with EDS.

Figure 1 shows the compositional changes of plagio-
clase, augite and amphibole with temperature and pres-
sure. Plagioclase becomes rich in an albite component
with increasing temperature and slightly with decreasing
pressure. The compositional change of augite is not so

66

distinct, but the Ca content seems to increase slightly
with increasing temperature. In the case of amphibole,
the Ca and Na contents increase considerably with
increasing temperature and with decreasing pressure.

3. 2. Aqueous solution chemistry

The concentrations of the cations in the aqueous chlo-
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Fig. 2 Concentrations of the cations in the aqueous chloride solutions. (a) Temperature dependence at 1000 bars, and (b)

pressure dependence at 600 °C.

ride solutions are summarized in Table 3 and also
shown in Figure 2.

The Na concentration in the aqueous chloride solutions
decreases monotonously with increasing temperature and
with decreasing pressure. This is due to ion exchange
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with plagioclase, and an albite component in plagioclase
increases with increasing temperature and with decreasing
pressure as shown in Figure 1. On the other hand, K, Ca
and Mg show complicated behavior. The K concentration
increases generally with increasing temperature except for
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the temperatures around 700°C. The general increase of K
in the aqueous solution may be explained by the replace-
ment of K by Na in plagioclase and glass. The decrease of
K around 700°C may reflect the formation of biotite. For
the pressure dependence, the K concentration shows a
parabola-shape with the minimum turning point at 750
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bars. The Ca concentration decreases with increasing tem-
perature up to 600°C, but then turns to increase. This may
be explained by the ion exchange of Ca by Na in plagio-
clase. For the pressure dependence, the Ca concentration
decreases with increasing pressure. The Mg concentration
decreases drastically up to 500°C, but then increases
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slightly. The Mg decrease up to 500°C may be due to the
formation of montmorillonite. For the pressure depen-
dence, the Mg concentration decreases with increasing
pressure. For the transition elements Mn, Fe, Co and Zn,
their concentrations increase significantly with increasing
temperature and with decreasing pressure. This will be
explained mainly by the formation of trichloro-complexes

Cation Leaching from JB-1a by 2M NaCl Solutions
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4. Discussions

4. 1. Bulk distribution coefficient

The partitioning of the cations between the basalt JB-
la and the aqueous chloride solutions will be consid-
ered in this section.

as will be described later.

3. 3. Quench pH of aqueous chloride solutions

Figure 3 shows the quench pH of the aqueous chlo-

ride solutions measured immediately after the
experiments using a pH test paper.

The bulk distribution coefficient Kp ; is defined in
this study as follows:

KD,i = Ci,sol/ Ci,rock (1)

where C, i; designates a weight concentration of element

The quench pH ranges from 4 to 6.4, and tends 75 7
to decrease with increasing temperature and
slightly with decreasing pressure. If there was no 6- " 67 T
back reaction during quench, an aqueous species 5- 5-
HCl,q is negligible in the thermodynamic analy- L
sis of the experimental results as described later. T 41 T4
The charge balance of the cations is also 3 - 3
shown in Table 3. It is defined as the percentage
of the total charge of cations in the aqueous solu- 2 2
tion after the run against that of cation (Na*) in ; 1 ’ ‘ (
the starting aqueous solution (2M). The charge 200 400 600 860 025 0.5 0.75 1

balance in the almost all runs was nearly 100%.
This also suggests that the concentration of HCl,q
in the aqueous chloride solution is negligible.

Temperature (°C) Pressure (kb)

Fig. 3 Quench pH of the aqueous chloride solutions measured
immediately after the runs.
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chloride solution.

70



100

i in the aqueous solution and C; ook @
weight concentration of element i in the

E. UcHipa and K. Tsursul

RESOURCE GEOLOGY :

Table 4 Formation or dissociation constants for the aqueous species used in
the present study.

rock. log K

Table 3 and Figure 4 summarize the 400°C  500°C  600°C  700°C  800°C
distribution coefficients obtained from  NaCl,, = Na*ag + Cl,q *! 080 210 -3.62 -488  -579
the present experiments. The distribu- KCl,, = K,ag +Cly * 097 227 -3.60 484 599
tion coefficients are high for Na and K, CaCI}raq = Cag+aq + Cl:aq :z -117 276 454 601 -7.08
but low for Ca and Mg. Especially Mg CaCl*q i Ca 2q + Cl_aq . -2.91 -5.32 -8.09 -1037 -12.02

= MgClygq = MgCl¥yq+ Clyg 117 276  -454 601  -7.08

strongly prefers to remain in the rock as MgClry, = Mg, + Clyy ** 280 571  -9.07 -11.84 -1385
mafic minerals such as augite, amphi- MnCly pq= MnClygg+ Clg 02 13 23 29 35
bole and biotite. For the transition ele- FeCly,q = FeCly,g + Clyg ** 02 -0.9 -1.9 -2.5 -3.1
ments Zn, Mn, Fe and Co, their distrib- CoClyq = CoClyq + Clyg ** 0 -1.1 -2.1 27 -3.3
ution coefficients are low at the lower ZnClysg = ZnClyg + Clyg ** 0 -1.1 2.1 2.7 -3.3
temperatures, but increase significantly *#1 Quist and Marshall (1968),  *2 Franck (1956),

with increasing temperature. They also
increase with decreasing pressure. Zn
and Mn have relatively larger distribution coefficients
compared with Fe and Co.

In general, the effect of the pressure decrease from
1000 to 500 bars on the cation distribution seems to corre-
spond to the temperature increase from 600 to 700°C.

4. 2. Aqueous speciation

The experimental results were analyzed thermody-
namically taking into account the aqueous speciation.
Calculation was carried out only for the experimental
results at 1000 bars because of the unreliability of the
thermodynamic data for dissociation or formation con-
stants of the aqueous chloride species at 500 and 750
bars, 600°C.

1t is well known that ion association and ion complex-
ing prevail in aqueous chloride solutions under supercriti-
cal conditions. For example, in the case of 2M NaCl
aqueous solution using the dissociation constant of
NaCl,q by Quist and Marshall (1968), it is obtained that
33% of Na in the aqueous chloride solution exists as neu-
tral species at 400°C, 1000 bars and the value increases
up to 99% at 700°C, 1000 bars. In the case of FeCl, and
MnCl, aqueous solutions, almost all Fe and Mn seem to
exist as neutral species even at 400°C and 1000 bars
(Boctor, 1985; Boctor et al., 1980). However, Fahlquist
and Popp (1989) and Uchida et al. (1995, 1996 and 1998)
suggested that transition elements form trichloro-com-
plexes in the NaCl-bearing aqueous chloride solutions

under supercritical conditions. Furthermore Uchida et al.-

(1996) suggested that Ca?* and Mg?* do not form
trichloro-complexes. For the better interpretation of the
present experimental results, the calculation of aqueous
speciation was carried out.

In this study, the following 19 aqueous species were
taken into account: Cl=,q, Na*yq, NaCl°,q, K¥pq, KCl%,q
Ca®*,q, CaCl*yg, CaCly®yq, Mg?* g, MgCl¥,q, MgClo%4,
FeCl,°,q. FeCly 5, MnCl,% g, MnCls" 4g. ZnCly° 4.
ZnCly g, CoCly®,q and CoCls™ 5. Among these aqueous
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*3 Frantz and Marshall (1982), ** Uchida et al. (1995, 1996 and 1998)

species, the following 9 mass balance equations are
written:

IMp=M(Na*,+M(NaCl,) )
EMg=M(K*,+M(KCl,) 3)
IM=M(CaZ*, )+M(CaCl* )+ M(CaCly)  (4)
EMuig=M(Mg?* g MMeCl,) +M(MgClag) (5)
SMipta=M(MnClpo)+M(MnCls™q) (6)
EMp=M(FeClyy)+M(FeCls ™) %)
IMo=M(CoClyag) +M(CoCls ) (8)
IMz,=M(ZnClyaq) + M(ZnCls o) 9)

and IMc=M(NaCl,)+M(KCl,o)+M(CaCl*,q)
+MMgCI*,)+2M(CaCly,g)+2M(MgCla,g)
+2M(MnCly,q)+2M(FeClygq+2M(CoCly,g)
+2M(ZnClyg)+3M(MnCls"yg)+3M(FeClz™ag)
+3M(CoCl3 g)+3M(ZnCl3 ) =2 1o
where M(i) stands for the molarity of an aqueous species
i and IM, the total molarity of i-bearing aqueous species.
In addition, the following 10 mass action equations can
be written:

K(NaCl,g)=a(Natyy) - a(Clag)/a(NaClyg) (1n
K(KClag) a(K+ay) - a(Cl1g)/a(KClyg) (12)
K(CaCl*,)=a(Ca?*,y) - a(Clg)/a(CaCliyy)  (13)
K(CaClyoq)=a(CaCl*,y) - a(Cl pg)/a(CaClysg)  (14)
K(MgCl*,g)=a(Mg2*,q) - a(Clyg)/a(MgCl¥,g)  (15)
K(MgClpag)=a(MgCl*,g) - a(Clg)/aMgClyyg) (16)

K(MnClyo)=aMnCly o)/ {aMnClayg) - a(Clzg)}
7

K(PeCly™p)=a(FeCly o)/ {a(FeCloyg) - a(Clmg)} (18)
K(CoCly)=a(CoCly gl {a(CoClaag) a(Clreg)} (19)
and K(ZnCly og)=a(ZnCly o)/ {a(ZnClogg) - a(Clg)} (20)

where K(i) is the dissociation or formation constant of
aqueous species i and a(i) for the activity of aqueous
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Table 5 Concentrations of the aqueous species obtained by the thermodynamic calculation using the formation or dissociation
constants listed in Table 4.

Run No. 3 4 5 6 7 8 9 10 11 12 13 14

Temp.(°C) 400 400 500 500 500 600 600 600 700 700 800 800

Pressure(kb) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

NaCl (mol/l) 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
NaCl,q 0.59700 0.58630 1.13660 1.11260 1.13190 1.47810 1.44410 1.45150 1.44750 1.51810 1.40890 1.34430
Naty,g 1.21990 1.20570 0.64490 0.63110 0.64270 0.23900 0.23190 0.22290 0.12500 0.12150 0.11630 0.10980
KClyq 0.05676 0.05323 0.12570 0.12600 0.12080 0.13350 0.13680 0.14360 0.11870 0.12820 0.14800 0.16890
K*aq 0.07843 0.07403 0.04751 0.04761 0.04369 0.02290 0.02331 0.02341 0.01112 0.01113 0.00774 0.00875
CaClyyq 0.01017 0.00944 0.01143 0.00884 0.01026 0.00656 0.00744 0.00862 0.01492 0.01017 0.02830 0.03103
CaCl*yg 0.00882 0.00824 0.00141 0.00109 0.00127 0.00013 0.00014 0.00016 0.00010 0.00006 0.00012 0.00013
Ca?ty, 0.00052 0.00049 3.3E-06 2.5E-06 3.0E-06 1.2E-08 1.3E-08 1.4E-08 9.1E-10 5.2E-10 3.3E-10 3.4E-10
MgClyyg 0.00097 0.00114 0.00113 0.00103 0.00084 0.00102 0.00112 0.00144 0.00184 0.00156 0.00164 0.00125
MgCl*,,  0.00058 0.00069 0.00007 0.00007 0.00005 0.00001 0.00001 0.00001 3.3E-06 2.6E-06 1.6B-06 1.2E-06
Mgt 0.00004 0.00005 7.1E-08 6.5B-08 5.3E-08 7.3E-11 7.8E-11 9.1E-11 1.IE-12 7.7E-13 6.6E-14 4.8B-14
MnCly,q  0.00052 0.00042 0.00166 0.00153 0.00172 0.00240 0.00308 0.00298 0.00435 0.00435 0.00616 0.00567
MnClyqq 0.00032 0.00027 0.00017 0.00015 0.00017 0.00008 0.00010 0.00010 0.00017 0.00016 0.00023 0.00023
FeClspq 0.00060 0.00042 0.00610 0.00414 0.00578 0.04139 0.04004 0.03210 0.08738 0.08244 0.10520 0.10070
FeClp,q 0.00094 0.00066 0.00153 0.00105 0.00146 0.00330 0.00327 0.00262 0.00854 0.00778 0.00977 0.01005
CoClyyq 0 3.8E-07 0 3.4E-06 0.00001 0.00002 0.00002 0.00001 0.00003 0.00005 0.00007 0.00011
CoClyyg 0 3.8E-07 0 5.4E-07 14E-06 1.0E-06 1.3E-06 5.9E-07 2.0B-06 2.8E-06 4.0E-06 0.00001
ZnCly g 0.00005 0.00006 0.00018 0.00005 0.00036 0.00027 0.00038 0.00036 0.00056 0.00065 0.00084 0.00125
ZnClyog 0.00006 0.00006 0.00003 0.00001 0.00006 0.00001 0.00002 0.00002 0.00003 0.00004 0.00005 0.00008
Clraq 1.30770 1.28890 0.68590 0.67420 0.68190 0.21790 0.21180 0.21100 0.04390 0.04520 0.01190 0.01100

species i. In this study, molality is assumed to be equal
to molarity because the ion concentration in the aqueous
solution is not so high. The dissociation constant for
NaCl,, and KCl,, were taken from Quist and Marshall
(1968) and Franck (1956), respectively, and those for
CaCl*,y, CaClyyq, MgCl*,g and MgCly,, from Frantz and
Marshall (1982). The formation constants for trichloro-
complexes of the transition elements were estimated from
the experimental results of Uchida et al. (1995, 1996 and
1998) and the values used in this calculation are listed in
Table 4. The calculation of aqueous speciation was not
conducted for 300°C, 1000 bars because the dissociation
of FeCly,q, MnCly,g, ZnCly,q and CoCly,, is expected
not to be negligible at 300°C, 1000 bars but also no reli-
able data is available at present.

The concentration of the 19 aqueous species can be
obtained by solving simultaneously the above 9 mass
balance equations and the 10 mass action equations. In
the calculation, the activity coefficient for the neutral
species was assumed to be unity, and that for the charged
species was obtained using the Debye-Hiickel equation
(see for example Uchida et al., 1995). _

The result of the calculation is summarized in Table 5
and also shown in Figure 2. Ca?*,4 and Mg?*,, are
neglected in the figure due to their extremely low concen-
trations. CaCl,,q and MgCl,,, become dominant at the
temperatures above 500°C, and also NaCl,, and KCl,g
at the temperatures above 600°C.

In the experiments, plagioclase is present in the all run

(mol/1)

products. Therefore, the Na/Ca ratio of the aqueous chlo-
ride solutions should be controlled by plagioclase. The
Na/(Na+Ca) molar ratios of the aqueous chloride solu-
tion after the run are high (>0.979) in all runs. Accord-
ing to the jon exchange experiments of plagioclase by
Orville (1972) at 700°C, 2000 bars and by Morinaga
(1996) at 600 and 700°C, 1000 bars using 2M chloride
solutions under the quartz saturation condition, plagio-
clase in equilibrium with the aqueous chloride solution
should be rich in the albite component (>0.95). However,
plagioclase of the present run products has the composi-
tion ranging from 0.3 to 0.8 in Na/(Na+Ca) molar ratio.
This may be partly due to the undersaturation with respect
to quartz, but rather this seems to suggest that the chem-
ical equilibrium between plagioclase and the aqueous
chloride solutions was not attained. This may be due to
the slow diffusion rate of Na and Ca in plagioclase.

For the transition elements Mn, Fe, Co and Zn, their
trichloro-complexes become dominant at the tempera-
tures above 500°C. The increase of Mn and Zn seems to
be attributable to the formation of trichloro-complexes.
The concentrations of their neutral species MnCly,q and
ZnCly,y are nearly constant in the temperature range
from 400 to 800°C. Therefore, the increase of solubility
of Mn and Zn at higher temperatures can be explained
by the formation of their trichloro-complexes.

In the case of Fe and Co, the concentrations of their
neutral species FeCly,q and CoCly, also increase grad-
ually with increasing temperature. As augite is found in
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all runs, this may suggest the temperature dependence
of ion exchange of Fe and Co between augite and aque-
ous chloride solution. Thus the increase of Fe and Co in
the aqueous chloride solutions with increasing tempera-
ture seems to be attributable not only to the formation of
trichloro-complex but also to the temperature depen-
dence of ion exchange between augite and aqueous
chloride solution.
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