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Cassiterite solubility and tin speciation in supercritical chloride solutions
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Abstract-In order to model the evolution of hydrothermal cassiterite deposits, a quantitative un-
derstanding of the chemistry of cassiterite-fluid reactions under supercritical conditions is needed.
To obtain this information, the solubility of cassiterite in HCl solutions was measured in closed-
system experiments from 400 to 700°C, 1.5 kb, with the oxygen fugacity controlled by nickel-nickel
oxide (NNO) and hematite-magnetite (HM). From the measured total chloride and tin concentrations,
and the conditions of electrical neutrality at P and T, a set of equations was established for each run.
By solving the equations simultaneously and finding the best-fit solution for all runs at the same set
of P and T conditions, data were obtained on the identity of the dominant aqueous tin-chloride
species and the equilibrium constants for the cassiterite dissolution reaction,

X 4-X
Sn02 + XH+ + nCl- <=± SnCl;,'-n + '2 H20 + -4- O2,

where X is the oxidation state of aqueous tin and n is the ligation number of the tin-chloride species.
With the 10, ofNNO at 400 to 600°C, it was found that SnCI+and SnClg are dominant in solution,

and at 700°C only SnClg was detected. With the 10, ofHM at 500 and 600°C, SnClj was found to
be dominant. The equilibrium constants for the cassiterite dissolution reaction are given by

2.640 X 104 2.143 X 107
10gK= -3.217 + T - T2

for X = 2 and n = 1 (Tin Kelvin);

log K = 70.080 _ 8.246 X 104 + 1.891 X 107
T T2

for X = 2 and n = 2; and

log K = 59.064 _ 3.511 X 10
4

T '

for X = 4 and n = 3.
The bivalent species dominate under natural ore-forming conditions. The solubility of cassiterite

is a strong function of temperature, 10" and pH. In order to obtain significant concentrations oftin
in solution it is necessary to have temperatures above about 400°C, 102's at or below those defined
by NNO, and pH's at or below those defined by the K-feldspar + muscovite + quartz assemblage.
Appropriate changes in any of these conditions can cause cassiterite precipitation. The experimental
results are in general agreement with studies of natural systems where the high temperature, lowpH,
and low102environment is indicated by phase relations and fluid inclusion data.

INTRODUCfION China. The extensive literature on tin deposits is
summarized in books by TAYLOR (1979), ISHI-
HARA and TAKENOUCHI (1980), EVANS (1982),
HALLS(1985), and KWAK (1987). Many individual
deposits have been studied in detail with contri-
butions by KELLY and TURNEAURE (1970, Boli-
via), BAUMANNet al. (1974, Czechoslovakia), SIL-
LITOEet al. (1975, Bolivia), KELLY and RYE(1979,
Portugal), COLLINS(1981, Tasmania), PATTERSON
et al. (1981, Tasmania), ZHANG and LI (1981,
China), JACKSON et al. (1982, England), CLARK
et al. (1983, Peru), EADINGTON (1983, Australia),
BRAY and SPOONER (1983, England), KWAK
(1983, Tasmania), VON GRUENEWALDT and
STRYDOM (1985, S. Africa), JACKSONand HELGE-
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CASSITERITE,Sn02, is the principle ore mineral of
tin, and its primary deposits are usually found to
be associated with granitic intrusions. The ore may
be found within altered portions of the granite, the
so-called greisens, or in hydrothermal veins within
the granite or the country rock. Some of the best-
known deposits are those of Cornwall (southeast
England), Erzgebirge (Czechoslovakia), the Iberian
Peninsula, Bolivia, Malaysia, Korea, and southeast
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SON( 1985b,Malaysia), PETERSON( 1986,Canada),
PUCHNER(1986, Alaska), SUN and EADINGTON
(1987, Australia), and many others. Although an
extensive set of data is available now on mineral
associations, fluid inclusions, and stable isotopes,
little is known with respect to the hydrothermal
transport of tin and the factors which initiate and
sustain the precipitation of cassiterite and the as-
sociated sulfides. This information, which is a cru-
cial ingredient of any genetic model, may be ob-
tained from solubility measurements carried out
under carefully controlled conditions. We report
here the results of such experiments between 400°C
and 700°C at 1.5 kb pressure in the presence of
chloride-bearing fluids.

Previous cassiterite solubility determinations at
temperatures up to 400°C were carried out in so-
lutions of sodium hydroxide (KLINTSOVA and
BARSUKOV,1973), silicicchloride (NEKRASOVand
LADZE, 1973), acidic and alkaline fluoride
(KLINTSOVAet al., 1975), and chloride and nitrate
(DADZE et al., 1982). Unfortunately, oxygen fu-
gacity was not controlled in these studies, and hence
the nature of the tin solutes cannot be established.
KOVALENKOet al. ( 1986) measured cassiterite sol-
ubility in HCl solutions at 500°C, 1.0 kb with the
NNO oxygen fugacity buffer. They interpreted their
results in terms of the species, SnClg, for solutions
of 0.01-0.50 m HCI. Recently, PABALAN(1986)
has measured cassiterite solubility in subcritical so-
lutions.

Cassiterite solubility has been predicted from
theoretical considerations. PATTERSONet al. ( 1981)
concluded that SnCl3 is the most abundant species
between 30 and 350°C with minor amounts of
SreCl" and SnClg. EADINGTON(1982) suggested
that between 250 and 400°C under acid conditions
SnClg and SnF+ are dominant, whereas hydroxide
species dominate under basic conditions. JACKSON
and HELGESON(1985a) found that between 250
and 350°C under slightlyacid to alkaline conditions
hydroxide complexes of tin predominate, whereas
under very acid conditions, SnClg and SnCl3 are
abundant. Obviously, these predictions must be
checked by direct experiment before they can be
used with any degree of confidence.

EXPERIMENTAL PROCEDURES
AND RESULTS

General procedures used in solubility and spe-
ciation studies have been discussed by WILSON
( 1986), WILSONand EUGSTER( 1984), and EUGS-
TERet al. (1987). To permit speciation calculations,
the total metal concentration must be measured as

a function of free ligand concentration at pressure
and temperature. Multiple regression analysis is
used to account for the metal concentration in terms
of several metal-ligand species. Alternatively, if only
one species is present, a graphical analysis suffices.
In order to define solubility with respect to several
species, the free ligand concentration must be varied
as widely as possible between measurements. Ap-
plications of these procedures in room temperature
to subcritical hydrothermal solutions have been
discussed by ROSSOTTIand ROSSOTTI(1961), Jo-
HANSSON(1970), SEWARD(1973,1976), CRERAR
et al. (1978), HARTLEYet al. (1980), WOODand
CRERAR( 1985), and others.

Experiments carried out under supercritical con-
ditions require special care. Small-volume, sealed
noble metal capsules are used, providing usually no
more than 80 µl solution. The control of the chem-
ical conditions, such as pH, is difficult, and in situ
conditions cannot be monitored directly. The only
measurements that can be made are those done after
the system is quenched to room temperature. The
in situ conditions must then be back-calculated
from those measurements. In addition to pressure
and temperature, the oxygen fugacity, fo" must be
controlled, using the appropriate oxygen buffer as-
semblage. This is particularly important for multi-
valent metals. In order to minimize back reactions
during quench, rapid-quench techniques are used
(EUGSTERet al., 1987).

Chloride solutions were chosen for the present
study due to their known dominance in ore-forming
environments (HAAPALAand KINNUNEN,1982;
COLLINS,1981; and many others). To keep the so-
lution composition as simple as possible, the ex-
periments were performed in HCl solutions. From
these experiments, the dominant tin-chloride spe-
ciation and the equilibrium constants for the cas-
siterite dissolution reactions can be determined.
Since tin exists in either the bivalent or quadruvalent
state, the reactions that govern the solubility of cas-
siterite in HC1solutions are

Sn02 + 2H+ + nCI- <=! SnCl~-n + H20 + llz02

( l,n)

and

where n is the ligand number of an individual
mononuclear tin-chloride species and is a small in-
teger. For different ligand concentrations, different
species (hence, different values ofn) can exist. Also,
since there are likely to be more than one species
in solution at a given set of conditions, a number
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of reactions of this form will represent the system.
The equilibrium constants for these reactions are
expressed as

(3,n)

and

(4,n)

where brackets indicate molality at pressure and
temperature, and H20 and Sn02 are in their stan-
dard states of pure liquid and solid, respectively, at
P and T. Activity coefficients for the aqueous species
are assumed to be unity, which implies a standard
state of unit activity at 1 molal concentration of
the species in a solution of ionic strength equal to
that ofthe experiments. For this reason, application
of the results should be limited to solutions which
have total chloride concentrations in the range rep-
resented by the experiments. The goal of the ex-
periments described here was to determine the val-
ues of n for the most dominant tin-chloride species
and the values of the corresponding equilibrium
constants, K1,n and K2,n'

The experimental setup, shown in Fig. I, consists
of 45 mg reagent grade Sn02 with 60-80 µl HCl
solution, between 0.18 and 3.3 molal, in a sealed
gold metal tube (4.0 mm J.D., 4.2 mm O.D, 25
mm long). The oxygen buffer, either hematite-
magnetite (HM) or nickel-nickel oxide (NNO), is
contained within an inner, sealed platinum metal
tube (2.8 mm J.D., 3.0 mm O.D., 15 mm long)
together with 25 µl distilled water. This variation
of the standard double-tube arrangement (see
EUGSTERand WONES,1962) provides a larger so-
lution volume for analysis and a quicker extraction.
Each run was held at temperature and 1.5 kb pres-
sure for between 14 and 90 days in a 30 em long
cold-seal pressure vessel with a 30 em long rapid-
quench extension (see EUGSTERet al., 1987). To
effect reversals, run temperature was approached
from below in some runs, and from above in the
others. For approach from above, the runs were
first held at 100°C higher than the final run tem-
perature for 1 day before being brought down to
the run temperature.

After a run was quenched, the capsule was
cleaned, weighed, and centrifuged at 14,000 G for
40 seconds. Itwas placed in a glovebox purged with
water-saturated argon to prevent oxidation and
evaporation. The fluid was extracted and collected
on a teflon watchglass. Aliquots of 10 or 20 µl were
diluted in volumetric flasks to 5 or 10 ml with 1.2
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FIG. I. Schematic diagram of the experimental setup
for cassiterite solubility experiments.

N HCl for the Sn analysis, and with 10 to 50 ml
distilled water for the chloride analysis. The re-
maining fluid was used to measure pH with a com-
bination microelectrode while still in the glovebox.
Chloride concentrations were measured with a
Buchler chloridometer and tin with an AA spectro-
photometer and graphite furnace. Excellent preci-
sion was achieved in the tin analysis by using a sta-
bilized temperature platform, adding 500 ppm
NiN03 to the solution, and adding 10%H2 to the
purge gas (SLAVINet al., 1981; RAYSONand HOL-
COMBE,1982). The estimated uncertainty in the
tin and chloride determinations is estimated to be
±5% based on the number of dilutions and the pre-
cision of the measurements. A check on gold con-
centrations revealed no detectable gold in solution.
Results of the successful experiments are listed in
Table 1.

INTERPRETATION OF DATA:
REGRESSION PROCEDURES

From the measurements of total chloride, total
tin, andpH at 25°C, the oxidation state of aqueous
tin can be calculated. In these acid solutions, the
contribution of OH- can be neglected, thus, the
room-temperature charge balance equation be-
comes

XSntotal + (10) -pHQ = Cltotal> (5)

where X is the oxidation state of aqueous tin, Sntota1
and Cltotal are the tin and chloride concentrations
measured after quench, and p HQ is the pH of the
quenched solution. The largest uncertainty in cal-
culating X from Equation (5) arises from the pH
measurement (see Table I), because of the ex-
tremely small fluid volume and possible poisoning
of the microelectrode by tin ions. Nevertheless, the
average value of X at all temperatures is 2.18 ± 0.24
for runs buffered by NNO, and 3.63 ± 0.77 for runs
buffered by HM. Due to the uncertainty associated
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with this determination, and the lack of a clear re-
lationship between the calculated values of X and
Cltotal, we assume that only one oxidation state of
aqueous tin is present in significant quantities. Note
that a mixture of oxidation states is impossible in
both the HM and NNO runs due to the many orders
of magnitude difference in fo, between these two
buffers. Thus, it appears that aqueous tin is bivalent
and quadruvalent under the conditions of NNO
and HM, respectively.

Because of the use of rapid-quench techniques
and the extraction of the fluid under an inert at-
mosphere, we assume that X is also the oxidation
state of tin in solution at P and T. Consequently,
once X is known, the electrical neutrality equation
at P and T can be expressed as

n

where the summation is over all species,
SnCI;-n, that exist in solution at significant con-
centrations. The tin and chloride mass balance at
P and T are given by

Sntota1 = 2: (SnCl;-n)P,T, (7)

and

Cltota1 = (Cl-)P,T + (HClo)P,T

+ 2: n(SnCI;-n)P,T. (8)
n

In addition, the dissociation of HCl ° at P and T
yields the following expression:

(H+)P,T(Cl-)P,T
KHC1 = -'---(~H-C-Io"o-)p::-:,T"'_-

(assuming unit activity coefficients) where the val-
ues for KHC1 are from FRANTZand MARSHALL
(1984). Finally, the dissociation reaction for the
nth tin chloride species,

( lO,n)

provides the relation,

(SnCI;.::r1 )P,T(CI-)P,T
KIO,n = (SnCl; n)p,T

One equation of this form can be written for each
two consecutive tin-chloride species that are pro-
posed to exist in solution. In other words, if a total
of m consecutive species are proposed, then there
will be m - 1 independent equations of the form
of Equation (11,n). Together with Equations (6),

(11,n)

Table 1. Conditions and analytical results of cassiterite
solubility experiments
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0.654 0.210
1.21 0.435
2.03 0.815
0.642 0.211
2.08 0.793
0.286 0.0790
0.291 0.0910
1.956 0.771
1.854 0.773
0.191 0.0710
0.610 0.222
1.14 0.461
0.696 0.257
1.19 0.511
0.200 0.0794
4.82 2.01
3.23 1.27
3.13 1.33
0.305 0.0586
1.25 0.318
1.21 0.329
4.45 1.84
4.36 1.75
0.302 0.599
1.11 0.303
0.614 0.141
2.49 0.800
1.21 0.261
4.45 1.49
1.15 0.225
0.174 0.0195
0.794 0.142
1.02 o.nz
3.01 0.652
2.39 0.320
0.300 0.0107
1.20 0.120
4.64 0.682

0.890 2.50
0.655 2.27
0.658 2.22
0.830 2.34
0.374 2.09
1.028 2.43
1.083 2.29
0.503 2.13
0.548 2.03
1.440 2.18
1.261 2.50
0.875 2.18
0.938 2.26
0.804 2.02
1.384 2.00

.;0 .;1.9
0.250 2.10
0.245 1.93
0.8n 2.92
0.354 2.54
0.360 2.35
0.160 2.04
N.D.
0.793 2.36
0.258 1.83
0.531 2.27
0.092 2.10
0.242 2.44

::0;0 ~2.3
0.3n 3.21
1.021 4.05
0.398 2.78
N.D.
N.D.
.;0 ';4.3
N.D.
0.180 4.48

.;0 .;5.3

Oxygen buffer (Buf.): NNO ~ nickel-nickel oxide; HM ~ hematite-magnetite.
Dur. = number of days at temperature. App. dir. = direction of approach in
temperature. SOTand Cl- are the total measured concentrations of tin and
chloride. p~ is the pH measured after quench. N.D. = not determined. ~O
= off scale at zero pH. X is the valence of aqueous tin from Equation (5).(9)

(7), (8), and (9), there will be a total of m + 3
equations describing the conditions of each indi-
vidual run.

In this set of equations, however, there are 2m
+ 2 unknowns for each run: (Cl-)P,T, (H+)P,T,
(HClo)P,T, (SnCl;,-n,)P,T, ... , (SnCl;,:nm)P,T,and
KIO,n, + I, ... , KIO,nm' A set of runs at the same pres-
sure and temperature must then be considered as
a whole, and the equations solved by nonlinear least
squares regression. Since the unknown KIO's are
constant for a set of runs at a given P and T, the
regression is expressed by m - 1 equations of the
form

du2

----=0
d(log KIO,n)

(12)

x
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which expresses the condition of least squares best
fit (BEVINGTON,1969;DRAPER and SMITH,1981).
Using the case where X = 2 as an example, the
standard deviation, a, is defined by

2 1 R . - 2
U = R 2: [log K\,n -log K1,nl, (13)

;=1

where K\,n is the value of the equilibrium constant
for Reaction ( 1) as determined by run i, Kl,n is the
mean value for all runs at the same pressure and
temperature, and R is the total number of runs un-
der that set of conditions. The standard deviation
is the same if it is defined in terms of log K1,n (as
in Equation 13), log K1,n-1 or log Sntotal.Thus, the
standard deviation is independent of m and can be
compared between trials of the calculation where
different species, and different numbers of species,
are considered. With equations of the form of( II,n)
and (12), and Equations (6), (7), (8), and (9),
there are 2m + 2 equations, and the system is fully
defined.

This regression analysis can be expressed as

log K\,n = f( ««; Sniotal,Cliotal), (14)

with log K1,n ( or log K2,n if X = 4) as the response
variable, KlO,n as the regression parameter, and
Sniota!and Cliota!as the predictor variables from each
individual run i. The function, f, represents the
combination of Equations (3 or 4), (6), (7), (8),
(9), and ( 11,n), but due to the nature of this set
of equations, it cannot be expressed explicitly as a
simple regression equation. The analysis can be
performed, however, by repeatedly solving the
equations (function f) for different values of KlO,n
until a minimum is found in a, The solution where
a is at a minimum will yield the best-fit values for
the unknowns.

INTERPRETATION OF DATA: INITIAL
SPECIES SELECTION

In order to minimize computational difficulty
and to avoid over-fitting the data, it is helpful to
initially identify the most important species in this
system under the temperature and pressure con-
ditions of interest. To do this, Equations (6) through
(12) are simplified by assuming that only a single
species is present (i.e., m = 1) in a set of runs. The
equations are solved for the set of runs considering
each possible species, one at a time, and the fits of
the results are compared.

With only one species, Reaction ( 10) is undefined
as are Equations (11,n) and (12). Equations (6),
(7), (8), and (9) define the system completely for
the unknowns (H+)P,T, (Cl-)P,T, (HClo)P,T, and
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the concentration ofthe single tin-chloride species,
(SnCI;-n)P,T. The best value ofn is found by min-
imizing the standard deviation as a function of the
species chosen, or n. This will be illustrated graph-
ically here. Equations (3) and (4) can be rearranged
to the following form:

[
(SnCI2-n)fI/2]

log (~+)2 02 = n 10g(Cl-) + log K1,n,

(15)

and

(16)

where all terms are at P and T. Equations ( 15) and
( 16) describe straight lines of slope n. Figure 2 shows
the run data for 400°C, buffered by NNO (where
X = 2) where Equations (6) through (9) are solved
assuming the presence of Sn 2+ (a), SnCI+ (b), and
SnClg (c). A line of slope n is positioned by using
log K1,n as the y-intercept. Figure 2(a) shows that
the data do not fit the model of Sn2+(n = 0) as the
dominant tin-chloride species. In Fig. 2(b), the
trend of the points is slighly steeper than the ref-
erence line, and in Fig. 2(c), it is slightly shallower.
Thus, the mean value of n is between 1 and 2 and
it is concluded that significant amounts of SnCI+
and SnClg are present in solution at 400°C. This is
also indicated by the standard deviations which are
approximately equal for n = 1and n = 2, and lower
than for n = O.

The same conclusions can be drawn for the data
at 500°C, NNO (Fig. 3) and 600°C, NNO (Fig.
4), although the standard deviations show a slight
preference for n = 1at 500°C and n = 2 at 600°C.
Thus, a final model must include both SnCI+ and
SnClg at these temperatures as well. At 700°C,
NNO (Fig. 5), the only reasonable fit of the two
data points is for n = 2. The ratio of Cltota1to Sntota!
for most of these runs does not permit n = 3.

Under the conditions of HM (where X = 4) at
500 and 600°C, Figs. 6 and 7 indicate that SnClj
is dominant.

INTERPRETATION OF DATA: FINAL
SPECIATION CALCULATIONS

Knowing that SnCI+ and SnClg are the species
of interest at 400 to 700°C and NNO, both can be
considered simultaneously. The results will yield
K1,1 for the reaction

Sn02 + 2H+ + Cl- :µ SnCl+ + H20 + 1h02

(1,1 )
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FIG. 2. Experimental cassiterite solubility results at 400°C, 1.5 kb, and NNO (oxidation state of
tin is 2). Results for each run are calculated by Equations (6), (7), (8), and (9) and are plotted
according to Equation ( 15). Only one tin-chloride species is considered to be present: Sn 2+ (n = 0)
in (a); SnCI+ (n = I) in (b); and SnCIg (n = 2) in (c). The total concentration of tin is represented
by (Sn). The slope of the line in each diagram conforms to the chosen value ofn. Triangles point
in the direction of approach to equilibrium (from higher or lower temperature). The standard deviation,
(J, is defined by Equation (13). The average estimated experimental error bar is shown on the right-
hand side of each diagram and is based on the estimated 5% uncertainty in the tin and chloride
measurements (the error in the horizontal direction is smaller than the size of the symbols).

and K1,2 for the reaction

Sn02 + 2H+ + 2CI- ~ SnClg + H20 + 11202•

(1,2)

Equations (6), (7), (8), and (9) are written with
SnCI+ and SnClg as the aqueous tin species and
Equation (11,n) takes the form of

(SnCI +)P,T(CI-)p,T
KIO,2 = -"-----:-(S:::-n~C:::-I:-;;g:'-)-;;-P'-;;:-T--'----

Combined, these 5 equations can be solved for
the unknowns of an individual run at P and
T, (SnCI+)P,T, (SnClg)P,T, (H+)P,T, (Cl-)P,T,
(HClo)P,T, provided that a value is assumed for
log KIO,2.

For a set of runs, the procedure is to assume a
value oflog KIO,2, solve the set of equations for each
run, and calculate a by Equation ( 13). This is done
repeatedly using different values oflog KIO,2 until a
minimum is found in a, and Equation (12) is sat-
isfied. The minimum indicates the best fit of the

(11,2 )

data to the two-species model.

The regression analysis is illustrated in Fig. 8
where a is plotted against different assumed values
oflog KIO,2. At 400, 500, and 600°C, the calculations
yield a distinct minimum in a at log KIO,2 = -0.45,
0.16, and -1.35, respectively. This confirms that,
statistically, the best fit of these experimental data
is for a model where a combination of both SnCl +
and SnClg is present. As the assumed value of
log KIO,2 is made larger or smaller, a increases rap-
idly before finally leveling off at the value obtained
when only one species is assumed to be present
(SnCl+ or SnClg, respectively). For the 700°C
data, a decreases rapidly as the assumed value of
log KIO,2 is decreased to about - 3.75. At that point,
a nearly reaches its lowest value; approximately that
obtained when only SnClg was assumed to be pres-
ent. As the assumed value of log KIO,2 is made
smaller, a continues to decrease, but only very
slightly, while the resulting log K1,2 remains con-
stant. Thus, at 700°C, it can be concluded that
SnClg is dominant in this concentration range and
that the maximum amount of SnCI+ compatible
with the data is determined by log K1,1 :s; log K1,2

+ (-3.75).
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FIG. 3. Experimental cassiterite solubility results at 500°C, 1.5 kb, and NNO (oxidation state of
tin is 2). See Fig. 2 caption.
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FIG. 5. Experimental cassiterite solubility results at
700°C, 1.5 kb, and NNO (oxidation state oftin is 2). See
Fig. 2 caption.

The best-fit results are listed in Table 2. These
are illustrated in Fig. 9 for 400°C (a), 500°C (b),
600°C (c), and 700°C (d), at 1.5 kb and NNO.
Again, as in Figs. 2 through 7, the solubility diagram
as defined by Equation ( 15) is used where the data
points represent the total solubility of cassiterite
calculated for each run. The bold curve is the best-
fit curve through the points and is determined by
both log K1,1 and log K1,2' It is the sum of the two
lighter lines shown for the individual species, SnCI+
and SnCl~.
Figure 9(a, b, and d) shows that there is no strong

systematic deviation of the points from the mean
at 400, 500, and 700°C. This is an indication that

no tin-chloride species other than the two consid-
ered are present in detectable amounts. At 600°C
(Fig. 9c), however, the two points to the far right
(open triangles) which lie above the mean suggest
that a third species, SnCI3, may be present at the
highest chloride concentrations. These two runs
were not included in the regression analysis. Ad-
dition of this third species would probably not sig-
nificantly change the values obtained for log K1,1

and log K1,2.

The best-fit values of logKIO,2 and the mean val-
ues determined for log K1,1 and log K1,2 are listed
in Table 3. The uncertainties shown are based on
the estimated errors in the Cltotaland Sntotalmea-
surements which are carried through the entire cal-
culation by the standard method of error propa-
gation (REES, 1984; BEVINGTON, 1969).

For the experimental data from runs buffered by
HM where X = 4 at 500 and 600°C, the fit to the
one-species model (SnCln is as good as can be ex-
pected. No attempt was made to improve the fit by
the addition of other species to the calculations.
The mean values for log K2,3 as determined in the
previous section are also given in Table 3.
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FIG. 6. Experimental cassiterite solubility results at
500°C, 1.5 kb, and HM (oxidation state oftin is 4). See
Fig. 2 caption for explanation. One species is considered
to be present: SnCI3+ (n = 1) in (a); SnCW (n = 2) in
(b); SnClj (n = 3) in (c); and SnClS (n = 4) in (d). In
one of the runs (#69) no solution could be obtained for
n = 4.
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FIG. 7. Experimental cassiterite solubility results at
600°C, 1.5 kb, and HM (oxidation state of tin is 4). See
captions for Figs. 2 and 6.

THERMODYNAMIC PARAMETERS

The equilibrium constants determined in this
study can be represented as a function of temper-
ature by an equation of the form

b c
log K = a + T + T2 ( 17)

where the coefficients a, b, and c are determined
by least-squares regression of the data in Table 3
and T is in Kelvin. The coefficients for Reactions
1,1; 1,2; 2,3; and 10,2 are given in Table 4.
In Fig. 10, log K is plotted against 1/ T(K) for

Reactions 1,1; 1,2; and 10,2. The uncertainties in
logK are less than or equal to the sizeofthe symbols.
The regression curve as defined by Equation ( 17)
is also shown. The non-unique solutions for logK1,1

and log KIO,2 at 700°C are the maximum possible
values. These were not used in determining the
regression curves but are included in Fig. 10to show
that they are compatible with the extrapolations of
the lower temperature data.

For comparison, the data of PATTERSON et al.
(1981) and JACKSON and HELGESON (1985a) at

0.5

350°C and pressure equal to the saturated vapor
pressure of water (Psat) are also plotted in Fig. 10.
Although the difference in pressure makes this
comparison only approximate, there is reasonable
agreement in the value for log KIO,2' Shown also is
the value for log K1,2 at 500°C, 1.0 kb from Ko-
VALENKO et al. (1986) which shows reasonable
agreement as well.

The results for logKIO,2 as a function of temper-
ature can be used to derive information on the ther-
modynamics of complex dissociation. The slope of
the lower curve in Fig. 10 is related to the standard
enthalpy of reaction, t.H7o,2, by the equation

d log KIO,2 _ - t.H?O,2
d(1 / T) - (2.303)R '

(18)

where R is the gas constant and T is in Kelvin. The
entropy of reaction, t.S70,2, is given by

o t.H702t.SIO,2 =T + (2.303)R log KIO,2. (19)

The resulting values of t.H7o,2 and t.S70,2 are
listed in Table 5. It can be seen that tJl70,2 and
t.S70,2 are both positive at 400°C and negative at
temperatures of 500°C and above. There is a sys-
tematic decrease in both t.H7o,2 and t.S70,2 with
increasing temperature from 400 to 700°C. As dis-
cussed by SEWARD ( 1981), this reflects the changing
nature of the solvent, the hydration of the charged
species, and the chemical bonding between the
metal ion and the ligand. The positive enthalpy at
400°C is indicative of predominantly covalent
bonding. The charged species are not strongly sol-
vated under these conditions and relatively little
water is involved in the reaction. Thus, a small pos-
itive entropy is caused by an increase in the number
of particles and an increased vibrational and rota-
tional energy in the system. At 500°C and above,
the increasingly negative entropy values are indic-
ative of an increase in the electrostatic (ionic) char-
acter of the bonding with temperature. The negative
t.S70,2 values indicate that what solvation water is
involved in the reaction is derived from an increas-
ingly disordered solvent.

-1.5

GEOLOGIC APPLICA nONS

Data presented here can be used to predict the
oxidation state of aqueous tin, the nature of the
aqueous tin-chloride complexes in natural envi-
ronments, the solubility of cassiterite in ore fluids,
and mechanisms likely to cause cassiterite precip-
itation. The physical and chemical conditions ex-
isting at the time of cassiterite deposition, such as
fo" T, pH, and salinity, can be estimated from
mineralogical, fluid inclusion, and isotopic studies.
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FIG. 8. The standard deviation as defined by Equation (13) plotted against assumed values for
log KIO,2. A minimum in the curve is where Equation (12) is satisfied and indicates the value of
logKIO•2 which best fits the experimental data. No minimum is found at 700°C, but the largest
permissible value of log KIO,2 is indicated (see text) .

Acidic conditions are indicated by the common
occurrence of acid-alteration assemblages in cassit-
erite deposits, such as greisenization of granitic host-
rock, alteration of feldspars to muscovite, alteration
of biotite to muscovite or chloride in schists, and
the formation of skarns in carbonate rock. These
alterations set an upper limit on the pH of the ore-
forming fluids at below neutral near the site of de-
position, although the fluids could be more acidic
at their source. Individual studies of fluid inclusions
and phase relations indicate that mineralizing fluids
had pH values in the range of 3.9 to 5.4 at the site

of ore deposition (PATTERSONet al., 1981;JACKSON
and HELGESON,1985b).

Oxygen fugacities of the ore-forming fluids at
Renison Bell, Tasmania were estimated by PAT-
TERSONet al. ( 1981) using CO2 / CH4 ratios in fluid
inclusions, and at Mt. Lindsay, Tasmania by KWAK
( 1983) using a rare occurrence of iron-titanium ox-
ides. They found values between those defined by
the NNO and QFM buffers. Topaz rhyolites asso-
ciated with small cassiterite deposits in the western
United States have fo, values approximately equal
to those defined by the QFM buffer (CHRISTIANSEN



Cassiteritesolubility-tinspeciation,supercriticalchloride solutions

Table 2. Best-fitresultsof cassiteritesolubilitydata
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Run log (SrrCl")

40 -0.858
41 -0.618
44 -0.424
45 -0.855
46 -0.436
47 -1.210
48 -1.151

23 -0.255
24 -0.254
25 -1.169
28 -0.709
29 -0.435
49 -0.652
50 -0.398
51 -1.122
62 0.053
76 -0.090
77 -0.075

70 -1.475
72 -1.005
73 -0.996
84 -1.469
85 -1.017
100 -1.221
101 -0.775

90 (-2.173)
91 (-1.791)

Run
-

53
64
66
67
69
-

82
86
87
88

log (SnClg) 10g(Cn 10gK\" logKi.2

-11.196 -10.746
-11.147 -10.697
-10.970 -10.520
-11.141 -10.691
-11.165 -10.715
-11.160 -10.710
-10.957 -10.507

-4.752 -4.912
-4.494 -4.654
-4.709 -4.869
-4.865 -5.025
-4.540 -4.700
-4.832 -4.992
-4.260 -4.420
-4.476 -4.636
-4.711 -4.871
-4.868 -5.028
-4.505 -4.665

-0.928 0.422
-1.016 0.334
-0.906 0.444
-0.890 0.460
-0.864 0.486
-0.915 0.435
-0.877 0.473

(1.555)
(1.662)

5.305
5.412

400°C, NNO (log/o, = -27.572)

-1.146 -0.738 -1.355
-0.713 -0.545 -1.356
-0.358 -0.383 -1.429
-1.146 -0.741 -1.379
-0.370 -0.384 -1.336
-1.761 -1.001 -1.418
-1.690 -0.989 -1.496

500°C, NNO (loglo, = -22.796)

-0.669 -0.254 -3.323
-0.667 -0.253 -3.452
-2.495 -1.166 -3.346
-1.577 -0.708 -3.267
-1.030 -0.435 - 3.429
-1.464 -0.651 - 3.283
-0.955 -0.397 - 3.569
-2.403 -1.120 -3.462
-0.055 0.053 - 3.343
-0.340 -0.090 - 3.265
-0.310 -0.D75 -3.447

600°C, NNO (log/o, = -19.113)

-1.600 -1.475 -4.315
-0.659 -1.005 -4.270
-0.642 -0.996 -4.325
-1.587 -1.468 -4.334
-0.684 -1.017 -4.346
-1.092 -1.221 -4.321
-0.199 -0.775 -4.340

700°C, NNO (loglo, = -16.187)

-0.595 -2.172 -4.825
0.169 -1.790 -4.878

log (SnCIj) 10g(Cn log (H+)

500°C,HM

-0.648 -0.646 -3.151
-1.710 -1.653 -2.567
-0.848 -0.845 -2.993
-0.764 -0.761 -2.912
-0.186 -0.185 -3.398

600°C, HM

-0.495 -0.495 -4.520
-1.971 -1.962 -3.688
-0.921 -0.921 -4.283
-0.166 -0.166 -4.613

logK~,3

13.892
13.516
13.660
13.165
13.959

19.069
18.666
18.973
18.782

All concentrationsare for the speciesat 1.5kb and T. Parenthesesindicate maximum permitted valuesat 700°C
(seetext).

et al., 1986). HAAPALAand KINNUNEN (1982)
summarized published data on fluid inclusions in
cassiterite from tin deposits around the world. They
found that the most common values for homoge-

nization temperatures were in the range of 300 to
400°C, but some were as high as SOO°Cand a few
were as low as 2S0°C. They point out that when
corrected for pressure, the depositional tempera-
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FIG. 9. Experimental cassiterite solubility at 400 (a), 500 (b), 600 (c), and 700°C (d), all at 1.5
kb and NNO (oxidation state of tin is 2). Each point represents the best-fit solution of Equations
(6), (7), (8), (9), (11,2), and (12) as discussed in the text and Fig. (8). The standard deviation, o,
is defined by Equation (13). The average estimated error bar is shown on the right-hand side of each
diagram and is based on the estimated 5% uncertainty in the tin and chloride measurements (un-
certainty in the horizontal direction is smaller than the size of the symbols). See text for explanation
of the two runs at 600°C represented by open symbols.

tures could be 100°C or more higher than the ho-
mogenization temperatures.

Salinities of ore-forming fluids as determined by
fluid inclusion studies of cassiterite deposits are
variable, ranging from about 1 m NaCI equivalent
to as high as 8 m (HAAPALA and KINNUNEN, 1982;
ROEDDER, 1984). Most commonly, however, dur-
ing the stage of cassiterite formation, salinities were
in the range of 1 to 2 m (KELLY and RYE, 1979;

Table 3. Best-fit equilibrium constants for Reactions (I, I),
(1,2), (10,2), and (2,3)

T(°C) 400 500 600 700

log K1,1 -11.14 -4.76 -0.93 (1.58)
±0.15 ±0.21 ±0.06 (±0.09)

log K1,2 -10.69 -4.92 0.42 5.33
±0.16 ±0.22 ±0.07 ±0.1O

log KIO,2 -0.45 0.16 -1.35 (-3.75)
logK2,3 - 13.64 18.87

±0.25 ±0.16

COLLINS, 1981; PATTERSON et al., 1981; Zxw and
DAW, 1983; JACKSON and HELGESON, 1985b;
JACKSON et al.. 1982; NORMAN and TRANGCOT-
CHASAN, 1982). Estimates of fluid pressures range
from 100 to 1800 bars (HAAPALA and KINNUNEN,
1982 ).

To obtain the relationship between stannous and
stannic chloride complexes in hydrothermal fluids,
Reactions ( 1,1) and (1,2) can be combined with
Reaction (2,3) to yield the following:

SnCI+ + 2Cl- + 2H+ + 11202 <=! SnCl! + H20

and

(20)

(21 )

The equilibrium constants for these reactions can
be obtained by combining the data listed in Table
4:
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Table 4. Coefficients for Equation (17) for Reactions (1,1),
(1,2), (10,2), and (2,3)

Reaction ba c

(1,1)
(1,2)

(10,2)
(2,3)

2.640 X 104

-8.246 X 104

1.054 X 105

-3.511 X 104

-2.143 X 107
1.891 X 107

-3.904 X 107

-3.217
70.080

-70.812
59.064

log K
20
= 62.28 _ 6.15 X 10

4 + 2.14 X 10
7

T T2

and

logK21 = -11.02 + 4.74 X 10
4

1.89 X 10
7

T T2

(23)

Equations (22) and (23) are only valid at 500 and
600°C because Reaction (2,3) was only determined
at these temperatures. The relation between stan-
nous and stannic chloride species depends on chlo-
ride ion concentration, pH, and f02. To evaluate
the relative importance of these two oxidation states
of aqueous tin in natural fluids, Equations (22) and
(23) were used to plot the boundary between stan-
nous chloride dominance and stannic chloride
dominance. This is shown in Fig. 11 as a function
of fo, and T for a 2 m CltotaJfluid in equilibrium
with the assemblage K-feldspar + muscovite
+ quartz. This assemblage is commonly associated
with cassiterite deposits, and at a given KCl con-
centration, it fixes the pH of the fluid. For reference,
the oxygen buffer curves for HM and QFM are also
shown. The boundary between stannous and
stannic dominance lies well above the region of
fo, typical of cassiterite-bearing fossil hydrothermal
systems. Thus, only the stannous species are ex-
pected to be found in such systems. This conclusion
holds even if the pH is as much as 1.5 units lower.
The species SnCI+ and SnClg then, are the tin-chlo-
ride species of importance under most natural hy-
drothermal conditions.

The total solubility of cassiterite as a function of
temperature is plotted in Fig. 12at the oxygen buff-
ers QFM, NNO, HM. Again, it was assumed that
a fluid of 2 m Cltota1is in equilibrium with the acid
buffer assemblage K-feldspar-muscovite-quartz.
The two species, SrrCl" and SnClg, make up the
total tin concentration in the fluid. Figure 12shows
that low fo, and high temperature are required for
significant concentrations oftin in solution. For in-
stance, at 500°C and QFM, the tin concentration
is only 1ppm. If the pHis decreased by 1unit, that
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FIG. 10. Plot of log K vs. 1/ T( K) for Reactions ( I, I),
(1,2), and (10,2). Round symbols are from this study
(experimental) where P = 1.5 kb. The open round symbols
represent a non-unique solution of the experimental data
at 700°C as discussed in the text. The curves are fit to the
solid round symbols only. The diamond is from the data
of PATTERSON et al. (1981) and the squares are from
JACKSON and HELGESON (1985a). Both are theoretical
and for total pressure equal to the saturated vapor pressure
of water. The triangle is from the experimental data of
KOVALENKO et al. (1986) at 1.0 kb.

concentration is obtained at 400°C, QFM. That,
however, is probably the lowest pH obtainable in
this temperature range. Therefore, for the transport

Table 5. Enthalpy and entropy of Reaction (10,2)

T(°C) D.H° (kJ) t.So (kJ/K)

400 203.7 0.294
500 -83.56 -0.105
600 -305.0 -0.375
700 (-481.0) (-0.566)
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FIG. II.Calculated relation between stannous (II) and
stannic (IV) chloride complexes in natural hydrothermal
fluids at 1.5 kb. Calculation is for a 2 m Cltota!solution

with Ktota! = 0.15 in equilibrium with the acid-buffer
Natota!

assemblage, K-feldspar-muscovite-quartz. Data are from
this study, GUNTERand EUGSTER(1980), FRANTZand
MARSHALL(1984), QUISTand MARSHALL(1968), and
FRANCK ( 1956).

of 1 ppm Sn or more in solution, it is necessary to
have temperatures in excess of 400°C, pH at or
below that of the K-feldspar-muscovite-quartz as-
semblage, and oxygen fugacity in the area ofQFM-
NNO. A decrease in temperature, increase in pH,
or increase in oxygen fugacity can cause the de-
position of cassiterite.

The solubilities of cassiterite and magnetite are
compared in Fig. 13 where the data for magnetite
are from CHOU and EUGSTER(1977). Although
the solubilities of these two minerals are dependent
on the same parameters, Fig. 13 shows that cassit-
erite solubility has a stronger dependence on oxygen
fugacity and temperature than does magnetite sol-
ubility. At QFM, for instance, iron concentration
decreases by about 4 orders of magnitude from 700
to 400°C whereas the tin concentration decreases
by about 8 orders of magnitude at the same pH and
chloride ion concentration. Consequently, at SOO°C
or lower, f02 near NNO, and free chloride ion con-
centration of 0.1 molar or more, Fe solutes greatly
dominate Sn solutes in a fluid in equilibrium with
magnetite + cassiterite.

Using the data presented here, the mechanisms
responsible for cassiterite deposition can be quan-
titativelyevaluated. Accepting SnCI+and SnClg as
the dominant species, precipitation is given by the
reverse of Reaction ( 1),

SnCl~-n + 11202 + H20 -- Sn02 + 2H+ + nC1-
(24)

Reaction (24) can be driven to the right by a drop
in temperature, an increase in fo, and/or pH, and
probably also a change in pressure, although the
pressure dependency was not evaluated. For the
conditions depicted in Fig. 12, for instance, a drop
of SO°C can decrease the tin concentration in so-
lution by as much as an order of magnitude. Sim-
ilarly, a one unit increase in p H, all other parameters
held constant, forces cassiterite to become super-
saturated by two orders of magnitude. An increase
in pH is most likely caused by interaction of the
acidic ore fluids with the country rock, such as car-
bonates at Dachang (S.E. China) and Renison Bell
(Tasmania) or schists at Panasqueira (Portugal).
Acid neutralization by carbonates occurs through
the reaction

CaC03 + H+ -- Ca2+ + HCO.), (2S)

and can be monitored by the increased Ca2+con-
tents of fluid inclusions (KWAKand TAN, 1981a,b).
In schists and granites, H + can be consumed

650

4 Cassiterite Solubility
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2 KINa = 0.15
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E
0.
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C aen
Ol
..Q -1
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FIG. 12. Total solubility of cassiterite in natural hydro-
thermal fluids at 1.5 kb as a function temperature and
10,' Fluid is the same as in Fig. II.
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through the alteration of feldspars to muscovite by
the reaction (HEMLEY,1959),

3KAISi30s + 2H+ -+ KAI3ShOlO(OHh

+ 6Si02 + 2K+. (26)

Indeed, cassiterite-quartz veins frequently are lined
with coarse muscovite selvages.

A decrease in chloride molality also can initiate
cassiterite deposition and it is most easily accom-
plished by mixing of ore fluids with dilute, meteoric
waters. Such mixing has been inferred for many
hydrothermal systems from stable isotope studies
(see for instance PATTERSONet al., 1981; and
JACKSONet al., 1982).

Since the oxidation state of tin is 2 in solution
and 4 in cassiterite, oxidation is an essential re-
quirement for cassiterite deposition. In principle,
an increase in fo, can be accomplished by a differ-
entialloss of hydrogen, but as pointed out elsewhere
(EUGSTER,1986), coupled redox reactions without

a net transfer of oxygen are probably more effective.
Simultaneous precipitation of cassiterite and arse-
nopyrite, and of cassiterite and sulfidesare examples
(HEINRICH and EADINGTON,1986; EUGSTER,
1986):

3SnCIg + 2H3AsO~ + 2FeCIg + 2H2So -+

3Sn02 + 2FeAsS + ioao-, (27)

and

7SnCIg + FeClg + 2H2S0~ + 6H20 -+

7Sn02 + FeS2+ 16HClo. (28)

The acidity produced by Reactions (27) and (28)
can be consumed by reactions such as (25) and (26).

CONCLUSIONS

Solubility experiments in supercritical HCI so-
lutions can provide the information necessary to
identify the dominant aqueous species and to for-
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mulate and quantify mineral dissolution-precipi-
tation reactions. This leads to a better understanding
of the processes responsible for mineral transport
and deposition. From cassiterite solubility experi-
ments we found that the dominant tin-chloride
species in supercritical HCl solutions are SnCI+,
and SnClg under geologically reasonable pH and
fo, conditions from 400 to 700°C, I.S kb. The spe-
cies, SnC!j, has also been identified at a lower pH
and higher f02 from SOOto 600°C. For the transport
of significant quantities of tin in hydrothermal so-
lutions, high temperature, low fo" and low pH are
required. These conditions are reflected in many
natural tin deposits. Deposition of cassiterite can
be initiated by a drop in temperature, a rise in pH
through reaction with wallrock, a redox reaction
with coupled precipitation, or mixing with dilute
meteoric waters. Although these mechanisms have
been suggested previously, solubility data presented
in this paper permit quantitative evaluation of in-
dividual processes.
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