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Rapid-quench hydrothermal experiments in dilute chloride solutions applied
to the muscovite-quartz-sanidine equilibrium
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Abstract

We have conducted a series of experiments in 0.01-molal chloride solutions at2OOoC and 2
kbar on the muscovite-quartz-sanidine equilibrium for variable solid/fluid ratios, which in
these experiments are proportional to the surface area of the solids. The quench pH decreases
with increasing solid/fluid ratios for runs with starting solution compositions in the sanidine
field (r.e., relatively alkaline solutions), but increases with increasing solid/fluid ratios for
runs with starting solutions in the muscovite field (1.e., relatively acid). The two trends inter-
sect at a solid/fluid ratio of -l/16, which is the ratio that yields the narrowest equilibrium
reversals; in turn these reversals agree well with the independently-calculated log K (200"C, 2
kbar).

For the same reaction in 0.01-molal chloride solutions at205"C and 17 bar vapor pressure,
the same trend of quench pH-us.-solid/fluid ratio is observed for the runs approaching equi-
librium from the muscovite field as for the 2 kbar runs, but no clear trend emerges from the
runs approaching equilibrium from the sanidine field. Taken together, the experiments at 2
kbar and 17 bar indicate that surface reactions cannot accouot for the two trends in quench
pH; if they did, the trends observed on approaching equilibrium from both sides would be the
same, which they are not. We conclude that dilute solutions are appropriate for collecting
high-temperature/high-pressure equilibrium data provided one uses the rapid-quench tech-
nique with solid/fluid mass ratios of -l/16.

The rapid-quench, dilute chloride solution technique was also used to determine log K vs.
Z for the muscovite-quartz-sanidine reaction at 2 kbar and solid/fluid -l / 16 over the inter-
val 20G-500"C. The log .rKs, determined vla aqueous-speciation calculations for each T and P,
coincide with the log r(s calculated independently from the thermodynamic properties of the
reactants and products.

Introduction

Experimental studies of solid-fluid equilibria have
traditionally employed concentrated (l-2 molar)
chloride solutions. Although these studies have gen-
erally been successful, the technique has several
drawbacks. First, the amount of solid that must react
in order to bufer the solution is relatively large,
which increases the time necessary to establish equi-
librium. Second, the use of concentrated chloride so-
lutions causes activities of aqueous species to depart
from the corresponding molalities and the activity of
HrO to depart from unity.' Both of these departures

I The standard state adopted here for aqueous species is one of
unit activity in a hypothetical one-molal solution referenced to in-
finite dilution at any temperature and pressure. The standard state
chosen for H2O and for minerals is one of pure liquid H2O and
pure solids, respectively, at any temperature and pressure.
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can alter the values obtained for the equilibrium con-
stant of the reaction under investigation. The use of
dilute solutions eliminates these problems, but in-
troduces the uncertainty of interpreting quench pH
because ofthe possible effect ofsurface reactions. In
spite of the successful use of dilute chloride solutions
in autoclave experim€nts (Usdowski and Barnes,
1972), no systematic study has yet been carried out of
the possible distorting effects of surface reactions on
quench pH. These efects might be more important in
dilute than in concentrated solutions. We report the
results of our experiments of reaction l, along with
an assessment of the rapid-quench pH technique in
dilute chloride solution.

The reaction studied is:

3 /2K-feldspar + Hio € l/2muscovite
* 3quartz * Klo (l)
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For the standard states chosen here (see footnote l),
the equilibrium constant is

Kr: a**/a* (2)

This reaction was chosen because (l) it has been
studied experimentally over a large range of temper-
ature, pressure, and salinity (Hemley, 1959; Shade,
1968, 1974; Usdowski and Barnes, 1972; Gunter,
1974; Wintsch,1915); (2) equilibrium constants may
be calculated from the thermodynamic properties of
the reactants and products (Helgeson and Kirkham,
1976; Helgeson e/ al., 1978); (3) dissociation con-
stants for the aqueous complexes of interest in the fi-
nal solution are well known (Helgeson and Kirkham,
1976; Walther and Helgeson, 1977); and (4) the
quench molalities of H* and K* may be easily mea-
sured with specific-ion electrodes (Usdowski and
Barnes, 1972).

Many of our experiments have been designed to
determine if surface reactions of the type discussed
by Garrels and Howard (1959),

K-mica * H*: H-mica * K* (3)

K-feldspar * H* : H-feldspar + K* (4)

occur in rapid-quench experiments during the
quench. Because these are surface reactions, the
amount of hydrogen ion adsorbed will be propor-
tional to the surface area of the minerals present. In
order to vary the surface area in each experiment, the
mass of the starting solids has been varied, keeping
constant the mass of starting fluid. The particle size
of the solids was always the same. Thus, the total
mineral surface area is proportional to the mass of
solids, and also to the solid/fluid ratio. Both high
pressure and vapor pressure experiments have been
carried out at 200"C for the purpose of contrasting
the two different quenching techniques involved (see
below).

Methods

Starting mqterials

Only synthetic quartz, muscovite and K-feldspar
have been used in this study. They were prepared by
using ox ide mixes of  reagent-grade HrSi03,
AlCl3 '6HrO, and K'CO..  The AlClr .6HrO was
heated at about 900"C for several hours to produce
X-ray amorphous AlrOr. Appropriate mixtures of
these materials were sealed in gold capsules with 0.05
g distilled-deionized HrO, and starting materials
were synthesized in standard cold-seal pressure ves-
sels.
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The grain size and unit-cell dimensions of the syn-
thetic starting materials are listed in Table I along
with the experimental conditions of synthesis. The X-
ray technique suggested by Wright and Stewart
(1968) using copper radiation (trCuKao : 1.5405624)
has been followed, except that U.S. Bureau of Stan-
dards silicon (a : 5.43088A at 25'C) has been used
as an internal standard instead of CaF, and that sam-
ples have been run at slower scanning rates (l/4" 20/
min). Unit cell parameters were calculated from the
measured 2d values by the computer program of
Burnham (1962).In all cases both lM and 2M' mus-
covite have been synthesized together, but intensity
of lM muscovite peaks is considerably larger than
that of 2M, muscovite. The relatively large errors in

the refinements of the muscovite structures are a con-
sequence of the overlapping lM and 2M, peaks. Syn-
thetic K-feldspar is high sanidine with slightly anom-
alous cell dimensions. Unit-cell parameters for
quartz are identical to those for a-quartz and are not
included in Table l. Aqueous chloride solutions of
variable rfl*.r/trr^c, ratios but constant chlorinity were

prepared by mixing l0-'molal KCI and l0-'molal
HCI solutions. All rapid-quench experiments were
conducted in sealed gold capsules. A constant 0.30 g

of solution was used in each run, and different
amounts of muscovite + sanidine + quartz (always in
the mass ratio of I : I : l) were weighed as required to
vary the mineral surface area.

High-pressure experiments

High-pressure experiments were carried out in
rapid-quench cold-seal pressure vessels of the type
figured by Rudert et al. (1976). The pressure and ex-
tension vessels were 30 and 25 cm long respectively.

An 8-cm filler rod was used in each run to limit con-
vection of the HrO pressure medium. Temperatures
were measured with sheathed chromel-alumel
thermocouples standardized against the melting
point of NaCl (800.5'C). Rudert et al. report temper-
ature gradients in rapid-quench bombs which they
believe are unacceptably large. We report our mea-
sured temperature gradients in some detail because
so little is known about them and because our results

are significantly smaller than those of Rudert et a/.
Temperature gradients between the thermocouple

well and the charge were determined by comparing
the temperature measured in the thermocouple well
with the melting temperature of tin (231.9oC), zinc
(419.6), and antimony (630.7). These metals were
sealed in evacuated silica tubes (5 to 6 cm long and 6
mm O.D.) of dimensions close to those of the gold

WINTSCH ET AL.: MUSCOVITE-OUARTZ-SANIDINE
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Table t. Conditions of synthesis, grain size, and unit-cell dimensions of synthetic starthg materials

Mineral Toc
Run CrystaL

P(Ift) duration dimensions
(aays ) (nicrons )

a b c

(8)  (8)  t l t
B

( d e g )

V

^? no .  unaque
( I - )  observa t ions

San 3

San 8

Musc l-2
(ru)

I&rsc L2
(2M, )

MUSC a4

(  1M)
Musc l-\

( 2M1)

52O 2 14

5oo 2 l+

600 2 20

600 2 zo

570 2 12

570 2 12

3ox3ox1+o B .6rl+6
+0 .  OO50

3ox3oxl+0 8.5877
+0  . 0033

1x1Ox10 
'5.2C36

+0  . 0072

lxloxl-O 5.1787
.  +0 .0027

Lxloxlo 5 '1981+
+  . 0089

lx lOxfO 5.1832
+0 .0039

13.0139 7 . t699
+ 0 .0039 +0.0039- r l .o116 -7 . rTr r

+  0 . 0 0 2 9  + 0 . o o 2 2- 
8.9822 To.z\zt

+  0 . 0 0 2 9  + 0 . 0 0 5 3

B. 9BI+o 20 .r65a
+ 0 .0019 +0.0056-  

B .9T69 lo .  e :01+
+ 0 .0039 !0 .0073

8.9828 20 . r7T9
+ 0 .0033 +  .0105

116.l |95 72r.26
+  0 . 0 3 3  +  0 . 9 3-rr5 

. ror 1tg .>\8
+ o ,  O1B +  O. l l85
ror.7:-o [68.TB
+  o . o 5 \  +  0 . 7 3

95.865 933.272
+  0 . 0 5 9  +  0 , 5 6
lot-.6ss T68.\T
+  0 . 0 8 5  +  o . 9 7-95.620 gz\.get
+  o . O 9 ) +  +  0 , 9 6

'I 
5

a o

13

L O

r)+

t 2

capsules used. The amount of metal melted as a
function of distance from the hot end could readily
be measured by viewing the metal through the glass.
Temperature gradients so measured are shown in
Figure l. They are smaller than those reported by
Rudert et al., particularly at higher temperatures.

The errors of precision, thermal gradient, and fur-
nace temperature fluctuation combine to give an esti-
mated temperature uncertainty of between 5 and
10"C. Pressures were monitored on a Heise Tkbar
temperature-compensated pressure gauge. Because
all bombs were isolated from line pressure during

most of the tg1 1ime, temperature fluctuations led to
pressure fluctuations. The maximum pressure error
this causes is i50 bar.

Vapor pressure experiments

In these experiments the sealed gold capsules were
placed in a drying oven, and the temperature mon-
itored with a thermocouple placed adjacent to the
capsules on the same shelf in the oven. Pressure was
the vapor pressure of the aqueous solution at the
temperature of the experiment. Rapid quench was
achieved by immersing the capsule in an ice bath.

Activity measarements

Both pH and pK of the final, quenched aqueous
solutions were measured with specffic-ion electrodes.
A Beckman flat bulb combination pH electrode
#39507 was used with a lithium trichloroacetate in-
ternal filling solution to prevent KCI contamination.
The uncertainty in pH measurement is +0.05.
Orion's 93 series potassium-ion electrode was used in
conjunction with the reference portion of the combi-
nation pH electrode to measure pK with an error of
+0.02. Orion digital pH meters were standardized to
read KCI molality directly with the slope adjusted to
1007o. Both electrodes were standardized before and
after each experimental measurement.

All measurements were made in a glove box
flushed with compressed air bubbled through NaOH
solutioirs to remove CO, and through distilled water
to ensure HrO saturation. This process minimized
CO, contamination and evaporation of the quenched
solution during the measurement of activity. Approx-
irnately 4 minutes elapsed between the quench and
insertion of the electrodes into the solution, and an-
other t/z and 3 minutes were required to achieve

o
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I 0.6

o E
t , \
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o
E
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Fig. l. The change in temperature gradient with temperature as
determined by comparing the melting temperature of tin, zinc, and
antimony (sealed in evacuated silica glass tubes) with the
measured temperature in the thermocouple well. The data of
Rudert et al. (1976) have been included for comparison. The
temperature reported for each run is equal to the temperature
given by the thermocouple minus a quantity which equals the
temperature gradient (as given by this curve) multiplied by the
distance between the thermocouple well and the gold reaction
tube.
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stable pK and pH readings respectively. The response
of the pH electrode was monitored on a strip chart
recorder, so that the rate of approach to a stable
reading could be accurately assessed.

Run products

Following each experiment the silicates were ex-
amined by optical and X-ray techniques. The solu-
tions were so dilute that very little new muscovite or
sanidine precipitated during the experiment, and
textural evidence was often insufficient to determine
reaction direction. However, the growth of muscovite
on sanidine crystals and the inclusion of muscovite
and sanidine in quartz are taken as evidence of sani-
dine dissolution in solutions of low starting m*.,/
mr., tatio. Muscovite inclusions could be occasion-
ally detected in sanidine crystals, indicating sanidine
growth at the expense of muscovite * quartz. Eu-
hedral quartz crystals about l0 x 50 microns crystal-
lized in runs whose initial starting compositions were
either in the muscovite or the sanidine field. In view
of the irregular distribution of these textures, the di-
rection of change in pH and pK provides a more re-
liable monitor of reaction direction and extent of re-
action. X-ray scans of all run products have been
made, but in no instance could a change in the poly-
morph of a phase be detected. In two runs, however,
a peak at -l4A was identified, and in both runs the
amount of sanidine was much reduced.

Calculation of speciation

In order to obtain the ratio a**/ar, (: K." for reac-
tion l) from the measured m*'o,, the distribution of
aqueous species must first be calculated for the aque-
ous solution from each run. We have calculated the
speciation by solving the following nonlinear system
of four mass-action-law equations (one each for the
complexes KCl, HCl, KOH, and HrO) and three
mass balances (for K, H, and Cl):

mK+ yK+ ntcr- lcr : K*c, fltrccr" -lxcr (5)

mH+ y.'* fncr- ^lcr- : Kncr fr1'cr" .fsct (6)

flTy+ lr+ lllon- los- : K*o" f/l*os" fxou Q)

//ls+ ls+ tilon 'f 
ou- : Krro Atro (8)

/flp,o.: mK* + m*.r" * m*.,r" (9)

ffict,ror: fficr- I mHcr" + mKa" (10)

f/111,1s1 : t:llH* * fllHc]r" ( l  l )

The seven unknowns are the molalities of K*. H*,
OH-, Cl-, KClo, HClo, and KOH.. The activity of

HrO (see footnote l) is a function (though a very in-
sensitive one) of the molalities of those seven species,
and it can be calculated by solving a system with the
7 equations above plus one similar to that of Wood
(1975, eq. 14, p. I150) which yields a",o as a function
of the molalities of individual aqueous species.
(Wood's eq. 14 yields a",o in terms of the stoichio-
metric molalities of neutral salts.) If we do this for all
our runs aH,o comes out to be > 0.997, and therefore,
to simplify matters, it has been set to 1.0 at any T, P.

In solving the system of equations we have calcu-
lated also (by iteration on the ionic strength) the indi-
vidual-ion activity coefficients with the Stokes-Rob-
inson equation modified by Helgeson (1969, eq. 43):

roe yl(r, P,T7: ;ffiHfi.+ i(rx- 02)
and the activity coefficients for neutral complexes
with the equation (Helgeson, 1969, eq. 36):

log yo (7, D : of (13)

where y,t and yo are the individual activity coeffi-
cients; d, and z, the distance of closest approach and
charge for each species; A, B the Debye-Hiickel coef-
ficients; 1-the true ionic strength; and B nd o coeffi-
cients dependent on Z. The temperature and pressure
dependence of y,l are incorporated in the coefficients
A and B which were calculated from the dielectric
constant and density of HrO at the P, 7 of interest
(Helgeson and Kirkham, 1974, their eqs. 2 and, 3).
Values for B at vapor pressure were taken from Hel-
geson (1969) without a pressure correction. Values of
o (eq. 13) up to 300"C were obtained from the data
in Helgeson (1969, Table 2); for higher-temperature
experirnents, the 300"C value was used, and no pres-
sure correction was made for the experiments at 2
kbar. Errors introduced by these approximations are
very small. Note in particular that the quantities B^f-
and, olin eqs. 12 and 13 are very small, insofar as B
and o are multiplied by true ionic strengths of less
than l0-'m-another minor advantage of performing
quench equilibrium experiments in dilute chloride
solutions.

The input needed to solve the system of equations
consists of four dissociation constants (taken for each
Z, P of interest from Helgeson and Kirkham , 197 6, p.
ll0-lll) and the total molalities for Cl, K, and H.
Chloride was assumed unchanged from the starting
molality, and the last two total molalities were mea-
sured directly in the quench solution at the end of
each run. We have not made the assumptions of
Montoya and Hemley (1975), who took the total con-
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centrations of potassium in the initial and flnal solu-
tions to be equal (which ignores take-up or release of
potassium by the minerals), or of Shade (1968) and
Usdowski and Barnes (1972\, who took the activities
of K* and Cl- to be equal (which is probably in-
accurate on account of the differences in molalities
and activity coefficients for the two ions).

The actual solving was performed by the subrou-
tine zsvsru (of the International Mathematical and
Statistical Library), which requires a set of initial
guesses for all the unknowns. The output for each so-
lution consists of the molalities, activities, and activ-
ity coefficients for each species in the solution, the
true ionic strength, and an echo of all the constants
and initial guesses used. Four-significant-figure solu-
tions were remarkably stable, never requiring more
than six iterations.

C al culat e d e quilib rium c ons t an t s

Equilibrium constants for reaction I were calcu-
lated using the thermodynamic properties of the sol-
ids from Helgeson et al. (1978), and the partial molal
volumes, heat capacity T, P functions, and entropies
of ions from Helgeson and Kirkham (1976). The val-
ues obtained are shown in Figures 2,3, 4 and 6. The
calculations were performed with the computer pro-
gram SUPCRT described by Helgeson et al. (1978, p.
202) and kindly provided by them. We do not know
the error of these calculated equilibrium constants,
but the effect of replacing the thermodynamic prop-
erties of sanidine by those of microcline in these cal-
culations is shown in Figures 4 and 6.

Results

Initial and final experimental concentrations and
calculated equilibrium constants for all experiments

are given in Tables 2 and 3. Table 2 summarizes the
experiments conducted at 205oC and 17 bar vapor
pressure for a variety of solid/fluid ratios. Figure 2 il-
lustrates the relationship between solid/fluid ratio
and the calculated log(a**/an*) ratio for these exper-
iments. Table 3 summarizes the results of experi-
ments conducted at 2 kbar. Experiments I through
24 were run at temperatures near 200oC, 2 kbar, and
at various solid/fluid ratios, and their relationship is
shown in Figure 3. Experiments 25-32 were con-
ducted at various temperatures at a solid/fluid ratio
of l/16 (see below), and are summarized in Figure 4.

Discussion

Effect of solid/fluid ratio

A variety of trends are established by the series of
experiments in which the solid/fluid ratio is variable.
Figures 2 and 3 show that log (a**/a'*) increases
with solid/fluid ratio, and thus with surfacp area, for
experiments whose initial solutiofi compositions were
in the muscovite field (i.e., relatively acidic). The
data in Tables 2 and 3 show that these trends are
caused primarily by increases in the pH in the runs,
and that smaller increases in pK tend to lower the ef-
fect of pH on the activity ratio. For the experiments
whose starting solution compositions were in the san-
idine field (r.e., were relatively alkaline), (a"*/a"*)
decreases with increasing solid/fluid ratio at 2 kbar,
but follows no clear trend at l7 bar (Figs. 2 and 3).
The 2 kbar results are also shown in Figure 5 to de-
pict the relationship between the calculated pH and
pK as the solid/fluid ratio varies. For experiments
approaching equilibrium from the muscovite field
the pH and pK generally vary linearly with a slope of
-l and an intercept of pH -4.8. For runs in which

Table 2. Results of 45-day experiments at 205oC and 17 bar (vapor pressure), and calculated values of log (ay*/as*), 76*/7s*, and

romc strength

Calculated.

run #
1og

so_L1o/  r  l -u f  o pK iosl%7"trt yK/n{* i '* ro!

,
6
T
B
9

10
l_1
I2
a o

17

- 2 . 7 2
- 2 . 0 5
-a ,99
-o . l +8
- 2 . 6 0

- 2 . 0 7
- 1 . 0 0
-0.  l+B

2 . 0 5
2 . O 5
2  n q

T . 2 I

7 . 2 r
7 . 2 r
7 . 2 L
8 .  o 2
8  . 0 2

t  o q

2 . O 3
l - . y o

2 . O 5

2 .  08
r o 7
7 . 7 9
I  O t

1 . 8 8

5 . 7 0
5 . ) 1 2
6 . z z
A  ? o

s . g 6

7 . 1 6
6 . r 5
T  . 2 '
5 . 5 7
5 . 2 \

4 . 3 9
)1 .26
4 . 7 4
?  o l

q n ?

l+. 18
, . \ 6
1 A c

J , J O

3 . 6 0
4 . 3 4
) + . 2 I
) ] . 69
3  . 8 6

q  n ?

\  . 1 3
5 .1+1
3 . 6 0
?  ? l

o . 9 7 5
o . 9 7 5
0 .9?3
o . 9 6 2
o . 9 7 5

0 . 9 7 6
o . 9 7 3
o.968
0 . 9 7 2
0 .9Tr

2 . 0 0  4 . 0 5
2 . o o  ) + . 0 5
2 . o o  ) + . 0 5
2 . o o  ) + . 0 5
2 , O 0  9 . 2 I

2 . 0 0  9 . 2 I
2 . O O  9 . 2 1
2 . 0 0  9 . 2 r
2 . 0 0  1 0 . 0 2
2 . 0 0  1 0 . 0 2

8?
89
96

r  ) , <

87

o )

9)+

100
105

rMo la f  un i ts
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Table 3. Experimental results at 2 kbar total pressure, and calculated values oflog (a.*,/as*),.rx*/ytt*, and ionic strength

run tr Toc

Run
duration Log

cays soalo/ r -Lu1c
log

pfi (n6+/\+/

Start l Final Ca.Iculated

pKpK
1og 1og

pH (**+/1r+) ("*+/a"*) (yrr.*/yn*) fsx  roL

1 1  1 8 9 + 5  j j
2  1 9 5 + 2  

"3  1 9 5 + 2  5 5
4  1 9 7 + 3  

"1 3  I 9 2 + 3  \ 2
1 l +  r 9 2 + 3  ) + 2
1 5  I 9 2 + \  4 5

r 9 2  2 o o + 4  ) . + T
2 0  2 0 9 + 5  2 T
2 r  1 9 9 + 2  \ 6
22  201  +3  ) . +2
23 203 + l+ 27
d - +  2 O l + 3  \ 2

25 262 + ).+ 20
26 362 + ro a7
27 475 + rO 20

a83 ,4  51e  +  )+  zo
2 9  2 6 0 + 5  2 0
3 0  3 5 6 + 3  2 0
3 1  ) + 8 5 T 2  2 0
3 2 3  6 z l i z  2 r

- 2 - 9 8
- 2 . 0 5
- t  . 01
-0 .1+8
-r .92
- 1 . 5 1
-r .20

- )  6 a

- t  0 2

- 1 .  ) o

-o.96
-0 . )+B

-r.22
-r.20

- 1 . 2 0
- I .22
-1.22
-r.22

2 , 0 5

t  n q

1 . 0 9
1  . 0 9
1  . 0 9

8 . 0 2
8 . 0 2
8 . 0 2
8  . 0 2
7 . 7 5
8 . o 2

1 . 0 8
L . d +
1 . 0 8

1 . 0 8
7 . 2 r
T . 2 I
7 . 2 r
7 . 2 r

4  . 4 3
1 . 8 8
l + . 8 3
q  1 t

I t .  78
]+. 83
+  . 9 )

5. )+6

> . z o
l+ .71+
? o n

4  . 8 0
4  . 0 4

2 . 6 8
\ . 7 2
\ .  t 8
l+  .16
2 . 6 7

4 . J t

) t .77
\ . 7 2
l+ .88
4 . 5 8
)+ .73
4  . 8 6

5. l+o

4 . b )

4 . 4 7
)1 .67
3 . 8 7

3 . 2 0
)+ ,56
c . J o

3 . 9 9
3 . 2 0

o .981
o.982
o .983
0 . 9 8 3
o . 9 8 2
0 . 9 8 0
O . 9 T T

v  . 9 0 )

0 . 9 7 9
0 . 9 7 9
o . 9 7 7
0 . 9 7 '
o , 9 6 0

o . 9 7 6
0 . 9 6 8
0.969

0 . 9 7 2
0.978
0 . 9 7 7
0 . 9 6 9

2 .00  )+  . 05
2 . 0 0  l +  . 0 5
2 . 0 0  I + . 0 5
2 . 0 0  1 . 0 5
z . O a  3 . 0 9
2 . O O  3 . o g
2 . 0 0  3 . 0 9

2 . 0 0  1 0 . 0 2
2 . 0 0  1 0 . 0 2
2 . O 0  1 0 . 0 2
2 . 0 0  1 0 . 0 2
2 . 0 0  9  . 7 5
2 . 0 0  1 0 . 0 2

2 .  o o  3 . 0 8
2 .00  3  . d1
2 . O O  3 . 0 8

2 .  o o  3 . 0 8
2 . O 0  9 . 2 7
2 . O O  g . 2 I
2 . 0 0  9 . 2 r
2 . 0 0  9 . 2 r

r . 9 T  6 . 4 0
2 . o 7  6 . 9 5
2 . r 2  5  . 9 5
2 . 2 8  7 . 2 8
2 . 0 0  6 . 7 8
1 . 9 0  6 . 7 3
r . T 7  6 . 7 2

2 .  o o  8 . 4 6
2 . 0 0  7 . r r
1 . 9 8  7 . 6 0
1 . 8 2  T .  0 8
I . 7 2  5 . ) + 5
1 . 3 8  5 . 2 8

I .89  5 . r+8
r . T 2  6 . 1 8
r . 9 2  5  . 9 6

1 . 8 9  \ . 5 7
2 .  o o  6 . 7 8
2 . o 9  5 . 5 7
t .  y o  o , r z
1.  9 )+  4 .  6 r

83
78
I t
7 I
B 2
q l

f07

179
Q l

9)+
ro2
1 r l ,

209

9o
96
O J

8z
66
o f

38

' lrto solid products present
'T_oo.1-ltt le 

soTid products to aiLow x6raq anafgsis
".SoJid products incLude a peak at 14 A (= AJ.-montmorif lonite?)'IVo sanidine in run ptoducxs
'Molai units

205oC Sonidine
r7b 

i
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Fig. 2. Variation of log (as*/as*) with log (solid/fluid mass
ratio) at 17 bar and 205'C. Each run is represented by a short
vertical bar. The arrows show the direction of approach to
equilibrium, and each number identifies a run in Table 2. Arrows
pointing up and joined by the solid line refer to experiments in
which the starting solution had a low a.**/as* ratio, which is
equivalent to saying that the solution was acid and that it was
initially in the muscovite field. Arrows pointing down and joined
by the dashed line refer to runs in which the starting solution had
a high ap/as* (r.e., a starting solution that was alkaline and in
the sanidine field). The a1.+/as+ for each run was calculated from
quench measurements via the speciation of the final solution. The
horizontal line at log (aa./as*) - 4.8 indicates the equilibrium
constant for reaction I calculated from thermodynamic data in
Helgeson et al. (1978) and Helgeson and Kirkham (1976).

equilibrium was approached from initially alkaline
solutions a very steep trend is obtained in which the
increase in a". is much larger than that in a**.

Surfoce reactions

Surface reactions like 3 and 4 could, in principle,
affect the quench pH and produce the trends of Fig-
ures 3 and 4 if their exchange constants changed with
temperature and pressure. However, these constants
may either increase or decrease with temperature and
thus only one trend at most could be explained by
surface exchange. For example, ifthe exchange con-
stants decreased, and especially if they become less
than I at high P and Z, these surfaces would begin
to adsorb K* and desorb H*. During the quench K*
would be desorbed and H* adsorbed, savsinr mK*/
mB* tatio to increase in the quench solution. This in-
crease would be greater the greater the surface area,
and could produce the trend established by the acid
approach experiments of Figures 2 and 3.If, on the
other hand, the exchange constants increased with
increasing T and P, then the opposite pattern of sur-
face exchange (i.e., that obtained in the alkaline ap-
proach experiments, Fig. 3) would take place.
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Fig. 3. Variation of log (ap/as.) vs. log (solid/fluid mass

ratio) for reaction I at 200'C and 2 kbar total pressure. The

horizontal line indicates the equilibrium constant for reaction I

calculated from thermodynamic data-see caption to Fig. 2 for

more details.

Which trend (if either) is more likely to be caused
by surface reactions is determined by how and how
much the exchange constants vary with changes in
temperature and pressure. Considerations based on
estimates of A^S, and LV, for reactions 3 and 4 point
to increasing exchange equilibrium constants, Ke*,
with increasing temperature, and therefore only the
trend of decreasing rfis'/ms* with increasing solid/
fluid (Fig. 3) could, in principle, be explained by sur-
face adsorption. The experimental results of Dugger
et al. (1964) for the surface exchange gel-SiOK + Hio
: gel-SiOH + Ki tend to confirm the above predic-
tion of increasing K"- with increasing L Actual val-
ues for K"- of reactions 3 and 4 are only available at
low temperatures. At 25oC and I bar, K, : l0'o and
Ko : 10" (Garrels and Howard, 1959). The only
high Z-P data bearing on the problem are those of
Currie (1968), who measured the solubility of albite
in pure H,O at 400-600"C and 0.75-3.5 kbar. He
showed that Na/Al in the experimental solutions was
always higher than in albite, and that the pH of the
final solutions varied between 9.64 and 10.63, de-
pending on the experimental conditions. The high
Nalo and low Hi content of the experimental solu-
tions imply that at these large temperature-pressure
conditions H* was strongly preferred to Na* on the
feldspar surface. Hydrolysis of ions released by con-
gruent dissolution of the albite also changes the pH,
but not by several pH units, as in Currie's experi-
ments. Thus all the experimental evidence, though
scant, suggests that these silicate surfaces strongly
prefer H* to K* (or Na*) over a wide range of tem-
peratures and pressures.

Given, therefore, that the K"*'s for surface ex-
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change reactions 3 nd 4 are >> I at both low and
high temperatures, how much would surface ex-
change reactions change the m.* upon quench? Or-
der-of-magnitude calculations of such an effect yield
changes in the z"r in solution of -10-'' moles/liter
for the lowest solid/fluid ratio and -10-'o moles/liter
for the highest solid/fluid ratio, even allowing the
high-temperature K"* to increase or decrease by three
orders of magnitude with respect to its value at low
temperature. [The calculations involved averages of
particle size and surface charge density, the actual
masses of the solids and fluid in our experiments (Ta-
bles 2 and 3), and the actual experimental water
compositions.] Because these quantities (10-''-10-'0
mole H*/liter) are so much smaller than the actual
pH changes measured (up to three pH units, see alka-
line trend, Fig. 3), it can safely be concluded that nei-

ther of the quench pH trends of Figure 3, not even
the trend established by the alkaline approach exper-
iments, can result from the surface reactions.

Approach to equilibrium

The approach of these experiments to equitbrium
can only be assessed by the degree of approach of

Montoyo ond

MUSCOVITE

2 3 4 5 6
Log (oK./oHt

Fig. 4. The variation with temperature of the log (ap/att)

calculated (via the speciation) from experiments conducted at 2

kbar in l0-2 molal Cl- solutions at a solid/fluid ratio of 1/16.

Boxes give uncertainty limits, and arrows indicate the direction of

approach to equilibrium (see caption to Fig. 2). The solid curve

was independently calculated from thermodynamic data for

minerals and aqueous species in Helgeson et al. (1978), Helgeson

and Kirkham (1976), and Walther and Helgeson (1977).
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aK*/aH* ratios at similar solid/fluid ratios. The sys-
tematic trends of Figure 3 show that the closest ap-
proach to equilibrium of initially very different start-
ing solutions is obtained at a solid/fluid ratio of
-10-'2 : l/16. The experiments at l7 bar (Fig. 2)
suggest an optimum solid/fluid ratio of -ll10, but
because they are more erratic than those at 2 kbar,
l/16 zppears to be the most favorable solid/fluid ra-
tio to approach equilibrium most closely.

H igher - t emp e ratur e e xp e rime nt s

Experiments investigating reaction I have been
conducted at -260,360, 480, and 620oC at 2 kbar,
and at a solid/fluid ratio of l/16. Figure 4 shows that
all experiments between 200' and 500'C exept #26
form tight reversals of reaction l. Comparison of
these reversals with the calculated equilibrium con-
stant yJ. temperature curve shows good agreement

PH zoo

2.OO 2.50
pK

Fig. 5. Calculated (-log as*) vs. calculated (-log ap*) for
experiments conducted near 200oC at 2 kbar. The crosses indicate
the uncertainties in the activities. The equilibrium constant
calculated from thermodynamic data for minerals and aqueous
species at 200'C is given by the slope of the solid line. See caption
to Fig. 2 for more details.
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Fig. 6. The variation with temperature of the log (ay*/ar*)

calculated from experiments of this study and from Usdowski and
Barnes (1972). The equilibrium constants calculated theoretically
for reaction I using alternatively microcline and sanidine are
included for comparison.

between the two. Two experiments (28 and 32) above
600oC on Figure 4 fall to the left of the calculated
line but very close to each other. In each case a l4A
phase (aluminum montmorillonite?) was produced,
destroying the buffer assemblage of reaction l. Thus
these two points should not plot with the lower-tem-
perature results because a different assemblage buf-
fers these experiments. These two experiments are
nevertheless compatible with what is known about
this chemical and mineralogical system, because all
theoretically calculated equilibrium constants for
muscovite-aluminosilicate lie to the left of the mus-
covite-sanidine line. The convergence of the solution
compositions of these two runs suggests that a close
approach to (probably metastable) equilibrium has
been achieved. Thus these 600"C results further sup-
port the reliability of the rapid-quench technique, be-
cause they yield solution compositions in general
agreement with theoretical prediction and because
they are closely reversed.

Comparison with other work

Our results at 200oC and 17 bar are compared in
Figure 6 to the work of Usdowski and Barnes (1972)
and to the calculated equilibrium constants for mi-
crocline and sanidine. In view of the different experi-
mental techniques and starting materials used in
these two experimental studies, the results are in re-
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markable agreement with each other. Also, the ex-
perimental data are in reasonable agreement with the

calculated curves.
Higher-ptessure experiments have been conducted

on reaction I by Hemley (1959), Shade (1968, 1974),
Gunter (19'14), and Wintsch (1975). Most of these re-

sults are difficult to compare with the present study

because the experiments were conducted at different
pressures or chlorinities from those reported here.

The study of Wintsch (1975) includes five experi-
ments run at 2 kbar in l0-' molal solutions. This
curve lies at activity ratios approximately 0.4 log

units smaller than the results reported here. These

experiments involved solid/fluid ratios of between
l/30 and l/60, and the data in Table 3 show that
half of the discrepancy between the two experimental
studies could be a consequence of this smaller solid/
fluid ratio. The error in the activity ratio of these ex-
periments is =0.2 log units. Thus within the uricer-
tainty of the data, the results of this study and of
Wintsch (1975) are in agreement.

It is difficult to compare the calculated activity ra-

tios of Shade (1968, 1974) and Montoya and Hemley
(1975) with our calculations, because the former

studies do not include the computation of activity co-

efficients, the calculations of Shade (1968, 1974) in-
volve the simphfying assumption that a** : dcr-,

which is not strictly valid, and the calculations of

Montoya and Hemley (1975) are for I kbar. We

have, however, adjusted the activity ratios of Mon-

toya and Hemley to 2 kbar. The corrected ratios are

included in Figure 4 for comparison. [n view of the

different methods involved in these calculations, they
are in reasonable agreement.

The data in Figure 4 are thus significant because

the equilibrium constant for reaction I at 2 kbar as a

function of temperature has been obtained by a vari-

ety of methods that yield similar results. Within the

limits of the errors involved, the equilibrium con-

stants calculated from Hemley's (1959) experiments
at I kbar in 2-molar solutions are indistinguishable
from those calculated in this study from experiments
at2kbar in l0-'zmolal solutions. Both of these results

agree with the equilibrium constants calculated from

the thermodynamic data of Helgeson et al. (1978)
which were, in turn, calculated from other experi-
mental studies involving the synthetic minerals of re-

action l. We conclude, therefore, that the thermody-
namic properties of synthetic muscovite, sanidine,

and quartz are uniform from laboratory to labora-

torv.

Conclusions

From the data summarized in Figures 2 and 3 it
appears that surface reactions do not affect quench
pH in dilute solutions. Although we have no ex-
planation for the observed trends of pK and pH vs.
the solid/fluid ratio, they suggest that the narrowest
reversals are obtained at solid/fluid ratios of l/16.
Significantly, these narrowest reversals are also the
ones closest to the calculated log K.

We recommend that the aqueous concentrations of
all elements be measured after quench for two rea-
sons: to better monitor the approach to equilibrium
of the solutions with the whole assemblage, and to al-
low for a more thorough calculation of the speciation
of the final solution (in this case the addition of silica
and aluminum species).

The agreement of our equilibrium constants, de-
termined from experiments in dilute solutions, with
the constants determined by others from experiments
in concentrated solutions, and with constants calcu-
lated from an internally-consistent set of thermody-
namic properties is remarkable. Clearly, accurate
high-temperature/high-pressure solid-fluid equilib-
rium data can be obtained from experiments in-
volving dilute chloride solutions.
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