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SOLUBILITY OF TWO HIGH-Mg A N D  TWO HIGH-Fe 
CHLORITES USING MULTIPLE EQUILIBRIA 1 

J. A. KITTRICK 
Department of Agronomy and Soils, Washington State University 

Pullman, Washington 99164 

Abstract--High-Mg chlorites from Vermont and Quebec and high-Fe chlorites from Michigan and New 
Mexico were equilibrated at room temperature in the near-neutral pH range. Gibbsite, kaolinite, and he- 
matite of known stability were added to the samples to control unmeasurable variables at calculable levels. 
Equilibrium solution compositions were obtained from undersaturation and from supersaturation. Other 
indicators of equilibrium were good agreement between successive analyses over a long period of time, 
between duplicate samples, between independent systems, and between independent measures of equilib- 
rium. All four chlorites were stable relative to brucite and, with a few exceptions, relative to talc under the 
conditions of study. When in equilibrium with gibbsite, the pH - �89 2+ value of the chlorites ranged from 
6.3 to 6.5, at a pH4SiO4 value of 4.0. These values are in good agreement with prior estimates of chlorite 
stability. The calculated standard free energy of formation of the chlorites is dependent upon solution Fe z+ 
calculated from the sample Eh and assumed equilibrium with hematite, with the assumption that the Fe a+- 
Fe z+ couple is at the same Eh as the sample. 
Key Words--Chlorite, Free energy of formation, Iron, Magnesium, Solubility, Stability. 

INTRODUCTION AND EXPERIMENTAL 
DESIGN 

No actual calorimetric or solubility determinations 
of the standard free energy of formation (AG~ of chlo- 
rite have been made, but several investigators have in- 
directly estimated AG~ of the magnesium end member 
(clinochlore), MgsAl2Si3010(OH)8, as shown in Table 1. 
These AG~ values can be better understood in terms of 
solution compositions by considering the dissolution of 
clinochlore as follows (all equations herein involve 
crystalline mineral phases, aqueous ions, and liquid 
water): 

MgsA12Si3010(OH)s + 16H § = 5Mg 2+ + 2A13+ 
+ 3H4SIO4 + 6H20.(1) 

Defining K1 as the equilibrium constant for Eq. (1), as- 
suming the activity of mineral phases and liquid water 
to be unity, and taking negative logarithms: 

pK, = 5pMg 2+ + 2pAP + + 3pH4SiO4 - 16pH. (2) 

Hence, if AP + and H4SiO4 are held constant, the sta- 
bility of clinochlore can be expressed in terms of pMg 2+ 
and pH. If pH - �89 + is controlled by gibbsite and 
pH4SiO4 is maintained at 4.0, for example, it can be 
seen from the last column in Table 1 that the estimated 
values o fpH - �89 2+ in equilibrium with clinochlore 
range from 5.4 to 7.0. If �89 2+ in experimental sam- 
ples were furthermore held to approximately 1.0 by addi- 

' Scientific Paper No. SP5881. College of Agriculture Re- 
search Center, Washington State University, Pullman, Wash- 
ington. Project 1885. 

tion of appropriate salts, the anticipated equilibrium pH 
of the clinoclore-gibbsite system would range from 6.4 
to 8.0. It seems likely that chlorite could reach stable 
equilibrium in this pH range, considering that Rich and 
Bonnet (1975) found a swelling chlorite that appeared 
to form in a soil whose pH ranged from 7.6 to 8.1. 

An Al-containing mineral in the soil system must 
maintain AP + at the same low level as other minerals 
if it is to be stable (Kittrick, 1969). It is instructive, 
therefore, to isolate the AP + variable in Eq. (2): 

pAP + = 8pH - 5/2pMg2+ - 3/2pH4SiO 4 A- pK1/2. (3) 

It is evident from Eq. (3) that for clinochlore to keep 
AP + low (high pAP+), the pH must be high and pMg 2+ 
and pH4SiO4 must be low. To determine pK, by solu- 
bility methods, all common ion activities must be 
known. Unfortunately, relatively high pH values (near 
neutrality) are likely to present analysis problems for 
A1 with regard to both the amount and the nature of ion 
species. To circumvent this problem, gibbsite of known 
stability (Kittrick, 1966a) can be added to the system 
to control pH - �89 + at constant values. Thus, at 
equilibrium, pAP + can be calculated from the measured 
pH. 

If kaolinite is also added to the system, gibbsite-ka- 
olinite equilibria should control pH4SiO4 (Kittrick, 
1967), Measurements of pH4SiO4 can then be compared 
with predicted equilibria to provide an independent in- 
dicator of equilibrium. For  the clinochlore-gibbsite-ka- 
olinite system: 

2MgsA12Si30~o(OH)s + 2AI(OH) 3 + 2OH + 
= 3A12Si~Os(OH)4 + 10Mg 2+ + 15H20. (4) 
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Table 1. Chlorite AG~ values and the level of pH - V2pMg 2+ in equilibrium with chlorite and gibbsite at pH4SiO4 of 4.0. 

AG~ 
Chlorite Source kJ/mole ~ Estimated from pH �89 2§ 

MgsA12Si30~o(OH)s Ze n  (1972) H i g h - t e m p e r a t u r e ,  
high pressure data 

Bird and -8268 of Fawcett and Yoder 5.4 
Anderson (1973) (1966) 

MgsA12Si30~o(OH)6 Nriagu (1975) -8190 Thermochemical model 6.8 
MgsA12Si3010(OH)s Helgeson -8187 Seawater solubility 6.8 

(1969) data of MacKenzie 
and Garrels (1965) 

Mg~A12SiaOa0(OH)s Tardy and -8174 Thermochemical model 7.0 
Garrels (1974) 

Vermont 2 -7793 Solubility measurements 6.5 (Si2.97A11.o3)(All,44Fe3+o.oTFe2+o.99Mg3.24)01o 
(OH)s 

(Si2.99All.01)(A11.39Fe3+0.21Fee+0.srMg3.52)O10 
(OH)8 

(Si2.4rA11.53)(All.60Fe2+3.29Mgl.0~)Olo(OH)s 
(Si2.s4A11.16)(A11.75Fe2+z.ra Mgl. 16Fe3+0.a2)O10 

(OH)s 

Quebec 2 

Michigan e 
New Mexico 2 

-7869 Solubility measurements 6.4 

-7290 Solubility measurements 6.3 
-7319 Solubility measurements 6.5 

1 Literature AG~ values recalculated using AG~ . . . .  489,400 J/mole. 
2 Present paper. 

pK 4 = 10pMg 2+ - 20pH. (5) 

Thus, the system is defined by measurements of pMg z§ 
and pH. 

The unfortunate reality of obtaining chlorite samples 
suitable in amount and purity for solubility studies is 
that none match the simple formula used for clino- 
chlore. Chlorites contain both Fe 2+ and Fe 3§ which 
makes the situation much more complicated. Following 
the strategy of multiple equilibria introduced by the 
gibbsite-kaolinite additions described above, one can 
add hematite to control Fe 3+ at calculable levels. For 
hematite (Kittrick, 1971): 

pFe 3+ = 0.96 + 3pH. (6) 

From Garrels and Christ (1965, p. 196), pFe z§ can be 
calculated from pFe 3+ and a measurement of Eh as fol- 
lows: 

pFe 2+ = (EhFe2+Ve 3+ - 0.771)/0.0592 + pFe 3+. (7) 

At the extremely low levels of Fe z+ and Fe 2+ anticipated 
in these experiments, the Fe3+-Fe 2+ couple will not con- 
trol sample Eh. Unfortunately, the sample and the 
Fe3+-Fe 2+ couple may not even be at the same Eh 
(Bohn, 1968). To avoid this possibility, it was antici- 
pated that quinhydrone could be added to the samples 
as an Eh buffer, to bring all portions of the sample sys- 
tem to the same Eh. 

MATERIALS AND METHODS 

Materials 

Gibbsite. Commercial Alcoa hydrated alumina C-730 
was obtained from the Aluminum Company of Ameri- 

ca. X-ray powder diffraction (XRD), differential ther- 
mal (DTA), and other characteristics of this material, 
including solubility measurements, were described by 
Kittrick (1966a). 

Hematite. Mapico 347 was obtained from Columbia 
Carbon Co. The particle size range is given as 0.06 to 
0.8/xm. Chemical, DTA, and XRD analyses (not re- 
ported) show this material to be very pure hematite. 

Kaolinite. The English kaolinite was obtained from 
Hammill and Gillespie, Inc. and the "Georgia 2" ka- 
olinite was obtained from Southern Clays, Inc. XRD 
and other characteristics of these kaolinites, including 
solubility measurements, were described by Kittrick 
(1966b). 

Chlorite. Massive chlorites from Ward's Natural Sci- 
ence Establishment,  Rochester, New York, were 
ground with an impact grinder to pass a 150 mesh sieve 
(< 104/xm). XRD analyses of oriented samples, includ- 
ing various combinations of Mg and K saturation, heat- 
ing, and glycerol solvation, detected no phases other 
than chlorite. XRD patterns before and after solution 
equilibria were indistinguishable. Portions of the ori- 
ented patterns are shown in Figure 1 and illustrate the 
characteristic relative peak intensities of high-Mg chlo- 
rites (Vermont and Quebec) and high-Fe chlorites 
(Michigan and New Mexico), their good crystallinity, 
and the lack of impurities. Random powder XRD peaks 
necessary for polytype identification were relatively 
weak, but appeared to be adequate for the task of poly- 
type identification when compared with the data of Bai- 
ley (1975, p. 242). The Vermont, Quebec, and Ishpe- 
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Figure 1. A portion of the chlorite X-ray diffraction patterns. 
Glycerated, oriented samples; Ni-filtered CuKa radiation; 
I~ 

ming, Michigan, chlorites can be classified as IIb(97), 
whereas the chlorite from New Mexico is Ia(97). 

Methods 
Total chemical analysis of chlorites. Analyses for Si, 
A1, Ti, Fe,  Mn, Ca, Mg, K, Na, and P were made by 
X-ray spectroscopy. Fe  2+ and Fe 3+ were independently 
determined with orthophenanthroline after H F  decom- 
position (Roth et al., 1968). Cation-exchange capacities 
were negligible. The unit-cell formulae were calculated 
according to an 18 oxygen unit cell (Jackson, 1969). 

Sample preparation and equilibration. To 10.0 g of 
chlorite was added 10.0 g of hematite, plus 10.0 g of 
kaolinite or 40.0 g of gibbsite, or both. Following treat- 
ment with hot 0.50 M NaOH to remove soluble sub- 
stances (after Foster,  1953), each sample was washed 

on a Buchner funnel with 1% NaOH, then with pH 5.0 
NaOAc,  and then with 0.010 M MgC12. The sample was 
then placed in a 250-ml polycarbonate centrifuge bottle,  
given several centrifuge washes, and equilibrated with 
50 ml of 0.0080 M to 0.0100 M MgC12 solution. In some 
samples the initial pH and H4SiO4 levels were adjusted 
with NaOH and Na2SiO3' 9H20 so as to permit equili- 
bration of the sample from both undersaturation and 
supersaturation with respect  to variables of interest. 
After equilibration, the pH4SiO4 ranged from 3.66 to 
4.40, pMg 2+ ranged from 2.02 to 2.39, and pH ranged 
from 7.04 to 7.89. For  some samples, a portion of the 
solution was removed by centrifuging for analysis after 
a close approach to equilibrium was indicated by suc- 
cessive pH measurements (a few days to a few months). 
For  o ther  samples, portions of the solution were re- 
moved for analysis until successive analysis indicated 
a close approach to equilibrium (a year or two). Equil- 
ibrated samples were sometimes centrifuge washed and 
equilibrated with another solution whose composition 
permitted a different approach to equilibrium. Quin- 
hydrone at a concentration of 0.10 g/liter was added to 
some samples. Samples were agitated almost continu- 
ously in a constant temperature room at 25~ and were 
centrifuged in a temperature-controlled centrifuge. 
Room temperature during analysis was 23-25~ 

Chemical analysis of solutions. Prior to analysis, all 
samples were centrifuged, and an aliquot of the super- 
natant was further centrifuged until clear to a Tyndall 
beam. Si was determined colorimetrically with molyb- 
date (APHA, 1960), Mg with an atomic absorption 
spectrometer,  and K and Na with a flame photometer.  
Ion activities were computed from the extended Debye- 
H/ickel equation. All pH measurements were with a 
glass combination electrode and a Coming Model 12 
meter calibrated to _+0.02 units with 2 buffers. Equilib- 
rium pH was determined with the aid of a slow-speed, 
strip-chart recorder.  Analysis precision estimated from 
duplicate determinations for all analyses is approxi- 
mately +_0.02 p units. Eh measurements,  ranging from 
0.347 to 0.388 V, were to the nearest millivolt, using a 
bright platinum foil electrode and a calomel reference 
electrode. ZoBell solution (ZoBell, 1946) was used as 
a standard. 

EXPERIMENTAL RESULTS 

Chlorite from Chester, Vermont 
Chlorite-gibbsite-kaotinite-hematite system. The equi- 
librium of the chlorite from Vermont with its constit- 
uent ions can be depicted as follows: 

(Si2.97All.o3)(All.4~Fe~+o.o7 Fe2+o.gaMg3.24)Oao(OH)8 
+ 16.08H + = 2.97H4SIO 4 + 2.47AP + + 3.24pMg 2+ 

+ 0.99Fe 2+ + 0.07Fe 3+ + 6H20. (8) 
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pKs = 2.97pH4SiO4 + 2.47pAP + + 3.24pMg 2+ 
+ 0,07pFe 3+ + 0.99pFe z+ - lr.08pH (9) 

= 2.97pH4SiO4 - 7.41(pH - �89 +) 
- 6.48(pH - 1/2pMg2+) 
- 0.21(pH - �89 a+) 
- 1.98(pn - �89 (10) 

If  g ibbs i te  is in equ i l ib r ium with the chlor i te ,  
pH - �89 3+ should be constant (Kittrick, 1980) as 
follows: 

A13+ + 3H20 = 3H + + AI(OH)3 (11) 
�89 = pH - �89 + 

= 2.68 -+ 0.07. (12) 

If gibbsite and the English kaolinite are in equilibrium 
with the chlorite, the pH4SiO4 should be constant (Kit- 
trick, 1980) as follows: 

A12Si2Os(OH)4 + 5H20 = 2AI(OH)3 + 2H4SIO4 (13) 
�89 = pH4SiO4 = 4.5. (14) 

According to Eq. (6), pH - �89 3+ is a constant if the 
chlorite is in equilibrium with hematite, and pH - pFe 2+ 
can then be calculated from the Eh and Eq. (7). 

Initial experiments involved attempts to obtain pK8 
by measuring pH4SiO4, pMg z+, and pH, controlling Eh 
with quinhydrone and calculating pFe 2+ from Eqs. (6) 
and (7). For eight identical samples that had been equil- 
ibrated over a period of 479 days, however, pK values 
varied by 5 units or more. Furthermore, this amount of 
variation did not significantly diminish over time, as in- 
dicated by analyses at ten intervals during the equili- 
bration period. The results could not be explained by 
analytical errors, which at most would contribute ap- 
proximately _+0.5 units of variation. After much ex- 
perimentation, it was discovered that the variation in 
pK was due to the presence of quinhydrone. Changes 
in pH, probably resulting from quinhydrone break- 
down, prevented attainment of equilibrium. Quinhy- 
drone was thereafter omitted from the experiments. 

To determine sample equilibrium in this investiga- 
tion, the three measured variables from Table 2 
(PH4SiO4, pMg 2+, pH) were combined into two param- 
eters (pH4SiO4 and pH - �89 z+) so that sample equi- 
librium could be approached from supersaturation and 
undersaturation with respect to each. This permits 
equilibrium to be approached from four different direc- 
tions on a plot of pH4SiO4 vs. pH - l/2pMg2+ (Figure 
2). The convergence of the data for chlorite-gibbsite- 
kaolinite-hematite samples equilibrated for 7 to 30 days 
(Figure 2, triangles) indicates that a real equilibrium 
point was being approached, as opposed to fortuitous 
agreement between samples of similar composition 
subjected to processes having similar kinetics. 

Chlorite-gibbsite-hematite system. Decreasing the 
number of phases by one increases the degrees of free- 
dom of the system by one. Specifically, when this sys- 

p H - I / 2 p M g Z +  

7- 

6 "  

* I ' 
3 4 

PH4SiO 4 

Figure 2. Solution compositions of several systems contain- 
ing Vermont chlorite. Chlorite-gibbsite-kaolinite-hematite 
samples (z5) were equilibrated for 7 to 30 days from four dif- 
ferent directions of supersaturation and undersaturation as in- 
dicated by the arrows. Duplicates of the chlorite-gibbsite-he- 
matite system (D) were sampled repeatedly from 98 to 534 
days, with one solution obtained by immiscible displacement 
(11). Duplicates of the chlorite-kaolinite-hematite system (�9 
were sampled repeatedly from 37 to 793 days. Symbol size 
represents the deviations in pH - �89 2+ that could be en- 
gendered by the known variation in the gibbsite stability de- 
termination. 

tem is in equilibrium, pH4SiO4 should not be controlled 
at the fixed value of Eq. (14), as when kaolinite is also 
present. However, the pH - 1/3pAP+ should still be 
controlled by gibbsite. In Figure 2, analyses from Table 
2 for duplicate samples are plotted (as squares) after 
equilibrating from 90 to 543 days, where there were no 
apparent differences due to equilibration time. Earlier 
analyses were undersaturated with respect to those 
shown. After 543 days of equilibration, the Eh of the 
two samples was 0.347 V and 0.355 V, respectively. 
Insufficient liquid remained for further analyses a f t e r  
regular centrifugation, so an additional set of analyses 
on one sample was made after immiscible displacement 
(Kittrick, 1980). All analyses plotted appear to be in 
reasonably good agreement. 

Chlorite-kaolinite-hematite system. When this system 
is in equilibrium, the pH - �89 value should be con- 
trolled by kaolinite (Georgia 2 in this case) and should 
depend upon pH4SiO4 (Kittrick, 1980). As can be seen 
in Figure 2 (circles), analyses from Table 2 at 37 to 793 
days for duplicate samples were all in reasonably good 
agreement. Earlier analyses were undersaturated with 
respect to those shown. After 793 days, the Eh of the 
two samples was 0.368 V and 0.377 V, respectively. 
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Table 2. Solution compositions of chlorite samples. 

Days pH4SiO 4 pH pMg ~+ Days pH4SiO 4 pH pMg 2+ Days pI-I4Si04 pH pMg 2+ 

Vermont chlorite, gibbsite Vermont,  chlorite, kaolinite Michigan chlorite, gibbsite 
kaolinite, hematite 1 hematite, Eh = 0.377 V hematite, Eh = 0.384 V 

19 4.40 7.67 2.31 37 3.99 7.76 2.20 6 4.11 7.26 2.24 
30 4.39 7.74 2.39 63 4.03 7.84 2.20 28 4.09 7.33 2.22 
20 4.34 7.68 2.24 113 3.98 7.85 2.20 90 4.03 7.38 2.22 
7 4.27 7.74 2.24 215 3.85 7.89 2.20 172 3.95 7.39 2.22 

13 4.39 7.70 2.27 349 3.79 7.84 2.20 327 3.88 7.39 2.22 
506 3.76 7.80 2.14 544 3.82 7.38 2.20 
678 3.69 7.66 2.10 ID 2 3.77 7.11 2.18 
793 3.70 7.76 2.08 

Vermont chlorite, gibbsite Quebec chlorite, gibbsite Michigan chlorite, gibbsite 
hematite, Eh = 0.347 V kaolinite, hematite I hematite,  Eh = 0.387 V 

90 3.82 7.25 2.22 8 4.47 7.53 2.34 21 4.09 7.32 2.22 
172 3.82 7.30 2.20 1 4.40 7.52 2.36 54 4.04 7.41 2.24 
327 3.82 7.30 2.20 9 4.45 7.74 2.26 98 4.02 7.38 2.26 
543 3.75 7.35 2.18 4 4.43 7.65 2.31 174 3.95 7.37 2.24 

328 3.90 7.27 2.20 
545 3.82 7.31 2.18 

Vermont chlorite, gibbsite Quebec chlorite, gibbsite New Mexico chlorite, gibbsite, 
hematite, Eh = 0.355 V hematite, Eh = 0.388 V hematite,  Eh = 0.382 V 

98 3.85 7.22 2.26 28 3.71 7.36 2.22 6 4.05 7.22 2.24 
174 3.84 7.22 2.22 90 3.73 7.47 2.22 28 3.97 7.29 2.22 
328 3.82 7.27 2.20 172 3.72 7.54 2.22 90 3.90 7.49 2.24 
543 3.77 7.28 2.24 327 3.69 7.50 2.20 172 3.89 7.49 2.24 
11)2 3.77 7.04 2.16 544 3.70 7.47 2.18 327 3.87 7.43 2.20 

II~ 3.66 7.23 2.18 545 3.78 7.41 2.22 
II) z 3.77 7.20 2.20 

Vermont chlorite, gibbsite Quebec chlorite, gibbsite New Mexico chlorite, gibbsite, 
hematite, Eh = 0.368 V hematite, Eh = 0.378 V hematite, Eh = 0.384 V 

37 3.99 7.81 2.22 54 3.73 7.51 2.24 21 4.01 7.32 2.24 
63 4.02 7.82 2.20 98 3.71 7.44 2.22 54 3.96 7.43 2.24 

113 3.98 7.84 2.24 174 3.71 7.52 2.22 98 3.92 7.34 2.26 
215 3.85 7.82 2.20 328 3.71 7.48 2.20 174 3.90 7.34 2.22 
349 3.82 7.73 2.18 544 3.70 7.53 2.18 328 3.82 7.47 2.20 
506 3.80 7.67 2.12 545 3.78 7.47 2.20 
678 3.69 7.64 2.10 
793 3.66 7.62 2.02 

1 Separate individual samples. 
2 ID = immiscible displacement after last analysis. 

Agreement between systems. The exper imenta l  values  
for  the three  sys tems  d isp layed  in Figure 2 t end  to lie 
in three separa te  groups.  To compare  them direct ly,  it 
is necessa ry  to ensure  that  they are displayed at the 
same cons tan t  values of  all pa rameters  that  do not  ap- 
pea r  on the coord ina tes  of  Figure 2. Thus  Eq.  (10) 
should be solved for  p H  - V2pMg 2+ as follows: 

p H  - � 8 9  2+ = 0.46pH4SiO4 - 1.14(pH - � 8 9  +) 
- 0.31(pH - � 8 9  2+) 
- 0.03(pH - � 8 9  3+) 
- 0.15pKs. (16) 

I t  can  be  seen  f rom Eq.  (16) that  if p H  - � 8 9  z+ is 
p lo t ted  against pH4SiO4 (as in Figure 2), equil ibrium 
solut ion analyses  for  V e r m o n t  chlori te  should lie along 

a line of  slope 0 . 4 6 / f p H  - � 8 9  +, pH - � 8 9  2+, and 
p H  - � 8 9  3+ are held constant .  F r o m  Eq.  (6), hemat i te  
should control  pH - � 8 9  3+ in all samples  at - 0 . 3 2 .  
Where  gibbsi te  is p resen t ,  p H  - � 8 9  + should be con- 
s tant  at 2.68 (Kittr ick,  1980). Where  no gibbsi te  is pres-  
ent,  the values of  p H  - � 8 9  + can be ob ta ined  f rom 
the pH4SiO4 of  the samples  and the known  stabili ty of  
Georgia  2 kaolinite (Kit tr ick,  1980). F r o m  these  values  
of  pH - � 8 9  +, the exper imenta l  values  of  p H  - 
� 8 9  2§ can be conver t ed  to calculated values of  pH - 
� 8 9  2+ appropr ia te  to a p H  - � 8 9  + value of  2.68 
(Eq. 27, Appendix) .  

The calculated pH - � 8 9  '2§ of  each sample  var ies  
with the pH and Eh  of  the sample  (Eq. 6 and 7). The 
meas u red  Eh was used  in this calculat ion for  all sys tems  
excep t  for  the chlor i te-gibbsi te-kaol ini te-hemati te  sys- 
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t em where  no  E h  m e a s u r e m e n t s  were  made.  T he  
E h  of  this  sys tem was a s s u m e d  to be  the  same  as 
tha t  of  the  ch lor i t e -g ibbs i te -hemat i te  sys tem.  Values  of  
p H  - � 8 9  2+ appropr ia te  to a cons tan t  p H  - � 8 9  2+ 
of  - 1 . 0  could  t hen  b e  ca lcu la ted  f rom Eq.  (27) in  the  
Append ix .  

Because  the  Fe  c o n t e n t  of  the  V e r m o n t  ch lor i te  is 
small ,  the  coefficient  of  the  p H  - 1/2pFe2+ t e rm  in Eq.  
(16) is small .  The  range  in m e a s u r e d  E h  va lues  of  a b o u t  
_+0.01 vol t  b e t w e e n  sys t ems  the re fo re  had  on ly  a small  
impac t  on  a d j u s t m e n t  of  expe r imen ta l  p H  - � 8 9  2+ 
va lues  to a c o m m o n  p H  - � 8 9  2+ of  - 1.0. W h e n  ad- 
j u s t m e n t s  for  c o n s t a n t  p H  - � 8 9  + and  p H  - � 8 9  2+ 
are  made ,  it can  be  seen  f rom Figure  3 tha t  the  th ree  
i n d e p e n d e n t  sys tems  agreed  wi th  each  o the r  and  wi th  
a l ine of  slope 0.46, as p red ic t ed  in Eq.  (16). 

Calculated AG value. In  F igure  3, the  solubil i ty  of  Ver-  
m o n t  chlor i te  is d i sp layed  at  a p H  - � 8 9  ~+ of  2.7, a 
p H  - � 8 9  3+ of  - 0 . 3  and  a p H  - � 8 9  2+ of  - 1.0. A t  
a pH4SiO 4 of  4.0, this  ch lor i te  can  be  seen  to suppor t  
a p H  - � 8 9  2+ of  6.5. F r o m  Eq.  (10): 

pK8 = 2.97(4.0) - 7.41(2.7) - 6.48(6.5) 
- 0 . 2 1 ( - 0 . 3 )  - 1 .98( -1 .0 )  

= - 4 8 . 2  + 0.5, 

whe re  the  e r ror  e s t ima te  is der ived  f rom the  k n o w n  
va r i a t ion  in the  g ibbs i te  solubil i ty  de t e rmina t ion ,  be-  
cause  it is the  only t e r m  in Eq.  (10) w h e r e  the  e r ror  is 
accu ra t e ly  known.  It  is t hough t  to r e p r e s e n t  a rough  
es t imate  of  minimum analy t ica l  error .  F u r t h e r m o r e ,  
f rom the  N e r n s t  equa t ion ,  w h e r e  AGr is the  s t anda rd  
free  energy  of  reac t ion ,  and  AG~ va lues  are  t a k e n  f rom 
Robie  et al. (1978): 

AGr = 5 .71pK = - 2 9 2  + 3 kJ 
= 2"97AG~ n~sio, + 2.47AG~ Al 3+ 

+ 3.24AG~ Mg 2+ + 0.07AG~ r0  + 
+ 0.99AG~ Fe ~+ + 6AG~ u2o -- AG~ chlorite 

AG~ chtortt~ = 275.2 + 2.97(--1308.0) 
+ 2.47(--489.4) + 3.24(--454.8) 
+ 0.07(--4.6) + 0.99(--78.9) 
+ 6(--237.1) 

= --7793 --+ 3 kJ /mole ,  

whe re  the  e r ro r  e s t ima te  is the  m i n i m u m  due to ana-  
lytical  er ror .  

Chlorite from Quebec 

Chlorite-gibbsite-kaolinite-hematite system. The equi- 
l ibr ium of  the  chlor i te  f rom Q u e b e c  wi th  i ts cons t i t uen t  
ions  can  be  g iven  as fol lows:  

(Si2.99A11.01)(All.39Fea+0.21FeZ+0.57Mga.52)O10(OH)8 
+ 16.01H § = 2.99H4SIO4 + 2.40A13+ + 3.52Mg 2+ 

+ 0 .21Fe 3+ + 0 .57Fe 2+ + 6 .03H20 
(17) 

7 

6 

' I ' 
3 4 

PH4Si 0 4 
Figure 3. Adjusted solution compositions of several systems 
containing Vermont chlorite. Using Eq. (27), the experimental 
pH - �89 2§ values of the chlorite-kaolinite-hematite sam- 
ples (O) of Figure 2 were adjusted to a pH - V3pAP + of 2.68. 
The chlorite-gibbsite-kaolinite-hematite (A) and chlorite-gibb- 
site-hematite ([] and II) systems were also adjusted to a 
pH - �89 z§ of -1 .0  with Eq. (27). The shaded line has a 
slope of 0.46. Line width and symbol size represent the de- 
viations in pH - �89 2+ that could be engendered by the 
known variation in the gibbsite stability determination. 

pK17 = 2.99pH4SiO4 + 2 .40pAP § + 3 .52pMg 2§ 
+ 0 .57pFe  2+ + 0 .21pFe  3+ - 16.01pH 

= 2.99pH4SiO4 - 7 .20(pH - � 8 9  +) 
- 7 .04(pH - � 8 9  z+) 
- 0 .63(pH - � 8 9  3§ 
- 1.14(pH - �89 (18) 

A s  i n d i c a t e d  p r e v i o u s l y  f o r  t h i s  s y s t e m ,  b o t h  
p H  - � 8 9  + and  p H  - � 8 9  3+ should  be  cons t an t ,  
con t ro l l ed  by  gibbsi te  and  hemat i t e ,  respec t ive ly .  The  
p H  - � 8 9  2+ will no t  necessa r i ly  be  cons t an t ,  bu t  will 
depend  u p o n  the  p H  and  Eh.  

As  for  the  chlor i te  f rom V e r m o n t ,  the  chlor i te  (Que- 
bec)  g ibbs i t e -kao l in i t e -hemat i t e  sys t em (Table  2) was  
equi l ib ra ted  wi th  so lu t ions  w h o s e  initial compos i t i on  
was  such  tha t  the  equ i l ib r ium was  a p p r o a c h e d  f rom 
four  d i f fe ren t  d i r ec t ions  on  a plot  of  pH4SiO4 vs.  
p H  - � 8 9  2+ (Figure  4). The  c o n v e r g e n c e  of  the  sam- 
ples  a b o u t  a l ine of s lope 0.42 again  ind ica tes  t ha t  a real  
equi l ibr ium was be ing  app roached .  

Chlorite-gibbsite-hematite system. Plot ted  in F igure  4 
are ana lyses  f rom Tab le  2 for  dupl ica te  samples  equil-  
i b ra ted  for  28 to 544 days .  Ear l ie r  ana lyses  were  un-  
de r sa tu ra t ed  wi th  r e spec t  to  those  shown.  Af te r  544 
days  of  equi l ibra t ion ,  the  E h  of  the  two samples  was  
0.388 V and  0.378 V,  respec t ive ly .  Insuff ic ient  l iquid 
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Solution compositions of several systems contain- Figure 4. 
ing Quebec chlorite. The chlorite-gibbsite-kaolinite-hematite 
samples (A) were equilibrated for 1 to 9 days from four dif- 
ferent types of supersaturation and undersaturation as indi- 
cated by the arrows. Samples of the chlorite-gibbsite-hematite 
system ([2) were equilibrated for 28 to 544 days, with one so- 
lution obtained by immiscible displacement (11). The shaded 
line has a slope of 0.42. Line width and symbol size represent 
the deviations in pH - V2pMg 2+ that could be engendered by 
the known variation in the gibbsite stability determination. 

(19) is small ,  so on ly  large va r ia t ions  in p H  - � 8 9  2+ 
would  h a v e  apprec iab le  effect .  La rge  va r i a t ions  in 
p H  - � 8 9  2+, at  leas t  due  to the  p H  term,  are  unl ikely  
b e c a u s e  mos t  samples  were  wi th in  0.1 un i t  o f p H  7.50. 
Wi th  no  apprec i ab le  va r i a t ions  an t i c ipa ted  in pH - 
� 8 9  +, p H  - � 8 9  3+, or  p H  - � 8 9  2+ a m o n g  sam- 
ples  in F igure  4, they  may  be  di rect ly  compared .  As  can  
be  seen  in F igure  4, the  two i n d e p e n d e n t  sys t ems  agree  
well  wi th  each  o t h e r  and  wi th  a l ine of  s lope 0.42 as  
p red ic t ed  in Eq.  (19). 

Calculated AG~ value. In  F igure  4, the  Q u e b e c  ch lor i te  
has  a p H  - � 8 9  + of  2.7, a p H  - � 8 9  3+ va lue  o f  
- 0 . 3 ,  and  a p H  - � 8 9  2+ value  of  - 1 . 0 .  At  a pH4SiO4 
o f  4 .0 ,  t h i s  c h l o r i t e  c a n  b e  s e e n  to  s u p p o r t  a 
p H  - � 8 9  2+ va lue  of  6.4. F r o m  Eq.  (18): 

PKa7 = 2.99(4.0) - 7.20(2.7) - 7.04(6.4) 
- 0 . 6 3 ( - 0 . 3 )  - 1 .14( -1 .0 )  

= - 5 1 . 2  _+ 0.5, 

w h e r e  the  e r ro r  e s t ima te  is de r ived  f rom the  k n o w n  
va r i a t ion  in the  g ibbs i te  solubil i ty  de t e rmina t i on  and  is 
t hough t  to r e p r e s e n t  a rough  es t imate  of  m i n i m u m  an- 
alyt ical  er ror .  T h e n  f r o m  the  N e r n s t  equa t ion ,  w h e r e  
AG~ values  are t aken  f rom Robie  et al. (1978): 

r e m a i n e d  for  f u r t he r  ana lyses  af te r  regular  cent r i fuga-  
t ion,  so an  addi t iona l  set  of  ana lyses  was m a d e  on  one  
of  the  samples  af te r  immisc ib le  d i sp lacement .  All anal-  
yses  p lo t ted  in F igure  4 for  th is  sys tem were  ve ry  close.  

Agreement between systems. To de t e rmine  the  theo-  
ret ical  s lope of  the  chlor i te  solubil i ty  l ine on  the  coor-  
d ina tes  of  Figure  4, Eq.  (18) mus t  be  r e a r r a n g e d  as fol- 
lows:  

p H  - � 8 9  2+ = 0.42pH4SiO 4 - 1.02(pH - � 8 9  +) 
- 0 .16(pH - � 8 9  2+) 
- 0 .09(pH - � 8 9  3+) 
- 0.14pKaT. (19) 

I t  can  b e  seen  f rom Eq.  (19) tha t ,  if  p H  - � 8 9  2+ is 
p lo t t ed  against  pH4SiO4 (as in F igure  4), equ i l ib r ium 
solut ion ana lyses  for  Q u e b e c  chlor i te  shou ld  lie a long 
a l ine of  slope 0 . 4 2 / f p H  - � 8 9  +, p H  - � 8 9  2+ and  
p H  - � 8 9  3+ are  held  cons tan t .  All samples  c o n t a i n e d  
b o t h  gibbsi te  and  hemat i t e ,  so p H  - � 8 9  + and  p H  - 
� 8 9  3+ should  h a v e  r e m a i n e d  cons tan t .  E h  was mea-  
su red  only  for  the  ch lo r i t e -g ibbs i t e -hemat i t e  sys tem,  
h o w e v e r ,  so one  c a n n o t  be  sure  t ha t  b o t h  sys tems  
had  the  same p H  - � 8 9  2+ values .  

The  mos t  r e a s o n a b l e  a s s u m p t i o n  conce rn ing  the  E h  
of  the  samples  in F igure  4 is p robab ly  t ha t  all s amples  
had  an  E h  of  a b o u t  0.380 V (see p reced ing  sect ion) .  This  
wou ld  m e a n  t ha t  all s amples  had  essent ia l ly  the  same  
p H  - � 8 9  2+ va lue  of  - 1.0, and  no  a d j u s t m e n t  of  da ta  
po in t s  would  be  n e c e s s a r y  for  d i rec t  compar i sons .  For -  
tuna te ly  the  coeff ic ient  of the  p H  - � 8 9  2+ t e r m  in Eq.  

AGr = 5 .71pK = - 2 9 2  _ 3kJ 
= 2.99AG~ H4sio4 + 2.40AG~ AI*+ + 3.52AG~ Mg 2+ 

+ 0.21AG~ Fe,+ + 0.57AG~ ve,+ 
+ 6"03AG~ H~O -- AG~ chlorite- 

AG0f, chlorUe = 292.4 + 2.99(--1308.0) + 2.40(--489.4) 
+ 3.52(--454.8) + 0.21(--4.6) 
+ 0.57(--78.9) + 6.03(--237.1) 
= --7869 --+ 3kJ/mole ,  

whe re  the  e r ror  e s t ima te  is the  m i n i m u m  due  to ana-  
lytical  error .  

Chlorite from Ishpeming, Michigan 
Chlorite-gibbsite-hematite system. E q u i l i b r i u m  of  
chlor i te  f rom Mich igan  wi th  i ts cons t i t uen t  ions  can  be  
depic ted  as fol lows:  

(Si2.47All.53)(All.60Fe2+3.29Mg1.05)Oa0(OH) s + 18.07H + 
= 2.47H4SIO4 + 3.13AP § + 3.29Fe 2§ 

+ 1.05Mg 2+ + 8 .10H20 (20) 

pK20 = 2.47pH4SiO4 + 3 .13pAP + + 3 .29pFe z+ 
+ 1.05pMg 2§ - 18.07pH (21) 

pK20 = 2.47pH4SiO4 - 9 .39(pH - � 8 9  +) 
- 6 .58(pH - � 8 9  2+) 
- 2.10(pH - � 8 9  2+) (22) 

In  F igure  5, ana lyses  for  dupl ica te  samples  (Table  2) are  
p lo t t ed  af ter  equi l ibra t ing  f r o m  6 to 545 days .  Ea r l i e r  
ana lyses  were  u n d e r s a t u r a t e d  wi th  r e spec t  to t hose  
shown.  Af te r  545 days  of  equi l ibra t ion ,  the  E h  o f  the  
two samples  was  0.384 V and  0.387 V,  respec t ive ly .  
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Insufficient liquid remained for further  analyses  af ter  
regular centrifugation,  so an additional set of  analyses 
on one sample was made  using an immiscible  displace- 
ment  technique (Kittr ick,  1980). 

Calculated AG. If  the analyses  of  Figure  5 represen t  
equilibrium, then pH - V3pAP + is 2.7 and pH - � 8 9  3+ 
is - 0 . 3 .  F r o m  pH and Eh measurements  on the 544 and 
545 day samples and Eqs .  (6) and (7), pH  - � 8 9  2+ is 
calculated to be - 0 . 9 .  F r o m  Eq.  (22) we see that, if  
pH  - � 8 9  + and p H  - � 8 9  2+ are constant ,  then 

2 . 1 0 ( p H -  � 8 9  2+) = 2,47pH4SiO4 + K,  and 
p H  - � 8 9  2+ = 1.18pH4SiO4 + K 1. 

Thus the slope of  the line in Figure 5 is 1.18. All anal- 
yses  plot ted in Figure 5 are in good agreement  with this 
theoret ical  relationship.  At  a pH4SiO4 of  4.0 in Figure  
5, the line indicates a pH  - � 8 9  2+ of  6.3. Thus,  f rom 
Eq. (22), 

pK20 = 2.47(4.0) - 9.39(2.7) 
- 6 .58(-0 .9)  - 2.10(6.3) 

= - 2 2 . 8  _+ 0.5 

where  the error  es t imate  is der ived f rom the known 
variat ion in the gibbsite solubility determinat ion and is 
thought  to represent  a rough est imate of  minimum an- 
alytical  error.  Then,  f rom the Nerns t  equat ion,  

AGr = 5,71pK20 = - 1 3 0  -+ 3 kJ. 

F r o m  Eq.  (20) and using AG~ values f rom Robie  et al. 
(1978): 

pH- 1/27_ pMgZ+ /~!":"" 
6 -  : i E  }:.//" 

5 i I i 

3 4 

pH4SiO 4 
5 

Figure 5. Solution compositions of two samples containing 
chlorite from Michigan, plus gibbsite and hematite (�9 Du- 
plicates were sampled repeatedly from 6 to 545 days, with one 
solution obtained by immiscible displacement (to). The group 
contains 12 analysis points. The shaded line has a slope of 1.18. 
Symbol size and line width represent the deviation in 
pH - VzpMg 2+ that could be engendered by the known vari- 
ation in the gibbsite stability determination. 

AGr = 2.47AG~ H, sio, + 3.13AG~ AV+ 
+ 3.29AG~ v~+ + 1.05AG~ Mg~+ 
+ 8.10AG~ u~o - AG~ chlorite 

AG~ cmorite = 130 + 2.47(--1308.0) + 3.13(--489.4) 
+ 3.29(--78.9) + 1.05(--454.8) 
+ 8.10(--237.1) = --7290 --+ 3 kJ/mole ,  

where  the error  es t imate  is the min imum due to ana- 
lytical error.  

Chlorite from New Mexico 
Chlorite-gibbsite-hematite system. Equil ibr ium of  the 
chlori te f rom N e w  Mexico  with its const i tuent  ions can 
be depicted as follows: 

(Si2.s4AIH6)(Ala.75Fe2+2.61Mgln6Fe3+on2)Ozo(OH) s 
+16.63H + = 2.84H4SIO4 + 2.91AP + + 2.61Fe 2+ 

+ 1.16Mg 2+ + 0.12Fe 3+ + 6.64H20 (23) 

pK23 = 2.84pH4SiO4 + 2.91pAP + 
+ 2.61pFe 2 + 1.16pMg 2+ 
+ 0.12pFe 3+ - 16.63pH (24) 

pK2a = 2.84pH4SiO4 - 8.73(pH - � 8 9  +) 
- 5 . 2 2 ( p H  - � 8 9  2+) 
- 2.32(pH - � 8 9  2+) 
- 0.36(pH - V3pFe3+). (25) 

As before ,  with pH  - � 8 9  + held constant  according 
to Eq.  (12), p H  - � 8 9  3+ held constant  according to 
Eq.  (6), and pFe  z+ calculated from Eq.  (7), pKz3 is de- 
fined by measurements  of  equil ibrium pH4SiO4, pMg 2+, 
pH,  and Eh  (Table 2). In Figure  6, three of  these vari- 
ables are plot ted for duplicate samples after equilibrat- 
ing for 6 to 545 days. Earl ier  analyses were  undersat-  
urated with respect  to those shown. After  545 days o f  
equilibration, the Eh of  the two samples was 0.382 V 
and 0.384 V, respect ively .  Insufficient liquid remained  
for further analysis after regular centrifugation,  so an 
additional set of  analyses  was made on one sample us- 
ing an immiscible  d isplacement  technique.  

Calculated AG value. I f  the analyses of  Figure  6 rep- 
resent  equil ibrium, then  p H  - � 8 9  § is 2.7 and 
pH - � 8 9  ~+ is - 0 . 3 .  F r o m  pH and Eh measurements  
on the 545 day samples and Eqs.  (6) and (7), p H  - 
� 8 9  2+ is calculated to be - 0 . 9 .  F r o m  Eq.  (25), if  
pH  - � 8 9  +, p H  - 1/3pFe3+, and p H  - � 8 9  2+ are 
constant ,  

2.32(pH � 8 9  z+) = 2.84pH4SiO4 + K, and 
p H  - � 8 9  2+ = 1.22pH4SiO 4 + K 1. 

Thus the slope of  the line in Figure 6 is 1.22. All anal- 
yses  plot ted in Figure 6 are in good agreement  with this 
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Figure 6. Solution compositions of two samples containing 
chlorite from New Mexico, plus gibbsite and hematite (O). 
Duplicates were sampled repeatedly from 6 to 545 days with 
one solution obtained by immiscible displacement ([2). The 
group contains 12 analysis points. The shaded line has a slope 
of 1.22. Line width and symbol size represent the deviations 
in pH - 1,4pMg2+ that could be engendered by the known vari- 
ation in the gibbsite Stability determination. 

relationship. At a pH4SiO4 of 4.0, the line indicates a 
pH - �89 2+ value of 6.5. Thus, from Eq. (25), 

pK23 = 2.84(4.0) - 8.73(2.7) - 5.22(-0.9) 
- 2.32(6:5) - 0.36(-0.3) 

= 22.5 _+ 0.5, 

where the estimate of minimum analytical error is again 
derived from the known variation in the gibbsite solu- 
bility determination. Similarly 

AGr = 5.71pK8 = 128 -+ 3 kJ. 

and from Eq. (23) 

AGr = 2.84AG~ H,sio, + 2-9lAG~ A13+ 
+ 2.61AG~ re2+ + 1.16AG~ ug2+ 
+ 0.12AG~ + 6.64AG~ 

0 
- -  A G  f ,  e h l o r i t e .  

AG~ cmorite = 128 + 2.84(-1308.0) + 2.91(-489.4) 
+ 2.61(-78.9) + 1.16(-454.8) 
+ 0,12(-4.6) + 6.64(-237.1) 

= -7319 -+3 kJ/mole. 

DISCUSSION AND CONCLUSIONS 
Sample equilibrium 

The most common flaw in mineral stability determi- 
nations by the solubility method is the lack of demon- 

strated sample equilibrium. In the present  experiments 
there were five indicators of sample equilibrium for the 
high-Mg chlorites (Vermont and Quebec). First ,  good 
agreement was achieved between successive analyses 
of single samples over a long period of time. Second, 
there was good agreement between duplicate samples. 
Third, the same values were obtained for samples equil- 
ibrated from both undersaturation and supersaturation. 
Fourth, an independent measure of equilibrium was 
made involving the measured pH4SiO4 levels of sam- 
ples containing both  gibbsi te  and kaol ini te .  The 
pH4SiO4 of such samples in Figures 2 and 4 ranges from 
4.3 to 4.5. These values are in good agreement with Eq. 
(14) and with the stability of glbbsite and kaolinite as 
determined by long-term solubility methods and by im- 
miscible displacement of solutions following short-term 
equilibration (Kittrick, 1980). A fifth check on sample 
equilibrium involved a comparison of three indepen- 
dent systems containing chlorite, i.e., chlorite-gibbsite- 
kaol ini te-hemati te ,  chlor i te-gibbsi te-hemat i te ,  and 
chlorite-kaolinite-hematite. Agreement between these 
systems with regard to directly measured variables was 
good, and could be made essentially perfect, depending 
upon assumptions relative to sample Eh values. 

The same five indicators of sample equilibrium were 
also applied to the high-Fe chlorites (Michigan and New 
Mexico), but data supporting equilibrium checks three 
and five are not shown. A lack of Eh measurements on 
the chlorite-gibbsite-kaolinite-hematite system made 
these data marginally useful for equilibrium constant 
calculations where high-Fe chlorites are involved, so 
they were omitted. The three equilibrium indicators 
shown are sufficient to indicate that the likelihood of 
sample equilibrium is good. 

Interstratification and solid solution 
A gradation exists in the brucitic layers of  natural 

chlorites with regard to both layer completeness and 
the binding of adjacent smectitic units. It is, therefore, 
uncertain as to whether the brucitic and smectit ic layers 
should be considered units within a single-phase min- 

e ra l ,  or independent,  regularly interstratified compo- 
nents. Separate brucite and talc components,  for ex- 
ample, controlling their individual solubilities should 
generate solution analyses that cluster at the intersec- 
t ion of the bruc i te  and talc  s tabi l i ty  l ines .  The 
pH - �89 2+ supported by brucite can be determined 
as follows: 

brucite 
Mg(OH)2 + 2H + = Mg 2+ + 2H20 

AGr = AG~ Mg 2+ ~- 2AG~ n~o 
- -  A G ~  Mg(OH)  2 

= -454.8 + 2(-237.1) - (-833.5) 
= -95.5  _+ 0.44 kJ. 

There is good agreement among recent compilations 
(Sadiq and Lindsay, 1979; Robie et al., 1978; Parker et 
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Figure 7. Solution compositions of Vermont and Quebec 
chlorites (from Figures 2 and 4) in relation to stability lines of 
brucite, talc, and magnesite. Line widths and symbol size rep- 
resent estimates of experimental error. There are 36 points in 
one cluster and 9 in the other. The intersection of the brucite 
and talc lines is derived from Eq. (26). 
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Figure 8. Solution compositions of Michigan and New Mex- 
ico chlorites (from Figures 5 and 6) in relation to stability lines 
for brucite, talc, and magnesite. Line widths and symbol size 
represent estimates of experimental error. The group contains 
26 analysis points. 

al., 1971) for the AG~ of  brucite.  The  value given by 
Robie  et al. (1978) for bruci te  is used above,  where  the 
error  in the AG~ of bruci te  is assigned to the error  in 
AGr. Fur thermore ,  

p K  = AGr/5.707 = -16 .73  -+ 0.08 
pK  = 2pMg 2+ - 2pH 

p H  - � 8 9  2+ = - p K / 2  = 8.37 -+ 0.04. 

Thus,  the stability line for bruci te  (as shown in Figures  
7 and 8) is parallel to the pH4SiO4 axis, intersecting the 
p H  - � 8 9  "~+ axis at 8.37. 

I f  the brucit ic and talcitic components  of  chlori te  
were  to control  solution equilibria,  solution analyses  
should occur  at the in tersect ion of  the bruci te  and talc 
stability lines. This in tersect ion can be determined as 
follows: 

bruci te  
Mg(OH)2 + 2Mg 2§ + 4H4SIO4 

talc 
= Mg3Si4Olo(OH)2 + 4H § + 6H20 (26) 

hGr = AG~ talc "~- 6AG~ HzO - -  4AG~ H,SiO, 
- -  2hG~ Mg 2+ -- AG~ brucite 

= -5525.22 + 6(-237.1)  - 4(-1308.0)  
- 2( -454.8)  - ( -833 .5)  = 30.84 _+ 4.35 kJ. 

The AG~ selected is f rom Sadiq and Lindsay 
(1979), with the er ror  in the AGta~c assigned to the 
error  in AGr. Then,  f rom Eq.  (26), 

p K  = 4pH + - 4pH4SiO4 - 2pMg 2+ 
= 30.84/5.707 = 5.40 _+ 0.76. 

4pH4SiO4 = 4pH - 2pMg 2+ - p K  
pH4SiO4 = pH - � 8 9  - pK/4 = 8.37 - 1.84 

= 6.53 + 0.19. 

The intersect ion of  the bruci te  and talc lines is shown 
in Figures  7 and 8, where  it can be  seen that  the solution 
analyses  are not  clustered about  the intersect ion,  but  
ra ther ,  occur  o v e r  a range in pH  - V2pMg 2+ and 
pH4SiO4 values.  In part icular ,  none lie close to the in- 
tersect ion o fbruc i te  and talc lines. N o n e  of the solution 
analyses  parallel or  lie close to the bruci te  line although 
some coincide with the talc stability line. It therefore  
appears  that nei ther  bruci te  individually,  nor  bruci te  
and talc col lect ively,  control  solution equilibria as solid 
solution components .  Control  of  solution equilibria by 
a talc component  appears  doubtful,  but  perhaps cannot  
be entirely eliminated. 

When conducting mineral  solubility determinat ions ,  
it is always necessary  to cons ider  the possible precip- 
i tation of  o ther  mineral  phases  which may  then control  
solution ion levels.  Magnesi te  can be readily precipi-  
tated in r o o m  tempera ture  solutions in contac t  with the 
CO2 of  the a tmosphere .  The  shaded line in Figures  7 
and 8 (Kittrick, 1973) is based upon the aG~ magnesite 
selected f rom Robie et al. (1978). Because  all solution 
analyses  are undersa tura ted  with respect  to magnesi te ,  
magnesi te  does  not  appear  to be controll ing samples in 
Figures  7 and 8. Chrysot i le  does not  ordinarily precip- 
itate in solutions at r o o m  temperature ,  but  again using 
AG~ values  f rom Robie  et al. (1978), it can be calcu- 
lated that  ch: 'vsotile supports  a p H  - � 8 9  z+ value of  
6.7 _+ 0.1 at a pH4SiO4 of  4.0. This is somewhat  more  
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soluble than the four chlorites which range from 
pH - �89 2+ values 6.3 to 6.5 under those conditions 
(Table 1), thus chrysotile does not appear to be con- 
trolling sample solubilities either. 

There seems little doubt that chlorite, with its wide 
and essentially continuous variation in chemical com- 
position, is a solid solution. However, distribution of 
the solution analyses along lines of theoretical slope 
(Figures 3-6) indicate control by a single phase of bulk 
chlorite composition rather than control by solid solu- 
tion components. The solid solution components ap- 
pear to be "frozen in."  The fact that the slope of sol- 
ubility lines are compatible with the bulk chemical 
composition of the chlorites indicates that the propor- 
tion of their solid solution components does not change 
appreciably during the course of the equilibration, ff 
these chlorites formed under equilibrium conditions of 
low temperature metamorphism, their proportion of 
various solid solution components would be expected 
to be that which is most stable for those particular con- 
ditions. That is not likely to be the same proportion of 
components that is most stable during room tempera- 
ture solubility experiments. Because the chlorite com- 
position showed no appreciable change during the 
course of those experiments, the system should be con- 
sidered to be at a metastable equlibrium. 

Chlorite stabilities compared 

Because AG~ is an extensive variable, AG~ values 
of minerals of variable composition are strongly depen- 
dent upon the exact chemical composition of the indi- 
vidual minerals. Thus, a comparison of stabilities of 
minerals of variable composition cannot be obtained by 
comparing AG~ values (Table 1). However, their sta- 
bilities can be compared by considering their level of 
control of some constituent at fixed levels of other con- 
stituents. For example, at a pH4SiO4 of 4.0 under iden- 
tical conditions of pH - �89 3+, pH - �89 3+, and 
pH - �89 e+, the chlorite from Michigan supports a 
pH - �89 2+ of 6.3 compared to 6.4 for the chlorite 
from Quebec and 6.5 for the chlorites from Vermont 
and New Mexico. This can be directly compared with 
the estimates for clinochlore stability in Table 1, which 
range from 5.4 to 7.0. The est imate of 6.8 for 
pH - �89 2+, as calculated from Helgeson (1969) and 
Nriagu (1975), is particularly close to the experimental 
values. 

The chlorite from Michigan is the more stable (least 
soluble) of the four under the conditions of comparison, 
but one must note that the difference between the four 
in terms of pH - �89 2+ is approximately the width 
of the estimated error band for the talc stability line in 
Figures 7 and 8. Thus, in terms of the uncertainties in- 
volved in determining mineral stabilities, the stabilities 
of the Vermont, Quebec, Michigan, and New Mexico 
chlorites must be considered to be quite similar. They 
probably serve as a useable estimate of the high pH- 

high Mg limit in the A1203-SiOz-MgO-H20-H + system 
and of the general stability of chlorites formed under 
low-temperature metamorphism. As a first approxi- 
mation, a pH  - �89 2+ 0f6.4 at apH4SiO4 of 4.0 may 
be used to represent a wide range of chlorites formed 
under low-temperature metamorphism if A1 control is 
close to that of gibbsite. Chlorites that are formed 
at room temperature are presumably more stable at 
room temperature than those investigated here. Wheth- 
er this is reflected in a measurable difference in 
equilibrium levels of constituents remains to be de- 
termined. 

The values of pH - ~/2pMg 2+ and pH4SiO4 in equilib- 
rium with the four chlorites are directly determined 
with good accuracy and dependable precision. The val- 
ues of pH - �89 § and pH - �89 3+ depend upon 
equilibrium with gibbsite and hematite respectively, 
which appear to be good assumptions. The values of 
pKs, pK17, pK20, and pK23 and their corresponding 
AG~ ch~or~te are less certain because in addition to the 
aforementioned parameters, they also depend upon the 
assumption that the measured Eh of the samples is the 
same as that of the Fe2+-Fe 3+ couple in the samples. 
This assumption is important for the high-Fe chlorites. 
For example, for every 10 mV change in Eh, the AG~ 
of the Michigan chlorite changes 3.2 kJ (0.76 kcal) and 
the AG~ of the New Mexico chlorite changes 2.5 kJ 
(0.60 kcal). 

The Eh of the chlorite samples is not controlled by 
the chlorite-hematite pair, because they support such 
low levels of Fe z+ and Fe 3+ in solution. Quinhydrone 
additions controlled the Eh and probably would have 
ensured that the Fe2+-Fe 3+ couple was at the measured 
Eh. When quinhydrone was eliminated for other rea- 
sons, the Eh of the chlorite systems was left to be con- 
trolled by dissolved oxygen. This Eh was measured, 
but one cannot be sure that the Fe2+-Fe 3+ couple is at 
that Eh (Bohn, 1968). Thus, the determination of high- 
Fe chlorite stabilities by solubility methods can be ac- 
complished only within the constraints of whatever 
uncertainty exists as to the actual Eh of the Fe3+-Fe 2+ 
couple. 
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APPENDIX 

Based upon Eq. (16), the analytically determined 
pH - �89 2+ for Vermont chlorite may be adjusted 
to a pH - 1/3pAP+ of 2.68 and a pH - �89 2+ of - 1.0 
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as fol lows:  p H  - �89 = pH - 1/~pMg2+anal:csis 
+ 1.14(pH - �89 - 2.68) + 0 .31(pH - 
�89 s + 1.0). (27) 
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Pe31OMe---BbICOKO-Mg XJIOpHT/~I Ha BepMOHTa n KBefeKa n BblCOKo-Fe X.rlopnTbl 143 MnqnraHa u 
HoBofi MeKCI4KH ypaBnOBelllnBaarlCb npn KOMHaTHO~I TeMnepaType B IIOHTH HeI4Tpa3IhUOM ~mana3one 
pH. FHf6CnT, KaoJIHHHT H FeMaTIIT O H3BeCTHOH CTa6H.rlbHOCTH 6bIJIH ~O~aBJlenbI K o6pa3t~aM, qTO6bI 
KOHTpOJIHpOBaTb neasMep~eMb~e nepeMennble Ha ypOBHaX, no~xaromnxcn ncqHcJIenntO. COCTaBbl 
paBnoaecHoro pacTBopa onpe~lennnncb nyTeM HeHacbn~enn~ n nepenacbmlennn.  ~ p y r n e  HHJIHKaTOphl 
paanoBecnn 6~,~n B xopomeM cor~acnn Menc41y nocne~Iyro~nMn ana.qn3aMn B Teqenrle ~I~HHHOFO 
BpeMeaa, Me>K~Iy cHapeHHhlMVl 06pa3L~aMri, Mexc~y He3aBI4CHMhlMI4 cncTeMaMn ~ Me>K~ly He3aB/4CHMhlMn 
a3Mepenn~lMn paBnOBeCI4~l. Bce qeTbIpe X3IOpl4Tbl ~blJIH CTa6ruIbHbI no OTHOmeHI4IO K 6pyIll4Ty I4, 
3a HeCKOJIbKI4MI4 HCK3noqei-ingMl4, no oTnomennro K Ta.rlbKy B yCJIOBI4~IX npoBeJIeHnn ncc~qe/loBannfl. 
B c~Iyqae paBnOBeCn~l C FH66CHTOM Be3lHqUHa pH - 1/2Mg z+ X.IIOpHTOB n3MeH~l~laCb OT 6,3 ~O 6,5 
npn ae~inqnne pH4SiO4 paBltO~ 4,0. ~TH Be.rInqHnbI xopomo  cor~lacyroTcfl c npeTKHHMVl oI~eHKaMH 
CTa6H.rlbHOCTH x.rIOpHTOB. PaCCqHTaHHa,q CTaHJ~apTHag CBO6OJ1Han oneprrm o6pa3OBaHI4~I X.IIOpHTOB 
3aBHCHT OT paCTBOpeHH~I Ve 2+, BblqHCJIeHHOFO B)I~I Eh  06pa3tla iipn Ilpe~IHOYlO>KeHHH paBHOBeCH~I C 
reMaTHTOM, a TaK>Ke npn ~lonymeaHn, tITO napa  Fe2+-Fe 3+ laMeeT TaKoe Eh  KaK 06pa3eIx. [E.C.] 

Resi imee--Mg-reiche Chlorite von  Vermont  und  Quebec  und Fe-reiche Chlorite von  Michigan und New 
Mexico wurden  bei Raumtempera tu r  im neutra len pH-Bereich  ins Gleichgewicht  gebracht .  Den Proben 
wurden  Gibbsit ,  Kaolinit ,  und  Haemat i t  mit  bekannter  Stabilitiit hinzugefiigt,  u m  den Einflul3 unmeBbarer  
Variablen unter  Kontrol le  zu halten. Die Gle ichgewich t szusammense tzungen  der L r s u n g e n  wurden  aus  
der Unters~ittigung und  Ubers~ittigung ermittelt .  Weitere Hinweise  fiir Gleichgewicht  waxen eine gute  
Ubere ins t immung  von  anfeinanderfolgenden Ana lysen  iibereinen langen Zei t ranm zwischen  Parallelpro- 
ben,  zwischen  unabh~ingigen Sys t emen  und zwischen  unabh~ingigen Gle ichgewichtsmessungen.  Alle vier 
Chlorite waren  unter  den un te rsuch ten  Bedingungen in Bezug auf  Brucit  und---mit  wenigen A u s n a h m e n - -  
anch in Bezug auf  Talk stabil. Im Gleichgewicht  mit  Gibbsit  lag bei e inem pH4SiO4 von 0,4 der pH  - �89 
Mg z+ der Chlorite zwischen  6,3 und 6,5. Diese Wer te  s t immen  gut  mit  fr i iheren Sch~itzungen der Chlorits- 
tabili t5t/ iberein.  Die berechnete  Freie Standar tsbi ldungsenergie  der Chlorite h~ingt vom Fe~+-Gehalt der 
L6sung  ab, wie ans  dem Eh  der Probe berechnet  wurde  und  sich auch  ans  dem Gleichgewicht  mit  Haemat i t  
ergab. Voransse tzung  dafiir ist, dab das  Fe2+-Fe 3+ Paar  den  gleichen Eh wie die Probe hat. [U.W.]  

R r s u m r - - D e s  chlorites ~ contenu 61ev6 en Mg du Vermont  et du Qurbec ,  et des  chlorites h contenu  61ev6 
en Fe de Michigan et de New Mexico ont  6t6 6quil ibrres h t emprra tu re  ambiante  ~ un  pH quas iment  neutre.  
De la gibbsite, de la kaolinite et de l ' h rmat i t e  de stabilit6 connue  ont  6t6 a joutres  anx 6chanti l lons pour  
cont r r le r  des  variables non-mesurables  h des  n iveanx calculables. Des  composi t ions  de solution 6quilibrre 
ont  6t6 ob tenues  par  sousaturat ion et supersaturat ion.  D 'an t res  indicateurs  d ' rqui l ibre  6talent la corre- 
spondance  d ' ana lyses  success ives  pendant  nne  longue durre ,  d ' rchant iUons  r rpe t r e s ,  de s y s t r m e s  indr-  
pendants ,  et de  mesures  indrpendantes  d ' rqui l ibre .  Les  quatre  chlorites 6taient stables relatives ~ la bru- 
cite, et ,  avec  quelques  except ions ,  au talc sous  les condit ions de  l ' r tude .  Lor sque  les chlorites 6talent en 
6quilibre avec  la gibbsite, leurs pH - ~/2Mg 2+ s ' r t agea ien t  de 6,3 h 6,5, 5_ une  valeur  pour  pH4SiO4 de 4,0. 
Ces  valeurs  s ' accorden t  bien avec des  es t imat ions  p r r c rden t e s  de stabilit6 pour  les chlorites. L ' rne rg i e  
libre s tandard calculre  pour  la formation des chlorites d rpend  de la solution Fe 2+ calculre  ~t partir  de 
l ' rchant i l lon Eh  et de l ' rquil ibre suppos6 avec l 'h rmat i te ,  en supposan t  que le couple Fe2+-Fe 3+ a l e  m r m e  
Eh  que l ' rchant i l lon.  [D.J.] 
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